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ABSTRACT
In this study, the detailed effects of waterflooding and solvent injection on vapour
extraction (VAPEX) heavy oil recovery are studied by using a visual rectangular sandpacked high-pressure VAPEX physical model with a low permeability. The physical
model is sandpacked and then saturated with a heavy oil sample at the connate water
saturation. Pure propane and a mixture of n-butane and methane are used as respective
solvents to extract two different heavy oils. The waterflooding effect is examined by
performing a series of VAPEX tests with the initial waterflooding prior to the subsequent
solvent injection. In addition to the visual observation of the solvent chamber evolution,
the heavy oil production rate, solvent–oil ratio, and asphaltene content of the produced
heavy oil are measured during the waterflooding and solvent injection. It is found that the
initial waterflooding causes an oil production reduction during the subsequent solvent
injection. Also, solvent breakthrough occurs earlier and a small amount of water is
produced afterwards. This is because the waterflooding creates some low-resistance
channels for the subsequently injected solvent to bypass the untouched heavy oil. As a
result, the heavy oil is not diluted enough to be produced during the solvent injection. In
the absence of waterflooding, however, solvent injection can increase the heavy oil
production, in comparison with the so-called solvent-soaking process. Moreover, it is
visually observed that solvent injection leads to less asphaltene deposition onto the
porous media. This is also quantitatively verified by the measured higher asphaltene
content of the produced heavy oil after the solvent injection.
Theoretically, a new analytical model is developed to determine the solvent
convective dispersion coefficient in a solvent vapour extraction (VAPEX) heavy oil
i

recovery process. It is assumed that solvent mass transfer by convective dispersion takes
place along the transition zone between the solvent chamber and untouched heavy oil,
whereas solvent mass transfer by molecular diffusion occurs in the direction normal to
the transition zone. It is also assumed that the solvent-diluted heavy oil gravity drainage
through the transition zone has a linear or quadratic velocity profile in order to obtain
analytical solutions for the solvent convective dispersion coefficients in the solvent
chamber spreading and falling phases. As a result, this analytical model correlates the
solvent convective dispersion coefficient to the maximum apparent oil gravity drainage
velocity at the interface between the solvent chamber and transition zone, solvent
molecular diffusion coefficient, transition-zone thickness, and porosity of the porous
medium. To determine the solvent convective dispersion coefficient, the maximum
apparent oil gravity drainage velocity is calculated by using Darcy’s law and the
transition-zone thickness is obtained either from a previous study or by using a time
similarity between the solvent molecular diffusion and oil gravity drainage. It is found
that such determined solvent convective dispersion coefficients are two to five orders
larger than the solvent molecular diffusion coefficient, depending on the detailed
experimental conditions of a specific VAPEX test.
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solvent concentration in volume or mass fraction in the solvent-diluted heavy oil
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maximum solvent concentration in volume or mass fraction at the interface
between the solvent chamber and the transition zone

cmin

minimum solvent concentration in volume or mass fraction at the interface
between the transition zone and the untouched heavy oil zone required for the
solvent-diluted heavy oil to become mobile
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thickness of the physical model, m

D

molecular diffusivity of the solvent in the heavy oil, m2/s

Dapp

apparent molecular diffusivity defined in Equation [2.3], m2/s
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gravitational acceleration, m/s2
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solvent mass flux by convective dispersion along y-axis, kg/m2s

k

absolute permeability of the physical model, m2

l

length of the transition zone, m

L

length of a horizontal production well or width of the physical model, m

Ns

dimensionless number defined in Equation [2.2]
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P

operating pressure during the VAPEX test, kPa

Pv

propane vapour pressure at T = 20.8oC, kPa

q

stabilized heavy oil production rate during the solvent chamber spreading phase,
m3/s

Qc

calculated accumulative heavy oil production at any time, m3

Qm

measured accumulative heavy oil production at any time, m3

Qs

measured accumulative solvent production at any time, m3

Soi

initial oil saturation in the physical model

Sor

residual oil saturation inside the solvent chamber of the physical model

T

constant operating temperature during the VAPEX test, °C

t

production time, s

tr

reduced time, which is defined as t/ts

ts

calculated ending time of the solvent chamber spreading phase, s

U

horizontal spreading velocity of the solvent chamber during its spreading phase
or the constant unspecified velocity of the heavy oil–solvent interface, m/s

Umax

maximum horizontal spreading velocity at the beginning of the solvent chamber
spreading phase, Umax = /ts at  = /2, m/s

V

falling velocity of the solvent chamber during its falling phase, m/s

v

interstitial gravity drainage velocity of the solvent-diluted heavy oil along the
transition zone, m/s

vave

Average apparent gravity drainage velocity of the solvent-diluted heavy oil
along the transition zone, m/s
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vmax

Maximum apparent gravity drainage velocity of the most diluted heavy oil at
the interface between the solvent chamber and transition zone, m/s

w

half of the width of the VAPEX physical model or horizontal well spacing, m

x

x-coordinate, m

y

y-coordinate, m

Greek Symbols


constant in Equation [2.12]



constant in Equation [2.12]



constant separation distance between the two boundaries of the transition zone,
i.e., the constant transition-zone thickness, m

o

specific gravity of the heavy oil

s

specific gravity of the liquid solvent



specific gravity difference between the heavy oil and liquid solvent, which is
equal to o – s.



weighting factor defined in Equation [2.7]

o

viscosity of the heavy oil with no solvent dissolution, Pas

o(c)

viscosity of the solvent-diluted heavy oil in the transition zone at the solvent
concentration c, Pas

o(cmax) viscosity of the most diluted heavy oil at the interface between the solvent
chamber and the transition zone with the maximum solvent concentration cmax,
Pas

s

viscosity of the liquid solvent, Pas

xv

o

density of the heavy oil, kg/m3

s

density of the liquid solvent, kg/m3

o(c)

density of the solvent-diluted heavy oil in the transition zone at the solvent
concentration c, kg/m3

o(cmax) density of the most diluted heavy oil at the interface between the solvent
chamber and the transition zone with the maximum solvent concentration cmax,
kg/m3
ΔAx

Cross-sectional area of the finite control volume in x-axis, m2

ΔAy

Cross-sectional area of the finite control volume in y-axis, m2

ΔV

Volume of the finite control volume, m3

(c)

density difference between the solvent-diluted heavy oil in the transition zone
and the gaseous solvent in the solvent chamber, kg/m3

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 S oi  S or

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

x

horizontal distance between the two boundaries of the transition zone during the
solvent chamber spreading phase, m

y

vertical distance between the two boundaries of the transition zone during the
solvent chamber falling phase, m



inclination angle of the transition zone, degree

c

calculated inclination angle of the transition zone at any time, degree

m

measured inclination angle of the transition zone at any time, degree
xvi

s

inclination angle of the transition zone at the end of the solvent chamber
spreading phase, degree



porosity of the physical model

s

solvent solubility in the heavy oil, g solvent/g heavy oil



cementation factor in Equation [2.3]

Subscripts
app

apparent

ave

average

c

calculated

eff

effective

f

falling phase

gr

residual gas

m

measured

max

maximum

min

minimum

o

oil

oi

initial oil

or

residual oil

r

reduced

s

solvent or spreading phase

v

vapour

wi

initial water

wr

residual water
xvii

x

x-axis or at any x value

x+Δx

at x+Δx

y

y-axis or at any y value

y+Δy

at y+Δy
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American Petroleum Institute
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back-pressure regulator
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cyclic steam stimulation
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in-situ combustion

NSERC Natural Sciences and Engineering Council of Canada
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original-oil-in-place
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Petroleum Technology Research Centre

SAGD

steam-assisted gravity drainage

SOR

solvent–oil ratio

SRC

Saskatchewan Research Council

WOR

water–oil ratio
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CHAPTER 1 INTRODUCTION

1.1 Heavy Oil Resources
Heavy oil, extra heavy oil, and bitumen are defined as highly viscous mixtures of
petroleum hydrocarbons and other complex organic compounds and characterized by
their high viscosities and low API gravities, in comparison with the conventional crude
oils. This is mainly attributed to their low hydrogen-to-carbon ratios, high molecular
weight hydrocarbons, and high contents of asphaltenes, heavy metals, sulphur, and
nitrogen (Zou, 2003). There exist several criteria for classifying a crude oil (Miller,
1994), which are mainly based on its density or viscosity under reservoir conditions. In
general, a crude oil with viscosity in the range of 100 to 10,000 mPas under the actual
reservoir condition is considered as heavy oil, whereas a crude oil with a viscosity of
higher than 10,000 mPas under the actual reservoir conditions is regarded as extra heavy
oil (Miller, 1994; Strausz, 1989; Clark, 2007). Bitumen is more solid-like in nature and
has a viscosity of higher than 10,000 mPas and up to 10,000,000 mPas (Mehrotra and
Svrcek, 1984; Clark, 2007).
The world’s original-oil-in-place (OOIP) of heavy oil and bitumen was estimated to
be 6.0 trillion barrels (Jiang, 1997), most of which are located in Venezuela and Canada
(Tam, 2007). The estimated OOIP of heavy oil and bitumen in Canada is 2.5 trillion
barrels, which is twice of the total conventional reserves in the Middle East (Jiang, 2007;
Dusseault, 2001; Farouq Ali, 2003; Sadler and Davis, 2005). The Canadian heavy oil
deposits are mainly located in east-central Alberta and extended into western
Saskatchewan (Petroleum Communication Foundation, 2000). Effective and economical
1

recovery of such heavy oil deposits has gained considerable attention due to an increase
in demand for hydrocarbon fuels and a decline in production from the conventional light
and medium oil resources.
1.2 Heavy Oil Recovery Techniques
The primary recovery factor for heavy oil reservoirs is typically as low as 6–8% of
the original-oil-in-place (OOIP), which is mainly attributed to the extremely high
viscosities and almost immobile conditions of the heavy oils under the actual reservoir
conditions (Farouq Ali, 1976; Selby et al., 1989). Waterflooding usually results in a very
low secondary heavy oil recovery factor and a high produced water–oil ratio (WOR).
This is due to early water breakthrough caused by an extremely high mobility ratio and a
high interfacial tension between the injected water and heavy oil (Green and Willhite,
1998; Kumar et al., 2005).
Various recovery techniques have been proposed to achieve additional recovery from
the heavy oil and bitumen resources. In general, heavy oil and bitumen recovery
techniques can be divided into two main categories: surface mining and in-situ methods.
Surface mining can recover up to 75% of the heavy oil and bitumen. However, it is only
applicable to reservoirs with a depth of less than 75 m. Only 5–10% of the Canadian
heavy oil reservoirs can be recovered by using this technique (Jiang, 1997). Some new insitu heavy oil recovery techniques have emerged quickly over the past several decades.
The key technical challenge for in-situ heavy oil recovery techniques is to dramatically
reduce the oil viscosity, which is typically thousands to millions of centipoises under the
actual reservoir conditions. Thermal-based heavy oil recovery methods, such as steamassisted gravity drainage (SAGD), steam flooding, cyclic steam stimulation (CSS), and
2

in-situ combustion (ISC), are often applied in oil fields to decrease the heavy oil viscosity
and consequently enhance the heavy oil recovery. However, large heating and water
source requirements, heat losses to thin oil formations, and water treatment cost can
severely limit the applications of the thermal methods in certain heavy oil reservoirs
(Yazdani and Maini, 2004).
Solvent vapour extraction (VAPEX) is another in-situ solvent-based heavy oil
recovery technology, in which a gaseous hydrocarbon solvent is injected into a heavy oil
reservoir to drastically reduce the heavy oil viscosity. VAPEX is considered as the
solvent analog to SAGD and is conducted in a pair of horizontal injection and production
wells, which are positioned with a vertical distance inside the heavy oil reservoir. A
gaseous hydrocarbon solvent is injected through the upper horizontal well and gradually
dissolved into the heavy oil so that its viscosity is dramatically reduced. The solventdiluted heavy oil is then drained downward by gravity and produced from the lower
horizontal well. The VAPEX process was first experimentally studied by Butler and
Mokrys (1989; 1991) in a vertical Hele–Shaw cell with two different bitumen samples
and toluene being an extracting solvent. An analytical model was developed to predict the
stabilized bitumen production rate of the VAPEX process during the solvent chamber
spreading phase.
1.3 Purpose and Scope of This Thesis
This thesis aims at experimentally studying the effects of waterflooding and solvent
injection and theoretically studying the effect of solvent mass transfer by convective
dispersion on the VAPEX process. More specifically, a total of six tests are conducted to
study the respective effects of waterflooding and solvent injection on the VAPEX
3

process. The tests are performed on a visual rectangular high-pressure sand-packed
VAPEX physical model with the permeability of 4.7–10.8 Darcy and porosity of 33.8–
35.5%. Pure propane or a mixture of n-butane and methane is used as a solvent to extract
two different types of heavy oil. In addition to visual observation of the solvent vapour
chamber evolution, the accumulative heavy oil and solvent production data are measured
and monitored during the entire VAPEX process. The produced heavy oil density,
viscosity, and asphaltene content are also measured for each test. Based on the
experimental data, the specific effects of the waterflooding, solvent injection, and solvent
injection rate on the accumulative heavy oil production, produced solvent–oil ratio
(SOR), and asphaltene content of the produced oil are analyzed.
In addition, a new theoretical model is developed to determine the solvent convective
dispersion coefficient in a VAPEX process. This analytical model correlates the solvent
convective dispersion coefficient to the maximum apparent oil gravity drainage velocity
at the interface between the solvent chamber and transition zone, solvent molecular
diffusion coefficient, transition-zone thickness, and porosity of the porous medium. The
maximum apparent oil gravity drainage velocity is calculated by using Darcy’s law. The
transition-zone thickness is obtained either from the previous study or by using the time
similarity between the solvent molecular diffusion and oil gravity drainage. The propane
convective dispersion coefficients during the solvent chamber spreading and falling
phases are obtained for two specific cases, in which either a linear or quadratic velocity
profile of the solvent-diluted heavy oil gravity drainage inside the transition zone is
assumed.

4

1.4 Outline of the Thesis
This thesis consists of six chapters. Chapter 1 gives a brief introduction to the thesis
research topic together with the purpose and scope of this thesis. Chapter 2 reviews
various theoretical models for predicting heavy oil production rate and physical models
for studying some important factors, which affect the heavy oil production in the VAPEX
process. The problem statement of this thesis is presented at the end of this chapter.
Chapter 3 describes the VAPEX experimental details, including materials used in the
tests, experimental set-up, experimental preparation, test procedure, and asphaltene
content measurement. This chapter also provides the measured physical properties of
sand-packed physical model for each VAPEX test, such as the porosity, permeability, and
initial oil and water saturations. Chapter 4 presents a newly developed analytical model
for determining the solvent convective dispersion coefficient in the VAPEX process
during the solvent chamber spreading and falling phases. Chapter 5 provides the detailed
experimental results of each VAPEX test, i.e., the accumulative heavy oil and solvent
production data, produced solvent–oil ratio (SOR), and asphaltene content of the
produced heavy oil sample. In addition, the detailed effects of the initial waterflooding
and subsequent solvent injection on the accumulative heavy oil production, average
produced SOR, and asphaltene content of the produced heavy oil sample during the
VAPEX heavy oil recovery process are thoroughly examined and discussed.
Furthermore, the newly developed analytical model is applied to study the solvent
convective dispersion effect on the VAPEX process in different solvent chamber
evolution phases. Finally, Chapter 6 summarizes the major scientific conclusions of this
thesis and makes some technical recommendations for future studies.
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CHAPTER 2 LITERATURE REVIEW

The viscosity of heavy oil or bitumen can be significantly reduced by dissolution of
hydrocarbon and non-hydrocarbon solvents. Different hydrocarbon and non-hydrocarbon
solvents have been used for the miscible or immiscible displacement in light to medium
oil reservoirs since the early 1950s (Das and Butler, 1995). However, the idea of using
hydrocarbon solvents for recovering heavy oil and bitumen began in the 1970s when
Allen (1974) developed a huff & puff process by cyclic injection of propane or butane
into a cell, which was packed with Athabasca tar sands. Later on, Allen and Redford
(1976) proposed the co-injection of a liquid solvent and a non-condensable gas at
reservoir temperature and pressure. Nenniger (1979) used different solvents, including
carbon dioxide, light alkanes (such as methane, ethane, and propane), and alkenes (such
as ethylene, propylene, and isomeric butenes), to extract the heavy oil at pressures close
to their vapour pressures. The above-mentioned solvent extraction processes consider
solvent injection in a vertical well and oil production from the same well or through
another closely spaced vertical well. However, the observed oil production rates from the
lab-scale tests were discouraging and below the economic limit. The horizontal well
drilling technology evolved rapidly in the 1980s and was used in the thermal processes,
such as SAGD, to enhance the production rate from heavy oil reservoirs.
Butler and Mokrys (1989) introduced a solvent analog model of the SAGD process.
The solvent extraction process was first experimentally modeled in a vertical Hele–Shaw
cell with two different bitumen samples and toluene being an extracting solvent. In
addition, an analytical model was derived to predict the stabilized heavy oil production

6

rate during the solvent chamber spreading phase. Later on, Butler and Mokrys (1991)
replaced the liquid solvent with a gaseous solvent and introduced vapour extraction
(VAPEX) as a new heavy oil recovery technique. The VAPEX process is conducted in a
pair of horizontal injection and production wells, which are positioned at a vertical
distance inside the heavy oil pay zone. The heavy oil recovery in this process is due to
significant oil viscosity reduction through sufficient solvent dissolution and possible
asphaltene precipitation. VAPEX process is considered as an economically viable and
environmentally friendly process that can enhance the oil production from the heavy oil
reservoirs to a large extent. Since 1989, there have been extensive theoretical and
experimental studies of the VAPEX heavy oil recovery process.
2.1 Theoretical Modeling of VAPEX Process
2.1.1 Butler-Mokrys model
Butler and Mokrys (1989) derived an analytical model to predict the stabilized heavy
oil production rate during the solvent chamber spreading phase as shown in Figure 2.1.
The following assumptions were made in order to drive the analytical model:
1)

The mass transfer of solvent into the bulk bitumen is under the steady-state
condition;

2)

The heavy oil–solvent interface moves at a constant unspecified velocity U;

3)

Oil flows along the interface in thin diffusion boundary layer;

4)

Drainage of the undiluted bitumen is considered to be negligible;

5)

The effect of the interfacial tension is neglected;

7

cmax

cs

Transition zone

cmin

Solvent chamber
v

U


Untouched heavy oil

Figure 2.1 Schematic diagram of the VAPEX process used to derive Butler and Mokrys
analytical model.
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6)

The change of velocity gradient in the direction normal to the transition zone is
neglected; and

7)

Viscosity, density, and diffusivity, which are the concentration-dependent
properties, can be assumed to be constant across the transition zone.

The following formula is the final result of their mathematical derivations:

q  2 L 2k gΔSo N s h ,

[2.1]

where q stands for the stabilized heavy oil production rate during the solvent chamber
spreading phase; L is the length of a horizontal production well; k is the permeability and

 is the porosity of the heavy oil reservoir; g is the gravitational acceleration; So = Soi –
Sor is the oil saturation change from the initial oil saturation Soi in the oil reservoir to the
residual oil saturation Sor in the solvent chamber; h is the height of the oil pay zone; and

Ns is a dimensionless number, which is defined as:
Ns 

cmax



cmin

 (c) D 1  c 
dc .
 (c ) c

[2.2]

In the integrand,  (c ) is the density difference between the solvent-diluted heavy
oil in the transition zone and the gaseous solvent in the solvent chamber; D is the
molecular diffusivity of the solvent in the heavy oil; (c) is the viscosity of the solventdiluted heavy oil; and c is the solvent concentration in volume fraction in the solventdiluted heavy oil at any location inside the transition zone. In the above integration, cmin
is the lower limit of the integration with respect to c. Physically, cmin denotes the
minimum solvent concentration at the interface between the transition zone and the
untouched heavy oil zone, which is required for the solvent-diluted heavy oil to become
mobile so that it can be drained downward by gravity. On the other hand, cmax is the
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upper limit of the integration with respect to c and represents the maximum solvent
concentration at the interface between the solvent chamber and the transition zone.
2.1.2 Modified Butler-Mokrys model
Das (1995) modified the Butler-Mokrys analytical model by including the so-called
cementation factor, , to consider the effect of a porous medium on the solvent
molecular diffusion in heavy oil. The cementation factor relates the apparent solvent
molecular diffusivity Dapp in the porous medium to the solvent molecular diffusivity D by
(Archie, 1942; Perkins and Johnston, 1963):

Dapp  D  .

[2.3]

Accordingly, the modified equation for predicting the stabilized heavy oil production
rate becomes:

q  2 L 2k g  So Ns h .

[2.4]

It is worthwhile to mention that the cementation factor for an unconsolidated sand-pack is
equal to 1.3 (Pirson, 1958).
2.1.3 Solvent-diluted heavy oil viscosity
The viscosity of a heavy oil sample can be dramatically reduced through mixing with
a light hydrocarbon solvent. This viscosity reduction is the most important mechanism in
solvent-based heavy oil recovery methods, such as VAPEX process. The solvent-diluted
heavy oil viscosity affects the heavy oil movement inside the porous media and
subsequently influences the prediction of the stabilized heavy oil production rate from
Butler and Mokrys analytical model. Lederer (1933) proposed the following equation for
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estimating the viscosity of the solvent-diluted heavy oil o(c), which has been commonly
applied in the petroleum industry:

 o (c)   o f  sf ,

[2.5]

c
, fs  fo  1 ,
c   (1  c)

[2.6]

o

fs 

s

where s and o are the viscosities of the liquid solvent and dead heavy oil with no
solvent dissolution, respectively; f is the weighted volume fraction; c is the volume
fraction of the liquid solvent in the solvent-diluted live heavy oil; and  is a weighting
factor.
Rahmes and Nelson (1948) examined a total of twenty six crude oil–solvent systems
by using seventeen different oils and their mixtures. Their results showed that Lederer
equation provides excellent predictions of their measured solvent-diluted heavy oil
viscosities. Shu (1984) examined this correlation and found that the Lederer equation also
well matched the experimental data. Moreover, the following empirical correlation was
developed to determine the weighting factor  for a solvent-diluted heavy oil:



17.04  0.5237  s1.6316  o3.2745


ln( o )
s

,    o   s .

[2.7]

where s and o are the specific gravities of the liquid solvent and heavy oil, respectively;
and  is their specific gravity difference.
2.1.4 Accumulative oil production model
Moghadam et al. (2009) formulated a mathematical model to predict the
accumulative heavy oil production during the so-called solvent chamber spreading and
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falling phases as a function of time in a VAPEX process. In this model, a constant
transition-zone thickness for each VAPEX test was assumed and used as an adjustable
parameter. Then it was determined by finding the best fit of the theoretically predicted
cumulative heavy oil production data to the experimentally measured values. A total of
five VAPEX tests were conducted to recover a heavy oil sample from a rectangular sandpacked physical model. The production time and accumulative oil production for the
solvent chamber spreading phase were derived as:

t

ht s
2

 
 cos
 sin 2   ln(tan 2 ) ,

Qc  h 2 dS o cot  ,

[2.8]

[2.9]

where, h is the height of the physical model, Δts is the constant time parameter for a given
VAPEX test and represents the characteristic time of the solvent chamber spreading
phase,  is the constant transition-zone thickness, θ is the inclination angle of the
transition zone during the solvent chamber spreading phase, d is the thickness of the
VAPEX physical model,  is the porosity of the VAPEX physical model, and ΔSo = Soi −
Sor is the oil saturation change in the solvent chamber, and Soi is the initial oil saturation
in the physical model and Sor is the residual oil saturation in the solvent chamber at the
end of VAPEX test.
Similarly, the production time and accumulative oil production for the solvent
chamber falling phase were obtained as:

12


 

1  cos s ln(tan s ) 1  cos ln(tan ) 
wt f 
2 
2 ,
t  ts 


 
cos s
cos




[2.10]

Qc  hwd S o ( 2  cot  s tan  ) .

[2.11]

Here, ts is the calculated ending time for the solvent chamber spreading phase, w is equal
to half of the width of the VAPEX physical model or half of the horizontal well spacing,
Δtf is the constant time parameter for a given VAPEX test and represents the
characteristic time of the solvent chamber falling phase, and s is inclination angle of the
transition zone at the end of the solvent chamber spreading phase. Equations [2.8]
through [2.11] can be used to predict the accumulative heavy oil production versus time
data. The accumulative heavy oil production, Qc, and the corresponding production time,
t, are related to each other through the inclination angle θ of the transition zone during the
solvent chamber spreading and falling phases. The constant transition-zone thickness is
the only parameter to be determined. To determine the transition-zone thickness, an
objective function was defined to represent the discrepancy between the theoretically
calculated and experimentally measured accumulative heavy oil production data:
1
E
tn

2

 Qc (t i )  Qm (t i ) 


 (t i  t i 1 ) .
Q m (t i )
i 1 

n

[2.12]

By minimizing the above-defined objective function, the constant transition-zone
thickness was obtained for each VAPEX test.
2.1.5 Solvent molecular diffusion and convective dispersion

Dissolution of an injected gaseous solvent into heavy oil under the actual reservoir
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conditions plays a crucial role in the solvent-based heavy oil recovery processes. More
specifically, solvent mass transfer in the VAPEX process can be divided into molecular
diffusion due to solvent concentration gradient and convective dispersion due to oil
gravity drainage. The Butler and Mokrys analytical model for predicting the heavy oil
production rate in the VAPEX process takes account of solvent molecular diffusion only.
Dunn et al. (1989) observed that the measured heavy oil production rates in sand-packed
porous media are higher than those predicted from the Butler-Mokrys analytical model.
This indicates that the molecular diffusion alone cannot fully account for the mass
transfer from the solvent to the heavy oil. The increased heavy oil production rates were
attributed to the solvent convective dispersion. This is due to the fact that when the
solvent-diluted heavy oil moves through the porous media, the mass transfer of solvent
into the heavy oil is enhanced (Perkins and Johnston, 1963). Therefore, Dunn et al.
(1989) defined the effective solvent diffusion coefficient to combine the effects of the
solvent diffusion and dispersion and as a result, the heavy oil production rate was
increased by almost an order of magnitude. Lim et al. (1996) also used an effective
solvent molecular diffusion coefficient, which is two to three orders larger than the
solvent molecular diffusion coefficient, to history match the VAPEX test data of sandpack tests. The possible reasons for the enhanced oil production rate was also attributed
to the increase in the solvent molecular diffusion coefficient with solvent concentration
inside the heavy oil and the solvent convective dispersion effect.
Depending on the solubility of the solvent in the heavy oil under the experimental
conditions, the estimated effective solvent diffusion coefficient as a function of solvent
concentration can change by almost two orders of magnitude (Lim et al., 1996). For
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example, the solvent effective diffusion coefficient Deff in the heavy oil can be correlated
to the solvent-diluted heavy oil viscosity µo(c) by using the following correlation
(Hayduk and Cheng, 1971):
Deff   o (c)   ,

[2.13]

where α and β are two to-be-determined constants. In this correlation, the composition,
temperature, and pressure effects on the effective diffusivity are taken into account
implicitly through the solvent-diluted heavy oil viscosity (Luo et al., 2007). Das and
Butler (1996) carried out a series of VAPEX experiments with Peace River bitumen, in
which propane and butane were used as the extracting solvents, respectively. They
applied the general correlation in Equation [2.13] to determine the values of α and β
based on the experimental results from their VAPEX tests. The back-calculated
correlation for propane (C3H8) diffusion coefficient in Peace River bitumen was given as:
Deff  1.306  10 9  o (c) 0.46 (Bitumen–propane system),

[2.14]

where Deff is the effective diffusivity of propane in Peace River bitumen in m2/s; and
µo(c) is the viscosity of the bitumen-propane mixture in Pas. A similar correlation for nbutane (n-C4H10) in Peace River bitumen was proposed as follows (Das and Butler,
1996):
Deff  0.413  10 9  o (c) 0.46 (Bitumen–n-butane system).

[2.15]

Boustani and Maini (2001) found that a good agreement between the theoretical
predictions and experimental data can be achieved only if the solvent convective
dispersion is incorporated into the modified Butler–Mokrys model. Nghiem et al. (2001)

15

presented an equation-of-state (EOS) compositional model for the VAPEX process, in
which both the solvent molecular diffusion and convective dispersion were taken into
account in the material balance equation. It was concluded that the solvent mass transfer
is primarily controlled by convective dispersion. Later on, Yazdani and Maini (2005)
studied the effect of the drainage height on the VAPEX process. They found that the
stabilized oil production rate is a function of the drainage height to the power of 1.1 to
1.3, which is much larger than 0.5 given in the modified Butler–Mokrys model. The
stronger drainage-height effect was attributed to the solvent convective dispersion.
Recently, Kapadia et al. (2006) determined n-butane convective dispersion coefficient in
Cold Lake bitumen by history matching the heavy oil production rates predicted from
their numerical model and the experimental data. It was found that the butane convective
dispersion coefficient is approximately four orders larger than its molecular diffusion
coefficient. The butane convective dispersion coefficient in Cold Lake bitumen was
expressed as (Kapadia et al., 2006):
D  0.556 ,

[2.16]

where, D is the butane convective dispersion coefficient in cm2/s and ω is the mass
fraction of n-butane dissolved into Cold Lake bitumen.
2.2 Physical Modeling of VAPEX Process
2.2.1 Solvent chamber evolution

Zhang et al. (2007) performed a total of ten VAPEX tests to study the solvent
chamber evolution under different operating conditions. A butane mixture (70 mol.% nbutane + 30 mol.% i-butane) and pure propane were used as two respective solvents and
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tested at a room temperature and different pressures (240 kPa for the butane mixture, and
500, 600, 800, and 900 kPa for pure propane). The VAPEX physical model was packed
by using Ottawa sands with two different mesh sizes of 20–30 and 30–50, respectively.
The solvent chamber evolution was roughly divided into the initial solvent chamber
formation period, and the solvent chamber rising, spreading, and falling phases.
Figure 2.2 shows some sequential digital images taken in one of their VAPEX tests.
First, the initial solvent chamber was formed around the injector after the solvent was
dissolved into the heavy oil sample and some solvent-diluted oil was produced, as seen in
the digital images (a)–(b). Then, the solvent chamber rising phase started from the
initially formed solvent chamber until it reached the top of the physical model, as shown
in the digital images (b)–(e). In the solvent chamber spreading phase, as shown in the
digital images (e)–(h), the solvent chamber spread laterally and finally reached the upper
left- and right-hand sides of the physical model. The solvent chamber falling phase was
the last phase, in which the transition zones between the solvent chamber and the
untouched oil zone on the both sides started to fall down, as shown in the digital images
(h)–(n). They found that the operating pressure plays a major role in determining how
quickly the solvent chamber forms, rises, and reaches the top of the physical model. A
fuller solvent chamber corresponds to a higher oil production rate, whereas a thinner
solvent chamber gives a lower oil production rate during its spreading and falling phases.
It was also found that the solvent chamber falling phase lasts the longest time among the
three phases.
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(a) t = 0.0 h

(h) t = 13.0 h

(b) t = 0.5 h

(i) t = 20.0 h

(c) t = 1.0 h

(j) t = 26.0 h

(d) t = 1.5 h

(k) t = 32.0 h

(e) t = 2.0 h

(l) t = 39.5 h

(f) t = 7.0 h

(m) t = 46.5 h

(g) t = 11.0 h

(n) t = 49.5 h

Figure 2.2 Solvent chamber evolution in a typical VAPEX test at P = 240 kPa with 20–

30 mesh Ottawa sand-packing and a butane mixture as an extracting solvent (Zhang et al.,
2007).
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2.2.2 Solvent type

Butler and Mokrys (1989) initially used liquid toluene as an extracting solvent in the
solvent analog model to the SAGD process. The measured oil production rate was
dramatically low and only one percent of that in SAGD process. They suggested that the
heavy oil production rate in the solvent-based process can be enhanced by using a
vapourized/gaseous solvent rather than a liquid solvent. Vapourized solvent will provide
a higher driving force for the gravity drainage process. In this case, the density difference
between the heavy oil and a vapourized solvent is considerably larger. Use of a
vapourized solvent rather than a liquid solvent will also cause less solvent left inside the
reservoir to fill vacated space due to oil production. As a result, the amount of solvent
required is significantly reduced by using a vapourized or gaseous solvent in comparison
with a liquid solvent.
In 1991, Butler and Mokrys used pure propane as a vapourized solvent along with hot
water at a temperature range of 40–70°C. Their experimental results showed that the
injection of vapourized propane with hot water results in a significantly higher oil
recovery factor in comparison with that in hot water injection alone. Later, an
experimental study was conducted by using propane or ethane as a vapourized solvent in
the VAPEX process (Butler and Mokrys, 1993). The experimental results indicated that
injecting ethane as an extracting solvent leads to a relatively lower oil production rate in
comparison with injecting propane. Since then, different pure solvents, including ethane,
propane, and butane, were injected to extract the heavy oil in a VAPEX process (Das,
1995). In general, it was concluded that a higher molecular weight hydrocarbon injected
at a pressure near its vapour pressure results in a higher viscosity reduction of the
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produced oil sample, which subsequently enhances the oil production rate (Das, 1995;
Butler and Jiang, 2000). However, in heavy oil reservoirs with higher pressures, pure
solvents, such as propane and butane, will condense as their vapour pressures are very
low. This condensation is extremely undesirable as it increases the amount of solvent
required and decreases the density difference between the injected solvent and heavy oil.
To maintain the solvent in a gaseous phase at the reservoir conditions, it can be coinjected with a non-condensable gas (NCG) to reduce the partial pressure of the solvent
and thus prevent it from condensation. An experimental study was conducted by using
nitrogen as the non-condensable gas along with butane or propane as the respective
extracting solvents (Das and Butler, 1995). Other solvent mixtures, such as methane–
propane and CO2–propane, were also injected to dilute the heavy oil a VAPEX process
(Talbi and Maini, 2004; Derakhshanfar et al., 2009). The CO2–propane mixture resulted
in a higher oil production rate in comparison with methane–propane mixture at a higher
operating pressure. This was attributed to a higher solubility and a stronger oil-swelling
effect of CO2 in the heavy oil in comparison with those for methane. However, at a lower
pressure, both methane and CO2 resulted in similar oil recovery rates due to a decreased
solubility of CO2 in the heavy oil in this case.
2.2.3 Operating pressure and temperature

The operating pressure governs the state of the injected solvent inside the porous
media. In addition, it affects the solubility of the vapourized solvent inside the heavy oil.
In general, the solvent solubility in a heavy oil sample increases with increasing the
operating pressure. This will reduce the viscosity of the diluted oil and increase the rate
of solvent mass transfer in the liquid phase by providing a larger concentration difference
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between the heavy oil–solvent interface and the untouched heavy oil zone. As a result, a
higher operating pressure will lead to a higher oil production rate. However, the operating
pressure must be maintained below the solvent vapour/dew-point pressure to avoid the
solvent condensation in the solvent chamber. Several researchers (Butler and Mokrys,
1991; Das and Butler, 1998; Butler and Jiang, 2000; Boustani and Maini, 2001; Zhang et
al., 2007) conducted their experiments at an operating pressure close to the solvent
vapour/dew-point pressure. This resulted in a higher oil production rate in comparison
with that at a higher or lower operating pressure.
The effect of an operating temperature on the VAPEX process can be explained by
the temperature dependence of solvent diffusivity and the solvent solubility in the heavy
oil. An increase in the temperature will lead to an increase in the solvent diffusivity and
consequently results in a lower viscosity of the solvent-diluted heavy oil. On the other
hand, at a higher temperature, the solvent solubility in the heavy oil is decreased. The
effect of operating temperature on the heavy oil production rate in the VAPEX process
was initially studied by Butler and Mokrys (1991). In the experiments performed by
using a Hele–Shaw cell and propane as an extracting solvent, the measured heavy oil
production rate was significantly increased at a higher temperature of 40 to 50°C.
Karmaker and Maini (2003) conducted several VAPEX tests at two different
temperatures of 10 and 19°C where the other experimental conditions were kept the
same. It was found that the heavy oil recovery was increased by approximately 2% for
every 1°C increase in the operating temperature. In general, it is expected that a higher
operating temperature results in a higher oil production rate in a VAPEX process.
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2.2.4 Permeability

The analytical model developed by Butler and Mokrys (1989) correlates the heavy oil
production rate to the square root of the permeability in the VAPEX process, provided
that the other experimental conditions are kept the same. In addition, the permeability
effect on the heavy oil production rate from the solvent leaching gravity drainage process
was examined by changing the distance between the two planar plates of the vertical
Hele–Shaw cell. The experimental results in the Hele–shaw cell with the permeability of
k = 55–900 Darcies verified that the heavy oil production rate is proportional to the
square root of the permeability, regardless of the permeability range. Oduntan et al.
(2001) conducted a series of VAPEX tests in a sand-packed physical model with a
permeability range of k = 25–192 Darcies. Based on their experimental results, they
correlated the heavy oil production rate to the permeability with a power of 0.47, which is
in a good agreement with the Butler and Mokrys analytical model. However, Karmaker
and Maini (2003) found that at higher sand-pack permeabilities in the range of k = 220–
640 Darcy, the heavy oil production rate did not increase with the square root of the
permeability. In addition, Moghadam et al. (2007) conducted four VAPEX at four
different permeabilities of k = 16, 49, 103, and 310 Darcies. It was found that at very low
and very high permeabilities (i.e., 16 and 310 Darcies), the heavy oil production rate
dependence on the square root of the permeability is not valid.
2.2.5 Reservoir heterogeneity

Jiang and Butler (1996) performed a series of VAPEX experiments to study the effect
of reservoir heterogeneity on the heavy oil production rate in the VAPEX process. The
physical model was packed in horizontal layers with two different sizes of Ottawa sands
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and a gaseous n-butane was used as an extracting solvent. They examined the effects of
both continuous low-permeability layers and discontinuous low-permeability lenses.
Their results showed that all VAPEX tests with low-permeability layers or lenses resulted
in lower oil production rates than a uniformly sand-packed physical model at a higher
permeability.
Furthermore, Oduntan et al. (2001) conducted several VAPEX tests with different
configurations of the layered systems. The physical model was packed with two zones of
55 and 192 Darcies so as to achieve an average permeability of 118 Darcy. It was found
that the heavy oil production rate was slightly reduced when the number of zones in the
model was increased. It was also found that the oil production rate in a heterogeneous
porous medium was lower than that in a homogeneous porous medium with the average
permeability.
2.2.6 Drainage height

According to the analytical model developed by Butler and Mokrys (1989), the
stabilized heavy oil production rate in a VAPEX heavy oil recovery process should be
proportional to the square root of the drainage height as it can be seen from Equation
[2.1]. Yazdani and Maini (2004; 2005; 2006) conducted a series of VAPEX tests to
experimentally examine the effect of the drainage height on the heavy oil production rate
during the VAPEX process. It was observed that Butler and Mokrys analytical model
under-predicts the increase in the heavy oil production rate with the increasing drainage
height. They proposed a new correlation for scaling their experimental data obtained in a
VAPEX physical model of 7.5 cm high up to those for a VAPEX physical model of 100
cm high. Their experimental results showed that the stabilized heavy oil production rate
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during the solvent chamber spreading phase in the VAPEX heavy oil recovery process is
a function of the drainage height to the power in the range of 1.126–1.172, much larger
than 0.5 as predicted by the Butler-Mokrys analytical model in Equation [2.1]. A new
power-function correlation between the heavy oil production rate q (cm3/h) and the height
of the physical model h (cm) was obtained (Yazdani and Maini, 2006):
q  0.0288h n k  (1.126  n  1.172) ,

[2.17]

where k is the permeability of the sand-packed physical model in m2.
2.2.7 Well configuration

Butler and Jiang (2000) examined the effect of well configuration on the heavy oil
production rate in a VAPEX process. They conducted three VAPEX tests by placing the
injection and production wells at different locations inside a sand-packed physical model.
First, the injector was placed right above the producer with no lateral separation. Second,
the injector was positioned above the producer with a lateral distance. In the third
configuration, the injector was placed with a horizontal distance from the producer, both
of which were at the bottom. The first well configuration resulted in a lower average
heavy oil production rate in comparison with the second well configuration. The heavy
oil production rate in the second configuration was even higher when the lateral distance
between the injector and the producer was longer. The last two configurations resulted in
almost the same heavy oil production rate.
2.2.8 Asphaltene precipitation

Asphaltenes are the heaviest and most complex fraction in a crude oil sample and
consist of condensed polynuclear aromatics, small amounts of heteroatoms (S, N, and O),
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and some traces of nickel, vanadium, and other metal elements (Tuttle, 1983; Ancheyta et
al., 2002). Asphaltenes are more commonly defined by their solvent insolubility. The
fraction of a crude oil insoluble in a light normal alkane (e.g., n-pentane or n-heptane) but
soluble in toluene is called the asphaltene content (Pfeiffer, 1950; Speight, 1980; 1990;
Yen and Chilingarian, 1994; Sheu and Mullins, 1995). This fraction usually has a high
apparent molecular weight of 1,000–4,000 g/mol (Yen, 1998). In general, the amount and
characteristics of the precipitated asphaltenes depend on the specific solvent. Bray and
Bahlke (1938) studied the asphaltene precipitation from a heavy oil by using different nalkanes as precipitants. They found that precipitated asphaltenes decrease as the
molecular weight of the alkane solvent used increases.
Asphaltene precipitation and subsequent deposition is considered as one of the major
technical issues in solvent-based oil recovery processes, which has detrimental and/or
beneficial effects on the performance of such processes (Luo and Gu, 2007; Luo et al.,
2007; Wang and Gu; 2010). These effects are more pronounced for heavy oils since their
asphaltene contents are much higher in comparison with those in medium and light oils.
The asphaltene precipitation may occur if a sufficient amount of solvent is dissolved into
the crude oil. The precipitated asphaltenes may be deposited onto the porous medium and
thus left behind in the reservoir. In this case, the produced crude oil is in-situ deasphalted
and becomes less viscous and lighter than the original crude oil (Brons and Yu, 1995).
On the other hand, asphaltene deposition can cause reservoir plugging, which in turn can
greatly reduce the oil recovery (Buckley and Wang, 2002). Asphaltene precipitation is a
very complex process that is not well understood yet, even though extensive studies have
been conducted on this topic in the past (Pan and Firoozabadi, 1998).
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In the VAPEX process, the asphaltene precipitation might occur if a light gaseous
hydrocarbon is used to extract heavy oil at a high operating pressure, close to its vapour
pressure (Butler and Mokrys, 1991; Das and Butler, 1994). At this sufficiently high
operating pressure, the solvent concentration inside the heavy oil reaches a threshold
value, which varies from one solvent to another even for the same heavy oil (Butler and
Mokrys, 1998). Das and Butler (1998) also found that in some case, the deposited
asphaltenes occupy almost 20% of the pore volume of the porous medium. Jin (1999) and
Oduntan et al. (2001) confirmed that the asphaltene deposition did not hinder the heavy
oil production from the porous media tested in the VAPEX heavy oil recovery process.
However, in VAPEX tests conducted at lower permeability sand-packs, it was found that
the asphaltene precipitation and subsequent deposition may cause severe reservoir
plugging and consequently, lead to a very low heavy oil production rate (Ardali et al.,
2009). Ramakrishnan (2003) suggested that the precipitated asphaltenes might be carried
away from the porous medium by the solvent-diluted heavy oil during its gravity
drainage process.
2.2.9 Connate water

Fisher et al. (2000; 2002) used the magnetic resonance imaging (MRI) technique to
observe the evolution of solvent vapour chamber in a VAPEX heavy oil recovery
process. Based on the experimental results which were conducted on both dry and water
saturated sandpacks, it was concluded that in the presence of the connate water, the
solvent vapour chamber spreads much faster than that in the absence of the connate
water. In addition, it was observed that in the presence of the connate water, the threshold
solvent concentration for asphaltenes to precipitate is significantly lower than that
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without the connate water. It was speculated that the presence of the connate water leads
to more asphaltene precipitation from the heavy oil in the VAPEX process. Etminan et al.
(2007) performed a series of VAPEX tests to study the effect of the connate water on the
VAPEX heavy oil recovery process. The experiments were performed on both dry and
water-saturated sandpacked physical models with relatively low permeabilities. The
experimental results confirmed that the presence of the connate water inside the porous
medium results in faster spreading of the solvent vapour chamber. Moreover, the initial
heavy oil production rates for the tests in the presence of the connate water were higher
than those in the absence of the connate water.
2.2.10 Solvent injection rate

Butler and Jiang (2000) conducted a series of VAPEX tests by using a mixture of
butane and propane (50:50 volume ratio) as the extracting solvent to experimentally study
the effect of the solvent injection rate on the heavy oil production rate during the VAPEX
process. The tests were conducted at three different injection rates of 10, 20, and 30
cm3/h. It was found that when the solvent injection rate was increased from 10 to 20
cm3/h, the heavy oil production rate was increased by almost 70%. It was concluded that
in general, an increased solvent injection rate could accelerate the heavy oil production in
the VAPEX heavy oil recovery process. However, when the solvent injection rate was
further increased from 20 to 30 cm3/h, the heavy oil production rate increased only by
11%. This indicates that the heavy oil production rate may not be increased considerably
if the solvent injection rate is further increased. In another VAPEX test, Butler and Jinag
(2000) studied the effect of a higher initial solvent injection rate. More specifically, the
solvent mixture was initially injected at an injection rate of 40 cm3/h for the first two
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hours and then reduced to 20 cm3/h for the rest of the test. Comparison of the results of
this test with another VAPEX test where the solvent was injected at a constant injection
rate of 30 cm3/h for the entire test showed that the higher initial solvent injection rate
results in a significantly higher heavy oil production rate.
Moghadam (2007) studies the effects of the solvent injection rate on the VAPEX
heavy oil recovery process by using pure propane as an extracting solvent. Pure propane
was injected at a constant injection rate of 120 cm3/h and the results were compared with
another test conducted in the solvent soaking case at the same pressure and temperature.
It was found that the accumulative heavy oil production in solvent-injection case was
slightly higher than that in solvent-soaking case. The author attributed the results to the
high solvent injection rate in the VAPEX tests. On the other hand, most of the injected
solvent had already short-circuited between the injector and producer without effective
contact of the untouched heavy oil.
2.3 Problem Statement

Since the initial development of the VAPEX process in the 1980s, extensive
experimental and theoretical studies have been undertaken to examine the effects of a
number of important factors. These factors include the reservoir characteristics, heavy oil
viscosity, solvent selection, solvent diffusion and dispersion into the heavy oil, aspheltene
precipitation, connate water saturation, and well configuration. However, the detailed
effects of waterflooding and solvent injection on the VAPEX process have not been
studied in the past. Moreover, solvent mass transfer into a heavy oil by convective
dispersion has not been thoroughly examined in the previous studies.
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The purpose of this thesis is to experimentally study the specific effects of
waterflooding and solvent injection on the VAPEX process. In addition, a theoretical
model is formulated for determination of the solvent convective dispersion coefficient in
the VAPEX heavy oil recovery process. In order to study the waterflooding and solvent
injection effects, a total of six tests are conducted on a visual rectangular sand-packed
high-pressure VAPEX physical model. Prior to each VAPEX test, the porosity and
permeability of the sand-packed physical model are measured to be in the range of 33.8–
35.5% and 4.7–10.8 Darcy, respectively. Pure propane or a mixture of n-butane and
methane is used as a solvent to extract two different heavy oil samples. The accumulative
oil production and solvent production from the VAPEX physical model are measured and
monitored during the entire VAPEX process. The solvent chamber evolution is
visualized. The produced heavy oil density, viscosity, and asphaltene content are also
measured for each VAPEX test. The detailed effects of waterflooding and solvent
injection are examined by comparing the experimental data obtained with/without the
initial waterflooding and with the subsequent solvent injection/soaking. Furthermore, a
new analytical model is developed to determine the solvent convective dispersion
coefficient in the VAPEX heavy oil recovery process. This model correlates the solvent
convective dispersion coefficient to the maximum apparent oil gravity drainage velocity
at the interface between the solvent chamber and transition zone, solvent molecular
diffusion coefficient, transition-zone thickness, and porosity of the porous medium. The
maximum apparent oil gravity drainage velocity is calculated by using Darcy’s law and
the transition-zone thickness is obtained either from the previous study or by using the
time similarity between the solvent molecular diffusion and oil gravity drainage. The
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propane convective dispersion coefficient in each VAPEX test is calculated for two
respective cases, in which either a linear or quadratic velocity profile of the solventdiluted heavy oil gravity drainage inside the transition zone is assumed during the solvent
chamber spreading or falling phase.
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CHAPTER 3 EXPERIMENTAL
3.1 Materials

In this study, the VAPEX tests were performed by using two different heavy oil
samples. The field cleaned heavy oil sample #1 was collected from the Lloydminster
area, Canada, and had a measured density and viscosity of ρoil = 976 kg/m3 and μoil =
10,654 mPas at the atmospheric pressure and a constant temperature of 23.2ºC,
respectively. The field cleaned heavy oil sample #2 was obtained from a western
Canadian heavy oil reservoir and its density and viscosity were measured to be ρoil = 979
kg/m3 and μoil = 7,336 mPas at the atmospheric pressure and a constant temperature of
23.2ºC, respectively. The asphaltene contents of heavy oil samples #1 and #2 were
measured by using the standard ASTM D2007 and filter papers (Whatman No. 5,
England) with a pore size of 2.5 μm and found to be wasp = 16.9 and 13.3 wt.% (npentane insoluble), respectively.
The compositional analysis result of heavy oil sample #1 was obtained by using the
simulated distillation method and is given in Table 3.1. It can be seen from this table that
there are no hydrocarbon components under C9 and that the heavy hydrocarbon
components of C50+ were found to be 16.89 wt.%. The fact that the measured asphaltene
content and the measured amount of the heavy hydrocarbon components of C50+ are close
to each other suggests that the asphaltenes in this heavy crude oil mainly consist of the
heavy hydrocarbon components of C50+. Pure propane and a mixed solvent (86 mol.% nbutane + 14 mol.% methane) were injected as two respective extracting solvents. All the
solvents were purchased from Praxair, USA, with the stated purity of 99.5 mol.%
(instrument grade). Ottawa sands (Silica Company, USA) with mesh sizes of 80–100 or
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Table 3.1 Compositional analysis result of heavy crude oil sample #1.

Carbon number
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17

wt.%
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.00
3.50
1.92
1.96
2.38
2.82
3.43
3.20
3.30

Carbon number
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34

wt.%
4.00
3.75
3.00
3.13
1.79
2.44
2.20
2.00
2.04
2.18
2.18
2.00
1.88
2.06
1.86
1.32
1.30

Carbon number
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C48
C49
C50+
Total

wt.%
1.68
1.68
1.30
1.08
1.62
1.40
0.90
0.88
1.38
1.38
0.71
0.70
0.87
1.00
0.89
16.89
100.00

Note: Oil compositional analysis was commissioned and undertaken by Saskatchewan
Research Council (SRC) analytical lab.
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glass beads with mesh sizes of 120–140 were used to pack the VAPEX physical model.
More specifically, the Ottawa sands of 80–100 mesh sizes were used to pack the VAPEX
physical model for Tests #1–4, whereas the glass beads of 120–140 mesh sizes were used
for Tests #5 and #6.
3.2 Experimental Set-up

Figure 3.1 shows the schematic diagram of the VAPEX experimental setup, which
was composed of three major units: the solvent introduction unit; VAPEX physical
model; and fluids production unit. Since different solvent introduction schemes were
tested in this study, i.e., solvent soaking or injection with pure propane or a mixture of nbutane and methane as an extracting solvent, the solvent introduction unit varied with the
specific test. More specifically, in Tests #2 and #4, where pure propane was used to
extract the heavy oil through solvent soaking scheme, the solvent introduction unit was
composed of a propane cylinder, a gas regulator, a digital pressure gauge, a solvent
injection valve, and an injection well. In Tests #1 and #3, where pure propane was
injected at a constant injection rate to extract the heavy oil, a digital mass-flow controller
(RK-32907-57, Cole–Parmer, Canada) was placed downstream of the gas regulator and
used to control the constant injection rate. On the other hand, Tests #5 and #6 were
conducted by injecting a mixture of n-butane and methane as an extracting solvent. In
Test #5, n-butane and methane were pre-mixed inside a transfer cell and then injected
into the VAPEX physical model by using an automatic pump (PMP-1000-1-10-MB,
DBR, Canada). In Test #6, n-butane and methane were pumped and mixed
simultaneously through a long tubing inside a hot water bath and finally injected into the
VAPEX physical model. The second main component of the experimental setup was a
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vis
VAPEX physical model

Solvent introduction unit
Digital pressure gauge

Digital pressure gauge

Gas regulator
Injector
Solvent cylinder

Producer
Transparent tubing
Digital pressure gauge

Fluids production unit

Back-pressure regulator

Vacuum pump
Oil sample collector
Bubblers

Figure 3.1 Schematic diagram of the VAPEX experimental setup.
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visual rectangular sand-packed high-pressure VAPEX physical model. The rear plate of
this physical model was made of stainless steel (483 × 178 × 50.8 mm3) and machined to
have a 3-D rectangular cavity (400 × 100 × 20 mm3) for sand-packing. A total of sixteen
ports were made available around the stainless steel plate to provide the flexibility of
placing the injector and producer at different locations. Moreover, a 50.8 mm thick
acrylic glass window was used to cover the rectangular cavity and provide the visual
observation of the VAPEX process. A thin metal frame was then utilized to attach the
acrylic glass to the thick stainless steel plate. In this study, the injector and producer were
positioned at the top right and bottom left corners of the physical model, respectively.
This well configuration simulated a pair of horizontal injection and production wells with
proper vertical and lateral separations as shown in Figure 3.2. It is worthwhile to
mention that in Tests #5 and #6, the VAPEX physical model was placed inside an
airbath, whose temperature was kept to be constant at 31.0°C, in order to avoid possible
solvent condensation with the given solvent composition at the operating pressure.
The last major unit of the experimental setup was fluids production unit, which
included a production control valve, a back pressure regulator (BPR), an oil sample
collector, a pair of bubblers, and a vaccum pump. The BPR was used to maintain and
adjust the pre-specified constant operating pressure inside the VAPEX physical model. A
digital camera was also used to monitor and record the solvent chamber evolution during
each VAPEX test.
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Injector
Producer

Figure 3.2 Injector and producer inside the VAPEX physical model.
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3.3 Experimental Preparations
3.3.1 Sand-packing

As mentioned before, the Ottawa sands with mesh sizes of 80–100 or glass beads
with mesh sizes of 120–140 were used to pack the VAPEX physical model. More
specifically, first, the dead volume of the VAPEX physical model was measured. The
rear plate of the physical model was then placed horizontally in order to pack the wet
Ottawa sands/glass beads into the cavity. Once the cavity was fully packed with the
sands/beads, it was covered with the polycarbonate plate, acrylic plate and metal frame in
sequence. The physical model was positioned vertically and the wet sands/beads were
dried by using the pressurized air for at least 48 h. Afterwards, the physical model was
shaken with an air-actuated vibrator for at least 2 h. Some void space might be formed at
the top portion of the cavity after the dry sands/beads were shaken and settled downward.
Therefore, the physical model needed to be reopened and repacked 4–5 times in the same
way until no void space was found at its top portion.
3.3.2 Porosity measurement

The imbibition method was used to measure the porosity of the sand-packed physical
model. More specifically, first, the physical model was vacuumed by using a vacuum
pump (Maxima Plus M4C, Fisher Scientific, Canada). After the evacuation, the solvent
injection and production control valves were tightly closed. Secondly, the inlet of the
production control valve was submerged into a distilled water container with a known
weight. Then the production control valve was opened and the water was imbibed into
the sand pack. After the imbibition process was completed, the weight of the remaining
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distilled water sample in the container was measured. With the measured water weight
difference before and after the imbibition process and the known water density, the total
volume of the water imbibed into the sand pack was calculated. Thus the pore volume of
the sand pack was determined by subtracting the measured dead volume of the VAPEX
physical model from the total volume of the water imbibed. With the measured pore
volume and bulk volume of the sand-pack, its porosity was then defined and calculated as
the ratio of the pore volume to the bulk volume of the sand pack. The porosities of the
sand-packs used in this study were measured to be in the range of  = 33.8–35.5% and
are listed in Table 3.2.
3.3.3 Permeability measurement

After the porosity measurement, the permeability of each sand-pack was measured.
During the permeability measurement, the distilled water was used as a working medium
and injected at different volume flow rates (10, 20, 30, 40, and 50 cc/min) through the
sand-packed physical model. The corresponding pressure drop across the physical model
at each injection rate was recorded by using a digital pressure transducer (P55D,
Validyne, USA). The permeability of the sand-pack was then determined by applying the
Darcy’s law for steady-state one-dimensional fluid flow. The sand-pack permeability was
found to be in the range of k = 4.7–10.8 Darcy, which strongly depends on the mesh size
of the solid particles and the experimental procedure used for sand-packing the physical
model, as given in Table 3.2.
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Table 3.1 Physical properties of the sand-packs used for six VAPEX tests.

Test

Sand-pack

#1
#2
#3
#4
#5
#6

Swc
k
(%) (Darcy)
9.2
9.2
9.5
8.3
10.5
10.8
8.6
10.1
4.5
4.7
9.1
5.8

Ottawa sands
Ottawa sands
Ottawa sands
Ottawa sands
Glass beads
Glass beads

Notes: Swc: connate water saturation
k:

permeability

: porosity
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(%)
33.8
35.2
34.6
34.3
35.5
35.2

3.3.4 Measurements of the initial oil and connate water saturations

After the permeability measurement, the heavy oil was injected into the physical
model from its five bottom ports at a constant volume flow rate of qo = 0.5 cm3/min until
it was saturated with the heavy oil sample and no water was produced afterward.
Meanwhile, all the other ports were left open to release the water from the physical model
and the total volume of the water produced from the VAPEX physical model was
recorded at the end. The total volume of the water that remained inside the sand-pack was
then determined by subtracting the measured dead volume of the VAPEX physical model
from the total volume of the produced water. The connate water saturation was calculated
as the ratio of the total volume of the water in the sand-pack to its pore volume and found
to be in the range of Swc = 4.5–10.5% for six sand-packs. Accordingly, the initial oil
saturation was in the range of Soi = 89.5–95.5%. The detailed physical properties of sandpacked physical model for the six VAPEX tests are summarized in Table 3.2.
3.4 VAPEX Test

In this study, Tests #1–4 were performed by using pure propane as an extracting
solvent at T = 23.2°C (room temperature) and P = 800 kPa, whereas Tests #5 and #6 were
carried out by injecting a mixture of n-butane and methane at T = 31.0°C (reservoir
temperature) and P = 320 kPa. In Tests #1 and #2, pure propane was directly introduced
into the VAPEX physical model after it was saturated with heavy oil at Soi. In Tests #3–6,
however, the heavy oil-saturated physical model was initially waterflooded prior to the
subsequent solvent injection or soaking. A detailed description of the initial
waterflooding and subsequent solvent injection or soaking for each VAPEX test is
provided below.
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3.4.1 Waterflooding

In Tests #3–6, water was injected at a constant volume rate of qw = 0.33 cc/min by
using the automatic pump. The injection and model pressures were recorded at certain
time interval, while the production pressure was kept at the atmospheric conditions. The
produced fluids were collected inside plastic tubes and centrifuged to determine the
amounts of the produced oil and water during each time interval. Water breakthrough
usually occurred at 0.15 P.V. of water injected into the VAPEX physical model. Finally,
waterflooding was terminated after approximately 1.5 P.V. of water was injected.
3.4.2 Solvent injection

In Tests #1 and #3, pure propane was injected into the VAPEX physical model by
using the digital mass-flow controller at T = 23.2°C and P = 800 kPa. Propane cylinder
provided continuous supply of the solvent at a constant pressure and the mass-flow
controller kept the constant injection rate of qs = 80 cc/hr.
In Tests #5 and #6, a mixed solvent (86 mol.% n-butane + 14 mol.% methane) was
injected at T = 31.0°C, P = 320 kPa, and at two different injection rates of qs = 80 and
240 cc/hr, respectively. In Test #5, the mixed solvent was prepared by pre-mixing nbutane and methane. First, a transfer cell was vacuumed to ensure that there was no air
inside. Then n-butane was introduced into the cell until its pressure reached a prespecified value. This pressure was calculated in order to obtain the predetermined mixed
solvent composition (86 mol.% n-butane + 14 mol.% methane) with the given transfer
cell volume and final test pressure. Afterwards, methane was added into the cell until the
pressure reached the test pressure of P = 320 kPa. The pre-mixed gaseous solvent was
finally injected into the VAPEX physical model by using the automatic pump. On the
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other hand, Test #6 was performed by simultaneous injection of liquid n-butane and
gaseous methane at P = 320 kPa. In this case, the liquid n-butane was taken from a highpressure (200 psi) n-butane cylinder equipped with a dip-tube for liquid withdrawal and
used to fill a cylinder whose piston was driven by a syringe pump (100DX, ISCO Inc.,
USA), which was operated in a constant volume flow rate injection mode. Methane was
injected through a separate tubing by using the digital mass-flow controller. The injection
rates of n-butane and methane were calculated in order to achieve the nominal mixed
solvent composition (86 mol.% n-butane + 14 mol.% methane). Two solvent streams
were commingled at a tee-connection and the mixed solvent was then passed through a
20-ft long coiled tubing immersed inside an aluminum cylinder, which was filled with hot
water. The hot water temperature was kept at 41.0°C to enhance the mixing process and
ensure that the mixed solvent was always in the gaseous phase. The hot gaseous mixed
solvent was cooled down but remained in a gaseous phase through another long coiled
tubing inside an airbath to keep the injection temperature at T = 31.0°C. Since Tests #5
and #6 were performed at T = 31.0°C, the VAPEX physical model was also placed inside
the same airbath. Finally, the produced oil passed through the BPR and flowed into the
oil sample collector, where it was weighed at certain time interval to determine the
accumulative oil production. It is worthwhile to mention that the BPR was adjusted so
that the pressure inside the VAPEX physical model was maintained at the pre-specified
constant operating pressure during each test. The solvent dissolved into the produced oil
was flashed from the oil sample collector and eventually introduced into a pair of
graduated bubblers, where the accumulative solvent production was measured
accordingly.
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3.4.3 Solvent soaking

In Tests #2 and #4, pure propane was introduced into the VAPEX physical model to
extract the heavy oil by applying the so-called solvent-soaking scheme. In these two tests,
the solvent cylinder was directly connected to the VAPEX physical model. The solvent
injection valve was opened and the pressure was increased gradually by adjusting the gas
regulator until it reached the test pressure. The gas regulator was set at a pre-specified
operating pressure and the solvent cylinder valve was left open to provide continuous
solvent supply during the entire VAPEX test. Similarly, the BPR was used to keep the
pressure inside the VAPEX physical model at the same constant operating pressure
during each test. The accumulative produced oil and solvent at different times during the
entire VAPEX tests were measured by weighing the oil sample and reading the water
level inside the graduated bubblers, respectively.
3.5 Asphaltene Content Measurement

The asphaltene contents of the original and produced heavy oil samples were
measured by using the standard ASTM D2007 method. More specifically, a small amount
of the heavy oil sample (= 5 cc) was mixed with n-pentane (= 200 cc) at a volume ratio of
1:40 inside a beaker. The heavy oil–n-pentane mixture was then agitated by using a
magnetic stirrer (SP46925, Barnstead/Thermolyne Corporation, USA) for 12 h and
filtered through Whatman No. 5 filter papers with a pore size of 2.5 µm. The filter cake,
which was primarily composed of the precipitated asphaltenes, was kept rinsing with npentane until the precipitant remained colourless after it passed through the filter papers.
The precipitated asphaltenes on the filter papers were slowly dried at a constant
temperature of 100°C inside an oven until their weight did not change from the reading of
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an electric balance. Subsequently, asphaltene content of the heavy oil sample was
calculated by measuring the total weight change of the beaker, magnetic stirrer, and filter
papers.
3.6 Measurements of the Residual Water, Oil, and Gas Saturations

The residual oil saturations after each VAPEX test were measured at different
locations inside the VAPEX physical model. For this purpose, several sand samples were
taken from different representative locations of the physical model. Each sand sample
was heated up to T = 70.0°C inside an oven for 24 h to dry the sample and evaporate the
residual water. The difference between the initial and final weights of each sand sample
was noted as Wwater. The water-free sample was then rinsed with toluene to extract the
residual heavy oil and its weight change was recorded as Woil. The final weight of the
dried and cleaned sand sample was denoted as Wsand. The residual water and oil volumes
were obtained by dividing Wwater and Woil by the water and oil densities, respectively. The
pore volume of the initial sand sample was calculated from the measured porosity, , of
the porous media, the final weight and density of the dried and cleaned sand sample,
Wsand, and ρsand. The respective residual water, oil, and gas saturations were determined as
follows:

S wr 

Wwater  sand 1  
,
Wsand  water 

[3.1]

S or 

Woil  sand 1  
,
Wsand  oil 

[3.2]

S gr  1  S wr  S or .
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CHAPTER 4 THEORETICAL MODEL
4.1 Diffusion–Convection Equation

Figure 4.1 shows a schematic diagram of the solvent chamber, transition zone, and
untouched heavy oil in a typical VAPEX heavy oil recovery process. In addition, a finite
control volume (ΔV = Δx × Δy) with unit thickness is also illustrated in this figure, where
x-axis is along the direction normal to the transition zone and y-axis is along the
transition zone. It is assumed that solvent molecular diffusion governs the mass transfer
in the direction normal to the transition zone (i.e., x-axis), whereas solvent convective
dispersion controls the mass transfer along the transition zone (i.e., y-axis)
(Derakhshanfar and Gu, 2012). Hence, the material balance equation for the finite control
volume is written as:
( J x Ax ) x  ( J x Ax ) x  Δx  (  v Ay c ) y  (  v Ay c ) y  Δy 


(  V  c ),
t

[4.1]

where, Jx is the solvent mass flux by molecular diffusion; ΔAx and ΔAy are the crosssectional areas of the finite control volume in x-axis and y-axis, respectively; ρ is the
solvent-diluted heavy oil density; v is the interstitial gravity drainage velocity of the
solvent-diluted heavy oil along the transition zone; c is the solvent concentration in mass
fraction in the solvent-diluted heavy oil; ΔV is the volume of the finite control volume;
and  is the porosity of the porous medium. Substituting Fick’s first law for the solvent
mass flux by molecular diffusion and dividing both sides of Equation [4.1] by ΔV yields:
( Dx 

c
c
) x Δx  ( Dx  ) x (  v c )
 (   c)
y  Δy  (  v c ) y
x
x 
,

t
x
y
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[4.2]
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Figure 4.1 The transition zone between the solvent chamber and untouched heavy oil and

the finite control volume (ΔV = Δx × Δy) used to derive the material balance equation.
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where, Dx is the apparent solvent molecular diffusion coefficient along x-axis. The above
material balance equation is rearranged by letting Δx and Δy approach zero, which results
in an unsteady-state solvent diffusion–convection partial differential equation:

c
 (  c )  (  v c )
.

( Dx  ) 
x
y
x
t

[4.3]

In this study, the following three assumptions are applied to the above material
balance equation in order to obtain its analytical solution:
1) Solvent molecular diffusion coefficient and solvent-diluted heavy oil density are
constant and independent of the solvent concentration as the solvent concentration
in heavy oil is low in the VAPEX process;
2) Solvent mass transfer occurs under the steady-state condition; and
3) The solvent-diluted heavy oil gravity drainage velocity depends on x-coordinate
only.
The final steady-state solvent diffusion–convection equation becomes:

Dx

c
 2c
.
v
2
y
x

[4.4]

This governing equation is then solved by using the following two boundary conditions at
the interface between the transition zone and untouched heavy oil:
c  0 at x   ,

and,
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[4.5a]

c
 0 at x   ,
x

[4.5b]

where, δ is the transition-zone thickness.
4.2 Case I: Linear Velocity Profile

As a first approximation, the interstitial gravity drainage velocity of the solventdiluted heavy oil inside the transition zone is assumed to be independent of y and a linear
function of x:

v

vmax



x
(1  ) ,



[4.6]

where, vmax is the maximum apparent gravity drainage velocity of the most diluted heavy
oil at the interface between the solvent chamber and transition zone. Substituting the
above linear velocity into Equation [4.4] gives:
x c
 2 c vmax

(1  ) .
2
 Dx
 y
x

If the solvent concentration gradient along the transition zone (i.e., along y-axis),

[4.7]

c
, is
y

assumed to be independent of x, Equation [4.7] can be solved by integrating it twice with
respect to x and applying the afore-mentioned two boundary conditions at x = δ, i.e.,
Equations [4.5a–b]:

c

 2 vmax
x c
(1  ) 3 .
 y
6 Dx
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[4.8]

Equation [4.8] represents the solvent concentration profile inside the transition zone and
is used to calculate the solvent mass flow rate along y-axis for a VAPEX physical model
with unit thickness:




0

0

Qs    v c dx   

2
  3vmax
x
c
(1  ) c dx 
.
2


30  Dx y

vmax

[4.9]

On the other hand, the solvent mass flow rate along the transition zone (i.e., along y-axis)
can also be determined from Fick’s first law:

Qs   J y   Dy 

c
,
y

[4.10]

where, Dy is defined as the solvent convective dispersion coefficient along y-axis.
Equalizing Equations [4.9] and [4.10] leads to:
2
 2 vmax
Dy 
.
30  2 Dx

[4.11]

The above analytical solution is used to determine the solvent convective dispersion
coefficient for a VAPEX process, in which a linear velocity profile is assumed for the
solvent-diluted heavy oil gravity drainage inside the transition zone.
4.3 Case II: Quadratic Velocity Profile

In the second case, a quadratic velocity profile for the solvent-diluted heavy oil
gravity drainage inside the transition zone is assumed:

v

vmax



x
(1  ) 2 .
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[4.12]

Substituting the above quadratic velocity profile into Equation [4.4], integrating the
resultant equation twice with respect to x, and finally applying the same two boundary
conditions at x = δ, i.e., Equations [4.5a–b], the solvent concentration profile inside the
transition zone is obtained:

c

 2 vmax
x c
(1  ) 4
.
12  Dx
 y

[4.13]

In this case, the solvent mass flow rate along y-axis for a VAPEX physical model with
unit thickness is equal to:
2
  3 vmax
c
Qs    v c dx   
(1  ) c dx 
.
2


84 Dx y
0
0





vmax

x

2

[4.14]

The corresponding solvent convective dispersion coefficient along y-axis is obtained:

Dy 

2
 2 vmax
.
84  2 Dx

[4.15]

It is seen from Equation [4.11] or [4.15] that the solvent convective dispersion
coefficient along y-axis (i.e., Dy) depends on the maximum apparent oil gravity drainage
velocity at the interface between the solvent chamber and transition zone, solvent
molecular diffusion coefficient, transition-zone thickness, and porosity of the porous
medium. In this study, Darcy’s law is applied to obtain the maximum apparent gravity
drainage velocity of the most diluted heavy oil at the interface between the solvent
chamber and transition zone:
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v max 

k o (c max ) g sin 
,
 o (c max )

[4.16]

where, k is the absolute permeability of the VAPEX physical model; ρo(cmax) and μo(cmax)
are the density and viscosity of the most diluted heavy oil, respectively; cmax is the
maximum solvent volume concentration in the most diluted heavy oil; g is the local
gravitational acceleration; and θ is the inclination angle of the transition zone at any time.
Moreover, the apparent solvent molecular diffusion coefficient (Archie, 1942) is used in
this study to consider the presence of a porous medium:

Dx  Dapp  D  ,

[4.17]

where, D is the solvent molecular diffusion coefficient in the absence of the porous
medium and Ω is referred to as the cementation factor of the porous medium.
Finally, the transition-zone thickness is either taken from a previous study
(Moghadam et al., 2009), where a constant transition-zone thickness for each VAPEX
test was considered as an adjustable parameter and then determined by finding the best fit
of the theoretically predicted cumulative heavy oil production data to the experimentally
measured values. Alternatively, the transition-zone thickness can be obtained by applying
a time similarity between the solvent molecular diffusion and oil gravity drainage. The
time similarity is based on a fact that for a steady-state VAPEX process, the diffusion
time required for its solvent mass transfer by molecular diffusion is equal to the
convection time required for its solvent-diluted oil mass transfer by gravity drainage. If
the diffusion-layer thickness is assumed to be the same as the transition-zone thickness,
the diffusion time (the time required for the solvent to diffuse across the transition zone)
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by definition is equal to:

td 

2
Dx

.

[4.18]

4.4 Phase I: Solvent Chamber Spreading Phase

During the solvent chamber spreading phase, the solvent-diluted heavy oil gravity
drainage height is constant and equal to the VAPEX physical model height, h. Thus, the
convection time is approximated through dividing the length of the transition zone by the
average interstitial velocity of the solvent diluted heavy oil as:

tc 

h / sin 
,
v ave / 

[4.19]

where vave is the average apparent oil gravity drainage velocity along the transition zone.
For a steady-state VAPEX process, the diffusion and convection times are equalized (i.e.,
td = tc) to determine the transition-zone thicknesses for the solvent chamber spreading
phase with the linear and quadratic velocity profiles, respectively:



 Dx h
2  Dx h

,
vave sin 
vmax sin 

[4.20a]



 Dx h
3 Dx h

.
vave sin 
vmax sin 

[4.20b]

and,

In the above two equations, the average apparent oil gravity drainage velocities are
determined by integrating Equations [4.6] and [4.12] with respect to x over the transition
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zone (i.e., x  0   ), which results in vave = vmax/2 and vmax/3 for the linear and quadratic
velocity profiles, respectively. With the above transition-zone thicknesses derived from
the time similarity, the solvent convective dispersion coefficients in Equations [4.11] and
[4.15] for the solvent chamber spreading phase with the linear and quadratic velocity
profiles can be rewritten as:

Dy 

h vmax
h k  o (Cmax ) g

,
15 sin  15  o (Cmax )

[4.21a]

Dy 

h vmax
h k  o (Cmax ) g

.
28 sin  28  o (Cmax )

[4.21b]

and,

Equations [4.21a–b] express the respective solvent convective dispersion coefficients for
the solvent chamber spreading phase with the linear and quadratic velocity profiles in
terms of the gravity drainage height, characteristics of the porous medium, and physical
properties of the most diluted heavy oil. In particular, the above two equations show that
such determined solvent convective dispersion coefficients are constant and independent
of the inclination angle of the transition zone during the solvent chamber spreading
phase.
4.5 Phase II: Solvent Chamber Falling Phase

During the solvent chamber falling phase, the convection time is related to the
VAPEX physical model length, L, by:

tc 

( L / 2) / cos 
.
v ave / 
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[4.22]

Equalizing the diffusion and convection times gives the transition-zone thicknesses for
the solvent chamber falling phase with the linear and quadratic velocity profiles,
respectively:



 Dx L

2 vave cos

 Dx L



,

[4.23a]

3 Dx L
.
2 vmax cos

[4.23b]

vmax cos

and,



 Dx L

2 vave cos



Similarly, the resultant solvent convective dispersion coefficients for the solvent chamber
falling phase with the linear and quadratic velocity profiles are related to the horizontal
well spacing (L) between two pairs of the adjacent wells, characteristics of the porous
medium, physical properties of the most diluted heavy oil, and inclination angle of the
transition zone at any time:

Dy 

L vmax
L k  o (Cmax ) g tan 

,
30 cos
30  o (Cmax )

[4.24a]

Dy 

L vmax
L k  o (Cmax ) g tan 

.
56 cos
56  o (Cmax )

[4.24b]

and,

Equations [4.24a–b] indicate that the solvent convective dispersion coefficients for the
linear and quadratic velocity profiles decrease as the inclination angle of the transition
zone decreases during the solvent chamber falling phase.
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CHAPTER 5 RESULTS AND DISCUSSION

5.1 Waterflooding Effect
5.1.1 Heavy oil production

Figure 5.1 presents the accumulative oil production versus time data for Test #1
(solvent injection without the initial waterflooding) and Test #3 (solvent injection with
the initial waterflooding). Similarly, the accumulative oil production versus time data for
Test #2 (solvent soaking without the initial waterflooding) and Test #4 (solvent soaking
with the initial waterflooding) are plotted in Figure 5.2. Table 5.1 lists the experimental
conditions for the six VAPEX tests conducted in this study. The accumulative oil
production data at the ends of the waterflooding and solvent injection or soaking
processes for Tests #1–6 are also summarized in Table 5.2. It is worthwhile to note that in
Tests #1 and #2 without the initial waterflooding, the solvent injection and soaking were
carried out, respectively. The subsequent solvent injection or soaking started after the
initial waterflooding in the other four tests. Waterflooding was performed for 24 h when
approximately 1.5 P.V. of water was injected into the VAPEX physical model. Water
breakthrough usually occurred at 0.15 P.V. of the injected water. As it can be seen from
Table 5.2, the accumulative oil productions during the waterflooding period for Tests #3
and #4 are close to each other. This fact shows that waterflooding performance does not
vary appreciably with the permeability of the porous medium. After the initial
waterflooding, the VAPEX process was commenced by introducing the gaseous solvent
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Figure 5.1 Accumulative oil production versus time data for Tests #1 (solvent injection

without the initial waterflooding) and #3 (solvent injection with the initial waterflooding).
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Figure 5.2 Accumulative oil production versus time data for Tests #2 (solvent soaking

without the initial waterflooding) and #4 (solvent soaking with the initial waterflooding).
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Table 5.1 Experimental conditions for the six VAPEX tests.

Test Production scheme
#1
#2
#3
#4
#5
#6

Solvent

Solvent injection at Propane
Swc
Solvent soaking
Propane
at Swc
Solvent injection
Propane
after waterflooding
Solvent soaking
Propane
after waterflooding
Solvent injection
n-butane +
after waterflooding methane
Solvent injection
n-butane +
after waterflooding methane
Notes:

Oil
sample
#1
#1
#1
#1
#2
#2

Sand
pack
Ottawa
sands
Ottawa
sands
Ottawa
sands
Ottawa
sands
Glass
beads
Glass
beads

Swc: connate water saturation
k:

permeability

:

porosity

qs : solvent injection rate
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Swc
P
(%) (kPa)
9.2
800

qs
T
k

(°C) (Darcy) (%) (cc/hr)
23.2
9.2 33.8
80

9.5

800

23.2

8.3 35.2

–

10.5

800

23.2

10.8 34.6

80

8.6

800

23.2

10.1 34.3

–

4.5

320

31.0

4.7 35.5

80

9.1

320

31.0

5.8 35.2

240

Table 5.2 Accumulative oil production data for six VAPEX tests.

Test

#1
#2
#3
#4
#5
#6

Waterflooding
mo
(g)
‒
‒
60.8
64.3
64.7
55.5

Solvent
injection/soaking
RF
mo
RF
(% OOIP) (g)
(% OOIP)
‒
160.3
66.89
‒
123.6
49.69
25.22
119.1
49.40
26.31
108.3
44.31
25.97
34.4
13.81
20.96
30.0
11.33
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Total
mo
RF
(g) (% OOIP)
160.3 66.89
123.6 49.69
179.9 74.62
172.6 70.62
99.1 39.78
85.5 32.29

into the physical model through solvent injection or soaking process. It is found that the
accumulative oil production increases quickly during solvent injection or soaking. In the
solvent injection or soaking period, as shown in Table 5.2, the accumulative oil
productions during the VAPEX process in Tests #1 and #2 without the initial
waterflooding were higher than those in Tests #3 and #4, where the VAPEX physical
model was initially waterflooded. The initial waterflooding apparently increases the
water saturation and reduces the oil production during the subsequent solvent injection or
soaking process. This is mainly because waterflooding results in severe viscous fingering
and early water breakthrough. As a result, some low-resistance channels are created
inside the porous medium, through which the injected solvent is quickly produced so that
it does not have a sufficient time to contact the untouched heavy oil. It was also observed
that a small amount of water was produced at the beginning of the solvent injection or
soaking process. This fact indicates that solvent can also displace some water, while it
dissolves into and effectively sweep the residual oil (Derakhshanfar et al., 2011).
5.1.2 Solvent–oil ratio (SOR)

Figure 5.3 illustrates the accumulative produced solvent–oil ratio (SOR) versus time
data for Tests #1 and #3. Similarly, Figure 5.4 shows the accumulative produced solvent–
oil ratio (SOR) versus time data for Tests #2 and #4. It is worthwhile to point out that for
Tests #3 and #4 with the initial waterflooding for 24 h, the produced SOR was equal to
zero (no gas we produced). In this case, the accumulative produced SOR is plotted for
solvent injection/soaking process only. It can be seen from Figures 5.3 and 5.4 that the
accumulative produced SOR is relatively higher during the initial solvent chamber
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Figure 5.3 Accumulative produced solvent–oil ratio (SOR) versus time data for Tests #1

(solvent injection without the initial waterflooding) and #3 (solvent injection with the
initial waterflooding).
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Figure 5.4 Accumulative produced solvent–oil ratio (SOR) versus time data for Tests #2

(solvent soaking without waterflooding) and #4 (solvent soaking with waterflooding).
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formation for each test. This is caused by a small pressure drop maintained between the
injector and producer in order to establish their initial communication. As the solvent
chamber evolves and expands, the heavy oil and solvent are in contact with each other for
a longer time so that more solvent is dissolved into the heavy oil. The comparison of the
accumulative produced SORs shows that if the physical model was initially waterflooded,
then the accumulative produced SOR was higher than that for the test without the initial
waterflooding under the same test conditions. More specifically, the accumulative
produced SORs for Tests #3 and #4 (with waterflooding) are higher than those for Tests
#1 and #2 (without waterflooding), respectively. In Tests #3 and #4, solvent breakthrough
occurred earlier and the subsequently injected solvent quickly bypassed the untouched
heavy oil through the low-resistance channels created during the initial waterflooding.
5.1.3 Asphaltene content change

In-situ de-asphalting of the produced heavy oil is one of the most important physical
phenomena in the VAPEX process, which can lead to a substantial heavy oil viscosity
reduction. On the other hand, the precipitated asphaltenes may be deposited onto the sand
grains and can cause severe plugging of the porous media with low permeabilities. In this
study, the average asphaltene content of the produced oil sample was measured at the end
of each test and compared with that of the original heavy oil to quantify in-situ deasphalting. Table 5.3 summarizes the measured densities, viscosities, and asphaltene
contents of the produced heavy oil samples for six VAPEX tests. The asphaltene content
(wasp = 16.9 wt.%) of the original heavy oil sample #1 used in Tests #1–4 was higher than
that (wasp = 13.3 wt.%) of the original heavy oil sample #2 used in Tests #5 and #6. It can
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Table 5.3 Produced oil properties for six VAPEX tests.

Test
#1
#2
#3
#4
#5
#6

ρoil
(kg/m3)
968
974
973
974
976
973

μoil
(mPas)
8,219
7,150
8,768
7,584
5,215
4,986
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wasp
(wt.%)
15.5
12.9
15.9
13.0
12.2
13.1

be seen from Table 5.3 that the asphaltene content (wasp = 15.9 wt.%) of the produced oil
sample in Test #3 with the initial waterflooding was slightly higher than that (wasp = 15.5
wt.%) in Test #1 without the initial waterflooding. Similarly, the asphaltene content (wasp
= 13.0 wt.%) of the produced oil sample in Test #4 is marginally higher than that (wasp =
12.9 wt.%) in Test #2. Therefore, the presence of the mobile water inside the porous
media after the initial waterflooding may help to produce more precipitated asphaltenes
along with the solvent-diluted heavy oil. Comparison of the measured densities and
viscosities of the produced oil samples shows that the there is a good correlation between
the viscosity and asphaltene content, depending on the original heavy oil properties.
However, the measured densities of the produced oil samples do not change appreciably,
rather independent of their viscosities and asphaltene contents.
5.2 Solvent Injection Effect
5.2.1 Heavy oil production

The accumulative heavy oil production versus time data for Tests #1 and #2 (without
the initial waterflooding) are shown in Figure 5.5. It is found that the accumulative oil
production during solvent injection in Test #1 is higher than that during solvent soaking
in Test #2. Similarly, the accumulative heavy oil production versus time data for Tests #3
and #4 are shown in Figure 5.6. It is observed that Test #3 during solvent injection has a
higher accumulative oil production than Test #4 during solvent soaking, both of which
had the initial waterflooding. These facts show that solvent injection can result in a
higher accumulative oil production than solvent soaking. This is attributed to a higher
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Figure 5.5 Accumulative oil production versus time data for Tests #1 (solvent injection

at qs = 80 cc/hr without the initial waterflooding) and #2 (solvent soaking without the
initial waterflooding).
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Figure 5.6 Accumulative oil production versus time data for Tests #3 (solvent injection

at qs = 80 cc/hr with the initial waterflooding) and #4 (solvent soaking with the initial
waterflooding).
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mass-transfer rate because of solvent convective dispersion in the solvent injection case
in comparison with that in solvent-soaking case. Tests #5 and #6 were performed at lower
permeabilities by injecting a gaseous mixed solvent to extract the heavy oil. As it was
mentioned before, the overall recovery factors for these two tests are significantly lower
than those for Tests #1–4 with higher permeabilities. In Test #6, the solvent injection rate
was purposely increased by a factor of three in order to examine its effects on the
VAPEX process. The accumulative oil production versus time data for Tests #5 and #6
are plotted in Figure 5.7. Unexpectedly, the accumulative oil production for Test #6 was
lower at a much higher solvent injection rate. In this case, sufficiently quick solvent
injection could no longer effectively enhance the mass-transfer rate. A much higher
solvent injection rate leads to a much shorter solvent retention time inside the porous
medium so that the injected solvent is much more quickly produced through the watercreated channels and it sweeps and displaces the residual oil less effectively.
5.2.2 Solvent–oil ratio (SOR)

The accumulative produced SOR versus time data for Tests #1 and #2 are shown
Figure 5.8. In addition, Figure 5.9 shows the accumulative produced SOR versus time
data for Tests #3 and #4. It was observed that solvent injection at a constant rate results in
a much higher accumulative produced SOR than solvent soaking. The accumulative
produced SORs in Tests #1 and #3 are higher than those for Tests #2 and #4,
respectively. The propane solubility in the same crude oil sample (i.e., heavy oil sample
#1) was measured and reported to be χs = 0.2606 g propane/g heavy oil at P = 800 kPa
and T = 20.8°C (Luo et al., 2007). As it can be seen from Figures 5.8 and 5.9, the
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Figure 5.7 Accumulative oil production versus time data for Tests #5 (solvent injection

at qs = 80 cc/hr with the initial waterflooding) and #6 (solvent injection at qs = 240 cc/hr
with the initial waterflooding).
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Figure 5.8 Accumulative produced solvent–oil ratio (SOR) versus time data for Tests #1

(solvent injection without the initial waterflooding) and #2 (solvent soaking without the
initial waterflooding).
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Figure 5.9 Accumulative produced solvent–oil ratio (SOR) versus time data for Tests #3

(solvent injection with the initial waterflooding) and #4 (solvent soaking with the initial
waterflooding).
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accumulative produced SORs for Tests #2 and #4 with solvent soaking reach a constant
value close to the solvent solubility. This is because in solvent-soaking tests (Tests #2
and #4), the solvent and heavy oil are in constant contact with each other in a static
manner. In this case, solvent was supplied to the physical model to replace the produced
heavy oil, whenever and wherever it was needed. However, in Tests #1 and #3 with
solvent injection, the accumulative SOR continuously increases during the VAPEX
process. This confirms that the injected solvent bypassed and failed to effectively extract
and displace the untouched heavy oil inside the VAPEX physical model. Figure 5.10
illustrates the accumulative produced SOR versus time data for Tests #3 and #4 where the
solvent was injected at two different injection rates of qs = 80 and 240 cc/hr, respectively
(after the initial waterflooding). It is found that the accumulative produced SOR increases
as the solvent injection rate increases.
5.2.3 Asphaltene content change

As mentioned earlier in this thesis, the asphaltene contents of the produced oil
samples are summarized in Table 5.3. It can be seen that the asphaltene contents of the
produced oil samples obtained in tests with solvent injection (Tests #1 and #3) were
higher than those obtained in tests with solvent soaking (Tests #2 and #4). Accordingly,
this results in a higher viscosity of the produced heavy oil sample. It is concluded that if
the solvent is injected at a sufficiently higher rate, more precipitated asphaltenes are
produced along with the solvent-diluted heavy oil than those in the solvent-soaking case.
As a result, the sand pack was not plugged at a low permeability as long as a solvent
injection scheme was used. Finally, the asphaltene content of the produced oil sample in
Test #6 with a higher solvent injection rate is higher than that in Test #5 with a lower
72

Accumulative produced SOR (g solvent/g oil)

4
Test #5 (solvent injection at 80 cc/hr with waterflooding)
Test #6 (solvent injection at 240 cc/hr with waterflooding)
3

2

1

0
0

20

40

60

80

100

Time (h)

Figure 5.10 Accumulative produced solvent–oil ratio (SOR) versus time data for Tests

#5 (solvent injection at qs = 80 cc/hr with the initial waterflooding) and #6 (solvent
injection at qs = 240 cc/hr with the initial waterflooding).
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solvent injection rate. This suggests that the precipitated asphaltenes can be produced
along with the solvent-diluted heavy oil if the solvent injection rate is high enough.
5.3 Residual Oil and Water Saturations

In this study, the residual oil and water saturations at six representative locations were
measured by analyzing the sand samples taken from the VAPEX physical model at the
ends of Tests #1–4, as schematically illustrated in Figure 5.11. These results are in an
excellent agreement with the measured accumulative oil production data for these tests.
In general, a lower residual oil saturation corresponds well to a higher accumulative oil
production. It can be seen from Figure 5.11 that the residual oil saturations at the three
upper locations in Test #1 are significantly lower than those in the other tests.
In general, it is found that the lowest residual oil saturation occurs near the injector.
In addition, the residual oil saturations are lower at the upper locations of the physical
model than those at the lower locations. This is due to the gravity-overriding effect
caused by a lower density of the injected gaseous solvent than those of the other fluids
inside the porous medium. Moreover, the highest oil and water saturations were observed
at the bottom right corner of the physical model, where neither water nor solvent could
effectively displace and produce the original heavy crude oil. It was also observed that in
Tests #1 and #3, where solvent was injected at a constant rate, the residual oil saturations
near the injector were lower than those in Tests #2 and #4, where solvent was introduced
into the model through the soaking process. Moreover, the residual water saturations near
the injector in Tests #1 and #3 were even lower than the connate water saturations. This
means that the injected solvent could also dissolve into and produce some connate water
near the injector.
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Figure 5.11 Residual oil and water saturations at six representative locations inside the

VAPEX physical model at the ends of Tests #1–4.
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5.4 Solvent Chamber Evolution

Figure 5.12 shows the digital photographs of the VAPEX physical model taken at the
ends of six VAPEX tests performed in this study. As it was mentioned earlier, the
injector and producer were positioned at the top right and bottom left corners of the
physical model, respectively. As a result, the gaseous solvent first spread along the top
right corner of the physical model until it reached the top left corner. Then, the solvent
chamber moved downwards and reached the middle section of the physical model on the
left-hand side. Figure 5.12 shows that in Tests #1 and #2 without the initial
waterflooding, the solvent chamber grew relatively faster than those in Tests #3 and #4
with the initial waterflooding. On the other hand, solvent injection in Tests #1 and #3
resulted in a faster spreading of the solvent chamber than solvent soaking in Tests #2 and
#4. It was observed that in Test #1, the solvent chamber reached almost half of the height
of the physical model on the left-hand side at the end of the test. In this test, the solvent
chamber grew most quickly. In addition, it was also observed that in Test #6, the solvent
chamber had an irregular shape and mainly surrounded the injector. This is because of a
high solvent injection rate (qs = 240 cc/hr) in this test, which caused the injected solvent
to effectively displace the original heavy oil near the injector and then quickly pass
through the water-created channels to the producer.
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Figure 5.12 Digital photographs of the VAPEX physical model taken at the ends of six

VAPEX tests.
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5.5 Solvent Dispersion Effect

The solvent convective dispersion coefficient as derived in Equation [4.11] or [4.15]
is a function of the following four important quantities: the maximum apparent oil gravity
drainage velocity at the interface between the solvent chamber and transition zone,
solvent molecular diffusion coefficient, transition-zone thickness, and porosity of the
porous medium (Derakhshanfar and Gu, 2012). The analytical model is derived for the
solvent-soaking case. In order to calculate the solvent convective dispersion coefficient
for a VAPEX tests in the presence of the connate/mobile water, the accurate oil relative
permeability data are required, which were not available for the six VAPEX tests
performed in this study. Alternatively, the experimental results of five VAPEX tests
reported in a previous study (Moghadam et al., 2009), including the calculated constant
transition-zone thicknesses, are used to determine the solvent convective dispersion
coefficients in this study. It is worthwhile to point out that the injector and producer in
these tests were positioned right above each other with a vertical separation distance of
2.5 cm at the center of the physical model. The physical properties of the same heavy oil–
solvent system were measured previously (Luo et al., 2007) and are summarized in Table
5.4. The propane molecular diffusion coefficient in this heavy oil, D = 7.9 × 10–6 cm2/s
at T = 23.9ºC, was obtained by using the pressure decay method (Tharanivasan et al.,
2006). In addition, the apparent propane molecular diffusion coefficient as defined in
Equation [4.17] is used in this study to take account of the porous medium. The
cementation factor for the unconsolidated sand-packs used in five VAPEX tests is
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Table 5.4 Physical properties of the heavy oil, propane as an extracting solvent, and
propane-diluted heavy oil at P = 800 kPa and T = 20.8ºC (Luo et al., 2007).
ρo (g/cm3)

0.978

μo (mPas)
ρs at Pv = 854 kPa (g/cm3)

11,900
0.521

χs (g propane/100 g heavy oil)

26.06

Cmax (vol.%)

32.85
3

ρo(Cmax) (g/cm )

0.828

μo(Cmax) (mPas)

8.51
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Table 5.5 Physical properties of the unconsolidated sand-packs, transition-zone
thicknesses, apparent propane molecular diffusion coefficients, and respective maximum
apparent oil gravity drainage velocities in the solvent chamber spreading and falling
phases for five VAPEX tests of the heavy oil–propane system at P = 800 kPa and T =
20.8ºC (Moghadam et al., 2009).
Test
#1
#2
#3
#4
#5

k

2



(μm )

(%)

103
96
49
25
16

32.9
33.1
35.4
35.7
36.3

vmax (10–3 cm/s)
(10 cm) (10 cm /s) Spreading phase Falling phase
1.02
1.86
9.69–4.34
4.34–2.34
1.12
1.88
9.03–4.04
4.04–2.18
1.85
2.05
4.61–2.06
2.06–1.11
1.70
2.07
2.35–1.05
1.05–0.57
1.92
2.12
1.50–0.67
0.67–0.36
δ

–1

Dx

–6

2
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estimated to be 1.3 (Pirson, 1958). Table 5.5 lists some major VAPEX test data and
respective maximum apparent oil gravity drainage velocities in the solvent chamber
spreading and falling phases for five VAPEX tests. The inclination angle of the transition
zone between the solvent chamber and untouched heavy oil inside the VAPEX physical
model (40 × 10 × 2 cm3) is calculated to be in the ranges of 90.0º to 26.6º for the solvent
chamber spreading phase (i.e., the solvent chamber spreads and finally reaches the upper
corners of the physical model) and 26.6º to 14.0º for the solvent chamber falling phase
(i.e., the solvent chamber falls down to half of the physical model height). The maximum
apparent oil gravity drainage velocity decreases as the inclination angle of the transition
zone decreases during the VAPEX process.
Table 5.6 gives the propane convective dispersion coefficients calculated from
Equations [4.11] and [4.15] for the solvent chamber spreading and falling phases of five
VAPEX tests, where the constant transition-zone thickness for each VAPEX test was
determined in the previous paper and is used in this study. The propane convective
dispersion coefficients are listed for two cases, in which the linear and quadratic velocity
profiles of the solvent-diluted heavy oil gravity drainage inside the transition zone are
assumed. It is found that the propane convective dispersion coefficient is two to five
orders larger than the apparent propane molecular diffusion coefficient. It can also be
seen from Tables 5.5 and 5.6 that both the propane convective dispersion coefficient and
the maximum apparent oil gravity drainage velocity reduce significantly as the absolute
permeability of the porous medium decreases. In addition, the maximum apparent oil
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Table 5.6 Propane convective dispersion coefficients in two cases (Case I: Linear
velocity profile and Case II: Quadratic velocity profile) during the solvent chamber
spreading and falling phases for five VAPEX tests of the heavy oil–propane system at P
= 800 kPa and T = 20.8ºC by using the constant transition-zone thicknesses given in
Table 5.5 (Moghadam et al., 2009).

Test

#1
#2
#3
#4
#5

Linear velocity profile
Quadratic velocity profile
Spreading phase Falling phase Spreading phase Falling phase
Dy
Dy
Dy
Dy
Eq. 4.11
Eq. 4.11
Eq. 4.15
Eq. 4.15
(10–2 cm2/s)

(10–2 cm2/s)

(10–2 cm2/s)

(10–2 cm2/s)

16.17–3.24
16.60–3.23
9.45–1.89
2.02–0.41
1.00–0.20

3.24–0.95
3.23–0.97
1.89–0.55
0.41–0.12
0.20–0.06

5.77–1.16
5.93–1.18
3.38–0.68
0.72–0.14
0.34–0.07

1.16–0.34
1.18–0.35
0.68–0.20
0.14–0.04
0.07–0.02
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gravity drainage velocity depends on the inclination angle of the transition zone.
Therefore, the solvent convective dispersion coefficient monotonically decreases in the
solvent chamber spreading and falling phases. More specifically, the solvent convective
dispersion coefficient for Case I (i.e., the linear velocity profile) is always larger than that
for Case II (i.e., the quadratic velocity profile).
Table 5.7 lists the calculated transition-zone thicknesses based on the time similarity
between the solvent molecular diffusion and oil gravity drainage and the resulted solvent
convective dispersion coefficients during the solvent chamber spreading and falling
phases for five VAPEX tests. It is found that the transition-zone thicknesses based on the
time similarity are in a good agreement with those obtained from the previous study in
Table 5.5. The transition-zone thickness increases with the decreasing absolute
permeability of the sand-pack used in each VAPEX test. This is because at a lower
permeability, the downward oil gravity drainage velocity is lower. Therefore, the solvent
has a longer time to diffuse farther into the heavy oil and thus the transition zone is
thicker. Moreover, the decreasing inclination angle of the transition zone during the
VAPEX process causes a decrease in the downward oil gravity drainage velocity. As a
result, the transition zone becomes thicker and thicker as the VAPEX process proceeds. It
is noted that the calculated transition-zone thickness for Case I (i.e., the linear velocity
profile) is always smaller than that for Case II (i.e., the quadratic velocity profile)
because the average apparent oil gravity drainage velocity for the former case is always
higher than that for the latter case. Accordingly, the solvent convective dispersion
coefficient for Case I is always larger than that for Case II. It is also found that the
propane convective dispersion coefficient for each test is constant during the solvent
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Table 5.7 Calculated transition-zone thicknesses and propane convective dispersion
coefficients in two cases (Case I: Linear velocity profile and Case II: Quadratic velocity
profile) during the solvent chamber spreading and falling phases for five VAPEX tests of
the heavy oil–propane system at P = 800 kPa and T = 20.8ºC (Moghadam et al., 2009)
based on the time similarity between the solvent molecular diffusion and oil gravity
drainage.

Test

#1
#2
#3
#4
#5

Linear velocity profile
Quadratic velocity profile
Spreading phase
Falling phase
Spreading phase
Falling phase
Dy
Dy
Dy
Dy
δ
δ
δ
δ
Eq. 4.20a Eq. 4.21a Eq. 4.23a Eq. 4.24a Eq. 4.20b Eq. 4.21b Eq. 4.23b Eq. 4.24b
(10–1 cm)

(10–2 cm2/s)

(10–1 cm)

(10–2 cm2/s)

(10–1 cm)

(10–2 cm2/s)

(10–1 cm)

(10–2 cm2/s)

0.36–0.79
0.37–0.83
0.56–1.25
0.79–1.77
1.01–2.27

1.96
1.82
0.87
0.44
0.27

0.79–1.04
0.83–1.08
1.25–1.64
1.77–2.31
2.27–2.97

1.96–0.98
1.82–0.91
0.87–0.43
0.44–0.22
0.27–0.13

0.44–0.97
0.45–1.01
0.69–1.53
0.97–2.17
1.25–2.79

1.05
0.97
0.47
0.24
0.14

0.97–1.27
1.01–1.33
1.53–2.01
2.17–2.84
2.79–3.64

1.05–0.52
0.97–0.49
0.47–0.23
0.24–0.12
0.14–0.07
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chamber spreading phase, depending on the gravity drainage height, characteristics of the
porous medium, and physical properties of the most diluted heavy oil. However, the
solvent convective dispersion coefficient during the solvent chamber falling phase is a
function of the horizontal well spacing, characteristics of the porous medium, physical
properties of the most diluted heavy oil, and inclination angle of the transition zone as
well. The propane convective dispersion coefficient decreases as the absolute
permeability of porous medium reduces. It also decreases with the inclination angle of the
transition zone during the solvent chamber falling phase. In general, the calculated
propane convective dispersion coefficient in Table 5.7 is approximately several times to
one order smaller than the corresponding value in Table 5.6. The transition-zone
thicknesses for most VAPEX tests determined by using the time similarity are slightly
smaller than the constant transition-zone thickness obtained in the previous study.
Lastly, it is worthwhile to note that if the solvent convective dispersion coefficient
given in Equation [4.21a] or [4.21b] is used to replace the solvent molecular diffusion
coefficient in the modified Butler–Mokrys model (Das and Butler, 1998), the predicted
stabilized heavy oil production rate during the solvent chamber spreading phase will be
proportional to the drainage height to the power of 1.0, rather than 0.5. This finding is in
an excellent agreement with the drainage height effect on the VAPEX process
experimentally studied by Yazdani and Maini (2005). Their experimental results showed
that the stabilized heavy oil production rate during the solvent chamber spreading phase
is a function of the drainage height to the power in the range of 1.1–1.3, much larger than
0.5 as predicted by the Butler-Mokrys analytical model.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
In this study, a total of six VAPEX tests were conducted by using a visual
rectangular sand-packed high-pressure physical model to study the effects of
waterflooding and solvent injection on the VAPEX process. The VAPEX tests were
performed at relatively low permeabilities close to those of the actual heavy oil
reservoirs by using pure propane and a mixture of n-butane and methane as the
respective extracting solvents. In addition, a new analytical model is developed to
determine the solvent convective dispersion coefficient in the VAPEX heavy oil
recovery process. This model correlates the solvent convective dispersion coefficient
to the maximum apparent oil gravity drainage velocity at the interface between the
solvent chamber and transition zone, solvent molecular diffusion coefficient,
transition-zone thickness, and porosity of the porous medium. The maximum
apparent oil gravity drainage velocity is calculated by using Darcy’s law and the
transition-zone thickness is obtained either from the previous study or by using the
time similarity between the solvent molecular diffusion and oil gravity drainage. The
propane convective dispersion coefficient in each VAPEX test is calculated for two
respective cases, in which the linear and quadratic velocity profiles of the solventdiluted heavy oil gravity drainage inside the transition zone are assumed for the
solvent chamber spreading or falling phase. The major conclusions that can be drawn
from this thesis study are summarized as follows:
1) With the initial waterflooding, the accumulative oil production in a VAPEX
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process is lower than that without the initial waterflooding. Waterflooding creates
some low-resistance channels inside the porous medium, through which the
injected solvent is quickly produced so that it does not have a sufficient time to
contact the untouched heavy oil.
2) Solvent breakthrough occurs earlier in the tests with the initial waterflooding in
comparison with that in the tests without the initial waterflooding. The
subsequently injected solvent quickly bypassed the untouched heavy oil through
the low-resistance channels created during the initial waterflooding. Also, the
initial waterflooding results in a higher accumulative produced SOR since the
subsequently injected solvent is more readily produced through the low-resistance
channels formed during the initial waterflooding.
3) Solvent injection at a constant rate can enhance the heavy oil production in a
VAPEX process, depending on the solvent injection rate. In this case, the
accumulative produced SOR is higher than that when solvent is introduced into
the VAPEX physical model through the solvent-soaking process.
4) The experimental results also show that an even higher solvent injection rate can
result in a lower oil production as the solvent retention time inside the porous
medium is much shorter.
5) The precipitated asphaltenes can be produced along with the solvent-diluted
heavy oil in the solvent injection case if the solvent injection rate is high enough.
This results in a higher viscosity and a higher asphaltene content of the produced
heavy oil.
6) Solvent injection, in general, results in a faster spreading of the solvent vapour

87

chamber than solvent soaking. However, at a higher solvent injection rate, the
solvent vapour chamber shape was distorted and mainly surrounded the injector
since the injected solvent could effectively displace the original heavy oil near the
injector and then quickly pass through the water-created channels to the producer.
7) The newly developed model correlates the solvent convective dispersion
coefficient to the maximum apparent oil gravity drainage velocity at the interface
between the solvent chamber and transition zone, solvent molecular diffusion
coefficient, transition-zone thickness, and porosity of the porous medium.
8) The solvent convective dispersion coefficient is two to five orders larger than the
solvent molecular diffusion coefficient, depending on the specific experimental
conditions.
9) In general, the propane convective dispersion coefficient reduces as the absolute
permeability of the porous medium decreases. It decreases during the solvent
chamber spreading and falling phases if it is determined by using the constant
transition-zone thickness for each VAPEX test from the previous study. However,
the propane convective dispersion coefficient determined by using the transitionzone thickness from the time similarity remains constant during the solvent
chamber spreading phase, whereas it reduces during the solvent chamber falling
phase.
10) The linear velocity profile leads to a higher solvent convective dispersion
coefficient in comparison with the quadratic velocity profile because the average
apparent oil gravity drainage velocity for the former case is higher than that for
the latter case.
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6.2 Recommendations
The following five recommendations are made for future studies:
1) This experimental study shows that in general, the solvent injection can
enhance the oil production rate in a VAPEX process, depending on the solvent
injection rate. A low solvent injection rate will not appreciably increase the
heavy oil production rate in VAPEX process. On the other hand, an extremely
high solvent injection rate can cause the injected solvent to quickly bypass the
untouched heavy oil and thus the heavy oil production rate is reduced. An
optimum solvent injection rate is to be determined for a given heavy oil–
solvent system.
2) In-situ de-asphalting of the produced heavy oil is one of the most important
physical phenomena in the VAPEX process, which can lead to a substantial
heavy oil viscosity reduction. On the other hand, the precipitated asphaltenes
may deposit onto the sand grains and cause the reservoir wettability alteration
and possible plugging of the porous media with low permeabilities. Therefore,
the detailed effect of asphaltene precipitation and deposition on heavy oil
recovery during the VAPEX process should be thoroughly studied.
3) In the new analytical model developed in this study, it is assumed that the
solvent-diluted heavy oil gravity drainage inside the transition zone has a
linear or quadratic velocity profile for the solvent chamber spreading or
falling phase. The best way to determine which gravity drainage velocity
profile (i.e., linear or quadratic or neither) is correct is probably through the
direct experimental measurement, which is extremely difficult, if not
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impossible, to do in the presence of a porous medium. Accurate determination
of the solvent-diluted heavy oil gravity drainage velocity profile inside the
transition zone is still an open technical question to be addressed in future
studies.
4) The new analytical model is developed to determine the solvent convective
dispersion coefficient during the VAPEX heavy oil recovery processes
conducted under the solvent-soaking condition only. However, this newly
developed analytical model is to be further modified to consider the solvent
injection effect.
5) In the new analytical model developed in this study, for simplicity, it is
assumed that the porous medium is homogeneous. As heavy oil reservoirs are
inherently heterogeneous porous media, however, this homogeneity
assumption is not acceptable for a field application of the VAPEX heavy oil
recovery process. Therefore, it is of practical importance to improve the
analytical model so that the effects of heterogeneity on the heavy oil and
solvent productions during the VAPEX process can be examined.
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