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ABSTRACT 

 

This thesis presents some experimental, theoretical, and numerical studies of the 

solvent-based heavy oil recovery processes. A comprehensive review of the solvent-

based heavy oil recovery processes is provided by conducting a literature search of over 

100 most recent and significant technical publications. A number of experimental, 

theoretical and numerical studies of solvent-based methods are reviewed, from physical 

and theoretical modeling to numerical simulations. Some important factors or major 

phenomena as well as their effects on the solvent-based methods are analyzed. 

Experimental and theoretical studies of the VAPEX heavy oil recovery process 

were conducted. More specifically, a total of four VAPEX tests were conducted in a 

rectangular sand-packed physical model by using four different sizes of Ottawa sands. A 

theoretical model was formulated to predict the accumulative heavy oil production during 

the entire VAPEX process. In this model, the transition-zone thicknesses in the solvent 

chamber rising phase and in the solvent chamber spreading/falling phase were used as 

two unknown adjustable parameters and obtained by best fitting the theoretically 

simulated oil production data to the experimentally measured data in the three production 

phases. Once the transition-zone thicknesses were found, the theoretical model was used 

to simulate the solvent chamber evolution and the heavy oil production. It was found that 

the transition-zone thickness in the solvent chamber rising phase was larger than that in 

the solvent chamber spreading/falling phase. Moreover, the average transition-zone 

thickness was increased as the reservoir permeability was decreased. 
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In addition, the reservoir permeability and drainage height effects on the solvent-

diluted heavy oil gravity drainage process are examined by means of experimental studies 

and numerical simulations. A series of six solvent-diluted heavy oil gravity drainage tests 

were conducted at the same operating conditions but with different reservoir 

permeabilities and drainage heights. It was found that heavy oil was produced much 

faster in a higher permeability physical model with a larger drainage height. A new 

correlation was developed to take account of the reservoir permeability and drainage 

height effects (i.e., the transmissibility effect) on the heavy oil production. In addition, 

the average produced solvent–oil ratio (SOR) was determined to be in the range of 0.3–

0.6 g solvent/g heavy oil. The average SOR was increased as the reservoir permeability 

and drainage height were decreased. It was also found that the produced heavy oil 

viscosity was reduced significantly. Furthermore, numerical simulations were undertaken 

by using CMG STARS module to match the experimental results. 

 



 iv

ACKNOWLEDGMENTS 

I wish to acknowledge the following persons or organizations: 

• My academic supervisor, Dr. Yongan (Peter) Gu, for his patient supervision, 

excellent guidance, valuable suggestion, continuous encouragement, technical and 

financial support during my Master program; 

• Committee members of my thesis defense, Dr. Adisorn (Andy) Aroonwilas, Dr. 

Yee-chung Jin, Dr. Andrei Volodin, and Dr. Fanhua (Bill) Zeng for their valuable 

questions, comments, and suggestions; 

• Faculty members in the Petroleum Systems Engineering (PSE) program at the 

University of Regina; 

• My past and present research group members, Mr. Mohammad Derakhshanfar, 

Mr. Weiguo Luo, Mr. Xiaozhu Gong, Dr. Xinfeng Jia, Mr. Tao Jiang, Mr. Zeya 

Li, Mr. Pengcheng Hou, Mr. Yanbin Gong, Mr. Longyu Han, Dr. Ting Lei, and 

Mr. Hongze Ma, as well as other students in the PSE program, for their useful 

technical discussions and assistance during my thesis study; 

• My wife Qingmiao (Amy) Meng for her love and accompany; 

• Natural Sciences and Engineering Research Council (NSERC) of Canada for the 

discovery grant to Dr. Yongan (Peter) Gu; 

• Petroleum Technology Research Centre (PTRC) for an innovation fund to Drs. 

Yongan (Peter) Gu and Fanhua (Bill) Zeng; and 

• Faculty of Graduate Studies and Research (FGSR) at the University of Regina for 

the Teaching Assistantships in Fall 2012 and 2013, and 2
nd

 Shenkuo Research 

Presentation Award in 2013. 



 v

DEDICATION 

 

 

 

 

 

This thesis is dedicated with respect to my parents, Cunbao Lin and Rongli Ji, for their 

love, support, and encouragement. 

“慈母手中线，游子身上衣。 

 临行密密缝，意恐迟迟归。 

   谁言寸草心，报得三春晖。” 

–A poem by an ancient Chinese poet 



 vi

TABLE OF CONTENTS 

 

ABSTRACT ........................................................................................................................ ii 

ACKNOWLEDGMENTS ................................................................................................. iv 

DEDICATION .................................................................................................................... v 

TABLE OF CONTENTS ................................................................................................... vi 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES ............................................................................................................ x 

NOMENCLATURE ........................................................................................................ xiii 

CHAPTER 1 INTRODUCTION .................................................................................. 1 

1.1 Heavy Oil Resources........................................................................................... 1 

1.2 Heavy Oil Recovery Methods ............................................................................. 3 

1.3 Research Objectives ............................................................................................ 6 

1.4 Outline of the Thesis ........................................................................................... 7 

CHAPTER 2 LITERATURE REVIEW ....................................................................... 8 

2.1 Classification of the Solvent-Based Heavy Oil Recovery Methods ................... 8 

2.1.1 CSI ...................................................................................................... 8 

2.1.2 VAPEX and its variations ................................................................... 9 

2.1.3 Hybrid steam–solvent processes ....................................................... 13 

2.2 Physical, Theoretical Modeling and Numerical Simulations ........................... 14 

2.2.1 Phase behaviour and mass transfer of heavy oil–solvent systems .... 14 

2.2.2 Experimental and numerical studies on VAPEX .............................. 19 

2.2.3 Experimental and numerical studies on CSI ..................................... 24 



 vii

2.2.4 Scaling-up criteria of the heavy oil production................................. 28 

2.3 Field/Pilot Applications .................................................................................... 32 

2.3.1 SAP pilot at Senlac Thermal Facility................................................ 32 

2.3.2 SAP pilot at Christina Lake .............................................................. 34 

2.3.3 LASER pilot at Cold Lake ................................................................ 34 

2.3.4 SA-SAGD at Cold Lake.................................................................... 35 

2.3.5 ES-SAGD pilot at Long Lake ........................................................... 36 

2.3.6 Joint implementation of vapour extraction (JIVE) ........................... 36 

2.4 Problem Statement ............................................................................................ 37 

CHAPTER 3 EXPERIMENTAL AND THEORETICAL STUDIES OF THE 

VAPOUR EXTRACTION (VAPEX) HEAVY OIL RECOVERY PROCESS ............... 39 

3.1 Experimental Section ........................................................................................ 39 

3.1.1 Materials ........................................................................................... 39 

3.1.2 Experimental set-up .......................................................................... 40 

3.1.3 Experimental preparation .................................................................. 42 

3.1.4 VAPEX test ....................................................................................... 42 

3.2 Theory ............................................................................................................... 44 

3.2.1 Solvent chamber rising phase ........................................................... 45 

3.2.2 Solvent chamber spreading phase ..................................................... 51 

3.2.3 Solvent chamber falling phase .......................................................... 54 

3.2.4 Objective function ............................................................................. 57 

3.3 Results and Discussion ..................................................................................... 59 

3.3.1 Transition-zone thickness ................................................................. 59 



 viii 

3.3.2 Solvent chamber evolution ............................................................... 66 

3.3.3 Heavy oil production......................................................................... 72 

3.4 Chapter Summary ............................................................................................. 80 

CHAPTER 4 EXPERIMENTAL AND NUMERICAL STUDIES OF THE 

SOLVENT-DILUTED HEAVY OIL GRAVITY DRAINAGE PROCESS .................... 82 

4.1 Experimental Section ........................................................................................ 82 

4.1.1 Materials ........................................................................................... 82 

4.1.2 Experimental set-up .......................................................................... 83 

4.1.3 Experimental procedure .................................................................... 85 

4.2 Numerical Modeling ......................................................................................... 88 

4.2.1 PvT modeling .................................................................................... 88 

4.2.2 Numerical simulations ...................................................................... 89 

4.3 Results and Discussion ..................................................................................... 92 

4.3.1 Heavy oil production......................................................................... 92 

4.3.2 Solvent–oil ratio (SOR) .................................................................... 98 

4.3.3 Heavy oil viscosity reduction.......................................................... 102 

4.3.4 Numerical simulation results .......................................................... 102 

4.4 Chapter Summary ........................................................................................... 109 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS ............................. 110 

5.1 Conclusions ..................................................................................................... 110 

5.2 Recommendations ........................................................................................... 113 

REFERENCES ............................................................................................................... 117 

 



 ix

LIST OF TABLES 

 

Table 2.1 Cyclic solvent injection (CSI) studies in the literature. .............................. 10 

Table 2.2 Experimental studies of vapour extraction (VAPEX) process. ................... 11 

Table 2.3 Diffusion coefficient measurements in the literature. ................................. 17 

Table 2.4 Field/pilot applications of the solvent-based heavy oil recovery methods. 33 

Table 3.1 Physical properties of the sandpacked physical model, calculated transition-

zone thicknesses, and ending times of the solvent chamber rising and 

spreading phases in the four VAPEX tests. ................................................. 43 

Table 3.2 Physical properties of the heavy oil, propane, and solvent-diluted heavy oil 

at P = 800 kPa and T = 20.8 ºC. .................................................................. 75 

Table 4.1 Physical properties and test results of the six solvent-diluted heavy oil 

gravity drainage tests. .................................................................................. 87 

Table 4.2 Physicochemical properties of each pseudo-component of the heavy oil 

after the adaptive least-squares regression. ............................................... 106 

 



 x

LIST OF FIGURES 

Figure 1.1 Canadian heavy oil reserves (PetroWiki, 2014). ........................................... 2 

Figure 1.2 Enhanced heavy oil recovery methods. ......................................................... 4 

Figure 3.1 Schematic diagram of the VAPEX experimental set-up. ............................ 41 

Figure 3.2 Schematic diagram of the solvent chamber evolution inside a VAPEX 

physical model in the solvent chamber rising, spreading, and falling phases.

 ..................................................................................................................... 46 

Figure 3.3 The solvent chamber growth in the rising phase. ........................................ 47 

Figure 3.4 The solvent chamber growths (a) At the beginning; and (b) Near the end of 

the spreading phase. .................................................................................... 52 

Figure 3.5 The solvent chamber growth in the falling phase. ...................................... 55 

Figure 3.6 The global objective function (E) vs. transition-zone thicknesses (δr and δs) 

for Test #1. .................................................................................................. 61 

Figure 3.7 (a) Transition-zone thickness versus permeability for Tests #1–4. ............. 62 

Figure 3.7 (b) Variation of the average transition-zone thickness with time for Tests 

#1–4. ............................................................................................................ 63 

Figure 3.8 (a) Solvent chamber evolution in Test #1. .................................................. 67 

Figure 3.8 (b) Solvent chamber evolution in Test #2. .................................................. 68 

Figure 3.8 (c) Solvent chamber evolution in Test #3. .................................................. 69 

Figure 3.8 (d) Solvent chamber evolution in Test #4. .................................................. 70 

Figure 3.9 Measured and simulated cumulative oil production data for Tests #1–4. ... 73 

Figure 3.10 (a) Measured and simulated cumulative oil production data and oil 

production rates for Test #1. ....................................................................... 74 



 xi

Figure 3.10 (b) Measured and simulated cumulative oil production data and oil 

production rates for Test #2. ....................................................................... 77 

Figure 3.10 (c) Measured and simulated cumulative oil production data and oil 

production rates for Test #3. ....................................................................... 78 

Figure 3.10 (d) Measured and simulated cumulative oil production data and oil 

production rates for Test #4. ....................................................................... 79 

Figure 4.1 Schematic diagram of the solvent-diluted heavy oil drainage test. ............. 84 

Figure 4.2 (a) The ik cross section; and (b) The jk cross section of the numerical 

simulation model. ........................................................................................ 91 

Figure 4.3 (a) Cumulative oil production and SOR in Tests #5−8. .............................. 93 

Figure 4.3 (b) Cumulative oil production and SOR in Tests #6, #7, #9, and #10. ....... 94 

Figure 4.4 (a) Permeability effect on the stabilized oil production rate per unit 

thickness in Tests #5−8. .............................................................................. 95 

Figure 4.4 (b) Drainage height effect on the stabilized oil production rate per unit 

thickness. ..................................................................................................... 96 

Figure 4.5 (a) Permeability effect on the average SOR in Tests #5−8. ........................ 99 

Figure 4.5 (b) Drainage height effect on the average SOR in Tests #6, #7, #9, and #10.

 ................................................................................................................... 100 

Figure 4.6 (a) Measured (Li et al., 2013) and predicted saturation pressures and 

viscosities of different heavy oil−propane systems. .................................. 104 

Figure 4.6 (b) Measured and predicted heavy oil viscosities at different temperatures.

 ................................................................................................................... 105 



 xii

Figure 4.7 Tuned oil and solvent relative permeabilities in the numerical simulations of 

Test #6. ...................................................................................................... 107 

Figure 4.8 History matching for the cumulative oil and solvent productions in the 

numerical simulations of Test #6. ............................................................. 108 

  



 xiii 

NOMENCLATURE 

Notations 

a0 coefficient in Equation [4.3] 

a1 coefficient in Equation [4.3] 

a2 coefficient in Equation [4.3] 

c solvent mass concentration in the solvent-diluted heavy oil, kg solvent/kg heavy 

oil 

cmax maximum solvent mass concentration at the interface between the solvent 

chamber and the transition zone, kg solvent/kg heavy oil  

d thickness of the physical model, m 

dp particle diameter, m 

D diffusion coefficient, m
2
/s 

Dapp apparent molecular diffusion coefficient defined in Equation [2.2], m
2
/s 

Deff effective molecular diffusion coefficient defined in Equation [2.3], m
2
/s 

Dl   longitudinal dispersion coefficient in Equation [2.4], m
2
/s 

Dt   transverse dispersion coefficient in Equation [2.4], m
2
/s 

E objective function defined as the time-weighted root-mean-squared relative 

error 

f fraction of heavy oil in the heavy oil–solvent fractional flow 

F  formation resistivity factor in Equation [2.4] 

g gravitational acceleration, m/s
2
 

h drainage height of the physical model, m 

H height of the physical model, m 



 xiv

k permeability of the physical model, Darcy 

kf reservoir permeability in the field application, Darcy 

kh horizontal permeability, Darcy 

km reservoir permeability in the physical model, Darcy 

kro oil relative permeability 

krs solvent relative permeability 

kv vertical permeability, Darcy 

kx permeability in the x direction, Darcy 

kz permeability in the z direction, Darcy 

Lf horizontal well length in the field application, m 

Lm horizontal well length in the physical model, m 

m mass flux of the produced oil in Equation [2.11], g/h/m
2
 

sN  dimensionless number in Equation [2.5] 

P operating pressure during the VAPEX test, kPa 

Pc critical pressure, kPa 

Psat saturation pressure, kPa 

qave stabilized heavy oil production rate per unit thickness, g/h/cm 

qf heavy oil production rate in the field application, cm
3
/h 

qm heavy oil production rate in the physical model, cm
3
/h 

qo oil production rate at any time, cm
3
/h 

qs solvent production rate at any time, cm
3
/h 

qoil oil injection rate during oil saturation, cm
3
/min 

Q(t) cumulative heavy oil production at any time, m
3
  



 xv

Qc simulated cumulative heavy oil production at any time, m
3
 

Qf cumulative heavy oil production in the field application, m
3
 

Qm measured cumulative heavy oil production at any time or cumulative heavy oil 

production in the physical model, m
3
 

Qo cumulative heavy oil production at any time, m
3
 or g 

Qr simulated cumulative heavy oil production at the end of the solvent chamber 

rising phase, m
3 

Qs cumulative heavy oil production at any time, g 

r radius of the solvent chamber, m 

re effective well radius, m 

rs radius of the solvent chamber at the end of the solvent chamber spreading 

phase, m 

R0 half of the vertical distance between the solvent injector and the oil producer, m. 

Soi initial oil saturation in the physical model, vol.% 

Sor residual oil saturation in the solvent chamber, vol.% 

t production time, s 

t0 time for the initial communication to be established between the solvent injector 

and the oil producer, s 

tf heavy oil production time in the field application, s 

tm heavy oil production time in the physical model, s 

tn final time for the VAPEX test, s 

tr simulated ending time for the solvent chamber rising phase, s 

ts simulated ending time for the solvent chamber spreading phase, s 



 xvi

T operating temperature during the VAPEX test, °C 

Tc critical temperature, °C 

U velocity in the direction of the fluid flow in Equation [2.4], m/s 

( )cv  apparent drainage speed of the solvent-diluted heavy oil along the transition 

zone, m/s 

( )maxcv  apparent drainage speed of the most diluted heavy oil along the interface 

between the solvent chamber and the transition zone, m/s 

wasp weight percentage of the asphaltene content in the heavy oil, wt.% 

W width of the physical model, m 

x horizontal position of the transition zone in the solvent chamber spreading 

phase, m 

y vertical position of the transition zone in the solvent chamber rising or falling 

phase, m 

Greek Symbols 

α constant in Equation [2.1] 

β constant in Equation [2.1] 

δr the transition-zone thickness in the solvent chamber rising phase, m 

δs the transition-zone thickness in the solvent chamber spreading/falling phase, m 

δave the average transition-zone thickness in the entire VAPEX process, m 

∆So oil saturation change from the initial oil saturation Soi in the physical model to 

the residual oil saturation Sor in the solvent chamber, which is equal to oroi SS − , 

% 



 xvii

∆t time interval for the most diluted heavy oil to be drained down along the 

interface between the solvent chamber and the transition zone, s 

∆tf characteristic time of the solvent chamber falling phase, s 

∆tr characteristic time of the solvent chamber rising phase, s 

∆ts characteristic time of the solvent chamber spreading phase, s 

∆x horizontal distance between the two interfaces of the transition zone in the 

solvent chamber spreading phase or grid size in the x direction, m 

∆y vertical distance between the two interfaces of the transition zone in the solvent 

chamber rising or falling phase, m 

∆z grid size in the z direction, m 

∆ρ(c) density difference between the solvent-diluted heavy oil in the transition zone 

and the gaseous solvent in the solvent chamber, kg/m
3
 

θ half of the opening angle of the solvent chamber at the top of the VAPEX 

physical model, rad 

θs simulated half of the opening angle of the solvent chamber at the end of the 

solvent chamber spreading phase, rad 

µo viscosity of the heavy oil, Pa⋅s 

µeff effective viscosity of the solvent-diluted heavy oil, Pa⋅s 

µo(c) viscosity of the solvent-diluted heavy oil in the transition zone at the solvent 

mass concentration c, Pa⋅s  

µo(cmax) viscosity of the most diluted heavy oil at the interface between the solvent 

chamber and the transition zone with the maximum solvent mass concentration 

cmax, Pa⋅s  



 xviii 

ρeff effective density of the solvent-diluted heavy oil, kg/m
3
 

ρo density of the heavy oil, kg/m
3
 

ρo(c) density of the solvent-diluted heavy oil in the transition zone at the solvent mass 

concentration c, kg/m
3 

ρo(cmax) density of the most diluted heavy oil at the boundary between the solvent 

chamber and the transition zone with the maximum solvent mass concentration 

cmax, kg/m
3
 

ρs density of the solvent, kg/m
3
 

σ heterogeneity factor 

φ porosity of the physical model, % 

φf porosity in the field application, % 

φm porosity in the laboratory physical model, % 

dl

dΦ
 gradient of the volume-based specific potential of the solvent-diluted heavy oil, 

Pa/m 

ω Pitzer acentric factor 

Ω cementation factor in Equation [2.2] 

Ω f cementation factor in the field application 

Ω m cementation factor in the laboratory physical model 

Subscripts 

app apparent 

asp asphaltenes 

ave average 



 xix

c simulated 

eff effective 

f falling phase or field 

h horizontal 

i i
th

 time interval or i
th

 test 

l longitudinal 

m measured or model 

max maximum 

min minimum 

o oil 

oi initial oil 

or residual oil 

p particle 

r rising phase 

ro oil relative permeability 

rs solvent relative permeability 

s spreading phase 

t transverse 

v vertical 

x x direction 

z z direction 

Acronyms 

API  American Petroleum Institute 



 xx

ARC  Alberta Research Council 

ASP  alkaline, surfactant, and polymer 

BC  boundary condition 

BHP  bottom-hole pressure 

BIP  binary interaction parameter 

BOPD  barrels of oil per day 

BPR  back-pressure regulator 

BT  breakthrough 

CAPP  Canadian Association of Petroleum Producers 

CHOPS  cold heavy oil production with sands 

CMG  Computer Modelling Group Limited 

CNRL  Canadian Natural Resources Limited 

CPT  constant pressure technique 

CSI  cyclic solvent injection 

CSS  cyclic steam stimulation 

DPDVA  dynamic pendant drop volume analysis 

ECSP  enhanced cyclic solvent process 

EHOR  enhanced heavy oil recovery 

EOR  enhanced oil recovery 

EOS   equation of state 

ES-SAGD expanding solvent steam-assisted gravity drainage 

FDA  finite difference approximation 

GC  gas chromatography 



 xxi

IFT  interfacial tension 

ISC  in-situ combustion 

JIVE  joint implementation of vapour extraction 

LASER  liquid addition to steam for enhancing recovery 

MRI  magnetic resonance imaging 

NCG  non-condensable gas 

NSERC  Natural Sciences and Engineering Research Council  

OOIP  original-oil-in-place 

OSR  oil−steam ratio 

PDM  pressure decay method 

PP-CSI  pressure pulsing cyclic solvent injection 

PSE  Petroleum Systems Engineering 

PTRC  Petroleum Technology Research Centre 

RF  recovery factor 

SAGD  steam-assisted gravity drainage 

SAP  solvent-aided process 

SARA  saturates, aromatics, resins, and asphaltenes 

SOR  solvent–oil ratio or steam–oil ratio 

THAI  toe to heel air injection 

VAPEX  vapour extraction 

VRR  voidage replacement ratio 

 



 1

CHAPTER 1 INTRODUCTION 

1.1 Heavy Oil Resources 

According to the Canadian Association of Petroleum Producers (CAPP), the global 

demand for the crude oil has steadily increased from 60 to 88 million barrels per day over 

the past 20 years. With the increasing demand and fast depletion of the conventional oil, 

much more attention has been paid to the vast amounts of heavy oil reserves. It has been 

estimated that there is approximately six trillion barrels of the original-oil-in-place 

(OOIP) of heavy oil and bitumen reserves, which are more than two thirds of the world’s 

oil resources (Alshmakhy and Maini, 2012). Approximately 2.5 trillion barrels of the 

heavy oil and bitumen reserves is in the western Canada, as shown in Figure 1.1 (Farouq 

Ali, 2003; PetroWiki, 2014). The Canadian heavy oil reservoirs have a pay zone of 5–65 

m at the maximum depth of 800–1000 m, with the reservoir temperature in the range of 

4–40°C (Dusseault, 2001; James et al., 2007). The porosity and permeability of a heavy 

oil reservoir in Canada are in the range of 26–32% and 1.2–7.5 Darcy, respectively 

(James et al., 2007). 

Heavy oil is characterized by its high viscosity, high specific gravity, low API 

gravity, and extremely low mobility under the actual reservoir conditions, in comparison 

with the conventional oil. In general, a crude oil with viscosity in the range of 100 to 

20,000 cP under the reservoir conditions is considered to be heavy oil, whereas a crude 

oil with viscosity higher than 20,000 cP under the reservoir conditions is termed as extra 

heavy crude oil or bitumen. 
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Figure 1.1 Canadian heavy oil reserves (PetroWiki, 2014). 
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1.2 Heavy Oil Recovery Methods 

The primary oil recovery, secondary oil recovery, and tertiary or enhanced oil 

recovery (EOR) processes are applied in sequence or selectively to exploit a heavy oil 

reservoir. Cold heavy oil production with sand (CHOPS) is a primary oil recovery 

technique to effectively produce heavy oil by using the natural energy in the reservoir 

without sand control. It promotes the production of the unconsolidated reservoir sand, 

which in turn contributes to a high oil production rate due to the porosity and 

permeability increases, in conjunction with the foamy-oil flow. The heavy oil production 

rate in CHOPS can be 10–20 times higher than that predicted from Darcy’s law (Smith, 

1988). The heavy oil recovery factor (RF) of CHOPS can reach 15–20% with an oil 

production rate of 3.2–47.7 m
3
/day (Han et al., 2007). The reservoir pressure is 

maintained and the crude oil is displaced by injected water or gas in the secondary oil 

recovery. Waterflooding can be employed in the conventional oil reservoirs and heavy oil 

reservoirs because it is relatively cheap and easy to apply (Smith, 1992; Mai and Kantzas, 

2009). However, the oil recovery factors from heavy oil reservoirs during waterflooding 

are usually low because of the displacement instability, which is resulted from an 

unfavourable mobility ratio. The injected water can easily bypass the extremely viscous 

heavy oil and form water channels known as the “viscous fingering”. It was found that 

delayed waterflooding and variable voidage replacement ratio (VRR) were beneficial to 

166 waterfloods in heavy and medium oil reservoirs in western Canada (Brice and 

Renouf, 2008).  

The commonly used techniques for enhanced heavy oil recovery (EHOR) are 

summarized in Figure 1.2. Thermal- and solvent-based recovery techniques are the 
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Figure 1.2 Enhanced heavy oil recovery methods. 
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advanced EOR methods for the heavy oil reservoirs. In the thermal-based oil recovery 

techniques, the heavy oil viscosity is significantly reduced by heating an oil reservoir. As 

the first EOR technique, in-situ combustion (ISC) was experimentally studied in the 

1940s and field tested in the 1950s (White, 1985). However, there is a large uncertainty 

in the success of the field-scale ISC (Moore et al., 1999; Kovscek et al., 2013). Cyclic 

steam stimulation (CSS) has been commercially successful in many field applications 

(Farouq Ali, 1994; Al-Qabandi et al., 1995). One limitation of the CSS process is that the 

driving force is not strong enough to move more heated fluids to the production well. 

Steam-assisted gravity drainage (SAGD) was proposed by Butler and co-workers to 

employ gravity drainage in a horizontal well pair to recover steam-heated heavy oil 

(Butler et al., 1981). The horizontal wells have much larger contact area in the reservoir 

than the conventional wells and the gravity force is strong enough to achieve a high oil 

flow rate (Butler, 1994). As a mature and commercial technique, SAGD has been 

successfully applied in a number of oil fields for many years (Jimenez, 2008). However, 

some reservoir characteristics and conditions may limit the field applications of these 

thermal-based methods, including the thin pay-zone, bottom water, gas cap, and low rock 

thermal conductivity. There are excessive heat losses to the overburden and underburden 

and/or the bottom water in these situations (Karmaker and Maini, 2003a). Besides, large 

water and energy consumptions not only increase the operating costs but also cause the 

greenhouse gas emissions (Luhning et al., 2003). 

An alternative way to reduce the heavy oil viscosity is to dissolve a solvent into the 

heavy oil, which is categorized as solvent-based heavy oil recovery methods. Solvent-

based heavy oil recovery methods have some distinct advantages over the thermal-based 
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methods in terms of energy efficiency, cost effectiveness, produced oil quality, and 

environmental benefits (James et al., 2007). The energy consumption is reduced by 97% 

in a solvent-based heavy oil recovery process in comparison with that in a steam-based 

process (Singhal et al., 1996). Much less surface construction is required for the solvent 

injection process than that for the steam injection process. Therefore, the capital 

investment and operating cost will be much lower for a solvent-based heavy oil recovery 

process than those for a steam-based process. Moreover, when enough solvent is 

dissolved into the heavy oil, asphaltene precipitation may occur so that the produced 

heavy oil is in-situ deasphalted and thus is of better quality. In addition, a solvent-based 

heavy oil recovery method is also more environmentally friendly, whereas a large amount 

of water is consumed and tremendous amounts of greenhouse gases are generated in a 

thermal-based heavy oil recovery process. 

1.3 Research Objectives 

This thesis aims at conducting some experimental, theoretical, and numerical 

studies of the solvent-based heavy oil recovery processes. The specific research 

objectives of this thesis study are listed as follows: 

1. To experimentally study the vapour extraction (VAPEX) heavy oil recovery 

process; 

2. To develop a new theoretical model to simulate the accumulative heavy oil 

production versus time data during the entire VAPEX heavy oil recovery 

process;  

3. To determine the transition-zone thickness between the solvent chamber and the 

untouched heavy oil zone by using the new theoretical model; and 
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4. To experimentally and numerically study the reservoir permeability and 

drainage height effects on the solvent-diluted heavy oil gravity drainage 

process. 

1.4 Outline of the Thesis 

This thesis is composed of five chapters. Chapter 1 is an introduction to the thesis 

research topic together with the purpose and scope of this thesis. Chapter 2 presents a 

comprehensive review of solvent-based heavy oil recovery techniques. A particular 

emphasis is placed on the review of the experimental and numerical studies on VAPEX 

heavy oil recovery process. The problem statement of this thesis is presented at the end of 

this chapter. Chapter 3 describes the details of the experimental and theoretical studies of 

the VAPEX heavy oil recovery process. Materials, experimental set-up, preparations, and 

procedure are described in detail. Theoretically, a mathematical model is presented, 

which simulates the accumulative heavy oil production and solvent chamber evolution in 

the solvent chamber rising, spreading and falling phases. The determined transition-zone 

thicknesses, solvent chamber evolution, and heavy oil production during the VAPEX 

heavy oil recovery process are discussed in depth. Chapter 4 describes the experimental 

and numerical studies of the reservoir permeability and drainage height effects on the 

solvent-diluted heavy oil gravity drainage process. First, the experimental section, PvT 

modeling, and numerical procedures are presented. Afterward, the heavy oil production, 

solvent−oil ratio (SOR), viscosity reduction, as well as the simulation results are 

discussed. Finally, Chapter 5 summarizes the major conclusions of this thesis and makes 

some recommendations for future studies. 
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CHAPTER 2 LITERATURE REVIEW 

 

This chapter provides a comprehensive literature review of the solvent-based heavy 

oil recovery methods (Lin et al., 2014a). Solvent-based heavy oil recovery methods are 

classified, cyclic solvent injection (CSI), vapour extraction (VAPEX) and its variations, 

hybrid steam–solvent processes are introduced. Physical, theoretical modeling and 

numerical simulations of solvent-based heavy oil recovery methods are reviewed in 

detail. Moreover, a total of six pilot tests or field applications of solvent-based heavy oil 

recovery methods are evaluated, such as VAPEX, CSI, liquid addition to steam to 

enhance recovery (LASER), and other hybrid steam–solvent processes. Finally, problem 

statement of the thesis is made to address the research purposes and methodologies. 

2.1 Classification of the Solvent-Based Heavy Oil Recovery Methods 

2.1.1 CSI 

Solvent injection processes with propane, butane or solvent mixture to extract 

heavy oil were patented in the 1970s (Allen et al., 1976; Allen, 1977). The same vertical 

well is used for solvent injection and for the recovery of the heavy oil and injected 

solvent. Solvent is injected into a well, which is followed by shut-in (soaking) period for 

solvent dissolution into the surrounding oil bank. One cycle is completed by subsequently 

operating the same well as a production well for certain time. Feasibility of CO2 cyclic 

injection for enhanced heavy oil recovery was examined in the 1980s. Bardon et al. 

(1986) described a CO2 cyclic injection for enhanced heavy oil recovery in Turkey. 

Gondiken (1987) reported a pilot project of enhanced heavy oil recovery by injecting 
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CO2 in a reservoir with heavy oil of 11–12° API in Turkey. It was found that the oil 

production was increased by 2.5 times for two months, in comparison with that prior to 

the CO2 injection. Experimental, simulation, and pilot results show potential viability of 

the CSI or solvent huff-n-puff (Haskin and Alston, 1989; Gondiken, 1987; Lim et al., 

1995; Qazvini Firouz and Torabi, 2012). Some CSI studies have been summarized in 

Table 2.1. However, these processes may not be successfully applied in the oil fields 

because of the slow solvent diffusion in the heavy oil, which results in a low and 

uneconomical oil production rate (Das and Butler, 1998).  

2.1.2 VAPEX and its variations 

VAPEX process, which is a solvent analogue of SAGD by dissolving a gaseous 

solvent into heavy oil, is a promising alternative to the thermal-based heavy oil recovery 

methods. It was first studied in a Hele−Shaw cell saturated with bitumen, where toluene 

was used as the extracting solvent (Butler and Mokrys, 1989). Numerous experimental 

and numerical simulation studies have been conducted over the past two decades. A 

technical summary of experimental studies on VAPEX is given in Table 2.2 and the 

detailed discussion is presented below. 

Warm VAPEX 

Warm VAPEX is a variation of VAPEX, in which hot solvent is injected into the 

reservoir and in-situ condensation occurs at the boundary between the solvent chamber 

and the untouched heavy oil. The heavy oil viscosity is reduced by both the solvent 

dissolution through mass transfer and the thermal conduction through heat transfer. The 

superheated solvent injection for heavy oil recovery was patented 30 years ago (Allen et 

al., 1984). Rezaei and Chatzis (2007) injected n-pentane as the extracting solvent at an 
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Table 2.1 Cyclic solvent injection (CSI) studies in the literature. 

Oil Solvent µo (cP@°C) Model size (cm) φ (%) k (D) 
T 

(°C) 
cycle 

Injection 

/production 

time (d/d) 

Oil production 

rate (cm3/d) 

Produced 

SOR(std. 

cm3/cm3) 

P (MPa) Reference 

Lloydminster CH4+CO2 
10531@21.

0 
         

Sayegh and 

Maini, 1984 

 CO2 144@90 L=20, d=6.5 12‒20 
0.4×10-3–

43×10-3 
90     25 

Ravel and 

Anterion, 1985 

Cold Lake 

C3H8 

 47×42×27 

32.8 80 

13     

1.0 

Lim et al., 

1995 
35 20 4.0 

C2H6 

35 110 3.9 

 
CH4 

  
37.8 11.8 

 1    
4.85 

 

Shi and 

Kantzas, 2008 CO2 36.4 1.9 

Rush Lake C3H8+CO2 39320@20 L=300, d=1–12 38 4.5 15‒25 6 2.46‒3.90 7.91‒23.14 267‒598 3 

 

Ivory et al., 

2009 

 C3H8 4330@15 

L=30.48, d=3.81 

33.1‒35.8 5.07‒5.62 21  2 389.3‒5330.0  
0.8 

 
Du et al., 2013 L=60.96, d=3.81 

L=30.48, d=15.24 

 CO2      2 2 40.3‒111 50.3‒1554 3.56‒3.68 

Alshmakhy 

and Maini, 

2012 

 CH4+C3H8 2246@22 101.3×4.9×3.2 39‒40 42.9‒43.6 22 6  460.2‒3459.0  3.34 

Yadali 

Jamaloei et al., 

2013 

 C3H8 5875@20.2 48.3×17.8×5.1 35.6‒36.0 5.2‒5.6 20.2 12 3 287 1.18 ×103 0.8 Jia et al., 2013 
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Table 2.2 Experimental studies of vapour extraction (VAPEX) process. 

Oil 

Oil properties 

Solvent 

Model Operating conditions 

Reference ρo 

(kg/m3@°C) 

µo 

(103 cP@°C) 

Size 

(cm×cm×cm) 
φ 

(%) 

k 

(D) 

P 

(kPa) 

T 

(°C) 

qs 

(cm3/h) 

qo 

(cm3/h) 

Athabasca bitumen 1028@20 35000@20 
Toluene 9×12 

100 

 
55–21785 101 20  

0.326–3.75 
Butler and Mokrys, 1989 

Suncor Coker bitumen 1003@20 31.1@20 0. 636–6.55 

Athabasca bitumen 1028@20 35000@20 
Toluene 9×12 100 4.9–490 101 20  

 
Butler and Mokrys, 1993 

Suncor Coker bitumen 1003@20 31.1@20  

Peace River  138.3@20 

C3H8 

 
8×8 100 5446 

822 21 19  

Das and Butler, 1996 

863–883 25 20.8–21.7  

917–1039 30 23.1–28  

822–1158 35 19–32.4  

n-C4 H10 8×8 100 5446 318 35   

Atlee Buffalo 969@27 1.14@27 n-C4 H10 134×10.2×3.8 33 217 204 21/27 10 19.4/34 

Butler and Jiang, 1996 Lloydminster 978@20 7.0@20 n-C4 H10 35.6×22.9×33 35 217 124 20/21  23.8/33.1 

Peace River  930@20 n-C4 H10 35.6×22.9×33 35 43.5 124 20/21 8.7 10.73 

 980@15 18.5@15 n-C4 H10 

7.5×11.3×2.5 

40 640 

170 15  

7.91 

Karmaker and Maini, 2003b 

39 330 6.91 

37 220 4.14 

15×22.5×2.5 

40 640 27.15 

39 330 18.70 

37 220 16.45 

Dover 1027@ 20 543.8@20 C3H8 7.4×7.6 100 5376 875 20.5   
Boustani and Maini, 2001 

Panny 970@10 51.8@10 C3H8 7.4×7.6 100 5376 875 10.5   

Dina 982.6@9 18.6@9 n-C4 H10 

30×45×2.5 

35 220 68 9  9.69 

Yazdani and Maini, 2005 

36 330 68 9  12.26 

37 640 68 9  16.55 

30×42.3×3 

35 220 40 9  9.43 

36 330 40 9  12.03 

37 640 40 9  17.17 

Lloydminster  5.5@25 Toluene 67.5×15.2×3.1 

 8  28 10 1.3 

Cuthiell et al., 2003  88  27 10 3.46 

 90  25/26 40/10 18.6/4.46 

Lloydminster 988@20 11.9@20 C3H8 40×10×2 

35.2 15 800 20.8  0.56  

Moghadam et al., 2008 

36.3 25 800 20.8  1.12 

35.7 49 800 20.8  1.62 

35.4 96 800 20.8  3.31 

32.9 310 800 20.8  4.08 
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elevated temperature of 82°C and the results showed the promising feature of warm 

VAPEX process in terms of enhanced heavy oil production rate, in comparison with the 

conventional VAPEX at a lower temperature. Rezaei et al. (2010) found that the bitumen 

production was substantially increased in the warm VAPEX. The SOR was lower in the 

warm VAPEX compared with the conventional VAPEX, except for the warm VAPEX at 

the bubble-point temperature. Pathak et al. (2010) conducted hot solvent injection 

experiments by using propane and butane. It was found that the heavy oil recovery was 

lower when the temperature of the heated solvent was much higher than its saturation 

temperature because the solvent solubility in a heavy oil was lower at a high temperature. 

Pathak et al. (2012) studied the oil recovery mechanisms of hot solvent injection by using 

numerical simulations and visualization. The optimum operating pressure and 

temperature for the hot solvent injection were found to be near the saturation point. 

Asphaltene precipitation did not have a significant impact on the heavy oil recovery for a 

high-permeability porous medium used in the hot solvent injection tests. 

N-Solv 

The N-Solv process was introduced to enhance heavy oil recovery by injecting pure 

and heated solvent to eliminate the non-condensable gas (NCG) effect and effectively 

deliver heat to the reservoir (Nenniger and Nenniger, 2005; Nenniger and Gunnewiek, 

2009). A small amount of NCG (e.g., methane) in the solvent chamber can considerably 

impair the heat transfer from the heated solvent to the oil reservoir. For example, it was 

reported that 1 mol.% concentration of methane could reduce the propane condensation 

temperature by approximately 5°C (Nenniger and Dunn, 2008). The NCG contamination 

can also accumulate in the solvent chamber and hinder the mass transfer of solvent into 
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heavy oil as well. By purifying and heating the injected solvent, the heavy oil production 

was enhanced through enhanced mass and heat transfer, as well as in-situ deasphalting 

through asphaltene precipitation. The heavy oil production rate was estimated to be more 

than 15 times higher in the N-Solv process than that in the conventional VAPEX process. 

The N-Solv process offers the potential to enhance heavy oil production rate, improve 

heavy oil quality, reduce energy consumption and greenhouse gas emissions. However, 

these numerical predictions were extrapolated from the laboratory results and thus were 

subject to unknown uncertainty and inaccuracy (Rezaei et al., 2010). 

2.1.3 Hybrid steam–solvent processes 

Hybrid steam–solvent processes were proposed to take advantages of both the 

steam- and solvent-based heavy oil recovery methods. 

Expanding solvent-SAGD (ES-SAGD) 

Nasr et al. (2003) introduced the ES-SAGD process, in which a proper hydrocarbon 

solvent at a low concentration is co-injected with the steam as an improvement to SAGD. 

The solvent is chosen so that the solvent and water can condense at the similar 

conditions. Thus, the heat and mass transfer happens simultaneously at the boundary 

between the vapour chamber and the untouched heavy oil. The ES-SAGD laboratory test 

results showed that the heavy oil production was increased by 17–30%, in comparison 

with that in the SAGD if the same amount of steam was injected. It was also reported that 

95–99% of the cumulative injected solvent mixtures was recovered in the ES-SAGD. 

Nasr and Ayodele (2006) reported the ES-SAGD experimental and numerical studies 

conducted at Alberta Research Council (ARC). The results of ES-SAGD were promising 

in terms of the heavy oil production rate, SOR, and solvent recovery factor. 



 14

Solvent-aided process (SAP) 

SAP was introduced and field tested by EnCana Corporation (Gupta et al., 2005; 

Gupta and Gittins, 2006; Gupta and Gittins, 2009). A small amount of pure or mixture 

solvent(s) is added into the injected steam in SAP. It is expected that the oil production 

rate of SAP will be accelerated at the early stage than that in the SAGD alone. The 

steam–oil ratio (SOR) is also expected to be considerably reduced when the solvent is 

added.  

Liquid addition to steam for enhancing recovery (LASER) 

LASER was experimentally studied, numerically validated, and pilot tested by 

Imperial Oil Resources (Leaute, 2002; Leaute and Carey, 2007; Stark, 2013). A liquid 

hydrocarbon solvent is injected as the addition to steam in a vertical well that was 

operated in a CSS mode prior to LASER. Although the LASER process is in CSS mode, 

gravity drainage is the main oil recovery mechanism at the later stage of LASER (Nasr 

and Ayodele, 2006; Gates and Chakrabarty, 2008). 

2.2 Physical, Theoretical Modeling and Numerical Simulations  

2.2.1 Phase behaviour and mass transfer of heavy oil–solvent systems 

In the solvent-based heavy oil recovery methods, the injected solvent contacts with 

and dissolves into the extremely viscous heavy oil. The composition of the heavy oil–

solvent system changes and mass transfer occurs between the heavy oil and solvent due 

to solvent dissolution during the solvent-based heavy oil recovery processes. The heavy 

oil recovery is enhanced through the interfacial tension (IFT) reduction, oil-swelling 

effect, and oil viscosity reduction (Luo et al., 2007; Li and Yang, 2013; Li et al., 2013). 
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Solvent diffusivity in the heavy oil 

The mass-transfer rate of the solvent in heavy oil is characterized by the solvent 

molecular diffusion coefficient. In most cases, the solvent molecular diffusion coefficient 

is assumed to be constant, though it depends on the viscosity of the fluid and the 

operating conditions. Hayduk and Cheng (1971) proposed an oil viscosity-dependent 

correlation for the solvent molecular diffusion coefficient, which is widely used for the 

heavy oil–solvent systems:  

( ) βαµµ ∝D ,     [2.1] 

where, D(µ) is the solvent molecular diffusion coefficient; µ is the heavy oil viscosity; α 

and β are the coefficients. Das and Butler (1996) developed the correlations for the 

diffusion coefficients of propane and butane in Peace River bitumen as a function of the 

mixture viscosity and found that β was close to –0.5. In the presence of a porous medium, 

the apparent molecular diffusion coefficient is used to account for the effect of the porous 

medium: 

Ω= φDDapp ,

     

[2.2] 

where, Dapp is the apparent solvent molecular diffusion coefficient; φ is the porosity; Ω  is 

the cementation factor. By best fitting the experimental data, Boustani and Maini (2001) 

proposed a correlation of the effective diffusivity of the heavy oil–butane system: 

46.055.18

eff 10882.1 −−×= µhD ,
    

[2.3] 

where, Deff is the butane effective molecular diffusion coefficient; h is the drainage 

height. 

The low oil production rate predicted by the model with a constant molecular 

diffusion cannot match the high oil production rate obtained in the experiments (Boustani 
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and Maini, 2001; Das and Butler, 1998). The convective dispersion, which is the mass 

transfer caused by the movement of the component(s), has to be taken into account in this 

case. Perkins and Johnston (1963) provided the relation between the 

longitudinal/transverse dispersion and the molecular diffusion: 
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[2.4] 

where, Dl is the longitudinal dispersion coefficient; Dt is the transverse dispersion 

coefficient; F is the formation resistivity factor; dp is the particle diameter; σ is the 

heterogeneity factor; U is the velocity in the direction of the fluid flow.  

Determination of the solvent diffusion coefficient in the heavy oil 

Different experimental methods have been proposed to determine the diffusion 

coefficient of the heavy oil–solvent system, such as the method based on the movement 

of the solvent–liquid interface (Jamialahmadi et al., 2006) and pressure decay method 

(PDM) (Riazi, 1996; Upreti and Mehrotra, 2002; Zhang et al., 2000). The determined 

diffusion coefficients for different oil–solvent systems are listed in Table 2.3. 

Tharanivasan et al. (2004; 2006) compared three boundary conditions (BC), namely the 

equilibrium, quasi-equilibrium, and nonequilibrium BCs, at the heavy oil–solvent 

interface. It was found that the quasi-equilibrium BC was most suitable for measurement 

of propane diffusion coefficient in heavy oil. Yang and Gu (2006) applied the dynamic 

pendant drop volume analysis (DPDVA) method to measure the diffusion coefficients 

and oil-swelling factors of four solvents in heavy oil. 
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Table 2.3 Diffusion coefficient measurements in the literature. 

Oil Solvent Pressure (kPa) Temperature (°C) Diffusion coefficient (10-9 m2/s) Gas–oil ratio (cm3/cm3) Methodology Reference 

Peace River bitumen 
C3H8 822–1158 21–35 1.306×10–9µ–0.46 

 Correlation Das and Butler, 1996 
n-C4 H10   0.413×10–9µ–0.46 

Hamaca heavy oil 
CH4 3510 21 8.6 1.5 

PDM Zhang et al., 2000 
CO2 3471 21 4.8 23.7 

n-Pentane CH4 10200 37.8 15.1  PDM Riazi, 1996 

Athabasca bitumen 

CH4 4000 

25 0.081 

 PDM Upreti and Mehrotra, 2002 

75 0.2932 

90 0.4315 

C2H6 4000 

25 0.2539 

75 0.4203 

90 0.6081 

CO2 4000 

25 0.1335 

50 0.2338 

75 0.3739 

90 0.4280 

Lloydminster heavy 

oil 

CH4 5032 

23.9 

0.19–0.26 5.1 

PDM Tharanivasan et al., 2006 C3H8 764 0.79–2.55 2.6 

CO2 4180 0.46–0.94 2.7 

Lloydminster heavy 

oil 

CH4 6000–14000 23.9 0.12–0.19 

 DPDVA Yang and Gu, 2006 
C2H6 1500–3500 23.9 0.13–0.77 

C3H8 400–900 23.9 0.09–0.68 

CO2 2000–6000 23.9 0.20–0.55 

Athabasca bitumen 
CO2 3239.6 75 0.50 

 CPT Etminan et al., 2010 
CO2 3804.8 50 0.36 
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Etminan et al. (2010) proposed a constant-pressure technique (CPT) for 

measurement of the gas diffusivity in heavy oil and bitumen. In contrast to the original 

PDM, a supply cell was used to keep the pressure constant at the solvent–liquid interface 

in the model. Imran et al. (2010) used a cylindrical pressure cell to study the dispersion of 

butane in heavy oil. The diffusion coefficient of the butane in the presence of the porous 

medium was determined by minimizing the differences between the theoretically 

predicted and experimentally measured oil production data. Kapadia et al. (2006) 

developed a mathematical model to simulate the gas dispersion in a physical model with 

one side exposed to the solvent. The production of the diluted oil will leave the top of the 

physical model exposed to the solvent so that the mass transfer was enhanced. With the 

developed mathematical model, a finite difference method was used to solve the partial 

differential equation with the initial and boundary conditions. The solvent solubility and 

diffusion coefficient were determined by minimizing the differences between the 

theoretically predicted and experimentally measured heavy oil production data. It was 

found that the diffusion coefficient of butane in Cold Lake bitumen was four orders larger 

than those determined in the previous studies. Cuthiell et al. (2003) estimated the 

transverse dispersion coefficient to be in the order of 10
–9

 m
2
/s. Derakhshanfar and Gu 

(2012) proposed an analytical model to determine the solvent convective dispersion 

coefficients in the solvent chamber spreading and falling phases. In order to obtain the 

analytical solutions of the solvent convective dispersion coefficients, it was assumed that 

the solvent-diluted heavy oil gravity drainage along the transition zone had a linear or 

quadratic velocity profile. It was found that the solvent convective dispersion coefficient 

was two to five orders larger than the solvent molecular diffusion coefficient. 
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2.2.2 Experimental and numerical studies on VAPEX 

Pressure effect 

In general, the solvent solubility in a heavy oil increases as the operating pressure 

increases. The solvent is injected near its dew-point pressure at the reservoir temperature 

in order to have a maximum solubility of the vapourized solvent in the heavy oil. This 

will reduce the viscosity of the solvent-diluted heavy oil and increase the solvent mass-

transfer rate. As a result, a high operating pressure will lead to a high heavy oil 

production rate (Das and Butler, 1998). Experimental results confirm that the operating 

pressure close to the solvent dew-point pressure leads to a high heavy oil production rate 

(Butler and Mokrys, 1991; Das and Butler, 1998; Zhang et al., 2007). Moreover, the 

produced oil is substantially deasphalted at a high pressure because of the asphaltene 

precipitation (Haghighat and Maini, 2010). 

Temperature effect 

Butler and Mokrys (1991) performed experiments in a Hele–Shaw cell and the 

measured heavy oil production rate was significantly increased at a higher temperature of 

40–50°C. Butler and Jiang (2000) examined the temperature effect on the VAPEX heavy 

oil production rate. The average heavy oil production rate was increased by about 12% 

when the temperature increased from the room temperature to 27°C. Haghighat and 

Maini (2013) further studied the temperature effect on the VAPEX performance. The 

VAPEX tests were conducted at elevated temperatures of 40, 50, and 60°C. It was found 

that a higher heavy oil production rate was achieved at the early stage but the stabilized 

heavy oil rate was not pronouncedly improved at elevated temperatures without 

increasing the injection pressure. 
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Well configuration effect 

Butler and Jiang (2000) studied the well configuration effect on the VAPEX. Two 

types of well configurations were studied: (1) The producer is located right below the 

injector and (2) The producer is placed horizontally apart from the injector. It was found 

that the heavy oil production rate was increased when the injector and producer were 

laterally separated. Zeng et al. (2008a) proposed a tee-well pattern to enhance oil rate in 

VAPEX by placing additional horizontal injectors, which are perpendicular to the injector 

and producer in the conventional VAPEX. The heavy oil production rate in the proposed 

well configuration can be enhanced by 2–10 times in different designs, compared with 

that in a conventional VAPEX well configuration. 

Asphaltene precipitation effect 

The major oil recovery mechanisms in the solvent-based heavy oil recovery 

processes are the significant heavy oil viscosity reduction, oil swelling and possible 

asphaltene precipitation through sufficient solvent dissolution. It was reported that the 

viscosity of a heavy oil with thousands centipoises was reduced to the same order of 

magnitude as that of a light or medium oil and the swelling factor was larger than 1.5 

when the heavy oil was saturated with a solvent (Luo et al., 2007). The asphaltene 

precipitation may occur when the solvent dissolves into the heavy oil and can affect the 

performance of the solvent-based heavy oil recovery methods. Das and Butler (1994) 

studied asphaltene precipitation phenomenon in the Hele–Shaw cell. Asphaltene 

precipitation was observed to occur when the injected pressure was close to or higher 

than saturation pressure of propane. However, it did not block the flow of the solvent-

diluted heavy oil in the reservoir (Das and Butler, 1994). Luo et al. (2008) found that the 
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solvent-diluted heavy oil drained quickly when the permeability is sufficiently high, 

whereas a large amount of precipitated asphaltenes can severely block the porous 

medium when the permeability was low and close to a typical heavy oil reservoir 

permeability. Haghighat and Maini (2010) conducted a series of tests to determine 

whether the beneficial effects of heavy oil in-situ deasphalting through asphaltenes 

precipitation would compensate for the possible formation damage. It was found that the 

oil production rate was not increased at a higher pressure because of the formation 

damage due to the asphaltene precipitation. It was proposed that co-injection of toluene 

with propane to eliminate the formation damage caused by the asphaltene precipitation. 

Heavy oil with a high asphaltene content was used to study the connate water effect on 

the performance of VAPEX when asphaltene precipitation occurred under a dry or wet 

condition (Ardali et al., 2009). It was found that the asphaltene precipitation did not cause 

much formation damage when the connate water was present due to the easy movement 

of precipitated asphaltenes. Hence, the VAPEX process was more stable and efficient.  

IFT effect 

The interfacial tension (IFT) between the heavy oil and solvent plays an important 

role in the VAPEX process. Das and Butler (1998) concluded that the capillary 

imbibitions enhanced the VAPEX process since the solvent-diluted oil was drawn away 

from the transition zone by the capillary force into the solvent vapour chamber. Ayub 

(2009) concluded that the capillary pressure between the oil and water phases increased 

the heavy oil production in the VAPEX process. The solvent vapour chamber was 

extended, free gas production was reduced, and the effective contact area for the solvent 

molecular diffusion was increased when the capillary force was present. Cuthiell et al. 
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(2006) experimentally studied the solvent–oil capillary pressure by using CT scan and 

numerically simulated the experimental results. It was found that the simulated transition 

zone or drainage layer can be well matched with that experimentally observed when the 

measured capillary pressure was used, whereas the simulated transition zone was too thin 

if the capillary pressure was not considered. 

Viscous fingering effect 

When a gaseous solvent with a low viscosity was injected into an oil reservoir with 

extremely viscous heavy oil, the unstable displacement will occur due to a large mobility 

contrast. Cuthiell et al. (2006) conducted four tests visually in sand packs to study the 

viscous fingering phenomenon during the solvent injection process in heavy oil recovery. 

It was found that a single primary finger, which occurred at the beginning of the solvent 

breakthrough, grew larger and longer due to oil mobilization at its edges. The secondary 

fingers grew slowly after the solvent broke through. Sharma and Gates (2011) studied the 

interface instability between the vapour chamber and the bitumen when steam and 

solvent were coinjected. The results show that co-injection of steam and solvent enhances 

the interface instability and promotes improved mixing at the edge of the chamber. 

Solvent with an intermediate carbon number (e.g., n-hexane) was found to yield the 

maximum instability, which leads to the highest oil production rate. 

Transition-zone thickness 

In the VAPEX process, mass transfer of a gaseous solvent into the heavy oil takes 

place primarily in a thin layer called the transition zone. The transition zone with the 

solvent-diluted heavy oil is formed between the solvent chamber and the untouched 

heavy oil, which is bounded by two boundaries or interfaces. The solvent concentration 
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in the heavy oil reaches its maximum at the interface between the solvent chamber and 

the transition zone. This interface separates the solvent chamber from the solvent-diluted 

heavy oil. On the other hand, the solvent has the minimum concentration in the heavy oil 

to make it mobile at the interface between the transition zone and the untouched heavy 

oil. This interface separates the untouched heavy oil from the solvent-diluted heavy oil. 

Inside the transition zone, dissolution of solvent into heavy oil (i.e., solvent 

diffusion/dispersion) and solvent-diluted heavy oil flow take place. More detailed 

technical description of the velocity distribution of the solvent-diluted heavy oil flow 

across the transition zone and the solvent dissolution into the heavy oil inside the 

transition zone can be found elsewhere (Derakhshanfar and Gu, 2012). In order to 

accurately study the oil recovery process in the thin transition zone, a large number of 

grids for the transition zone have to be used in the numerical simulation, which leads to a 

small time step used in a compositional model and possibly a large numerical dispersion 

(Yazdani and Maini, 2009a). The normal distance between the two interfaces of the 

transition zone is referred to as the transition-zone thickness. The transition-zone 

thickness was calculated by applying Darcy’s law and it varied between 0.3 and 1.5 cm 

for different sizes and permeabilities of the physical models (Yazdani and Maini, 2009b). 

A micromodel was used to study the gravity drainage of heavy oil in the VAPEX process 

and the transition-zone thickness was found in the order of milimeters (James and 

Chatzis, 2004). On the other hand, a mathematical model was proposed by Moghadam et 

al. (2009) under the assumption that the transition zone between the solvent chamber and 

the untouched heavy oil is bounded by two straight-line interfaces with a constant 

thickness. After the solvent-diluted heavy oil in the transition zone drains by gravity, the 
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straight-line interfaces move to new positions and the solvent chamber evolves. One 

limitation is that the rising phase of the solvent chamber was not considered and thus the 

straight-line model cannot be used to predict the solvent chamber evolution and the heavy 

oil production in the entire VAPEX process.  

2.2.3 Experimental and numerical studies on CSI 

Shelton and Morris (1973) theoretically studied cyclic injection of a rich gas to 

recover heavy oil. It was concluded that only moderate viscosity reduction and soaking 

time were needed to achieve most of the benefits of the oil recovery mechanisms. The 

predicted results agreed well with the performance of the actual well tests. Two series of 

phase behaviour measurements were conducted to simulate the sequence that occurred 

during a typical huff-n-puff process (Sayegh and Maini, 1984). It was found that CO2 

was a more efficient stimulating agent in heavy oil production than CH4 due to its higher 

solubility and stronger oil-viscosity reduction ability. Moreover, six CO2 corefloods were 

also performed to study the effects of soaking period and mobile water saturation on the 

longitudinal distribution of CO2. The results implied that a longer soaking period was a 

more efficient way of promoting mass-transfer and providing an adequate amount of 

CO2. The presence of a low mobile water saturation led to a more uniform longitudinal 

distribution of CO2 along the core. Bardon et al. (1986) reported a pilot test on CO2 huff-

n-puff in the heavy oil field of Camurlu in Turkey. Three cycles were piloted on two 

wells. In the third cycle, the oil production rate and CO2 injection rate increased 

considerably but the oil production time was not long enough. In consideration of the 

injection and soaking phases, however, the oil production rate (11.46 BOPD) was almost 

the same as that of the primary production (11 BOPD). Olenick et al. (1992) reported the 
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CO2 huff-n-puff project applied in Halfmoon field, Wyoming. The huff-n-puff tests were 

conducted after laboratory evaluation was completed. The incremental oil production rate 

ranged from 1.7 to 2.4 BOPD, which was far lower than those predicted from the 

experiments. Finally, the cyclic CO2 injection was terminated due to lack of economic 

incentive.  

Lim et al. (1995) first experimentally investigated the efficiency and effectiveness of 

hydrocarbon-solvent huff-n-puff process on improving heavy oil recovery. It was found 

that ethane was an effective solvent for deasphalting and producing bitumen. In addition, 

the well inflow mechanism dominated in the early cycles of production, whereas the 

gravity effect controlled the subsequent cycles. Furthermore, laboratory measured 

effective diffusivity of the solvent was found to be 2 to 3 orders of magnitude higher than 

the molecular diffusivity of solvent into bitumen. Shi and Kantzas (2008) performed two 

tests to study the potential of using methane and carbon dioxide injection as an oil 

recovery method for a heavy oil reservoir. A single cycle of CH4 injection followed by a 

single cycle of CO2 injection was conducted on a glassbeads model and a sandpack 

model, respectively. For the sandpack model with a low permeability, CO2 injection gave 

a higher additional oil recovery factor of 4.2%. The immiscible gas injection achieved 

only 8% incremental oil recovery for the glassbeads model, which was unfavourable 

compared with the high oil recovery factor of 22.2% for the primary oil production. 

Based on the GC analysis results, CO2 was found to be much easier to dissolve into 

heavy oil and solution-gas drive was the principal mechanism during CO2 production. 

Qazvini Firouz and Torabi (2012) conducted fourteen huff-n-puff experiments to 

investigate the effects of the operating pressure, soaking time, and solvent composition. It 
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was found that the highest oil recovery factor was obtained by injecting pure CO2 at near-

supercritical conditions. When the operating pressure was low, a longer soaking time did 

not noticeably increase the ultimate oil recovery factor. 

Alshmakhy and Maini (2012) experimentally evaluated the potential of using cyclic 

CO2 injection process to improve heavy oil recovery from a depleted oil reservoir. The 

highest additional recovery factor of 8.39% in five tests was obtained. Jia et al. (2013) 

introduced pressure pulsing cyclic solvent injection (PP-CSI) process as a variation of 

CSI. The traditional CSI process suffers from the solvent exsolution and viscosity regain 

during the oil production period. In a PP-CSI, a three-step pressure control scheme was 

performed during the oil production period to take advantages of foamy-oil flow and 

solvent flooding. The experimental results revealed that both oil recovery factor and oil 

production rate of a PP-CSI process were much higher than those of a traditional CSI 

process. Feasibility of CSI process as a post-CHOPS technique was studied by Du et al. 

(2013). It was suggested that wormholes improved the CSI performance, especially the 

wormholes developed at the bottom of the oil reservoirs. Moreover, a relation between 

the oil production rate and the drainage height was determined by power function 

regression. The length and diameter of sandpack model did not affect the experimental 

results. Yadali Jamaloei et al. (2013) proposed a new process: enhanced cyclic solvent 

process (ECSP). In an ECSP, a more soluble solvent is injected after a more volatile 

solvent in a cyclic manner. Four tests were conducted to examine the impact of the 

solvent injection sequence. Higher oil recovery factor and production rate were achieved 

when a methane slug was injected before ethane or propane injection. The optimum 

solvent injection sequence was used to predict the Pelican oilfield production 
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performance. Field-scale simulations revealed that the ECSP scheme was especially 

effective in improving oil recovery in thin heavy oil reservoirs. 

Ravel and Anterion (1985) modified a compositional simulator to simulate the CO2 

huff-n-puff process. Four experiments were conducted to obtain the original oil 

production data prior to the numerical simulations. The oil swelling, gravity drainage, 

and capillary imbibition were modeled in the simulations. In addition, an interfacial film 

theory was developed to represent the mass transfer. Ivory et al. (2009) not only 

conducted an experiment consisted of the primary oil production followed by 6 solvent 

injection cycles but also simulated the performance of the experiment. An excellent 

history match confirmed that the numerical simulation model was effective. The 

simulator included the non-equilibrium rate equation, which accounted for the delay for a 

solvent to reach its equilibrium concentration as it dissolved into or exsolved from the 

oil. The sensitivity analysis results indicated that solvent injectivity was more sensitive to 

non-equilibrium rate, gas-phase diffusion coefficient, molar density of the oil phase, 

solvent solubility in oil, gas phase relative permeability, and capillary pressure. Qi and 

Polikar (2005) used CMG GEM module to optimize the soaking time and well geometry 

in order to obtain the most effective viscosity reduction and the lowest SOR. An effective 

solvent mixture, whose dew-point pressure was slightly higher than the actual reservoir 

pressure, was determined. It was concluded that the optimal soaking time was related to 

both injection rate and the solvent mixture and that the vertical distance between the 

horizontal injector and producer affected the oil recovery. It was also found that the 

molecular diffusion did not affect the solvent performance. Chang and Ivory (2012) 

continued the simulation study on the CSI as a post-CHOPS follow-up process from the 
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lab scale to the field scale. Five different configurations of wormholes were proposed to 

simulate post-CHOPS reservoir characteristics. It was pointed out that the non-

equilibrium behaviour of the heavy oil–solvent system should be considered otherwise 

the oil production rate was underestimated. The effective permeability and dual-

permeability models showed better results in both history match of the primary oil 

production and prediction of CSI performance.  

2.2.4 Scaling-up criteria of the heavy oil production 

Butler and Mokrys (1989) developed the first analytical model to predict the heavy 

oil production rate during VAPEX process. The heavy oil production rate per unit length 

of the horizontal well can be expressed as: 

hNSgkq so22 ∆= φ ,     [2.5] 

where, ∆So is the oil saturation change before and after the VAPEX process;
 sN  is a 

dimensionless number, which is defined as
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. Based on Butler–

Mokrys model, Butler and co-workers (Butler and Mokrys, 1991; Butler and Mokrys, 

1993; Butler and Jiang, 2000) derived the scalingup equations for the oil production time 

and for the cumulative heavy oil production. The following assumptions were made for 

the scaling-up: the physical model and the oil reservoir had the similar geometry (i.e., the 

same aspect ratio) and well configuration under the same operating conditions (i.e., 

pressure and temperature) and that the oil–solvent systems were the same in the model 

and in the field, for which the dimensionless number Ns was the same. The ratio of the oil 

production time in the field to that in the physical model was: 
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where, tf and hf are the oil production time and pay-zone thickness in the field 

application; tm and hm are the oil production time and pay-zone thickness in the laboratory 

model. Accordingly, the ratio of the cumulative heavy oil production in the field to that in 

the physical model was: 
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where, Qf and Lf are the cumulative heavy oil production and horizontal well length in the 

field application; Qm and Lm are the cumulative heavy oil production and horizontal well 

length in the laboratory model. 

Furthermore, Das and Butler (1998) improved the oil production rate in Butler–

Mokrys model in consideration of the cementation factor: 
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where, qf, kf, φf, Ωf, ∆Sof are the heavy oil production rate, permeability, porosity, 

cementation factor, and oil saturation change in the field application; qm, km, φm, Ωm, 

∆Som are the heavy oil production rate, permeability, porosity, cementation factor, and oil 

saturation change in the laboratory model. It should be noted that the solvent mass 

transfer through the convective dispersion was not considered in Butler–Mokrys model 

and the scaling-up equations.  

Lim et al. (1996) developed the scaling-up equations for the oil production time 

and rate in VAPEX: 
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where, µeff and ρeff are the effective viscosity and density of the solvent-diluted heavy oil; 

f is the fraction of heavy oil in the heavy oil–solvent fractional flow. 

Nenniger and Dunn (2008) developed a correlation between the mass flux of the 

produced oil and the reservoir properties: 

( ) 51.0

o/43550 µφkm = ,
    

[2.11] 

where, m is the mass flux of the produced oil, g/h/m
2
; µo is the original oil viscosity, cP. It 

was also pointed out that the pay-zone thickness may play a more important role. Thus 

the prediction from the correlation may underestimate the oil production rate by 

approximately 30% for a pay zone of 20 m thick. Wong and Edmunds (2010) 

numerically studied the effects of the reservoir properties (i.e., pay-zone thickness, 

porosity, and permeability), diffusion coefficient, and grid size on the drainage process. It 

was found that the oil production rate was proportional to the pay-zone thickness with a 

power of 0.53–0.56 if the pay-zone thickness was in the range of 0.10–0.25 m. Karmaker 

and Maini (2003b) conducted VAPEX tests in three different physical models with 

different drainage heights. It was found that there was a large discrepancy when the 

“transmissibility matching scaling-up method” for the results of the small model was 

applied to predict the oil production rate of the medium and large models. It was 

concluded that the prediction from the “transmissibility matching scaling-up method” 
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underestimated the oil production rate. Hence, much higher oil rates were expected in the 

field applications compared with those predicted by the previous researchers. Yazdani 

and Maini (2005) further conducted nine VAPEX tests to supplement the data from the 

previous tests reported by Karmarker and Maini. It was found that the oil production rate 

was a power function of the drainage height with the power being 1.10 to 1.30, rather 

than 0.5 as indicated in Butler–Mokrys model. An equation was proposed to scale up the 

oil production rate in the experiment to that in the field: 
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where, the power n is in the range of 1.10–1.30. An approximate oil production rate of 

350 m
3
/d was predicted for a pair of 1000 m long horizontal wells for VAPEX process in 

the Fort McMurry formation, Canada. Yazdani and Maini (2008) further studied the 

scaling-up method by conducting four VAPEX tests in a large model. The power was 

found to be in the range of 1.13–1.17 by analyzing all the experimental data. The 

proposed scaling-up correlation was used to predict the oil production rates for the 

experimental tests conducted by Yazdani and Maini (2008) and Das (1995). It was found 

that a good agreement was achieved for the oil production rates in the predictions and 

those in the experiments, whereas Bulter–Mokrys equation underestimated the oil 

production rate. Leung (2012) systematically studied the scaling-up of the effective mass 

transfer in vapour extraction process in heterogeneous reservoirs. The results show that 

the scaling-up of the effective mass transfer coefficient strongly depends on the 

underlying heterogeneity. 
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Xu et al. (2012) studied the scaling-up of vapour extraction process through 

numerical simulations. Results from 2-D tests were history matched in a numerical model 

by tuning the uncertainties, such as the relative permeability and capillary pressure. The 

tuned numerical model was applied to predict the 3-D test performance. There was a 

good agreement between the experimentally measured data and simulated data for the 3-

D test. The discrepancy between the measured and predicted oil recovery factors was in 

the range of 0.75–25.14%. It was concluded that numerical simulations, in comparison 

with the analytical method, gave the improved prediction results and had more potential 

to be applied as the scaling-up method. 

2.3 Field/Pilot Applications 

Most technical data of the field/pilot applications are proprietary and there is little 

technical information of the pilot/field applications of the solvent-based heavy oil 

recovery techniques in the public domain. Thus, its compilation and analysis are of great 

interest and importance to the researchers in the oil industry. The major results are listed 

in Table 2.4 and summarized below. 

2.3.1 SAP pilot at Senlac Thermal Facility 

This pilot test was conducted in late January of 2002 by Encana Senlac Thermal 

Facility (Gupta et al., 2005). The initial reservoir pressure and temperature were 5,200 

kPa and 29°C, respectively. The other reservoir properties of the Senlac Field were 

reported in the literature (Chakrabarty et al., 1998). SAP pilot was applied to a pair of the  
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Table 2.4 Field/pilot applications of the solvent-based heavy oil recovery methods. 

Method Company Location 

Reservoir properties Solvent usage Well pattern 
Operating 

conditions 
Production data 

Reference 
P 

(MPa) 

T 

(°C) 

k 

(D) 

Oil 

(API) 
Type 

Injection 

(vol.%) 

Recovery 

(%) 
type # 

Pinj 

(MPa) 

qinj 

(m3/d) 

qoil 

(bbl/d) 

∆qoil 

(%) 

∆SOR 

(%) 

LASER 
Imperial & 

ExxonMobil 
Cold Lake 3.1 13 2 10.6 

C5+ 6 81 V 8 4    30–44 Leaute and Carey, 

2007 C5+ 6 53 V 8 6.5    33 

SAP EnCana 

Senlac 5.2 29 
5–

10 
13 C4   H 

1 

pair 
  3000 58 40 Gupta et al., 2005 

Christina 

Lake 
    C4 20–40  H 

1 

pair 
  1700  62 

Gupta and Gittins, 

2006 

SA-

SAGD 

Imperial & 

ExxonMobil 
Cold Lake      20 75 H 

2 

pair 
3.6 20–30 470 88 32 Dittaro et al., 2013 

ES-

SAGD 
Nexen Long Lake     Jet-B 10  H 

1 

pair 
1.4 100  7 6 Orr, 2009 

SVX 

Husky Edam    11 
C1+ 

C3 
         

Kristoff et al., 2008 Nexen Luseland    12.5 
C1+ 

C4 
         

CNRL Fort Kent    12 
C1+ 

C3 
         

 

Notes:  

V: vertical; H: horizontal; ∆qoil: oil production rate increase in percentage; ∆SOR: steam–oil ratio decrease in percentage. 
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SAGD wells in its phase C. Butane was used as the aided-solvent into the injected steam. 

The average oil production rate was increased from 1,900 to 3,000 BOPD for the well 

pair after the solvent was aided. At the same time, the average steam–oil ratio (SOR) was 

reduced from 2.6 to 1.6 m
3
/ m

3
. 

2.3.2 SAP pilot at Christina Lake 

This Christina Lake solvent-aided process pilot was conducted in the Athabasca 

field by Encana in the third quarter of 2004 (Gupta and Gittins, 2006). Instead of 2–3 

years of a typical well productive period, the productive life of a well pair at Christina 

Lake was in the range of 3–5 years. One well pair that was operated by using SAGD was 

chosen to conduct SAP pilot. It was estimated that the steam chamber had already 

reached the top of the reservoir and was expanding laterally. Without solvent addition, 

the average production rate was reduced to 100 t/d, whereas the production rate with SAP 

rose to a peak of 300 t/d and a stabilized level of 240 t/d. The SOR prior to SAP was 

about 5, and dropped to around 1.6 as of March 2005. 

2.3.3 LASER pilot at Cold Lake 

This LASER pilot was conducted by Imperial Oil in the Cold Lake field in east 

central Alberta in 2002 (Leaute and Carey, 2007). In this pilot, 6 vol.% of C5+ (diluent) 

was added as the solvent into the steam for eight vertical wells in the seventh cycle of the 

CSS operation. Twenty wells from the adjacent pad, which had similar production 

history, remained as CSS wells so that the performances of the LASER wells can be 

compared. The percentage of the injected solvent that can be recovered is crucial in the 

solvent-based oil recovery process because the economics of a solvent-based process 
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depends on the amount of the solvent recovered from the reservoir. One important 

achievement in this pilot was the determination of the solvent fraction in the produced 

oil. In this pilot, about 80% of the injected diluent was recovered, 70% of which was 

found in the condensate liquid stream. The produced diluent was found to have a similar 

composition of the injected diluent. For those CSS wells without solvent addition, the 

cumulative oil–steam ratio (OSR) was declined from 0.32 to 0.27 m
3
/m

3
, whereas the 

OSR of the LASER wells was increased from 0.29 to 0.39 m
3
/m

3
. 

The same LASER strategy was applied for Cycle #8 after the success of the 

LASER cycle to verify the repeatability and sustainability of the LASER performance 

(Stark, 2013). The average OSR was 0.28 m
3
/m

3
for the LASER wells, whereas the 

average OSR was 0.21 m
3
/m

3
 for the CSS wells. The recovery factor of the injected 

diluent was estimated to be 53%, which was much lower than the numerical prediction. 

Such low diluent recovery may be attributed to a well status change and increased 

interwell communications. 

2.3.4 SA-SAGD at Cold Lake 

This solvent-assisted SAGD (SA-SAGD) pilot was operated by ExxonMobil and 

Imperial Oil Resources in the Clearwater formation at Cold Lake (Dittaro et al., 2013). A 

site was chosen for the SA-SAGD operation based on the following selection criteria: (1) 

The minimum pay-zone thickness of 15 m; (2) Small thermal or pressure influences from 

the adjacent CSS wells; and (3) Close to the existing steam generation station and 

production pipeline. Two horizontal well pairs and six vertical observation wells were 

involved in the pilot. Advanced production testing facilities were designed and installed 

to accurately measure and sample the produced fluids. The oil production rate was 
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increased progressively from 40 to 75 m
3
/d, whereas the steam–oil ratio (SOR) kept 

constantly around 3–4 m
3
/m

3
. The solvent recovery factor was found to be higher than 

75%. This SA-SAGD pilot had shown some encouraging results in terms of the oil 

production increase and SOR reduction after solvent was injected. 

2.3.5 ES-SAGD pilot at Long Lake 

This ES-SAGD pilot was implemented by Nexen in one pair of the SAGD wells at 

Long Lake (Orr, 2009). The aviation fuel Jet B, which consists of heavy hydrocarbon 

components (C7–C12), was chosen to be the solvent. The solvent was injected with steam 

at an operating pressure of 1,400 kPa and the concentration of 10 vol.%. The simulation 

results show that the oil production rate was expected to increase about 6% and the SOR 

was to be decreased about 7%. The ES-SAGD pilot was conducted for about two months 

and no obvious oil production increase was observed. One possible reason was that the 

injected solvent may be too heavy so that it was condensed quickly and its diffusion into 

the heavy oil was slow. 

2.3.6 Joint implementation of vapour extraction (JIVE) 

This project was jointly implemented by the petroleum industry (CNRL, Husky, 

and Nexen) and a research funding agency (PTRC) to develop the solvent-based heavy 

oil recovery techniques (Kristoff et al., 2008). Two depleted wells in Edam field were 

operated for solvent injection by Husky Energy Inc. The oil viscosities were 15,000 and 

27,000 cP in two formations, whose pay-zone thicknesses were 7 and 3.5 m, respectively. 

Methane and propane mixture was injected as the extracting solvent. The pilot results 

were encouraging in terms of the increased oil recovery and viscosity reduction. Solvent 
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mixture of methane and butane was injected into a formation, whose pay-zone thickness 

was 12 m in Luseland field by Nexen. The oil viscosity was in the range of 3,500–6,500 

cP. Asphaltene precipitation was observed in this pilot. Solvent mixture of methane and 

propane was injected into a formation with wormholes in Fort Kent by CNRL. The pay-

zone thickness was in the range of 10–15 m and the heavy oil viscosity was in the range 

of 15,000–20,000 cP. 

2.4 Problem Statement 

The VAPEX process is complex due to the interplay among the solvent molecular 

diffusion, the solvent convective dispersion, and the solvent-diluted heavy oil gravity 

drainage. This thesis consists of two research topics: one is the experimental and 

theoretical studies of the VAPEX heavy oil recovery process, another is the experimental 

studies and numerical simulations of the reservoir permeability and drainage height 

effects on the solvent-diluted heavy oil gravity drainage process. 

A circular solvent chamber model is formulated to simulate VAPEX heavy oil 

recovery process in three different production phases, namely, the solvent chamber rising, 

spreading, and falling phases (Lin et al., 2014). In addition to the prediction of the 

transient solvent chamber evolution, the cumulative heavy oil production is also 

simulated in each production phase. This theoretical model is developed in terms of the 

solvent chamber geometry and the gravity-drainage zone. The transition-zone thicknesses 

in the solvent chamber rising phase and in the solvent chamber spreading/falling phase 

are used as two unknown adjustable parameters and obtained by best fitting the 

theoretically simulated oil production data to the experimentally measured data in the 

three production phases. 
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The reservoir permeability and drainage height effects on the solvent-diluted heavy 

oil gravity drainage process are examined by means of experimental studies and 

numerical simulations (Lin et al., 2014b). A series of six solvent-diluted heavy oil gravity 

drainage tests were conducted at the same operating conditions but with different 

reservoir permeabilities and drainage heights. The reservoir permeability and drainage 

height effects on the heavy oil production, solvent–oil ratio (SOR), and viscosity 

reduction are discussed. Numerical simulations are undertaken to match the simulated 

heavy oil and solvent production data with those measured in the tests. 
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CHAPTER 3 EXPERIMENTAL AND THEORETICAL STUDIES 

OF THE VAPOUR EXTRACTION (VAPEX) 

HEAVY OIL RECOVERY PROCESS 

 

3.1 Experimental Section 

3.1.1 Materials 

In this study, a field-cleaned heavy oil sample was collected from the Lloydminster 

area, Canada. Its density and viscosity were measured to be ρo = 978 kg/m
3
 and µo = 

11,900 mPa·s at the atmospheric pressure and room temperature of T = 20.8°C, 

respectively. The asphaltene content of heavy oil sample was measured by using the 

standard ASTM D2007‒3 method and filter papers (Whatman No. 5, England) with a 

pore size of 2.5 µm and found to be wasp = 16.9 wt.% (n-pentane insoluble). The detailed 

compositional analysis result for this heavy oil sample can be found elsewhere 

(Moghadam, 2009). Pure propane purchased from Praxair (Canada) with the stated purity 

of 99.5 mol.% (instrumental grade) was used as the extracting solvent. Its saturation 

pressure was found to be Psat = 854 kPa at T = 20.8 ºC by using the CMG Winprop 

module (Version 2011.10, Computer Modelling Group Ltd., Canada). The Ottawa sands 

(Silica Company, USA) with mesh sizes of 30–50, 30–60, 40–60, and 40–80 were used to 

pack the VAPEX physical model in four VAPEX tests, respectively. 
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3.1.2 Experimental set-up 

A schematic diagram of the VAPEX experimental set-up is shown in Figure 3.1. The 

VAPEX experimental setup was composed of three major operating units: the solvent 

supply unit, VAPEX physical model, and fluids production unit. 

The solvent supply unit was used to provide continuous supply of the extracting 

solvent (propane in this study) at a constant pressure. A gas pressure regulator was 

installed at the outlet of the propane cylinder to ensure the constant pressure. The major 

component of the experimental setup was the visual high-pressure VAPEX physical 

model. A 3-D rectangular cavity (40 × 10 × 2 cm
3
) was grooved for sandpacking. A 50.8 

mm thick transparent acrylic plate was used to cover the rectangular cavity and provide 

visual observation of the solvent chamber evolution in the VAPEX process. A thin 

transparent polycarbonate plate was placed in between to prevent the front acrylic plate 

from being scratched. A total of sixteen ports were machined around the stainless steel 

plate to provide the flexibilities of placing the solvent injector and oil producer at 

different locations. In this study, the oil producer was located at the middle bottom of the 

physical model and the solvent injector was 3.5 cm (2R0 = 3.5 cm) above the oil 

producer. This well configuration was used to simulate a slice of a pair of the horizontal 

solvent injection and oil production wells with a proper vertical separation distance in a 

typical VAPEX process. The fluids production unit was used to collect and measure the 

produced oil and gas by using an oil sample collector and two air bubblers. These two air 

bubblers with a total volume of 1000 cm
3
 were connected to the vacuum pump and 

vacuumed alternately during the test. It is worthwhile to mention that a diaphragm-

sensing back-pressure regulator (BPR) (KPR Series, Swagelok, Canada) was used to  
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Figure 3.1 Schematic diagram of the VAPEX experimental set-up. 
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adjust and maintain the pre-specified constant test pressure inside the VAPEX physical 

model. 

3.1.3 Experimental preparation 

After the VAPEX physical model was packed with Ottawa sands of different mesh 

sizes, its porosity and permeability were measured prior to each VAPEX test. The 

sandpack porosity was measured by using the imbibition method and found to be in the 

range of ϕ = 32.9‒36.1%. In addition, the sandpack permeability was determined by 

applying Darcy’s law for the steady-state one-phase one-dimensional fluid flow and 

measured to be in the range of k = 18‒52 Darcy, which depends on the mesh size of the 

solid particles used for packing the physical model. In the permeability measurement, 

distilled water was injected into the physical model at a different flow rate each time by 

using a programmable syringe pump (100DX, ISCO Inc., USA) and the pressure drop 

along the physical model was measured by using a house-made manometer. After the 

permeability measurement, the wet sands were dried by using the pressurized air for at 

least 12 h. Finally, the physical model was saturated with the heavy oil at a slow injection 

rate of qoil = 0.5 cm
3
/min by using an automatic pump (PMP-1000-1-10-MB, DBR, 

Canada). A high initial oil saturation in the range of 96.2‒97.7% was achieved. The 

physical properties of the sandpacks used in four VAPEX tests are listed in Table 3.1.  

3.1.4 VAPEX test 

VAPEX tests were conducted in the constant-pressure mode at P = 800 kPa and T = 

20.8 ºC with the propone as the extracting solvent. After the solvent injection valve was 

opened, the model pressure was increased slowly as the gas pressure regulator of the  
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Table 3.1 Physical properties of the sandpacked physical model, calculated 

transition-zone thicknesses, and ending times of the solvent chamber rising and spreading 

phases in the four VAPEX tests. 

Test # 1 2 3 4 

ϕ (%) 32.9 36.1 35.4 35.7 

k (Darcy) 52 36 25 18 

Soi (%) 97.7 97.2 97.1 96.2 

Sor (%) 7.1 7.7 7.0 10.9 

δr (cm) 0.29 0.44 0.50 0.52 

δs (cm) 0.28 0.31 0.38 0.42 

δave (cm) 0.29 0.38 0.46 0.47 

tr (h) 7.2 7.3 9.6 12.5 

ts (h) 39.5 49.5 51.8 82.0 
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propane cylinder was adjusted to introduce the solvent into the model. The production 

pressure was controlled by properly adjusting the back-pressure regulator (BPR). At the 

beginning of the VAPEX test, a small pressure difference is applied between the solvent 

injector and oil producer to establish the initial communication. Afterwards, the pre-

specified constant test pressure was set at the oil producer during each test by adjusting 

the BPR. During the entire VAPEX test, the BPR was controlled properly to ensure that 

the oil level in a transparent tubing upstream of the BPR remained almost unchanged at 

all the time. In this way, solvent breakthrough (BT) was prevented and the solvent-

diluted heavy oil was not accumulated near the oil producer. After the solvent-diluted 

heavy oil passed through the BPR, it was collected in a flask for the oil production 

measurement. The dissolved solvent was flashed off at the atmospheric pressure and then 

passed through the house-made graduated air bubblers for the solvent production 

measurement. The cumulative volumes of the produced oil and solvent at different times 

during the VAPEX test were determined by weighing the oil sample and reading the 

water level inside the graduated air bubblers, respectively. A digital camera was used to 

take the digital photographs of the solvent chambers in the physical model at different 

times and monitor their evolution during each VAPEX test. After each VAPEX test, sand 

samples inside the solvent chamber were collected to measure the average residual oil 

saturation Sor, while the oil saturation in the untouched heavy oil zone was assumed to be 

the same as the initial oil saturation Soi prior to the VAPEX test. 

3.2 Theory 

It has been well recognized that two mass-transfer processes, i.e., the solvent 

dissolution into heavy oil and solvent-diluted heavy oil gravity drainage, occur primarily 
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in a thin layer called transition zone in the VAPEX heavy oil recovery. The transition 

zone is formed between the solvent chamber and the untouched heavy oil, in which the 

solvent is dissolved into the heavy oil to dilute it. The solvent concentration in the heavy 

oil reaches its maximum at one interface between the solvent chamber and the transition 

zone. The solvent has the minimum concentration in the heavy oil to make it mobile at 

another interface between the transition zone and the untouched heavy oil. The solvent-

diluted heavy oil in the transition zone drains by gravity after its viscosity is significantly 

reduced. More detailed technical description of the velocity distribution of the solvent-

diluted heavy oil flow across the transition zone and the solvent dissolution into the 

heavy oil inside the transition zone can be found elsewhere (Derakhshanfar and Gu, 

2012). The normal distance between the two interfaces of the transition zone is referred 

to as the transition-zone thickness. In this study, the solvent chamber is assumed to be of 

a circular shape, with its lower point being fixed at the oil producer. The solvent chamber 

evolution inside a VAPEX physical model has three distinct phases, the solvent chamber 

rising, spreading, and falling phases, as schematically depicted in Figure 3.2.  

3.2.1 Solvent chamber rising phase 

At the beginning of the VAPEX process, an initial communication between the 

solvent injector (Point I) and the oil producer (Point P) is needed in order to create a path 

for the heavy oil gravity drainage to start and for the initial solvent chamber to form and 

grow. In this way, the solvent chamber rises and expands laterally until it reaches the top 

of the physical model. The circular solvent chamber growth in the rising phase is 

schematically shown in Figure 3.3. The solvent-diluted heavy oil in the transition zone  
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Figure 3.2 Schematic diagram of the solvent chamber evolution inside a VAPEX 

physical model in the solvent chamber rising, spreading, and falling phases. 
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Figure 3.3 The solvent chamber growth in the rising phase. 
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between two circles of A and B drains along the annulus to the oil producer, while those 

two circles grow into A′ and B′, respectively.  

The solvent-diluted heavy oil gravity drainage speed inside the transition zone is 

determined by applying Darcy’s law: 

( )
( )

,
o dl

d

c

k
cv

Φ
=

µ
   [3.1] 

where, k  is the oil effective permeability, which is approximated as the absolute 

permeability of the physical model in this study; ( )coµ  is the viscosity of the solvent-

diluted heavy oil; c is the solvent mass concentration in the solvent-diluted heavy oil; 

dl

dΦ
 is the gradient of the volume-based specific potential of the solvent-diluted heavy 

oil along its flow path. It can be seen from Figure 3.3 that the specific potential relative to 

the oil producer and the distance for the solvent-diluted heavy oil at the top of the solvent 

chamber to flow around the semi-circle A are equal to ( )gcr o2 ρ and πr, respectively. 

Here, r is the radius of the circular solvent chamber; ( )coρ  is the density of the solvent-

diluted heavy oil; and g is the gravitational acceleration. It should be noted that in this 

work, a single-phase fluid flow was assumed to occur inside the transition zone so that 

Equation [3.1] can be applied. The solvent BT was prevented from occurring during each 

VAPEX test and thus the solvent-diluted heavy oil was the only fluid phase that flowed 

downwards along the transition zone under gravity drainage. 

The maximum drainage speed of the most solvent-diluted heavy oil is achieved at the 

interface between the solvent chamber and the transition zone: 

( )
( )

( ) ( )
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,
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where, ( )maxo cρ  and ( )maxo cµ  are the density and the viscosity of the most solvent-diluted 

heavy oil; cmax is the maximum solvent mass concentration at the interface between the 

solvent chamber and the transition zone. It should be noted that the velocity distribution 

in the transition zone is not considered in the theoretical model. The time needed for the 

most solvent-diluted heavy oil to drain around the semi-circle A and reach the oil 

producer is equal to: 

( )
( )
( )

,
2 maxo

maxo

2

max gck

rc

cv

r
t

ρ

φµπ

φ

π
==∆  [3.3] 

where, ϕ is the porosity of the physical model. 

As depicted in Figure 3.3, the vertical distance over which the solvent chamber rises 

from A to A′ is assumed to be the transition-zone thickness, i.e., ∆y = δr, while the most 

solvent-diluted heavy oil in the transition zone drains along the semi-circle A. It is worth 

mentioning that the determined transition-zone thickness under this assumption is smaller 

than the actual transition-zone thickness. The rising speed of the solvent chamber is equal 

to: 

( )
( ) rc

gck

t

y

φµπ

δρ

maxo

2

rmaxo2
=

∆

∆
,           [3.4] 

where, rδ  is the constant transition-zone thickness in the solvent chamber rising phase. 

On the other hand, the rising speed of the solvent chamber in its rising phase can also be 

related to the derivative of the transient solvent chamber diameter with respect to time by: 

dt

dr

dt

dy
2= .      [3.5] 
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The derivative in Equation [3.5] can be approximated by the finite difference in 

Equation [3.4]. Thus a relation between the radius of the solvent chamber and the time 

can be obtained by equalizing Equations [3.4] and [3.5] and integrating the resultant 

equation: 

0

2

0r

0

r 1 t
R

rR
tt +














−








∆=

δ
 ,     [3.6] 

where, 0R
 
is a half of the vertical distance between the solvent injector and the oil 

producer ( 0R  = 1.75 cm in this study); 0t  
is the time for the initial communication to be 

established between the solvent injector and the oil producer, which depends on the 

specific VAPEX test and operating conditions; 
( )
( )gck

Rc
t

maxo

0maxo

2

r
2 ρ

φµπ
=∆  is the characteristic 

time, which characterizes how fast the solvent chamber rises in its rising phase for a 

given VAPEX test. The rising phase of the solvent chamber ends when it reaches the top 

of the VAPEX physical model. The ending time is determined by setting 
2

H
r =  in 

Equation [3.6]: 
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δ
,    [3.7] 

where, H is the height of the VAPEX physical model (H = 10 cm in this study). 

As the solvent-diluted heavy oil drains, the solvent chamber rises and expands. The 

volume that is originally occupied by the heavy oil becomes part of the solvent chamber, 

where the oil saturation is reduced from the initial oil saturation Soi to the residual oil 

saturation Sor. The cumulative heavy oil production in the solvent chamber rising phase is 



 51

equal to the product of the oil saturation change and the pore volume of the solvent 

chamber at any time: 

( ) ( )
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o
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RdSrdStQ
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where, oroio SSS −=∆  is the oil saturation change inside the solvent chamber and d is the 

thickness of the VAPEX physical model (d = 2 cm in this study). Equation [3.8] indicates 

that the heavy oil production rate in the solvent chamber rising phase is constant. The 

cumulative heavy oil production at the end of the solvent chamber rising phase, ,rtt =  is 

equal to: 
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3.2.2 Solvent chamber spreading phase 

The solvent chamber growths at the beginning and near the end of the spreading 

phase are schematically shown in Figures 3.4 (a) and (b), respectively. In this phase, the 

solvent chamber already touches the top ( )Hr ≥2 but does not reach the left- or right-

hand upper corner of the physical model yet. After the most solvent-diluted heavy oil 

drains by gravity along the transition zone, circles A and B move to A′ to B′ accordingly. 

The horizontal distance over which the transition zone moves from A to A′ is equal to: 

( ) ( ) θθδ sincos
22

s rrrx −−+=∆ ,   [3.10] 

where, sδ  is the constant transition-zone thickness in the solvent chamber spreading 

phase, which is different from that in the solvent chamber rising phase, δr; θ is half of the 

opening angle of the solvent chamber at the top of the VAPEX physical model as shown  
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Figure 3.4 The solvent chamber growths (a) At the beginning; and (b) Near the end of 

the spreading phase. 
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in Figure 3.4(a). Similar to the case for the solvent chamber rising phase, the time 

required for the most solvent-diluted heavy oil to drain around part of circle A on the left- 

or right-hand side and reach the oil producer in the spreading phase is equal to: 

( )
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( )( )

( ) ( )
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22
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−
=∆   [3.11] 

According to the trigonometric relation, the horizontal position of the transition zone 

can be related to half of the opening angle θ of the solvent chamber and the model height 

H in the solvent chamber spreading phase by: 

.
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θ
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=      [3.12] 

The horizontal spreading speed of the transition zone can be determined by 

differentiating both sides of Equation [3.12] with respect to time and approximated by the 

finite differences in Equations [3.10] and [3.11]. A relation in the differential form can be 

obtained between the time and half of the opening angle of the solvent chamber: 
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where, 
( )

( )gck

Hc
t
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s

ρ

φµ
=∆  is the characteristic time, which denotes how fast the solvent 

chamber spreads in its spreading phase for a given VAPEX test. The cumulative heavy 

oil production in the solvent chamber spreading phase is equal to: 
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The relation between the cumulative heavy oil production and the time in the solvent 

chamber spreading phase can be obtained by combining Equations [3.13] and [3.14].  

The spreading phase terminates when the solvent chamber reaches the left- or right-

hand upper corner of the physical model. As shown in Figure 3.3(b), the following two 

geometric relations at the ending time of the solvent chamber spreading phase, r = rs, can 

be obtained: 

( ) 2

s

2

2
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2

r
W
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+− ,   [3.15] 

and 
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22
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H

r

rH
θ ,   [3.16] 

where, rs is the radius of the solvent chamber at the end of the solvent chamber spreading 

phase; W is the width of the VAPEX physical model (W = 40 cm in this study); θs is half 

of the opening angle at the end of the solvent chamber spreading phase. Once θs is found 

from Equation [3.16], the ending time ts of the solvent chamber spreading phase and the 

corresponding cumulative heavy oil production Qs at θ = θs can be determined from 

Equations [3.13] and [3.14], respectively. 

3.2.3 Solvent chamber falling phase 

After the solvent chamber reaches the left- or right-hand upper corner of the physical 

model, the VAPEX process enters the solvent chamber falling phase. The solvent 

chamber evolution in the falling phase is shown in Figure 3.5. If the circles A and B 
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Figure 3.5 The solvent chamber growth in the falling phase. 
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evolve to A′ and B′ during certain time interval in this phase, the vertical distance over 

which the transition zone falls is equal to: 

( ) .cos
2

2

2

s θδ r
W

ry −







−+−=∆    [3.17] 

It should be noted that the constant transition-zone thickness δs in the solvent 

chamber spreading phase is also used in Equation [3.17] for the solvent chamber falling 

phase. The time required for the most diluted oil to drain and reach the oil producer can 

be derived: 
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Based on the trigonometric relation, the vertical position of the transition zone and 

half of the opening angle of the solvent chamber in the solvent chamber falling phase are 

related to each other by: 

( )
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=     [3.19] 

The vertical falling speed of the transition zone can be determined by 

differentiating both sides of Equation [3.19] with respect to time and approximated by the 

finite differences in Equations [3.17] and [3.18]. A relation in the differential form 

between the time and half of the opening angle of the solvent chamber is established: 
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where, 
( )

( )gck

Wc
t

maxo

maxo
f

ρ

φµ
=∆  is the characteristic time, which represents how fast the 

solvent chamber falls in its falling phase. At a given time, half of the opening angle of the 

solvent chamber θ in the solvent chamber falling phase can be obtained by numerically 

integrating the right-hand side of Equation [3.20]. In the numerical integration, the lower 

limit for the time is equal to the ending time ts of the solvent chamber spreading phase 

and the corresponding lower limit for half of the opening angle is equal to θs, which is 

given in Equation [3.16]. The cumulative heavy oil production in the solvent chamber 

falling phase is equal to: 
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The relation between the cumulative heavy oil production and the time in the solvent 

chamber falling phase can be obtained by combining Equations [3.20] and [3.21].  

3.2.4 Objective function 

In the above derivations, the transition-zone thicknesses, δr for the solvent chamber 

rising phase and δs for the solvent chamber spreading/falling phase, are used as two 

unknown adjustable parameters. They are determined by best fitting the theoretically 

simulated cumulative oil production data to the experimentally measured data. The time-

weighted root-mean-squared relative error is used as the objective function in this study 

(Tharanivasan et al., 2004): 
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where, tn is the final time at which each VAPEX test was terminated; and )(c itQ  and 

)(m itQ  represent the simulated and measured cumulative heavy oil production data at the 

same time itt = , respectively. The global minimum objective function ( )
minsr ,δδE  

represents the best fit of the calculated and measured cumulative heavy oil production 

data, which can be found by applying a two-parameter search method (Cooper and 

Steinberg, 1970). The corresponding values of rδ  and sδ  are the determined transition-

zone thicknesses in the solvent chamber rising phase and in the solvent chamber 

spreading/falling phase, respectively. In this study, such determined transition-zone 

thicknesses, δr for the solvent chamber rising phase and δs for the solvent chamber 

spreading/falling phase, are then used to predict the heavy oil production and the solvent 

chamber evolution at any time of the VAPEX test.  

The numerical procedure for determining ( )
minsr ,δδE  and optimal rδ  and sδ  is 

described below: 

1) The transition-zone thickness in the solvent chamber rising phase, δr, is specified in 

the range of 0.1 cm to 0.6 cm. This search range is found and determined from a 

larger range. The ending time for the solvent chamber rising phase, tr, is calculated 

from Equation [3.7]; 

2) The transition-zone thickness in the solvent chamber spreading/falling phase, δs, is 

specified in the range of 0.1 cm to 0.6 cm and the ending time for the solvent 

chamber spreading phase, ts, is determined from Equations [3.13] and [3.16]; 

3) As the VAPEX proceeds, the phase of the solvent chamber evolution is determined 

from the results in Steps 1 and 2. The corresponding half of the opening angle of 

the solvent chamber is determined by applying the trapezoidal rule of numerical 
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integration from Equation [3.13] for the solvent chamber spreading phase or 

Equation [3.20] for the solvent chamber falling phase, whichever is applicable. 

4) The cumulative heavy oil production data are predicted by using Equations [3.8], 

[3.14], and [3.21], respectively. The objective function is found after the 

cumulative heavy oil production data in the entire VAPEX test are calculated. 

5) Different values of δr and δs are specified with the step size of 0.01 cm and Steps 1–

4 are repeated until all the values of the transition-zone thicknesses in the search 

ranges are used. Once the global minimum objective function ( )
minsr ,δδE is found, 

the optimal δr and δs are determined and the numerical calculations are terminated. 

In addition, an average transition-zone thickness, δave, is also determined by 

assuming one constant transition-zone thickness for three solvent chamber evolution 

phases in the entire VAPEX process. In this case, δave is the only parameter that is 

adjustable and to be determined. Accordingly, one-parameter search method (Cooper and 

Steinberg, 1970) is used to find the minimum objective function E(δave)min and the 

optimal δave. 

3.3 Results and Discussion 

3.3.1 Transition-zone thickness 

In this study, the transition-zone thicknesses in the solvent chamber rising phase 

and in the solvent chamber spreading/falling phase are used as two adjustable parameters 

to minimize the global objective function, which is defined as the time-weighted root-

mean-squared relative error. The optimal transition-zone thicknesses are obtained when 

the objective function is globally minimized. Once the optimal transition-zone 
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thicknesses are determined, they are used to predict the heavy oil production and the 

solvent chamber evolution in the entire VAPEX test. As an example, a 3-D graph of the 

global objective function versus transition-zone thicknesses for Test #1 is plotted in 

Figure 3.6.  The objective function reaches its global minimum value of 0.0219 at the 

transition-zone thicknesses of δr = 0.29 cm and δs = 0.28 cm. The calculated transition-

zone thicknesses in the solvent chamber rising phase and in the solvent chamber 

spreading/falling phase for four VAPEX tests are listed in Table 3.1. It can be concluded 

from the table that the determined transition-zone thicknesses for different tests are in the 

order of millimeters, which agree well with the measured data for a micromodel by James 

and Chatzis (2004), but are slightly smaller than those obtained by Yazdani and Maini 

(2009b). This discrepancy may be attributed to different physical models, different 

sandpacking procedures and materials used in different VAPEX tests. In order to analyze 

the uncertainties of the determined transition-zone thicknesses, sensitivity analyses are 

undertaken for the following three major input parameters: the reservoir permeability, k, 

the most solvent-diluted heavy oil density, ρo(cmax), and viscosity, µo(cmax). It is found 

that the uncertainties of the determined transition-zone thicknesses, δr and δs, have the 

same uncertainties as those of k, ρo(cmax), and µo(cmax).  

It is of practical importance to know how the permeability affects the transition-

zone thicknesses. In this regard, the transition-zone thickness versus permeability data are 

plotted in Figure 3.7(a). This figure shows that the transition-zone thicknesses in the 

solvent chamber rising phase and in the solvent chamber spreading/falling phase increase 

when the permeability decreases. The drainage speed of the solvent-diluted heavy oil in a 

porous medium with a lower permeability is lower than that in a porous medium with a  
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Figure 3.6 The global objective function (E) vs. transition-zone thicknesses (δr and δs) 

for Test #1. 
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Figure 3.7 (a) Transition-zone thickness versus permeability for Tests #1–4. 
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Figure 3.7 (b) Variation of the average transition-zone thickness with time for Tests 

#1–4. 
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higher permeability, according to Darcy’s law. A slower drainage speed leads to a longer 

time for the solvent to contact with the heavy oil so that a thicker transition zone is 

formed. It can also be seen from this figure that the transition-zone thickness in the 

solvent chamber rising phase is always larger than that in the solvent chamber 

spreading/falling phase for each test. This can be attributed to the fact that the path for the 

solvent-diluted heavy oil with the same potential to drain is longer in the solvent chamber 

rising phase than that in the solvent chamber spreading/falling phase. Thus, the solvent 

has a longer time to diffuse further into the untouched heavy oil and accordingly the 

transition zone is thicker in the solvent chamber rising phase.  

In addition, an average transition-zone thickness was determined by assuming a 

constant transition-zone thickness δave for the three solvent chamber evolution phases in 

the entire VAPEX process. The obtained average transition-zone thickness for each test is 

listed in Table 3.1. It can be seen from this table that the average transition-zone 

thickness δave is always between the transition-zone thickness in the solvent chamber 

rising phase δr and that in the solvent chamber spreading/falling phase δs for each test. It 

should be noted that the transition-zone thicknesses in the solvent chamber rising phase 

and in the solvent chamber spreading/falling phase are assumed to be two different 

constants in the mathematical derivations. In order to ascertain whether they are valid 

assumptions, an average transition-zone thickness at any time of the entire VAPEX 

process is determined by using part of the cumulative heavy oil production data. The 

transition-zone thickness at any specified time is determined by assuming a constant 

transition-zone thickness till that time, no matter which phase the solvent chamber 

evolution is in. In this way, the transition-zone thickness at any time is obtained and 
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plotted in Figure 3.7(b). It can be seen from this figure that the transition-zone thickness 

is larger at the beginning and becomes smaller and constant at a later time. Physically, the 

solvent chamber evolution in the rising phase is rather different from that in the 

spreading/falling phase because the solvent chamber in the former phase does not reach 

any boundaries of the physical model.  

In this study, the respective transition-zone thicknesses are assumed to be two 

different constants in the rising phase and spreading/falling phase, irrespective of the 

specific location of the solvent chamber. In fact, the transition-zone thickness also varies 

with the location in the reservoir formation. In the literature, a digital image of a 2-D 

model obtained by using magnetic resonance imaging (MRI) shows that the transition 

zone is thinner near the top but thicker near the bottom of the solvent chamber (Fisher et 

al., 2000). Accordingly, the oil drainage rate is higher and the solvent chamber evolution 

is faster at the top. Hence, a variable transition-zone thickness will affect both the heavy 

oil production and the solvent chamber evolution. In this work, it is found that the oil 

production rate is higher and the solvent chamber is more fully evolved if the transition 

zone is thinner, which corresponds to a higher reservoir permeability. Moreover, the 

transition-zone thickness is assumed to be constant and spatially independent in each 

solvent chamber evolution phase. Figure 3.7(b) shows that the two respective constant 

transition-zone thickness assumptions for the solvent chamber rising phase and for the 

solvent chamber spreading/falling phase made in the theoretical section are reasonable. 

It is expected that the transition zone in a field application of VAPEX heavy oil 

recovery process is much thicker in a Canadian heavy oil reservoir than those in the 

experimental tests conducted in this work. First, the transition-zone thickness is found to  
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increase with the decrease of the permeability. The transition-zone thickness in a 

Canadian heavy oil reservoir with a typical permeability of 1–3 Darcy will be far larger 

than those in the experimental tests with the permeability of 18–52 Darcy. Second, it is 

also found that the transition-zone thickness increases with the increase of the drainage 

height (Yazdani and Maini, 2009b). Therefore, the transition-zone thickness in a field 

application with a much thicker pay zone will be much larger than those in the laboratory 

tests. 

3.3.2 Solvent chamber evolution 

In the theoretical model, the radius of the circular solvent chamber changes with the 

production time. The theoretically simulated solvent chambers and the experimentally 

observed solvent chambers at different times for four VAPEX tests are plotted in Figures 

3.8(a–d), respectively. It can be seen from these figures that in general, the theoretically 

simulated solvent chambers at different times can adequately model the observed solvent 

chamber evolution in the VAPEX experiments for the sandpack with a relatively high 

permeability. However, the theoretically simulated solvent chambers cannot agree well 

with the solvent chamber evolution in a porous medium with a low permeability. In this 

case, the solvent chamber does not follow exactly the circular shape, which is assumed in 

the theoretical model. There are some discrepancies between the theoretically simulated 

solvent chambers and the experimentally observed ones. It was observed in the 

experiment that the solvent tends to move upwards first and then expand laterally in the 

upper portion of the physical model. Thus the solvent chamber is not fully developed at 

the beginning, especially if the permeability is low. This may be caused by the following 

two facts. First, the buoyancy acts as a driving force to drive the solvent upwards and  
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t = 4.2 h (rising phase) 

 

t = 17 h (spreading phase) 

 

t = 25 h (spreading phase) 

 

t = 53 h (falling phase) 

 

Figure 3.8 (a) Solvent chamber evolution in Test #1. 



 68

 

t = 6 h (rising phase) 

 

t = 16 h (spreading phase) 

 

t = 34 h (spreading phase) 

 

t = 50 h (falling phase) 

 

 

Figure 3.8 (b) Solvent chamber evolution in Test #2. 
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t = 6 h (rising phase) 

 

t = 22.2 h (spreading phase) 

 

t = 26 h (spreading phase) 

 

t = 52 h (falling phase) 

 

 

Figure 3.8 (c) Solvent chamber evolution in Test #3. 
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t = 6 h (rising phase) 

 

t = 30 h (spreading phase) 

 

t = 35 h (spreading phase) 

 

t = 51 h (spreading phase) 

 

Figure 3.8 (d) Solvent chamber evolution in Test #4. 
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thus the solvent chamber evolution is easier to proceed upwards at the beginning. Second, 

when the solvent chamber reaches the upper portion of the physical model, the wall effect 

hinders the solvent chamber evolution. Thus, the solvent chamber has to develop laterally 

in the upper portion of the physical model at a later time. 

Generally speaking, the experimentally observed solvent chamber grows more 

laterally than the theoretically predicted circular shape after it touches the upper corners 

of the physical model. Because the theoretically predicted solvent chamber is assumed to 

be a circular shape (i.e., more developed), a smaller radius is needed in order to match the 

observed solvent chamber at a specific production time. It should be noted that the 

solvent chamber shape can also be affected by the other factors, such as the vertical to 

horizontal permeability ratio, kv /kh. The solvent chamber grows much faster horizontally 

(or laterally) than vertically if kv/kh ratio is much less than unity. Therefore, kv/kh ratio 

will affect the aspect ratio of the solvent chamber and a non-unity ratio makes the solvent 

chamber deviate considerably from the assumed circular shape. 

The ending times for the solvent chamber rising phase and the solvent chamber 

spreading phase are given in Table 3.1. It can be seen from this table that the durations of 

the solvent chamber rising and spreading phases in a higher permeability sandpack are 

much shorter than those in a lower permeability sandpack. It is worthwhile to mention 

that Test #4 was terminated during the solvent chamber spreading phase at 54.0 h due to 

its extremely low oil production rate. The ending time for the solvent chamber spreading 

phase for this test is predicted to be 82.0 h, which is much longer than the actual test 

time.  
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3.3.3 Heavy oil production 

The measured and simulated cumulative oil production data for all four tests are 

plotted and compared in Figure 3.9. The experimental conditions remain the same for the 

four tests, except for the permeability of the sandpacking. It can be seen from this figure 

that in general, the measured cumulative oil production increases with the permeability. It 

can also be seen that the theoretically simulated cumulative oil production data are in a 

good agreement with the experimentally measured data in the entire times of the VAPEX 

tests. The simulated oil production rates were determined from the simulated cumulative 

oil production data by using the forward finite difference approximation (FDA). The 

measured and simulated cumulative oil production data, as well as the measured and 

simulated oil production rates for Test #1 are further plotted in Figure 3.10(a). This figure 

shows that the oil production rate declines with time for both the measured and simulated 

data. The predicted constant oil production rate from Butler–Mokrys model for Test #1 (k 

= 52 Darcy) is also marked in Figure 3.10(a). The related parameters used to predict the 

constant oil production rate from Butler–Mokrys model are listed in Table 3.2. It should 

be noted that the measurements or correlations for the physical properties of the heavy oil 

and solvent were used in the calculation (Luo et al., 2007; Lobe, 1973; Das and Butler, 

1996). In contrast to the constant oil production rate predicted in the Butler–Mokrys 

analytical model, the oil production rate simulated in this study varies in different 

production phases. More specifically, both the measured and simulated oil production 

rates decline with the time. It can be concluded that the simulated oil production rate in 

this study can much better represent the measured oil production rate than the constant oil 

production rate predicted from Butler–Mokrys analytical model. 
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Figure 3.9 Measured and simulated cumulative oil production data for Tests #1–4. 

Measured (Test #1, k = 52 Darcy) 

 Simulated (Test #1, k = 52 Darcy) 

 
Measured (Test #2, k = 36 Darcy) 

 
 Simulated (Test #2, k = 36 Darcy) 

 

Measured (Test #3, k = 25 Darcy)  

Simulated (Test #3, k = 25 Darcy)  

Measured (Test #4, k = 18 Darcy)  

Simulated (Test #4, k = 18 Darcy) 
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Figure 3.10 (a) Measured and simulated cumulative oil production data and oil 

production rates for Test #1.  
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Table 3.2 Physical properties of the heavy oil, propane, and solvent-diluted heavy oil 

at P = 800 kPa and T = 20.8 ºC.  

oρ
 
(kg/m

3
) 978 

oµ (mPa·s) 11,900 

sρ at Psat = 854 kPa (kg/m
3
) 521 

maxc (kg solvent/kg heavy oil)  0.2606 

)( maxo cρ (kg/m
3
) 828 

)( maxo cµ (mPa·s) (Luo et al., 2007) 8.51 

)(o cµ
 
(mPa·s)  

Lobe’s mixing rule 

(Lobe, 1973) 

D (c) (m
2
/s) 

46.0

o

9 )(10306.1 −−× cµ
 

(Das and Butler, 1996) 
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Similarly, the measured and simulated cumulative oil production data as well as the 

measured and simulated oil production rates for Tests #2 (k = 36 Darcy), #3 (k = 25 

Darcy), and #4 (k = 18 Darcy) are plotted in Figures 3.10 (b), (c), and (d), respectively. It 

can be seen from these three figures that the theoretically simulated cumulative oil 

production data are in a good agreement with the experimentally measured data. The oil 

production rate decreases with time for both the measured and simulated data. It should 

be noted that the measured oil production rate has some variations and that the simulated 

oil production rate also fluctuates as it is obtained by numerically differentiating the 

simulated cumulative oil production data. Although the production pressure was kept 

almost constant during each VAPEX test, even a minor solvent BT could cause the 

pressure difference between the solvent injector and the oil producer to fluctuate, which 

further caused the measured oil production rate to fluctuate. Finally, it can also be seen 

from Figures 10 (a−d) that the predicted constant oil production rate from Butler–Mokrys 

model is generally much higher than the measured value for each VAPEX test.  

This new theoretical model can be used to better predict the field-scale VAPEX 

process and design effective VAPEX heavy oil recovery projects to some extent. More 

specifically, the reservoir permeability, pay-zone thickness, and fluid properties should 

be considered when the laboratory results are scaled up to model the field applications. 

The transition-zone thickness in the field application is expected to be much larger due to 

a low reservoir permeability of 1–3 Darcy and a large drainage height of 1−10 m 

(Yazdani and Maini, 2009b). If there are limited ongoing oil production data available in 

a field application of VAPEX heavy oil recovery process, the theoretical model can be  
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Figure 3.10 (b) Measured and simulated cumulative oil production data and oil 

production rates for Test #2. 
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Figure 3.10 (c) Measured and simulated cumulative oil production data and oil 

production rates for Test #3. 
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Figure 3.10 (d) Measured and simulated cumulative oil production data and oil 

production rates for Test #4. 
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used to predict the future oil production trend. The two-step procedure for applying the 

mathematical model with the other input data sets is described below: 

1) Use the theoretical model and the available ongoing oil production data (i.e., the 

partial oil production data) to find the optimal transition-zone thicknesses δr for the 

solvent chamber rising phase and δs for the solvent chamber spreading/falling 

phase, respectively; and 

2) Use the obtained δr and δs to predict the oil production trend in the future. 

In addition, the proper scaling-up criteria, reservoir heterogeneity, and possible 

asphaltene precipitation should also be considered for a field-scale VAPEX application. 

3.4 Chapter Summary 

In this chapter, a new circular solvent chamber model is developed to simulate the 

VAPEX heavy oil recovery process in the solvent chamber rising, spreading, and falling 

phases. This theoretical model makes it possible to predict the cumulative heavy oil 

production and the transient solvent chamber evolution in the entire VAPEX process. In 

this model, the transition-zone thicknesses in the solvent chamber rising phase and in the 

solvent chamber spreading/falling phase are used as two unknown adjustable parameters 

and thus determined by best fitting the theoretically simulated oil production data to the 

experimentally measured data. Once the optimal transition-zone thicknesses are 

determine, the theoretical model can be used to predict the heavy oil production and the 

solvent chamber evolution at a later time.  

The simulation results obtained in this study show that the simulated heavy oil 

production and solvent chamber evolution agree reasonably with the measured heavy oil 

production and the observed solvent chamber evolution. The simulated oil production 
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rate can far better represent the measured oil production rate than the constant value 

predicted from Butler–Mokrys analytical model. The theoretical model presented in this 

work is more suitable for the porous medium with a higher permeability. The determined 

transition-zone thicknesses are in the same order as those published in the literature. The 

transition-zone thicknesses in the solvent chamber rising phase and in the solvent 

chamber spreading/falling phase increase as the permeability decreases. Furthermore, the 

transition-zone thickness in the solvent chamber rising phase is larger than that in the 

solvent chamber spreading/falling phase. It should be noted that the transition-zone 

thickness is extremely difficult, if not impossible, to be measured directly. At present, it 

is still an open technical question how to properly scale up the cumulative heavy oil 

production, transient oil production rate and solvent chamber evolution, as well as the 

transition-zone thicknesses obtained from the laboratory experiments to the field 

application cases. This newly developed VAPEX model will help to better predict the 

field-scale VAPEX process and design effective VAPEX heavy oil recovery projects to 

some extent. 
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CHAPTER 4 EXPERIMENTAL AND NUMERICAL STUDIES 

OF THE SOLVENT-DILUTED HEAVY OIL 

GRAVITY DRAINAGE PROCESS 

 

4.1 Experimental Section 

4.1.1 Materials 

The heavy oil sample was collected and cleaned from the Lloydminster area in 

Saskatchewan, Canada. In the previous paper (Li et al., 2013), the specific gravity and the 

molecular weight of the heavy oil were measured to be 0.9997 and 482.0 g/mol 

respectively. The simulated distillation method was applied to determine the heavy oil 

composition. The compositional analysis result indicates that the lightest component is C9 

and that this heavy oil has 36.16 wt.% of heavy components with C60+. The saturates, 

aromatics, resins, and asphaltenes (SARA) analysis shows that there is a large asphaltene 

content of 21.4 wt.% (n-pentane insoluble) in this heavy oil. 

The viscosities of the Lloydminster heavy oil at various temperatures and 

atmospheric pressure were measured by using a cone–plate viscometer (DV-II+, 

Brookfield Engineering Laboratories, USA). A Walther-type double normal logarithmic 

regression (McCabe et al., 2001) was performed to match the measured viscosity data: 

3936.9log5499.3)(loglog 10o1010 +−= Tµ  (R
2
 = 0.99998).  [4.1] 

Other physical properties (e.g., the saturation pressures and viscosities) of the 

Lloydminster heavy oil–solvent systems were presented and described elsewhere (Li et 
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al., 2013). Pure propane purchased from Praxair (Canada) with the stated purity of 99.5 

mol.% (instrumental grade) was used as the extracting solvent. Its saturation pressure was 

found to be Psat = 854 kPa at T = 20.8 °C by using the CMG Winprop module (Version 

2011.10, Computer Modelling Group Limited, Canada). The Ottawa sands (Silica 

Company, USA) with mesh sizes of 80−100, 40–60, 30–50 were used to pack the 

physical models to form homogeneous porous media in six solvent-diluted heavy oil 

gravity drainage tests, respectively. 

4.1.2 Experimental set-up 

The schematic diagram of the experimental set-up is shown in Figure 4.1. The 

experimental set-up was composed of three major operating units: the solvent supply 

unit, physical model, and fluids production unit. A propane cylinder was used to provide 

a continuous gaseous solvent supply with a constant pressure at 800 kPa. The main 

component of the setup was the visual sand-packed physical model saturated with the 

heavy oil. It should be noted that two physical models were used in this study. Physical 

model A was grooved from a stainless steel plate to form a cubic cavity with the 

dimensions of 30.5 × 5.1 × 1.9 cm
3
, with a model height of H = 30.5 cm. Two transparent 

acrylic glass plates were placed onto two sides of the stainless steel plate to cover the 

cubic cavity so that this physical model can be used to visualize the solvent chamber 

evolution during the solvent-diluted heavy oil gravity drainage tests. Physical model B 

was grooved from a stainless steel plate to form a 3-D rectangular cavity of 40 × 10 × 2 

cm
3
. It was the VAPEX physical model used for experimental study of VAPEX process 

in Chapter 3, but it was vertically placed in this study so that its model height is H = 40.0 

cm. A transparent acrylic plate was used to cover the rectangular cavity and provide
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Figure 4.1 Schematic diagram of the solvent-diluted heavy oil drainage test. 
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visual observation. Tests #5−7 were conducted in physical model A and the drainage 

height h was equal to the physical model height (H = 30.5 cm). In these tests, the 

producer was placed at the bottom left of the physical model and the injector was 11.4 cm 

above the producer. Tests #8, #9, and #10 were performed in physical model B, in which 

the producer was placed at the bottom left of the physical model and the injector was 10.4 

cm above the producer. Part of the physical model B was occupied by a spacer in Test #9 

(h = 20.0 cm) or #10 (h = 20.0 cm) so that the drainage height h was part of the physical 

model height (H = 40.0 cm). A BPR (EB1ZF1, Equilibar, USA) was used to maintain the 

producer at a constant operating pressure, which is almost the same as that of the injector. 

The produced heavy oil passed through a glass flask and the flashed-off oil and gas were 

measured by using an electronic balance (ML802E, Mettler Toledo, USA) and a digital 

gas flow meter (XFM17S, Aalborg, USA) with a totalizer, respectively. 

4.1.3 Experimental procedure 

Each physical model was sandpacked by using a rubber hammer and vibrated by 

using a vibrator (ABU-20, Floval Equipment Ltd., USA) to form a homogeneous porous 

medium. The porosity was measured by using imbibition method and found to be in the 

range of ϕ = 36.1‒38.0%. The physical model was placed horizontally during the 

permeability measurement. A hydrostatic pressure was applied at one end of the physical 

model and the other end was left open to the atmosphere. The water flow became stable 

after several minutes and the flow rate was measured for at least two minutes. Different 

hydrostatic pressures were applied and the water flow rates were measured accordingly. 

The physical model permeability was measured to be in the range of k = 7−54 Darcy by 

applying Darcy’s law. It should be noted that the model porosities and permeabilities of 
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Tests #9 and #10 had to be estimated according to the sands sizes used in the sandpacking 

because of the presence of the spacer. The physical model was dried by using pressurized 

air for at least 12 h. A transfer cylinder with heavy oil was heated to 40.0 °C and the 

heavy oil in it was injected into the physical model at a slow injection rate of qoil = 0.05 

cm
3
/min by using an automatic pump (PMP-1000-1-10-MB, DBR, Canada). The detailed 

physical properties and experimental conditions for the six tests are listed in Table 4.1. 

The solvent-diluted heavy oil gravity drainage test was conducted at an operating 

pressure of 800 kPa and a constant room temperature of 20.8°C with pure propone being 

the extracting solvent. The injection pressure was kept below the vapour pressure of pure 

propane in the entire test. At the beginning of each test, a small pressure difference 

between the injector and producer was applied in order to start the initial communication 

between them. Afterwards, the pre-specified constant test pressure at the producer was 

kept during the test by setting the reference pressure of the BPR. During the entire test, 

the BPR was controlled properly to ensure that solvent BT was prevented and the 

solvent-diluted heavy oil was not accumulated near the oil producer. After the solvent-

diluted heavy oil passed through the BPR, it was collected in a flask for the oil 

production measurement. The produced heavy oil was flashed-off at the atmospheric 

pressure and the dead heavy oil weight and flashed-off gas volume were measured by 

using the electronic balance and the gas flow meter, respectively. In each test, the 

produced dead heavy oil viscosities were measured with the cone–plate viscometer at T = 

25.0 °C after at least two days. Meanwhile, a digital camera was used to take the digital 

images of the solvent chamber at different times and monitor its evolution during each 

test.
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Table 4.1 Physical properties and test results of the six solvent-diluted heavy oil 

gravity drainage tests. 

 

Test # 5 6 7 8 9 10 

ϕ  37.6 36.2 36.4 36.7 36.1 36.5 

k  7 25 25 54 25 25 

h 30.5 30.5 40.0 40.0 20.0 12.0 

d  1.9 1.9 2.0 2.0 2.0 2.0 

qo  1.2 2.62 3.32 5.37 2.05 1.55 

qave  0.63 1.38 1.66 2.69 1.03 0.78 

ln qave –0.46 0.32 0.51 0.99 0.02 -0.25 

ln k 1.95 3.22 3.22 3.99 3.22 3.22 

ln h 3.42 3.42 3.69 3.69 3.00 2.49 

SORave 0.59 0.47 0.44 0.33 0.50 0.55 

 

Notes: 

φ:  porosity, % 

k:  permeability, Darcy 

h:  drainage height, cm 

d:  thickness of the physical model, cm 

qo:  stabilized heavy oil production rate, g/h 

qave:  stabilized heavy oil production rate per unit thickness, g/h/cm 

         SORave: average solvent−oil ratio obtained by using linear regression of the 

cumulative solvent production data versus cumulative oil production 

data, g solvent/g heavy oil 
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4.2 Numerical Modeling 

4.2.1 PvT modeling 

The phase behaviour and physical properties of heavy oil, solvent, and their 

mixture are important to the numerical simulations of the solvent-diluted heavy oil 

gravity drainage. The PvT model of the heavy oil–propane system was generated by 

using Peng–Robinson equation of state (P–R EOS) (Peng and Robinson, 1976) in CMG 

WinProp module. Accurate characterization of the heavy oil tested in this study is 

difficult because the heavy oil contains large amounts of heavy components. For 

example, 36.16 wt.% of C60+ is present in the heavy oil. In practice, the heavy oil is 

assumed to consist of several pseudo-components with known properties, such as critical 

pressure Pc, the critical temperature Tc, the acentric factor ω, and the molecular weight 

MW. In this study, splitting and lumping were used to represent the compositional 

analysis results and divide the heavy oil into four pseudo-components. More specifically, 

the molecular weight and mole fraction of each component in the compositional analysis 

results, the apparent molecular weight and specific gravity of the original heavy oil were 

required to perform the splitting and lumping. Plus fraction splitting form was added in 

WinProp with the Gamma function and the Gaussian Quadrature as the splitting 

distribution function and the lumping method, respectively. Twu (1984) correlation was 

used to calculate the critical properties of each pseudo-component. In order to match the 

measured data of different heavy oil–solvent mixtures, propane (C3H8) was treated as the 

fifth pseudo-component. The adaptive least-squares regression (Agarwal et al., 1990) was 

preformed to tune the PvT model by matching the measured saturation pressures and 

viscosities of different heavy oil–solvent mixtures, and viscosities of the original heavy 
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oil at different temperatures. The critical pressure Pc, the critical temperature Tc, and the 

molecular weight MW of the heaviest pseudo-component, and the binary interaction 

parameters (BIPs) between four pseudo-components and C3H8, δi5, i = 1, 2, 3, and 4, were 

used as the adjustable parameters to best fit the measured saturation pressures and 

viscosities of different heavy oil–propane mixtures. The viscosity correlation parameters 

were used as the adjustable parameters in the regression of the measured viscosities of the 

original heavy oil at different temperatures. It was found that modified Pederson viscosity 

model (Pederson, 1987) can provide a good regression result of the heavy oil used in this 

work, whereas Jossi–Stiel–Thodos correlation (Jossi et al., 1962) was not suitable for 

predicting the heavy oil viscosity. Finally, the basic component properties and K-values 

were generated for CMG STARS module. 

4.2.2 Numerical simulations 

Input files (datasets) for CMG STARS module were generated in CMG Builder. 

Numerical simulation model based on the laboratory physical model was established in 

CMG Builder to simulate the solvent-diluted heavy oil gravity drainage. Fine grids in the 

simulation model are required in order to accurately simulate the drainage process, in 

which solvent-diluted heavy oil composition changes all the time. The drawback of the 

fine grid simulation is that the computational time increases dramatically with the 

increase of the gridblock number. The time step has to be decreased accordingly when 

the gridblock number was increased in order to maintain the numerical stability and 

accuracy. A total of 20 × 1 × 120 gridblocks were generated with the grid sizes of 0.255 

× 1.9 × 0.255 cm
3
 in the x, y, and z directions, respectively. The ik and jk cross sections 

of the reservoir model are shown in Figure 4.2 (a) and (b), respectively. Since the 
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physical model was packed homogenously, its porosity was assumed to be constant 

throughout the physical model. The permeability of the model was also assumed to be 

constant except for the first column, where the permeability was set to be higher in 

consideration of the wall effect. The reservoir pressure, temperature and other reservoir 

properties were set to be the same as those in the laboratory tests. The PvT model 

generated in the WinProp module with the specified properties of each pseudo-

component and a K-value table was imported into the component section of the reservoir 

model. The initial oil and gas relative permeabilities were generated from correlations by 

setting the end-point saturations and exponents of the correlations. The oil and gas 

relative permeabilities were adjusted so that the simulated heavy oil and solvent 

production data can best match the measured production data in the base case. The 

effective radii of the injector and producer were determined from Peaceman’s formula 

(Peaceman, 1977): 

zx

z

2

x

2

e 28.0
kk

kxkz
r

+

∆+∆
= .    [4.2] 

The injector was located at block (1, 1, 75) and the producer was located at block (1, 

1, 120). The injector was constrained with a maximum bottom-hole pressure (BHP) of 

800 kPa, while the producer was constrained at a minimum pressure of 795 kPa and a 

maximum gas production rate of 20 cm
3
/min at all times, except for the first 10 min. A 

pressure difference of 30 kPa was set as the constraint for the first 10 min in order to start 

the initial communication between the injector and producer. 
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Figure 4.2 (a) The ik cross section; and (b) The jk cross section of the numerical 

simulation model.  
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4.3 Results and Discussion 

4.3.1 Heavy oil production  

In this study, two sets of tests were conducted with different sizes of the Ottawa 

sands to study the permeability effect on the heavy oil production. Tests #5 and #6 were 

conducted with permeabilities of 7 and 25 Darcy and the same drainage height (h = 30.5 

cm). The drainage heights were identical (h = 40.0 cm) for Tests #7 and #8 but their 

permeabilities were 25 and 54 Darcy, respectively. The cumulative heavy oil production 

versus time data for the first four tests are shown as the solid symbols in Figure 4.3(a). 

Expectedly, it can be seen from this figure that the cumulative heavy oil production 

increases as the permeability increases in these two sets of tests. On the other hand, Tests 

#6, #7, and #9 were conducted with the same permeability (k = 25 Darcy) but the 

drainage heights were 30.5, 40.0, and 20.0 cm, respectively. It should be noted that the 

thickness of physical model B used in Tests #9 and #10 was slightly larger than physical 

model A used in Tests #6 and #7. The solid symbols in Figure 4.3 (b) show the 

cumulative heavy oil production versus time data for Tests #6, #7, #9 and #10. Generally 

speaking, the cumulative heavy oil production increases with the increase of the drainage 

height. 

Linear regression was applied to obtain the stabilized heavy oil production rate qo 

with the measured cumulative heavy oil production Qo versus time t data for each test. In 

order to keep consistency, the stabilized heavy oil production rate per unit thickness qave 

was calculated for each test and is listed in Table 4.1. The effects of the reservoir 

permeability and drainage height on the stabilized heavy oil production rate per unit 

thickness are plotted in Figures 4.4 (a) and (b), respectively. It can be evidently seen from  
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Figure 4.3 (a) Cumulative oil production and SOR in Tests #5−8. 

Time t (h)

0 10 20 30 40 50

C
u

m
u

la
ti

v
e 

o
il

 p
ro

d
u

ct
io

n
 Q

o
(g

)

0

20

40

60

80

100

120

140

160

180

C
u

m
u

la
ti

v
e 

p
ro

d
u

ce
d

 S
O

R
 (

g
 s

o
lv

en
t/

g
 o

il
)

0.0

0.5

1.0

1.5

2.0

Test #6, k = 25 Darcy, h = 30.5 cm 

 Test #5, k = 7 Darcy, h = 30.5 cm 

 

Test #8, k = 54 Darcy, h = 40.0 cm 

 Test #7, k = 25 Darcy, h = 40.0 cm 

 



 94

Time t (h)

0 10 20 30 40 50

C
u

m
u

la
ti

v
e 

o
il

 p
ro

d
u

ct
io

n
 Q

o
(g

)

0

20

40

60

80

100

120

140

160

180

C
u

m
u

la
ti

v
e 

p
ro

d
u

ce
d

 S
O

R
 (

g
 s

o
lv

en
t/

g
 o

il
)

0.0

0.5

1.0

1.5

2.0

 

 

 

 

 

 

 

 

 

 

Figure 4.3 (b) Cumulative oil production and SOR in Tests #6, #7, #9, and #10. 

Test #7, k = 25 Darcy, h = 40.0 cm 

 
Test #6, k = 25 Darcy, h = 30.5 cm 

 
Test #9, k = 25 Darcy, h = 20.0 cm 

 
Test #10, k = 25 Darcy, h = 12.0 cm 
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Figure 4.4 (a) Permeability effect on the stabilized oil production rate per unit 

thickness in Tests #5−8. 

Test #8, k = 54 Darcy, h = 40.0 cm 
 

Test #7, k = 25 Darcy, h = 40.0 cm 
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Test #5, k = 7 Darcy, h = 30.5 cm 
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Figure 4.4 (b) Drainage height effect on the stabilized oil production rate per unit 

thickness.  

Test #7, k = 25 Darcy, h = 40.0 cm 
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these two figures that the stabilized heavy oil production rate per unit thickness increases 

with the reservoir permeability and drainage height. It should be noted that a linear 

regression of the stabilized heavy oil production rate per unit thickness and the drainage 

height may be applied intuitively, as shown in Figure 4.4 (b). However, a linear 

regression with a large correlation coefficient did not pass through the origin, which 

indicated that the linear regression was not suitable. It was assumed that the oil 

production rate was proportional to the power functions of the reservoir permeability and 

drainage height, which were confirmed by other researchers (Yazdani and Maini, 2005, 

2008; Wong and Edmunds, 2010; Nenniger and Dunn, 2008). In this study, bilinear least-

squares regression was applied to determine a correlation among the stabilized heavy oil 

production rate qave, the reservoir permeability k, and the drainage height h: 

hakaaq lnlnln 210ave ++= .     [4.3] 

The coefficients, a0, a1, and a2 were determined accordingly: 
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where, n is the number of the tests.  In this study, n = 6 (Tests #5–10), the determined 

empirical correlation is found to be: 

hkq ln64.0ln62.087.3ln ave ++−= .   [4.5] 

Equation [4.5] indicates that the oil production rate was proportional to the power 

functions of the reservoir permeability and drainage height with the respective powers of 

0.62 and 0.64. 
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4.3.2 Solvent–oil ratio (SOR) 

The measured cumulative produced solvent–oil ratio (SOR) versus time data for 

Tests #5–8 are plotted as the empty symbols in Figure 4.3(a). It can be seen from this 

figure that the cumulative produced SOR increases as the permeability decreases. This is 

primarily attributed to the solvent bypassing when the solvent-diluted heavy oil 

production rates were low in the tests with low permeabilities. At a high permeability, the 

solvent-diluted heavy oil can flow easily through a porous medium so that little solvent 

can bypass the solvent-diluted heavy oil and the fluid flow in the porous medium was 

likely to be one-phase flow. When the permeability was low, however, the solvent-

diluted heavy oil was not mobile enough and flew together with the gaseous solvent 

phase, i.e., two-phase flow in this case. It should be noted that the high cumulative 

produced SOR at the beginning of each test was attributed to the pressure difference 

between the injector and the producer in order to start their initial communication and the 

initial oil production. In addition, the measured cumulative solvent production data 

versus the measured cumulative heavy oil production data for Tests #5–8 are shown in 

Figure 4.5 (a). The average produced SOR for each test was obtained by applying the 

linear regression of the measured cumulative solvent production data versus the measured 

cumulative oil production data. The average produced SOR was determined to be 0.59, 

0.47, 0.44, and 0.33 g solvent/g oil for Tests #1–4 with different permeabilities of 7, 25, 

25, and 54 Darcy, and different drainage heights of 30.5, 30.5, 40.0, and 40.0 cm, 

respectively. The average produced SOR increased with the decrease of the permeability 

for both two sets of the tests: Tests #5 and #6, Tests #7 and #8. 
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Figure 4.5 (a) Permeability effect on the average SOR in Tests #5−8. 

Test #8, k = 54 Darcy, h = 40.0 cm 

 

Test #7, k = 25 Darcy, h = 40.0 cm 

 

Test #6, k = 25 Darcy, h = 30.5 cm 

 

Test #5, k = 7 Darcy, h = 30.5 cm 
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Figure 4.5 (b) Drainage height effect on the average SOR in Tests #6, #7, #9, and #10. 

Test #7, k = 25 Darcy, h = 40.0 cm 

 

Test #6, k = 25 Darcy, h = 30.5 cm 

 

Test #9, k = 25 Darcy, h = 20.0 cm 

 

Test #10, k = 25 Darcy, h = 12.0 cm 
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The measured SOR versus time data for Tests #6, #7, #9, and #10 are plotted as the 

empty symbols in Figure 4.3 (b). Tests #6, #7, #9, and #10 were conducted with the same 

permeability (k = 25 Darcy) at different drainage heights of 30.5, 40.0, 20.0, and 12.0 cm, 

respectively. It can be seen from this figure that in general, the cumulative produced SOR 

decreases as the drainage height increases. With a large drainage height, the solvent-

diluted heavy oil can flow easily through the porous medium without solvent bypassing 

under strong gravity drainage. The solvent-diluted heavy oil flow rate was low with a low 

drainage height and thus solvent could bypass the oil as well as dissolve into it. Similarly, 

the measured cumulative solvent production data versus the measured cumulative heavy 

oil production data for Tests #6, #7, #9, and #10 are shown in Figure 4.5 (b) and the 

average produced SOR for each test was obtained. The average produced SORs were 

determined to be 0.47, 0.44, 0.50, and 0.55 g solvent/g oil for Tests #6, #7, #9, and #10, 

respectively. Such determined average produced SORs for all the six tests are also listed 

in Table 4.1. The stabilized heavy oil production rate and the average produced SOR 

indicate that a high reservoir permeability and a large drainage height result in an 

increased stabilized heavy oil production rate but a reduced SOR. 

High oil production rate and SOR were found during the blow-down period at the 

end of each test. Such high oil production rate and SOR were attributed to the solution 

gas drive when there was a large pressure drop during the blow-down period. It was 

interesting to observe that the produced oil was foam-like with small solvent bubbles 

sporadically distributed in it. The foamy-oil flow was found to be an important oil 

recovery mechanism in the solvent-based enhanced heavy oil recovery process 

(Bjorndalen et al., 2012; Jia et al., 2013). 



 102

4.3.3 Heavy oil viscosity reduction 

One of the major enhanced oil recovery mechanisms involved in the solvent-based 

heavy oil recovery processes is through significant heavy oil viscosity reduction and 

asphaltene precipitation due to sufficient solvent dissolution. In this study, the produced 

oil collector was replaced when certain amount of the produced oil was accumulated. It 

was found that in general, the produced heavy oil viscosity was reduced to about one 

third of the original deal oil viscosity, which was 11,583 cP at the same test conditions. 

Such a significant viscosity reduction was attributed to in-situ asphaltene precipitation 

when the solvent dissolved into the heavy oil. Solid-like particles (i.e., the precipitated 

asphaltenes) were found at the bottom of the produced oil collector. The precipitated 

asphaltenes can be produced along with the solvent-diluted heavy oil rather than 

deposited onto the porous medium. This confirms that propane has a strong ability to 

deasphalt the heavy oil with a high asphaltene content but the precipitated asphaltenes 

would not plug the reservoir formation (Mokrys and Butler, 1993; Das and Butler, 1994). 

It was also interestingly found that the produced oil at the beginning was less viscous. A 

sequence of digital photographs of the transparent tube near the oil collector at the 

beginning of Test #6 were taken. These photographs show that the oil and the solvent 

flew back and forth inside the tube because of the fluctuation of the pressure and thus 

they were fully mixed. It should be noted that this phenomenon only occurred at the 

beginning of the test. Therefore, the deasphalting at the beginning was more pronounced. 

4.3.4 Numerical simulation results  

In the PvT modeling, the adaptive least-squares regression was performed to match 

the experimentally measured data (Li et al., 2013). The regression or predicted results of 
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the saturation pressures and viscosities of different heavy oil–propane mixtures, as well 

as the predicted viscosities of the original heavy oil at different temperatures are 

compared with the measured data in Figures 4.6 (a) and (b). It can be seen from these two 

figures that a fairly good agreement was achieved between the numerically predicted and 

experimentally measured data. After regression, the properties of each pseudo-component 

are listed in Table 4.2. It is worthwhile to point out that the BIPs, δij, i, j = 1, 2, 3, and 4, i 

< j, among the four pseudo-components are not listed in the table because they are 

approximately one order smaller than that between each pseudo-component and propane, 

δi5, i = 1, 2, 3, and 4, which are given in the table. It should also be noted that each BIP 

between each pseudo-component and propane increases when the hydrocarbon 

component in the heavy oil becomes heavier. This fact indicates that a heavier 

hydrocarbon component with a larger carbon number has a stronger interaction with 

propane, in comparison with a lighter hydrocarbon component.  

The oil and solvent relative permeabilities were tuned during history matching and 

are plotted in Figure 4.7. The tuned solvent relative permeability had a low value at the 

end point and decreased quickly. Such relative permeability trends for an oil–solvent 

system have been confirmed by other researchers (Deng et al., 2010; Zeng et al., 2008b; 

Cuthiell et al., 2006). History matching of the cumulative heavy oil production and 

cumulative solvent production was performed for Test #6 as this test was used as the base 

case in this study. The history matching results are shown in Figure 4.8. It can be seen 

from this figure that the simulated cumulative heavy oil and solvent productions can 

match those measured in the test fairly well. It was found that a large discrepancy  
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Figure 4.6 (a) Measured (Li et al., 2013) and predicted saturation pressures and 

viscosities of different heavy oil−propane systems. 
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Figure 4.6 (b) Measured and predicted heavy oil viscosities at different temperatures. 
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Table 4.2 Physicochemical properties of each pseudo-component of the heavy oil 

after the adaptive least-squares regression. 

Properties 

Pseudo-components 

#1 #2 #3 #4 

Mole percentage (mol.%) 25.79 35.19 26.71 12.31 

Critical pressure Pc (MPa) 2.50 1.47 0.97 0.73 

Critical temperature Tc (K) 682.6 864.6 1,054.3 1,288.3 

Pitzer acentric factor ω 0.424 0.836 1.227 1.445 

Molecular weight MW (g/mol) 150.7 295.9 580.7 1,076.6 

Binary interaction coefficient δi5 with propane 0.01143 0.02954 0.04573 0.05664 
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Figure 4.7 Tuned oil and solvent relative permeabilities in the numerical simulations of 

Test #6.  
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Figure 4.8 History matching for the cumulative oil and solvent productions in the 

numerical simulations of Test #6.  
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occurred at a later stage, which was also found by other researchers (Xu et al., 2012; Wu 

et al., 2005). This discrepancy may be because of the production time differences, i.e., the 

oil production in the simulation proceeds faster than that in the experiment. At a larger 

time, the simulated oil production rate tends to decline quickly while the measured oil 

production rate is still kept at a high level. The tuned numerical simulation model can be 

used to further examine the effects of other factors, such as the solvent type, temperature, 

and well configuration, on the solvent-diluted heavy oil gravity drainage process.  

4.4 Chapter Summary 

In this chapter, a total of six tests were conducted to study the reservoir 

permeability and drainage height effects on the solvent-diluted heavy oil gravity drainage 

process. The test conditions were kept the same except for the reservoir permeability and 

drainage height of the physical model so that the reservoir permeability and drainage 

height effects were examined. It was found that the reservoir permeability and drainage 

height had more pronounced effects on the heavy oil production rate than those predicted 

from Butler–Mokrys model in the solvent-diluted heavy oil gravity drainage process. A 

new correlation for the oil production rate was proposed to account for the reservoir 

permeability and drainage height effects. The produced SOR data were found to be high 

when the reservoir permeability was low and the drainage height was small. The 

produced heavy oil viscosity was reduced significantly due to in-situ asphaltene 

precipitation. In addition, numerical simulation was conducted to match the 

experimentally measured cumulative oil and solvent production data. A good agreement 

was achieved between the numerical simulations and the experimental data. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

In this thesis, experimental, theoretical, and numerical studies were conducted to 

study the solvent-based heavy oil recovery processes. More specifically, experimental 

and theoretical studies of the VAPEX heavy oil recovery process were undertaken. A 

total of four VAPEX tests were conducted in a rectangular sand-packed physical model 

by using four different sizes of Ottawa sands. A theoretical model was formulated to 

predict the accumulative heavy oil production during the entire VAPEX process. In this 

model, the transition-zone thicknesses in the solvent chamber rising phase and in the 

solvent chamber spreading/falling phase were used as two unknown adjustable 

parameters and obtained by best fitting the theoretically simulated oil production data to 

the experimentally measured data in the three production phases.  

The reservoir permeability and drainage height effects on the solvent-diluted heavy 

oil gravity drainage process were examined by means of experimental studies and 

numerical simulations. A series of six solvent-diluted heavy oil gravity drainage tests 

were conducted at the same operating conditions but with different reservoir 

permeabilities and drainage heights. Numerical simulations were performed by using 

CMG STARS module to match the experimental results. 

The major conclusions that can be drawn from this thesis study are summarized as 

follows: 

1. The simulation results obtained by using the theoretical model developed in this 

thesis study show that the simulated heavy oil production and solvent chamber 



 111

evolution agree reasonably with the measured heavy oil production and the 

observed solvent chamber evolution in the VAPEX heavy oil recovery process. The 

simulated oil production rate can much better represent the measured oil production 

rate than the constant value predicted from Butler–Mokrys analytical model;  

2. The transition-zone thicknesses in the solvent chamber rising phase and solvent 

chamber spreading/falling phase were assumed to be two adjustable constants to 

match the theoretically simulated cumulative heavy oil production data with those 

in the experiment. They were determined to be in the range of 0.29–0.52 cm and 

0.28–0.42 cm , respectively, which were in the same order as those published in the 

literature; 

3. The determined transition-zone thickness in the solvent chamber rising phase was 

found to be larger than that in the solvent chamber spreading/falling phase in the 

VAPEX heavy oil recovery process. Moreover, the determined average transition-

zone thickness increased as the reservoir permeability decreased; 

4. In order to analyze the uncertainties of the determined transition-zone thicknesses, 

sensitivity analyses were undertaken for the following three major input 

parameters: the reservoir permeability, the most solvent-diluted heavy oil density 

and viscosity. It is found that the uncertainties of the determined transition-zone 

thicknesses had the same uncertainties as those of the three parameters; 

5. Heavy oil production rate was much enhanced in a higher permeability physical 

model with a larger drainage height in the solvent-diluted heavy oil gravity 

drainage process;  
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6. A new correlation for the heavy oil production rate was developed to take account 

of the reservoir permeability and drainage height effects (i.e., the transmissibility 

effect) on the heavy oil production. The powers of the reservoir permeability and 

drainage height were found to be 0.62 and 0.64, respectively; 

7. The average produced SOR was determined to be in the range of 0.3–0.6 g 

solvent/g heavy oil in the solvent-diluted heavy oil gravity drainage process. The 

average SOR was increased as the reservoir permeability and drainage height were 

decreased;  

8. It was found that the produced heavy oil viscosity was reduced significantly due to 

asphaltene precipitation. The precipitated asphaltenes can be produced along with 

the solvent-diluted heavy oil rather than deposited onto the porous media in the 

high permeability porous media used in this study;  

9. High oil production rate and SOR were found during the blow-down period at the 

end of each test. Such high oil production rate and SOR were attributed to the 

solution gas drive when there was a large pressure drop during the blow-down 

period. The produced oil was observed to be foam-like with small solvent bubbles 

sporadically distributed in it. The foamy-oil flow was found to be an important oil 

recovery mechanism in the solvent-based enhanced heavy oil recovery process 

(Bjorndalen et al., 2012; Jia et al., 2013); and 

10. Numerical simulations were conducted to match the experimentally measured 

cumulative oil and solvent production data in the solvent-diluted heavy oil gravity 

drainage process. A good agreement was achieved between the numerically 

simulated data and those measured in the experiments.  
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5.2 Recommendations 

Some technical limitations of this thesis study and technical recommendations for 

future studies are described as follows: 

1. In the development of the theoretical model in this thesis study, the transition-zone 

thicknesses in the solvent chamber rising phase and in the solvent chamber 

spreading/falling phase were assumed to be two unknown adjustable constants. In 

fact, the transition-zone thickness is not only a function of time (which is 

considered in this work) during the VAPEX process but also a function of the 

location in the reservoir formation. In the literature, a digital image of a 2-D 

VAPEX physical model obtained by using MRI shows that the transition zone is 

thinner near the top but thicker near the bottom of the solvent chamber (Fisher et 

al., 2000). It should be noted that the transition-zone thickness is extremely 

difficult, if not impossible, to be measured directly. Thus advanced experimental 

techniques may be applied to accurately measure or determine the transition-zone 

thickness; 

2. In principle, the theoretical model can help to better predict the field-scale VAPEX 

process and design effective VAPEX heavy oil recovery projects to some extent. In 

the theoretical model, the transition-zone thicknesses were determined by best 

fitting the theoretically simulated heavy oil production data to the experimentally 

measured data before they can be used to predict the heavy oil production in the 

entire VAPEX process. In this regard, the theoretical model has a limited 

predictability. In order to apply the theoretical model to predict the heavy oil 
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production in the field application, some ongoing oil production data are required 

to update the theoretical model; 

3. The theoretical model is validated by using the experimentally measured data. 

Systematic validations and parametric examinations can be performed by using 

numerical simulations. More validations and parametric studies by using fine-scale 

compositional simulations may be conducted, for example, by using CMG’s GEM 

module; 

4. The experimental study of the solvent-diluted heavy oil gravity drainage process 

was conducted in two physical models with relatively small dimensions. Large-

scale physical models may be used to further validate the new correlation 

developed in this study; 

5. Numerical simulations were performed for only one solvent-diluted heavy oil 

gravity drainage test. More numerical simulations of more tests may be conducted 

and applied to examine the effects of other factors, such as the solvent type, 

temperature, and well configuration, on the solvent-diluted heavy oil gravity 

drainage process; and 

6. For simplicity, the porous medium was assumed to be homogeneous in this thesis 

study. In reality, the oil reservoirs in the field can be highly heterogeneous porous 

media. Therefore, it is of practical importance to study the effects of the reservoir 

heterogeneity on the heavy oil production during the solvent-based heavy oil 

recovery processes. 
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In addition, on the basis of the comprehensive literature review of the solvent-based 

heavy oil recovery methods, six major following technical recommendations are made for 

future studies: 

1. The solvent-based heavy oil recovery methods are promising but challenging 

techniques. One challenge in the solvent-based heavy oil recovery process is the 

intrinsic characteristic of the slow solvent dissolution into the heavy oil. Thus new 

techniques that take advantages of both mass and heat transfer should be studied 

and developed; 

2. Solvent recovery is crucial to determine the economic viability of a solvent-based 

heavy oil recovery process. When a solvent with a light component is injected in a 

solvent-based recovery process, the solvent recovery can be easily determined 

because the produced solvent will be in a gaseous phase only. However, when there 

are heavy components in the solvent, the measurement of the recovered solvent 

becomes complex since the solvent can either be in the gas phase or retain in the 

produced oil due to the interaction-caused composition changes of the gas and oil; 

3. Accurate measurements of solvent injected and produced are important efforts. In a 

solvent-based heavy oil recovery process, two performance indicators are 

important: one is the increase of the oil production rate and the other is the decrease 

of the steam–oil or solvent–oil ratio. The solvent recovery or even the produced 

SOR was not reported in many laboratory tests for the solvent-based oil recovery 

processes in the literature. Unmonitored venting of the solvent in these tests may 

hinder a large-scale application in an oil field; 
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4. Scaling-up the laboratory tests result to the field applications is an important and 

difficult research task. Although the solvent-based heavy oil recovery methods 

have been studied extensively, few field applications have been conducted. 

Reservoir heterogeneity, and possible asphaltene precipitation should be considered 

during the scaling-up. An accurate predictions of the field applications from the lab 

tests will give much relevance and confidence to the petroleum industry; 

5. Numerical simulations of the solvent-based heavy oil recovery methods have not 

been well developed probably due to their complex oil recovery mechanisms. For 

example, an unrealistic high diffusion coefficient has to be used in order to match 

the simulation results with those measured in the laboratory tests (Das, 2005). 

Physical dispersion may be smeared by the numerical dispersion in the simulations. 

Besides, the modeling of the transition zone and asphaltene precipitation has to be 

improved in order to capture the essential nature of the solvent-based heavy oil 

recovery methods; and 

6. In a solvent–steam hybrid process, an optimum timing for solvent injection is 

controversial. Some researchers suggested that the solvent should be injected at the 

very beginning after the initial communication between the injector and producer 

was established (Orr, 2009), whereas the others argued that the solvent injection 

should be postponed until the steam chamber reached its maximum height or the 

pay-zone thickness (Gupta and Gittins, 2006). 
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