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Abstract: The present research carries out an in-detail study of the VAPEX process as one of the most
recent solvent-based heavy oil recovery techniques in fractured reservoirs to evaluate the effect of
fracture parameters on process performance. To achieve this purpose, several fractured patterns
with distinct features were designed and engraved on glass pieces to manufacture state-of-the-art
microfluidic models mimicking a typical Canadian heavy oil reservoir. A heavy oil sample of viscosity
1514 cP was utilized during the conducted experiments with pure propane and pure carbon dioxide
as the injection solvents. A thorough image analysis operation was carried out over the experimental
models to determine heavy oil produced, residual oil saturation, ultimate recovery factors, and
monitor solvent chamber expansion. Numerical simulations of the same experiments were carried
out for history matching and predicting other designed scenarios. Error analysis revealed average
absolute errors of below 8%, showing convincing precision. Together with the simulation outcomes,
a comprehensive data bank was obtained from the 30 scenarios designed and 18 VAPEX experiments
conducted. The effects of fracture orientation, length, width, intensity, and position on process
performance were identified and numerically evaluated. It was observed that all fractures, regardless
of their properties, enhanced heavy oil recovery in comparison to the base case (no fractures) scenario.
Moreover, propane proved more efficient owing primarily to its higher solubility and effective
dispersion. The highest recovery factor, 65.81%, was obtained when implementing two wide vertical
fractures on either side of the well pair. Almost equal to that, 64.93% was the process efficiency by
positioning two long horizontal fractures between the wells.

Keywords: VAPEX; fractured reservoir; recovery factor; microfluidic model; image analysis

1. Introduction

Numerous heavy oil and bitumen reservoirs exist around the world. Regarding ever-
growing energy demands, economic aspects, and rising environmental concerns, these
underground resources need to be produced via advanced, environmentally friendly, and
economically viable methods. Implementation of such techniques can secure the future of
the heavy oil industry.

To overcome the deficiencies inherent to thermal-based techniques, such as excessive
energy consumption and heat loss, solvent-based methods were developed, which enabled
viscosity of heavy oil to be diminished by dissolving a solvent in the bulk phase of the target
zone. Indeed, they seemed to reduce energy consumption, related production costs (for
minimal surface facilities), and environmental effects while increasing the grade of obtained
oil [1–4]. By switching from a thermal to a solvent-based technique, the requirement to
utilize massive amounts of water and, therefore, emit damaging greenhouse gases is
eliminated, resulting in an ecologically benign operation. Moreover, dissolving adequate
solvent in the reservoir promotes asphaltene precipitation and, therefore, in situ upgrading
of the heavy crude [5].
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Vapour-assisted petroleum extraction (VAPEX) has been primarily used in oil sands
reservoirs. A solvent vapour chamber is created, which extends sideways into the formation,
raising the reservoir pressure. The solvent–oil interface enables solvent diffusion into
undisturbed heavy oil, diminishing its viscosity. Under the influence of gravity, the diluted
oil pours down the interface toward the horizontal production well that is completed at the
reservoir’s bottom [6].

Equilibrium pressure, molecular weights of the formation fluid and gaseous solvent,
and associated density difference between the fluids, solubility, diffusion coefficient, and
subsurface conditions highlight the importance of solvent selection [7]. In particular, deliv-
ering a light vaporized solvent into a formation around its dew point ensures that solubility
increases to its highest level possible [2,7]. Butler and Jiang [8] compared efficiency of
propane and butane experimentally, which revealed the former as superior. In similar
studies, Kok [9] and Yildirim [10] reported the same observation when various heavy oil
systems were utilized. Despite propane being the more popular solvent in the VAPEX
process due to its high effective dispersion coefficient and higher process performance,
researchers’ interest has recently shifted to CO2-based solvent for environmental and cost-
related reasons [11,12]. Torabi et al. [13] concluded that adding CO2 to an injection solvent
during VAPEX can be deemed a feasible approach.

One may notice the importance and current situation of the typical and other types
of unconventional oil and gas, such as shale gas, hydrate, etc. Gao et al. conducted
a numerical simulation study on the influence of different fracture attitudes on shale
gas transport and then analyzed the sensitivity of their proposed model [14]. Li et al.
analyzed the rheological characteristics and reservoir damage of CO2 fracturing fluid in
low-permeability shale reservoirs. According to their results, a reference for CO2 fracturing
technology was obtained [15]. Li and Wu studied the factors affecting a safe mud weight
window in hydrate-bearing formations in a Chinese reservoir. Accordingly, temperature,
stress difference, and hydrate saturation were among the most influential parameters [16].
Finally, Chen et al. simulated flow behaviors of heavy oil and its asphaltic residues through
horizontal pipes by employing a filtered two-fluid model to predict mesoscopic flow.
Therein, they obtained the distribution of the time-averaged asphaltic residues, residue
velocities, solids pressure, and granular temperature along the radial direction [17].

Diffusion is a critical parameter in VAPEX and has been studied by numerous re-
searchers [18,19]. It is the primary molecular mechanism responsible for gas absorption
and, subsequently, mixture viscosity decline [7]. Molecular diffusion begins with gas
travelling the transition layer and then infiltrating it before diffusing into the heavy oil
bulk phase [20]. However, when operating a VAPEX process, gravity drainage leads to
solvent–heavy oil motion, and, subsequently, dispersion plays an integral role in drainage.
Kapadia et al. [21] created a theoretical approach for determining the dispersion coefficient
of C4H10 in a Canadian heavy oil sample. It was discovered that solvent dispersion and
HO viscosity showed strongly composition-dependent behavior. El-Haj et al. [22], after
performing VAPEX tests utilizing Cold Lake heavy oil in various glass beads, proposed a
model capable of predicting the C4 dispersion coefficient and the solvent’s mass fraction at
the gas/oil interface. According to their calculations, the obtained dispersion coefficients
appeared to be about one thousand times greater than diffusion coefficients at the molecular
levels. Likewise, several studies have observed improved mass transfer [2,11,23–25].

Theoretical modeling of the VAPEX process has also attracted vast interest from schol-
ars. Reservoir regions during the process were first classified by Butler and Mokrys [26]
using a Hele-Shaw cell, which was followed by derivation of a drainage rate predictive
model. Das and Butler [2] upgraded that for a porous medium. In an experimental at-
tempt to evaluate impact of drainage height on heavy oil recovery and production rate
during VAPEX, Yazdani and Maini [25] chose three distinct heights and obtained two valid
correlations. Moghadam et al. [27] introduced an analytical model capable of describing
rising and expansion of the chamber. Accordingly, Darcy’s equation was combined with
geometric formulas to obtain cumulative oil production. Ma et al. [28] proposed a parabolic
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shape (both convex and concave) for solvent chamber edges. Their subsequent analytical
model was derived through assuming a constant thickness for the interface wherein heavy
oil saturation decreases instantly from Soi to Sor.

However, there is a tangible lack of sufficient experimental and numerical studies
on VAPEX performance in fractured reservoirs. Due to the large matrix and fracture
permeabilities, the injected solvent is expected to spread through the latter prior to diffusing
into the former. Meanwhile, fracture characteristics, such as length (which specifies how
far solvents can reach into the reservoir), width, position (with respect to injection and
production well pair), intensity, and inclination (horizontal and vertical) play a significant
role in process efficiency [29]. In general, fractures’ presence is deemed to enhance heavy oil
production because of providing increased solvent–heavy oil contact as well as enhancing
the main drainage mechanism, gravity drainage, especially by vertical fractures [30–34].

Most of the experimental studies have been conducted in sand-packed models, where,
due to practical aspects of test preparations, crucial process parameters vary from one test
to another. Porosity, permeability, and the porous medium structure are among those. This
paper experimentally studies the VAPEX process in fractured reservoirs by employing
state-of-the-art microfluidic models to keep reservoir physical properties constant between
similar tests and obtain precise evaluation of each parameter’s influence under pre-designed
circumstances. Furthermore, clear-cut and real-time visualization of the process can be
completed at each stage of injection production. Finally, a numerical simulation model was
constructed and history-matched against the collected data to enable further analysis of
recovery factors and fractures’ effects.

2. Materials and Methods

The materials, apparatus, and measuring methods used in the experiments are briefly
introduced below. First, the equipment and materials, such as heavy oil–solvent systems,
pumps, laser machine etc., are introduced. Then, construction of the microfluidic models
is explained in detail along with the required procedures. The next section introduces
the pattern designs and rationale for selecting each one. After that, the experimental
conditions at which the lab tests were carried out are described. This section is followed
by an introduction to the image analysis technique, which was used for assessing the
performance of each VAPEX test. Finally, construction of a reliable simulation model is
discussed in detail along with the history matching procedures.

2.1. Materials and Equipment

A sample of Canadian heavy oil was obtained and characterized prior to conducting
the experimental work. The viscosity, density, and molecular weight were measured at
room temperature to be 1.514 N.s/m2, 974.2 kg/m3, and 374 kg/kmol, respectively. Pure
propane and carbon dioxide were utilized as the injection solvents. 0.01 m thick clear
glass was utilized for micromodels preparations. Transfer cylinders, pressure gauges, gas
cylinders, vacuum pumps, LED light source, back pressure regulators, and various types of
valves and connections were among the equipment used. Table 1 summarizes the main
materials used for the laboratory tests. As suggested, a porosity of 100% was assigned to
the fractures to highlight the channel-like structure with no grains inside.

Table 1. The reservoir and fluid properties.

Property Value

Heavy oil viscosity at 20 ◦C 1.514 N.s/m2

Heavy oil density at 20 ◦C 974.2 kg/m3

Heavy oil molecular weight 374 kg/kmol

Injected solvents Propane, carbon dioxide
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Table 1. Cont.

Property Value

Glass thickness 0.01 m

Glass length 0.2286 m

Glass width 0.127 m

Engraved pattern depth 6 × 10−4 m

Engraved pattern length 0.15 m

Engraved pattern width 0.043 m

porosity 35.2%

permeability 0.053 m2

Initial reservoir pressure 790 kPa

Fracture porosity 100%

Fracture permeability 9.9 m2

2.2. Microfluidic Models’ Construction

One may note that this is possible only owing to the main privilege of using the
microfluidic models: the formation remains the same from one experiment to another since
the porous medium is indeed a fixed engraved pattern on a piece of glass. In contrast
to experiments performed in sand-packed physical models, where maintaining crucial
parameters such as porosity and permeability at desirable fixed values has remained an
unresolved issue throughout the course of experiments, microfluidic models make that
matter possible and enable the test operator to be in full charge of the tests. In other words,
every discrepancy observed in the results of different experiments can readily be attributed
to the change deliberately introduced to each scenario.

The microfluidic models employed in this thesis are composed of two pieces of glass
of 0.01 m thickness fused into each other in a high-temperature furnace. To build one, first,
AutoCAD was used to design a non-uniform porous medium pattern (Figure 1), and the
resulting file was processed by LaserCAD so as to prepare it for being engraved by the
laser machine, Boss Laser®, in the lab. With one engraved piece, a second intact piece
of the same size was placed on it for both to remain in the furnace, heating them up to
690 ◦C to complete the model construction. The design of all microfluidic models, although
featuring various fracture patterns and, therefore, being different, include 4 ports. The two
ports on either end of the models enable access to the porous media for model saturation,
permeability measurement, and cleaning purposes. The other two ports (i.e., the holes
in the center of the models), as mentioned before, play the roles of injection/production
wells. The top hole is used for delivering the injection fluid (gas solvents), while the bottom
one is used for heavy oil and solvent production. Moreover, Table 1 includes the pattern
dimensions engraved on the glass.
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2.3. Test Design

Calibrated digital gas flow meters (DFM) adjusted for each specific type of solvent
were employed to control and record the solvent injection from the gas cylinders. A digital
pressure gauge was mounted immediately on the injection production ports to register
the associated pressures. Given the constant pressure approach to conducting the VAPEX
experiments, the injection and production (BPR) pressures were fixed at 800 and 790 kPa,
respectively. The pump was set at 790 kPa to maintain the outlet pressure of the microfluidic
model through connecting to the top port of the BPR. Meanwhile, the side and bottom ports
of the BPR were connected to the model outlet and fluids collection beaker, respectively.

The fracture designs encompass a variety of combinations of fracture parameters for
each one to be accurately analyzed. As an instance, models with short and long fracture
sizes were built and used for conducting actual tests. Then, in order to incorporate the
effect of another parameter, say position, same-length fractures were designed at different
locations within the pay zone. This strategy would allow for attributing the changes
and recovery improvements to the parameter that was deliberately modified. This study
considered the five fracture characteristics of length, width, inclination, intensity, and
position. Including the conventional VAPEX test (no fractures), 15 patterns were designed
and analyzed, as shown in Figure 2. Patterns with horizontal fractures were named H1
through H6, while those with vertical ones were named V1 through V8. These patterns
were designed in a way to allow for all possible comparisons required.
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Throughout the time of conducting experiments, several important parameters were
monitored and recorded. A host computer was connected to specific data acquisition
equipment with specific connection ports, converter parts, and pulse detectors. The digital
gas flow meter (DFM), manufactured by AALBORG®, collected the data pertaining to
time, gas flow rate, and instantaneous and total volumes injected and stored them as
a file on the computer. Moreover, a Heise® digital pressure transducer made possible
continuous recording of inlet and outlet pressures of the micromodels. Moreover, a high-
resolution camera was placed in front of the microfluidic model to capture real-time images
of the ongoing process. The pictures were later utilized for image analysis and recovery
calculation purposes. In addition, to ensure better visualization of the glass microfluidic
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system, a multi-setting LED light source was placed behind the models to improve the
image capturing quality. Figure 3 illustrates the schematic design of the lab experiments.
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2.4. VAPEX Tests

In the present study, 18 VAPEX tests were conducted in the lab using a typical Canadian
heavy oil sample and two gas solvents in microfluidic models with distinct fracture designs.
The solvents were introduced into the saturated models through the top access point in the
middle (injector), while the bottom port served as the producer. A DFM was employed to
conduct the injection fluid at a specific fixed pressure while recording the flow rate with
respect to time throughout the process. Therefore, solvent injection rates and cumulative
injection volumes were readily available for future analysis. At the same time, the BPR was
connected to the producer to maintain a constant pressure slightly below that of injection.

A high-resolution camera was set in front of the model backed by LED lights to take nu-
merous real-time images during the entire process, which were later used for image analysis
(IA) purposes to evaluate heavy oil recovery as well as sweep efficiency. This would make
possible clear-cut visualization of solvent chamber growth under different circumstances.

Conducting each VAPEX test took about 6–7 h depending on the heavy oil–solvent
systems and experiment circumstances and demanded the physical presence of the operator
to monitor and collect the data. The VAPEX process is a slow one in nature due to the main
production mechanism (gravity drainage) relying on solvent diffusion and subsequent
chamber propagation. According to the observations, the injection rate experienced an
overall increasing trend with time and reached its highest at the end of the process. At
that time, the solvent chamber ceased to spread considerably further (falling phase) and
the injection gas tended to exit the model without significantly contributing to heavy oil
production. Finally, injection was stopped and the corresponding valves were closed while
releasing the production port to atmospheric pressure to collect any final production.

2.5. Image Analysis (IA) and Sweep Efficiency Measurement

This step began with solvent injection commencement and was carried out continu-
ously during the whole process span. High-quality images were captured throughout the
course of each VAPEX test to be employed for various purposes post-experiments. First,
and most importantly, IA helped determine the precise value of recovery factor at each time
step by analyzing the colors of each pixel and, hence, calculating the oil/solvent content
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within that pixel. This was completed by primarily introducing the black heavy oil color as
100% oil saturation and the light yellow of the injection solvent as 100% solvent saturation
zones. The obtained data points were later utilized in recovery comparisons between the
various scenarios considered. A MATLAB® code was used to perform the image analysis
operations, as illustrated in Figure 4. Figure 5, on the other hand, demonstrates the results
of IA obtained for the base case VAPEX with carbon dioxide versus pattern H1 (horizontal
fractures included) with propane injection.
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Based on analysis of the IA, the sweep efficiencies were calculated for each set of heavy
oil–solvent-fracture design. This was completed by finding the ratio of the area swept over
the total area of the pattern.

2.6. Experimental Conditions

The VAPEX tests were conducted at room temperature. The initial reservoir pressure
was set at 790 kPa, while the injection pressure was set slightly higher at 800 kPa. At the
production end, the BPR, which was controlled by a pump, was maintained at 800 kPa as
well to allow for non-pressure driven fluids production. Solvents were injected directly
from gas cylinders through digital flow meters to record the injection rate as well as
the cumulative gas injected. The injection rates varied in the range 0.01 to 0.05 cc/min
during the experiments. One may note the pore volume of the models being about 1.7 cc,
and, typically, 6–8 PV of solvent was injected in each test. Porosity and permeability
measurements, model saturation with heavy oil, and model cleaning after each test were
conducted in accordance with standard laboratory procedures. Furthermore, all equipment
and chemicals were handled based on the relevant safe operations procedures (SOP).

2.7. Numerical Simulation

Heavy oil viscosity and density were measured at room temperature to construct a
reliable set of PVT data. The WinpropTM package in the CMG (Computer Modelling Group
Ltd., Calgary, AB, Canada, 2020) software was employed to find the vapour pressures
and phase envelopes of the solvents utilized in this study. Accordingly, vapour pressures
of propane and carbon dioxide were determined to be 814.2 and 5597.9 kPa, respectively.
Furthermore, solvents’ solubilities in the heavy oil sample used in the present work were
experimentally measured at various pressures, below their corresponding vapour pressures,
and at room temperature. Figure 6 represents the solubility measurement results for both
solvent–heavy oil systems.
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The PVT set was developed by using the WinpropTM package to adjust the parameters
in the Peng–Robinson equation of state (EOS). This was accomplished by introducing the
heavy oils carbon number distribution as the initial input to the package. Then, the heavy
oil–solvent system main characteristics, such as density, viscosity, and solubility, were
matched against the experimental data by tuning the EOS parameters. Once a best match
was achieved, the constructed PVT unit was ready to be introduced to CMG STARSTM to
begin the VAPEX process simulations.

The reservoir patterns were then constructed in accordance with the 15 specified
designs in the CMG STARSTM software. Considering the number of solvent–heavy oil
systems, a total of 30 VAPEX tests were designed. Given the constraints in time, materials,
energy, and experimental workload, it was not possible to experimentally assess all VAPEX
cases in the lab. Hence, the authors decided to first perform the history matching operation
using the results collected from conducting the experimental VAPEX tests in 4 patterns
(8 experiments) and, once complete, evaluate all 30 injection/production scenarios through
simulation. It must be mentioned that 9 (including the four used for history matching) out
of the 15 patterns were selected for experimental assessment of the VAPEX process, which
still led to a convincing 18 lab tests.

After completing the simulation models, attempt was made to tune and match them
against the experimental findings. To that end, the key input variables dispersion coefficient
and relative permeability were selected for tuning. Several variations were tried out to
obtain the closest match between the observed data and simulation outcomes. The base
case (no fractures), H1, H4, and V1 were the four patterns utilized to achieve the best history
matching. The corresponding average absolute errors remained below 8%, which shows
an adequately precise history matching operation. Factors such as unsteady expansion of
the solvent chamber during the short first phase of the VAPEX process, transition from
single-phase to two-phase production, and the corresponding change in injection and
production rates, non-uniform grain design on either side of the centralized well pair, and
experimental human errors can be named as the error sources.

Figure 7 shows the reservoir constructed for pattern V2. As depicted in Figure 2,
this pattern includes two vertically positioned fractures on either side of the injection
production well pair. Figure 8 indicates the results of history matching for the base case
scenario. It must be mentioned that, to obtain the optimum fracture dimensions and ensure
their consistency in size with the microfluidic models in both experimental works and the
designed simulation runs, several trials and errors were carried out first. The absolute
errors associated with propane and carbon dioxide injection in this case were found to be
4.98% and 5.40%, respectively. In this figure, the recovery factors are demonstrated versus
the equivalent pore volume of the liquid solvent injected.
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3. Results and Discussion

As mentioned in the experimental procedures, a total of 18 VAPEX experiments were
carried out by employing various fracture patterns, a typical Canadian heavy oil sample,
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and two gas solvents. The solvents included pure propane and pure carbon dioxide. All
tests were conducted at room temperature, and, to comply with the constant pressure
nature of VAPEX, the initial reservoir pressure and production (BPR) pressure were fixed
at 790 kPa, while solvent injection occurred at 800 kPa. Table 2 summarizes the main
operational information for each test. The effects of the main fracture parameters, including
fractures’ orientation, length, width, intensity, and position on process performance, were
evaluated. The ultimate recovery factors with respect to the pore volumes of solvent
injected, solvent types, and solvent–heavy oil ratio are discussed in this section.

Table 2. The designed VAPEX tests in the fractured reservoirs.

Test No. Pattern Solvent Fracture
Inclination Fracture Length (mm) Fracture Width (mm) Fracture Intensity

1 Base case CO2 - - - -

2 Base case C3H8 - - - -

3 H1 CO2 Horizontal 34 2 2

4 H1 C3H8 Horizontal 34 2 2

5 H2 CO2 Horizontal 34 2 2

6 H2 C3H8 Horizontal 34 2 2

7 H3 CO2 Horizontal 34 2 3

8 H3 C3H8 Horizontal 34 2 3

9 H4 CO2 Horizontal 51 2 2

10 H4 C3H8 Horizontal 51 2 2

11 H5 CO2 Horizontal 34 2 2

12 H5 C3H8 Horizontal 34 2 2

13 H6 CO2 Horizontal 34 4 2

14 H6 C3H8 Horizontal 34 4 2

15 V1 CO2 Vertical 34 2 2

16 V1 C3H8 Vertical 34 2 2

17 V2 CO2 Vertical 34 2 4

18 V2 C3H8 Vertical 34 2 4

19 V3 CO2 Vertical 34 2 8

20 V3 C3H8 Vertical 34 2 8

21 V4 CO2 Vertical 34 4 4

22 V4 C3H8 Vertical 34 4 4

23 V5 CO2 Vertical 17 2 2

24 V5 C3H8 Vertical 17 2 2

25 V6 CO2 Vertical 17 2 4

26 V6 C3H8 Vertical 17 2 4

27 V7 CO2 Vertical 34 2 2

28 V7 C3H8 Vertical 34 2 2

29 V8 CO2 Vertical 34 2 2

30 V8 C3H8 Vertical 34 2 2

3.1. Base Case Scenario

The pattern used in this VAPEX experiment includes no fractures and serves as a
reference for the other fractured designs. Figure 9 demonstrates the recovery factors from
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tests 1–2 with respect to the pore volume of the solvent injected. As can be seen, both
the experimental and simulation outcomes appear on the plot. As expected, all graphs
represent an increasing trend in their recovery values as the process proceeds, with propane
yielding a considerably higher RF. One can attribute this significant disparity to the solvents’
abilities in diffusing and dispersing into the bulk of heavy oil.
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Furthermore, fluctuations in the heavy oil recovery data, as apparent among the
experimental data, can be related to heavy oil re-imbibition in the swept zones, asphaltene
precipitation in the vicinity of the production well, or experimental equipment, such as the
back pressure regulator. Similar observations were reported by other researchers [35–37].
Remarkable agreement can be observed between the simulation and experimental results
for both indicated scenarios.

When analyzing the impact of each fracture parameter, one may note that the conclu-
sions made may change when changing other fracture parameters, such as their position. It
is important to recognize that fractures that exist between injection and production wells
can have a significant impact on breakthrough of solvents, the gravity drainage mechanism,
and, ultimately, the recovery factor. When investigating the effect of a particular fracture
parameter, attempts have been made to select the most relevant patterns to obtain precise
evaluations and performance comparisons.

3.2. Effect of Fracture Orientation

Patterns H2 and V1 were selected to represent a horizontal and vertical fracture
configuration and to be compared against the base case scenario. They were selected for
the evaluations and comparisons due to the equal fracture lengths and similar positions
near the injection well. As shown in Figure 10, the experimental outcomes and simulation
results highlight that the presence of both fracture designs increases the recovery factor
when using both solvent types.
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When compared to the 57.12% RF obtained at the end of an experiment in a conven-
tional VAPEX test using C3H8, patterns H2 and V1 led to 59.05% and 62.83%, respectively,
under the same operational circumstances. The recovery factors reported by the simula-
tor for the same three VAPEX tests show 55.48% and 59.79%, respectively, which are in
complete agreement with the experimental results. The enhanced production in both cases
of horizontal and vertical fractured patterns originates from the increased solvent–heavy
oil contact in the presence of the fractures. Indeed, the fractures facilitate solvent access
further into the bulk of the reservoir and, hence, enhance production and recovery.

Moreover, one may notice the higher RF recorded at the end of the VAPEX process
when employing the vertical fracture configuration (V1) in comparison to the horizontal
(H2). This can be attributed to creation of high-permeability flow paths for the solvent and
heavy oil in the vertical direction into regions that would remain untouched otherwise.
In other words, vertical fractures significantly enhance the vertical permeability of the
heavy oil reservoir. Therefore, the mass transfer and gravity drainage mechanisms are
considerably improved.

To mention another reason for witnessing greater process enhancement when employ-
ing vertical fracture configurations, one may allude to the fact that horizontal fractions
facilitate solvent access in the same direction that the solvent chamber grows. Therefore,
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some or all those areas, depending on the fractures’ positions, might eventually be touched
and swept by the injected solvents even in the absence of the horizontal fractures.

In addition, due to their horizontal direction, these fractures do not provide any
means for improving the gravity drainage mechanism and, hence, do not happen to have
as great of an impact on the RF as that by the vertical fractures. However, the overall
impact depends on other parameters, such as position and the extension by which fractures
penetrate the untouched zones.

A similar analysis after experimentally using CO2 as the solvent reveals the perfor-
mance of the conventional VAPEX was raised from an RF of 22.4% to 23.31% and 24.74%
when carried out in H2 and V1 patterns, respectively. As per the simulation results for the
same three VAPEX tests, 21.85% for the conventional case, 22.66% for H2, and 23.78% for
V1 were found by the simulator. In accordance with the results of using C3H8, these data
manifest a higher recovery factor after running VAPEX in both patterns, with V1 showing
superior performance due to the reasons mentioned above. Similar trends and numbers
can be found in case of solvent mixture injection.

3.3. Effect of Fracture Length

To investigate the effect of fracture length on the VAPEX process, horizontal patterns
H1 and H4 and the two vertical sets of patterns, V1 and V5, as well as V2 and V6 were
selected. Patterns H1 and H4 possess the same fracture width (2 mm), intensity (2 fractures
per pattern), orientation (horizontal), and position (between the injection and production
wells), while their only distinction lies in their length. The fracture lengths in the former
and latter patterns are 34 and 51 mm, respectively. A similar statement can be made about
fractures V1 and V5, as well as V2 and V6. Fractures V1 and V5 both possess a width of
2 mm and an intensity of two fractures per pattern, are vertically oriented, and are placed
on either side of the injection/production well pair. However, the fractures in V1 are 34 mm
long, while the ones in V5 are 17 mm long. Fractures V2 and V6 follow the same pattern as
V1 and V5, respectively, with their only discrepancy being the fracture intensity of four per
pattern (two on either side of the well pair).

As Figures 11–13 depict, all these patterns yield significantly higher recovery factors
in comparison to the base case, as mentioned in the previous section. This is the case when
using both solvents and is confirmed by both experimental and simulation outcomes. Using
propane for the H1 pattern, the recorded experimental and simulation-based ultimate RF
values are 64.22% and 61.41%, respectively, while, for H4, those factors are 68.41% and
64.93%, respectively. Therefore, it can be concluded that, with an increase in fracture length
by a factor of 1.5, the RF is raised by 4.19% and 3.52% in total RF from experimental and
simulation points of view, respectively. Conducting the VAPEX experiment in pattern H4
resulted in the highest ultimate RF obtained among the horizontal patterns, and almost the
highest among all scenarios, primarily due to the extended fracture length, which facilitates
solvent access to the far-fetched regions of the porous media. Moreover, the positioning of
the fractures between the two well pairs further improves the gravity drainage mechanism,
which, in turn, enhances recovery.

Furthermore, when using carbon dioxide in the same arrangements, an increase of
1.98% from 24.93% in H1 to 26.91% in H4 was recorded in the simulation-based results,
while this number was 1.99% in the experimental results, where a recovery of 26.05% in H1
was raised to 28.04% in H4 due to the larger fracture length.

When using propane in patterns V1 and V5 saturated with heavy oil type 1, due
to the fracture lengths being reduced to one-half in V5, the recorded simulation-based
recovery factors were 59.79% and 57.2%, respectively. This shows a 2.59% decrease. The
experimental RF for V1 was found to be 62.83%, while results from V5 were simulation-
based only and, hence, no experimental data were available. One may notice that even
the short fractures placed on either side of the injection/production well pair lead to a
higher RF in comparison to the conventional VAPEX setting, which, for this case, was
55.48%. Furthermore, using CO2 for the same heavy oil pattern systems, simulation-based
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recovery factors were found to be 23.78% and 22.75%, respectively, which reveals a decrease
in the RF of 1.03%. Finally, the experimental value obtained for V1 was 24.74%, which is in
close agreement to its corresponding simulation outcome. Further scrutiny of the numbers
obtained from mixture solvent injection yields similar trends.

Similar to the comparison made between V1 and V5, reducing the vertical fracture
length in half from V2 to V6 led to a similar outcome. This time, the designed patterns
included two vertical fractures on either side of the well pair and the obtained data were
through simulation only. In the case of utilizing propane, the recovery factor dropped by
4.58% from 63.77% recorded in V2 to 59.19% in V6. This reduction was also observed when
injecting CO2 into the same patterns, where a drop of 1.85% was observed. Running the
VAPEX simulations in patterns V2 and V6 resulted in recoveries of 25.39% and 23.54%,
respectively.

The improved recoveries among the three compared pattern pairs can be attributed
to increased solvent–heavy oil contact. This effect is emphasized when access is provided
to the harder-to-reach regions in the porous media. Furthermore, the gravity drainage
mechanism is enhanced, even though not as effectively with the horizontal fractures as
with the vertical ones. Finally, the existence of these fractures boosts the solvent chamber
propagation, especially in fractures close to the injection well as the injected solvent can
find an easy path to access the bulk of the heavy oil.
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Figure 12. The effect of fracture length on the recovery factors in conventional VAPEX and patterns
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3.4. Effect of Fracture Width

In this section, patterns H5 and H6 are selected for conducting recovery factor compar-
isons with the purpose of identifying the effect of fracture width on VAPEX performance
in horizontal formations. Thereafter, patterns V2 and V4 undergo a similar comparison to
further assess the same parameter for vertically fractured reservoirs. In both analyses, the
fracture width is doubled while maintaining the rest of the process parameters. Due to
the strong link between fracture width and permeability, the associated value for fracture
permeability was doubled as well.

In patterns H5 and H6, the two horizontal fractures are located above and below the
injection well while doubling the fracture width from an initial value of 2 mm to 4 mm from
H5 to H6. The fractures’ length (34 mm), intensity (2 per pattern), position, and inclination
(horizontal) remain the same in the transition. The same can be said about V2 and V4,
except for fracture intensity, which is four per pattern. Figures 14 and 15 demonstrate the
obtained RF of these pattern pairs on the same plot.

As can be seen in Figure 14, doubling the fracture width in the horizontal patterns
results in a slight increase of 1.67% in the recovery factor. This is simply due to the greater
solvent access to the bulk of the heavy oil. A similar growth in total production is observed
when employing carbon dioxide (0.98%). In addition, the experimental RFs at the end
of the VAPEX test in the H6 pattern using propane and carbon dioxide were 61.92% and
24.75%, which are in agreement with the simulation-based outcomes.

Figure 15 represents the recovery factors obtained using vertically fractured patterns
V2 and V4. The increased fracture width from V2 to V4 in both scenarios of using propane
and carbon dioxide as the injection solvent leads to notable growth in the ultimate recovery
factor. As can be seen, the RF is raised by 2.04% from a value of 63.77% in V2 to 65.81% in
V4, which is confirmed by an experimentally obtained recovery of 68.30%.
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Figure 14. The effect of fracture width on the recovery factors in conventional VAPEX and patterns
H5 and H6 using propane (a) and carbon dioxide (b).
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Figure 15. The effect of fracture width on the recovery factors in conventional VAPEX and patterns
V2 and V4 using propane (a) and carbon dioxide (b).

It must be mentioned that this is the highest recovery factor recorded among all the
designed patterns using both heavy oil types and the three injection solvents. In the case of
injecting CO2, also, an increase of 0.82% was observed as the recovery was observed to rise
from 25.39% in V2 to 26.21% in V4. The experimental RF found in V4, 26.39%, confirms the
simulation-based outcomes. The caused increase is less pronounced when using carbon
dioxide due to the higher efficiency of propane in mixing with the heavy oil during the
VAPEX process.

Overall, increasing the fracture width caused higher ultimate RF when employing
both solvents in the two sets of comparisons made between H5 and H6, as well as V2
and V4. This is primarily due to the greater access to the heavy oil bulk provided by the
widened fractures. However, unlike the case with fracture length, the difference between
the extents to which this extra contact surface is provided is not overly significant. Hence,
the difference between the process performance of H5 and H6 (increasing fractures’ width)
is not as large as the difference between H1 and H4 (increasing fractures’ length) because
the latter makes possible much larger reservoir contact.

3.5. Effect of Fracture Intensity

To study the effect of fracture intensity on the performance of the VAPEX process,
patterns H2 and H3 were selected for recovery comparisons among the horizontally frac-
tured models. Then, a similar results analysis was conducted for patterns V1, V2, and V3
to determine the same effect among the vertically fractured ones. The fracture intensity
was increased from two to three from pattern H2 to H3, while the initial two fractures
in V1 were doubled in V2, which was later doubled again to build V3. Other fracture
parameters, such as length, width, orientation, and position, were kept the same in the
series of simulations and experiments.
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In both patterns H2 and H3, the fractures are positioned above the injection well to
investigate their effect on spreading of the solvent chamber and, subsequently, the RF.
Meanwhile, in V1, one fracture was designed on either side of the well pair (total of two).
Then, another was added to each side (total of four) to create V2 and later experienced the
same increase of fractures to four on each side (total of eight) to reach the design of V3.
Figures 16 and 17 illustrate the VAPEX recovery factors in each of these patterns by using
propane and carbon dioxide as the injection solvents.

Addition of another horizontal fracture above the injection well does not considerably
enhance the heavy oil recovery factor. The recorded 57.01% (experimentally 59.05%) at the
end of the VAPEX process using propane conducted in H2 grew to 57.56% due to inclusion
of the third horizontal fracture in H3, marking an enhancement of only 0.55%. This can be
related to the positioning of the fractures as the newly added one is not located between
the injection/production well pair, where the gravity drainage is the most active and the
diluted heavy oil moves down toward the production well. Hence, as already mentioned,
when analyzing the simulation and experimental results, one may consider the fact that
fracture parameters are influenced by each other and are not completely independent.
For example, as will be shown in the next section, if, instead of adding a third horizontal
fracture above the injection well to create H3 only one of the existing two was moved
down to the space between the well pair (pattern H5), the recovery factor would be 58.11%
(experimentally 60.24%). This shows that the RF will not increase just because of the
existence of a higher number of fractures but rather depends on other crucial parameters,
such as position with respect to the well pair. A compatible result was obtained when
using carbon dioxide, where recovery was raised from 22.66% in H2 to 22.74% in H3, hence
registering a growth of merely 0.08%.
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Figure 16. The effect of fracture intensity on the recovery factors in conventional VAPEX and patterns
H2 and H3 using propane (a) and carbon dioxide (b).
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Figure 17. The effect of fracture intensity on the recovery factors in conventional VAPEX and patterns
V1, V2, and V3 using propane (a) and carbon dioxide (b).

In the case of vertically fractured patterns, increasing fracture intensity from two to
four (V1 to V2) per pattern caused remarkable RF growth of almost 4%. According to the
simulation-based findings, conducting the VAPEX test using propane in pattern V1 resulted
in production of 59.79% of the original oil in place, whereas the same test in V2 yielded
63.77%. The experimentally registered recovery factor for V1, 62.83%, is in good agreement
with the simulation-based data, with an absolute error value of below 6%. However, the
further increase brought about in the number of fractures to a total of eight in pattern V3
did not cause a recovery enhancement but a slight decrease in it with 62.38% in comparison
to V2. Likewise, the RF decreased from 25.39% in V2 to 24.88% in V3 when utilizing carbon
dioxide as the solvent.

This can be related to the high-permeability zone blockage phenomenon, which refers
to trapping of the injected solvent in the numerous existing fractures and, hence, prevention
from further mixing of the solvents with untouched zones. Therefore, the presence of an
excessive number of vertical fractures, despite providing greater solvent–heavy oil contact,
does not necessarily improve recovery while demanding even larger quantities of the
injection solvent.

3.6. Effect of Fracture Position

This section focuses on studying the effect of fractures’ positioning within the porous
media on the efficiency of the VAPEX process. Patterns H1, H2, and H5 are used to compare
the efficiency of horizontally fractured patterns, while V1, V7 and V8 serve the purpose of
comparing VAPEX performances in vertically fractured formations.

Patterns H1 and H2 include two horizontal fractures below and above the injection
well, respectively, while pattern H5 includes one fracture above the injector and another
between the well pair. On the other hand, pattern V1 encompasses two vertical fractures
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one on each side of the well pair. Then, patterns V7 and V8 include the same two fractures
located farther away from the well pair halfway toward the reservoir boundaries and
close to the reservoir boundary (farthest away from the well pair in the center of the
pattern), respectively. The rest of the fracture parameters remain the same throughout these
VAPEX tests. Figures 18 and 19 demonstrate the results obtained from simulation runs and
experimental tests.

As depicted in Figure 18, in both cases of using propane and carbon dioxide, the
ultimate recovery factor is noticeably higher when conducting VAPEX in pattern H1, which
is followed by H5, leaving H2 as the one resulting in the lowest value among the three. This
is corroborated by both simulation-based and experimental outcomes. The discrepancy in
process performance can be attributed to placement of two horizontal fractures between
the well pair, which, in addition to providing contact between the injected solvent and
heavy oil, fortifies the gravity drainage mechanism. H2 provides the least contribution to
the gravity drainage, while that of H5 can be assumed in between the two. The simulation-
based and experimental RFs found for VAPEX in H1, H5, and H2 are 61.41% and 64.22%,
58.11% (only simulation-based data available for H5), and 57.01% and 59.05%, respectively
(propane injection).

By comparing the simulation results, one may determine in increase of 1.1% in the
recovery factor when one of the fractures is moved from above the injection well (H2) to
the space between that and the production well (H5). Further growth of 3.3% is identified
when moving the second fracture into the inter-well space (H1), hence registering a total
increase of 4.4% between patterns H2 and H1. Analyzing the experimental findings leads
to a similar enhancement of 5.17% when switching from H2 to H1.
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Figure 18. The effect of fracture position on the recovery factors in conventional VAPEX and patterns
H1, H2, and H5 using propane (a) and carbon dioxide (b).
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Figure 19. The effect of fracture position on the recovery factors in conventional VAPEX and patterns
V1, V7, and V8 using propane (a) and carbon dioxide (b).

As indicated in Figure 18b, utilization of CO2 causes a similar trend in the recovery
factors. In H2, simulation-based and experimental outcomes of 22.66% and 23.31% were
recorded, respectively. These numbers were increased to 24.93% and 26.05% in H1, respec-
tively, highlighting enhancements of 2.27% and 2.74%. Meanwhile, the simulation-based
recovery factor obtained after conducting VAPEX in H5 showed a value of 22.81%, which
is reasonably less than that in H1 and higher than that in H2.

For the vertically fractured patterns, as the distance between the fractures and the well
pair increases, the recovery factor decreases. As such, at the end of the VAPEX process
using propane, the RF obtained in pattern V1 is the largest recorded, both experimentally
and through simulation, with values of 62.83% and 59.79%, respectively. Simulation-based
comparison with the other two cases reveals a reduction of 1.49% to reach 58.30% in V7
and of 2.69% to register 57.10% in V8. Similar reductions in the RF were noticed when
carbon dioxide was the solvent used in the processes. From a simulation-based point of
view, reductions in RF of 0.59% and 1.07% were found between V1 and V7 and V1 and V8,
respectively. The experimentally determined RF of 24.74% is in good agreement with that
yielded by the simulator, 23.78%.

The reason for the decline in heavy oil production can be the fact that, when the
fractures are located near the injection production well pair, they can enhance solvent
chamber propagation and the gravity drainage mechanism more efficiently. With the
distance between the fractures and the well pair growing, it is not possible for these two
crucial mechanisms to be improved before the solvent chamber physically reaches to the
fractures. Hence, the fractures do not practically impose any influence on the VAPEX
process performance before that occurs.
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This effect is more obvious when comparing pattern designs V1 and V8. As can be
seen in Figures 4–9, the vertical fractures are placed too close to the reservoir boundaries,
and, therefore, the solvent chamber must already have reached the boundaries before any
recovery mechanisms are enhanced. However, after this occurs, these fractures facilitate
access to the untouchable regions in the reservoirs—regions that would not be touched
otherwise even through other fracture designs—and improve the solvent–heavy oil contact
area. Therefore, when comparing the RFs obtained from the base case and pattern V8,
one can notice an increase of 1.62% and 0.86% when using propane and carbon dioxide,
respectively.

The residuals versus order plot displays the residuals in the order that the data were.

3.7. Solvent–Oil Ratios

During the VAPEX experiments and simulation runs, the volume of the solvents
injected was recorded by using the DFMs and the simulator. Hence, the solvent–heavy
oil ratio (SOR) could be obtained at any time by finding the ratio of the equivalent liquid
solvent injected over the volume of the heavy oil produced. It must be mentioned that,
during prior history matching of the simulator with the experimental results, the solvent
injection volumes were checked and in close agreement with the data collected in the lab.

The patterns with the highest (V4) and lowest (base case) recovery factors result in the
lowest and highest SORs for all cases of solvent injection. As the ultimate recovery factor
decreases from pattern V4 to the other patterns, the SOR increases. This indicates more
efficient solvent usage in the patterns that yield higher recovery factors. In other words, the
fracture structures in such patterns facilitate more effective solvent–heavy oil interaction by
increasing contact area and enabling more in-depth reservoir access for solvents.

In general, propane had greater success in keeping the SOR values lower. Depending
on the heavy oil type used, these figures range from 1.02 to 1.37. On the other hand,
injecting carbon dioxide, as shown in the tables, renders significantly larger SOR values,
which begin from almost 3 and rise as high as 4.35. Such a remarkable discrepancy can
be attributed to the solvents’ abilities to diffuse in and effectively disperse the heavy oil
toward the production well.

Finally, it can be claimed that the vertical fracture structures result in general in higher
recovery factors and lower SORs. In all cases presented, three out of the top four VAPEX
performances are obtained in the vertically fractured reservoirs, while pattern V4 proves to
yield the highest RF and the lowest SOR among all patterns.

3.8. Pore-Scale Analysis

To further benefit from the clearcut visualization provided by the microfluidic models,
a pore-scale investigation of heavy oil–solvent interactions was carried out in different
regions within the model. Hence, in-depth analyses of different solvents and heavy oils
interaction, sweep efficiencies, and residual oil saturations near the reservoir boundaries
as well as higher- and lower-permeability regions were obtained. This also made possible
comparisons between solvents’ performances while showing the influence of fractures in
solvent chamber growth in the VAPEX tests.

Figure 20 depicts the difference between employing propane and carbon dioxide in the
same pattern. As can be observed, the magnified parts of the images show the same grains
in the same pattern in two identical VAPEX tests, with the only distinction being the type
of solvent injected. Accordingly, using propane, due to its significantly higher diffusion
and effective dispersion, yielded higher sweep efficiency, leaving a lower quantity of heavy
oil behind. Furthermore, the overall color of the system appears brighter when injecting
propane, which implies a greater solvent–heavy oil interaction. Propane demonstrates
greater capability in sweeping smaller pores (harder-to-reach zones) in comparison to the
other two injected solvents.
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Figure 20. Solvent performance comparison between propane and carbon dioxide in the same
reservoir pattern.

Figure 21 shows two VAPEX processes carried out in the conventional and fractured
reservoirs. As depicted, existence of horizontal fractures led to formation of a lighter-color
and more laterally spread solvent chamber, leaving less residual oil saturation behind.
The images are captured at the same time in the experimental process to enable fair
performance comparison.
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Finally, Figure 22 illustrates the solvent–heavy oil interactions near the reservoir top
boundary. As indicated, injection of pure carbon dioxide results in significantly higher
residual oil saturation in that region, while pure propane represents considerably greater
ability in sweeping near-boundary areas. When the solvent mixture is introduced to the
system, as expected, the sweep efficiency falls between that of the mentioned two, while,
due to propane’s significant diffusion and effective dispersion, it proves to be close to that
observed in pure propane injection.

One may note that the microfluidic models utilized in this study were intended to
be in relevant dimensions to fulfill use of such devices. Trial and error processes were
carried out to determine optimum model sizes. Moreover, the two solvents employed mark
the two bound values as propane is known as one of the most effective solvents (yet too
expensive) and carbon dioxide alone renders minimum recovery factors. In other words,
these solvents can be deemed to yield a low-to-high range of RFs in the VAPEX process.
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4. Conclusions

An extensive numerical and experimental investigation of fracture parameters’ impact
on VAPEX process performance was carried out utilizing state-of-the-art micromodels.
Several fracture structures were designed and implemented on the reservoir patterns that
were later saturated with two heavy oil samples. Propane demonstrated significantly
higher efficiency in heavy oil recovery enhancement in comparison to carbon dioxide. This
was mainly due to its significantly higher diffusion and dispersion, both of which combine
as effective dispersion.

The highest ultimate recovery factor was achieved when injecting propane to a reser-
voir containing two long, wide vertical fractures on either side of the injection production
well pair (pattern V4) saturated with heavy oil type 1. This was attributed to remarkably
improved solvent–heavy oil contact area as well as the main VAPEX production mechanism,
gravity drainage.

The lowest ultimate recovery factor was obtained when injecting carbon dioxide to
the conventional reservoir (not fractured).

According to the image analyses performed regarding both heavy oil–solvent systems,
vertical fractures brought about more significant heavy oil recovery enhancements in
comparison to the horizontal fractures. This is mainly due to improvement in the main
production mechanism in the VAPEX process—gravity drainage. Furthermore, vertical
fractures allow the solvent access to regions that are otherwise harder to reach, especially
when these fractures are located farther away from the well pair.

The fracture parameters impact each other’s efficiency, and, therefore, all of them
must be considered when drawing conclusions. For example, fracture positioning can
impose significant changes on the influence of other parameters on the VAPEX process.
In both vertically and horizontally fractured reservoirs, increasing fracture length caused
remarkable increases in the recovery factor. While this happened for both solvents, it was
more sensed with propane injection.

Increasing the fracture width resulted in recovery enhancements due to providing a
larger solvent–heavy oil contact area. However, the extent to which contact area is increased
is not as large as that regarding fracture length increase; therefore, the enhancement
observed in the ultimate recovery factor was not as large as that case.

By increasing the fracture intensity, the heavy oil recovery factor increased, but, after
some point, it showed an adverse effect on process performance. This was observed when
the number of vertical fractures was raised from four (two on each side of the well pair)
to eight (four on each side of the well pair). This was due to the phenomenon known
as high-permeability zone blockage. As a result of this phenomenon, an injected solvent
fails to effectively diffuse and disperse in heavy oil due to being trapped in fractures;
hence, it cannot be replaced by the newly injected solvent. Fracture position is one of
the most important parameters that can also influence other parameters. The VAPEX test
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outcomes revealed that horizontal fractures located between the well pair enhance the
gravity drainage mechanism and boost process efficiency. Horizontal fractures placed
above the injector did not significantly improve solvent chamber growth or solvent–heavy
oil contact. Moreover, by placing the vertical fractures farther away from the centralized
well pair and toward the reservoir boundaries, their effectiveness started to decline.
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