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Abstract  

This work presents pore scale visual experiments on the dynamics of solvent retrieval process at 

elevated temperatures after its injection for oil recovery using micro fluidic devices (micromodels) at 

low pressure.  After the micromodels were saturated with dyed mineral oil, a certain amount of dyed 

solvent was injected to displaced the oil in a heterogeneous (matrix and fracture) porous media. 

Once the solvent diffused into porous matrix, different parameters such as heating conditions 

(location of the source), composition of the fluids initially in the fracture, solvent type, and matrix 

wettability were studied to establish their impact on solvent retrieval mechanisms. Pore scale 

visualization was achieved through UV light and further image processing and the optimal 

conditions to maximize the retrieval of solvent from the matrix were defined. 

1. Introduction  

The flow of two miscible fluids in porous media is commonly encountered in different anthropogenic 

and natural processes including enhanced oil and heavy-oil recovery, ground water contamination 

and nuclear waste disposal, and CO2 sequestration.  Over several decades, attention has been 

given to the use of solvents in heavy-oil recovery.  Initial attempts were to inject solvents at 

isothermal conditions [1-4]. Later, solvent was considered as an additive to steam [5-8] or injected 

alternately with steam [9-16]. Injection of hydrocarbon gases and CO2 under miscible conditions is 

also a common practice in the late stages of the recovery of lighter oils [17].   

In all of these applications, the retrieval of expensive solvent is essential for the economics of the 

process.  Optimal conditions were determined on the basis of selecting proper solvent type and 

amount [4,18-20] and setting up suitable operational schemes to maximize oil recovery while 

minimizing solvent retention in the reservoir [21-26].  

All these previous attempts on the subject indicated that the use solvent in any type oil or heavy oil 

recovery applications would not be viable without viable solvent retrieval design.  This can be 

achieved by injecting water after solvent in light oil and homogeneous reservoirs.  This is not 

practically viable in case of heavy-oil systems due to unfavorable mobility.  If the reservoir is 

heterogeneous, caused by natural or hydraulic fractures, wormholes, and frequent occurrences of 

low and high permeability layers, the solvent retrieval is even more complicated. 

Solvent retrieval, as a mandatory step in any application, was investigated through theoretical and 

experimental research, and pilot scale field applications. Gupta et al. [18] studied the capillary 
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adsorption in porous media as the key process for solvent retrieval and retention clarifying the 

impact of pore size distribution in the thermodynamics involved in the process. Other conceptual 

proposals at the field scale consist of a solvent recovery methodology through the employing 

solvents in sequence depending on their carbon size number. This sequence is based on the fact 

that heavier solvents should be injected first followed by lighter ones, which can be recovered 

through the reduction of reservoir pressure [27]. Additionally, Gates and Gutek [28]improved this 

idea using the same principle giving more operational details to this methodology considering the 

efficient injection schemes of solvent.  

Also, Léauté [8] proposed a new method called LASER (liquid addition to steam for enhancing 

recovery), which involves diluent oil injection with steam at the late stage cycles.  The field scale 

pilot applications showed that 80% recovery of diluent is attainable through the use of proper 

separation facilities in the wellhead [29]. Later on, Gupta and Gittins [21] and Gupta et al. [30] 

proposed a method for evaluating solvent recovery during the alternate injection of solvent and 

steam (SAP, solvent aided process) considering the heavy components of oil, deasphalting inside 

the reservoir by injected solvent, and the composition of produced oil. 

In addition to these types of solvent retrieval options for oil/heavy-oil recovery in homogeneous 

reservoirs, attempts were made for heterogeneous (fractured) systems.  Babadagli and Al-Bahlani 

[31,32] patented a technology suggesting solvent retrieval by introduction of heat through steam or 

hot water injection at temperatures near the boiling point of the solvent.  Al-Bahlani and Babadagli 

[11,12] and Mohammed and Babadagli (2013) showed that the solvent retrieval might reach 90% if 

the proper temperature range is selected during post steam/hot-water applications.   

Key words: Micromodel, solvent displacement of oil, solvent retrieval, Kelvin effect, heat and mass 

transfer, bubble nucleation and entrapment in pores 

2. Statement of the problem and objectives 

When solvent is injected into a fracture porous medium it diffuses into matrix while flowing in the 

fracture network.  The matrix oil diluted through this process can be recovered by gravity drainage 

and convective transport [12,13,34,35].  Although the process is rather slow, the effectiveness of oil 

and heavy-oil recovery can be improved by proper solvent selection [36,37].  To improve the 

efficiency of the process, the solvent must be retrieved at economically acceptable rates.  This, 

however, may not be possible through the viscous or capillary displacement due to permeability 

contrast between the fracture and matrix.  As mentioned in Section 1, Babadagli and Al-Bahlani 

[31,32] suggested injecting steam or hot-water to heat the matrix to the boiling point of the solvent.  

Hence, this method is purely based on maintaining the suitable thermodynamic conditions; i.e., the 

boiling temperature of solvent for given pressure.   

Numerous experimental work at the core scale have been presented to clarify the physics [12] and 

optimal operation conditions [11,12,14-16,19,20] of the solvent retrieval process.  Further visual 

studies are needed to clarify the dynamics of the solvent retrieval at non-isothermal conditions and 

the reasons behind the solvent entrapment in the matrix.  This is a crucial problem in heavy-oil 

recovery from the reservoirs with different types of heterogeneities including steam/solvent injection 

in fracture carbonates and post-CHOPS (cold heavy-oil production with sands) enhanced oil 

recovery applications. 

This work introduces a micro scale analysis to clarify the dynamics of solvent retrieval from matrix 

under variable temperatures at atmospheric pressure.  The reasons for the entrapment of the 
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solvent during this process were also investigated for different wettability conditions, solvent type 

and heating process.  

Although the work presented here is mainly qualitative, there are some thermodynamic concepts 

worth reviewing for a better understanding of the phenomena occurring during the micro scale 

experiments.  We start with the review of the theory of the process in Section 3 and introduce 

experimental design and observations in Sections 4 and 5. 

3. Theory: Effect of pore size in phase equilibrium-Kelvin effect: Vapor pressure and 

boiling point  

When liquid or vapors are contained inside porous media, their phase equilibrium properties are not 

the same as they are in bulk conditions; i.e., over a flat surface. This is explained through the Kelvin 

effect [38]. 

Depending on the shape of the surface and the radius of the porous media containing it, the vapor 

pressure and boiling point may increase or decrease. For our specific case, wherein the solvent 

under consideration is mostly on the convex side of the surface, there was a set of equations to 

predict and quantify the change of the vapor pressure or boiling point given a specific pore size and 

other properties of the system. 

𝑃𝑟
𝑠 = 𝑃∞

𝑠𝑒𝑥𝑝(−
2𝜎𝜐𝐿

𝑟𝑅𝑇
)      (1) 

𝑇𝑟
𝑠 = 𝑇∞

𝑠𝑒𝑥𝑝 (−
2𝜎𝜈𝐿

𝑟𝜆𝑣𝑎𝑝
)      (2) 

𝑃𝑟
𝑠  Vapor pressure of the liquid in the porous media 

𝑃∞
𝑠   Vapor pressure of the same liquid at the same temperature under bulk conditions  

𝜎  Surface tension at the given temperature 

𝜐𝐿  Molar volume 

𝑟  Pore size radius 

𝑅  Gas constant 

𝑇  System temperature 

𝑇𝑟
𝑠 Saturation temperature in the porous media 

𝑇∞
𝑠    Saturation temperature of the same liquid at the same pressure under bulk conditions 

𝜆𝑣𝑎𝑝  Heat of vaporization 

 

Eq. 1, also known as the Kelvin equation, predicts the reduction in the vapor pressure when the 

pore size decreases at a constant temperature. For this case, the Kelvin effect describes the 

condensation of vapor into finely porous solids wet by the condensate at partial pressures below the 

equilibrium vapor pressure, also known as capillary condensation [38], or the capillary adsorption in 

which a liquid will desorb the larger pores earlier than the smaller ones when pressure is gradually 

lowered.  After reducing the vapor pressure below the saturation pressure of a pure solvent 

contained in porous media, substantial amount of solvent will remain in the liquid phase [18]. On the 

other hand, Eq. 2, known as Thomson equation, shows that the boiling point becomes lower as the 

droplet or the pore gets smaller [38].   
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Is should be emphasized that Eqs. 1 and 2 are valid for a single pore size.  As natural porous media 

contain variable sizes of pore, it is important to include pore size distribution when applying this set 

of equations for constructing desorption curves. Additionally, if there is more than one substance 

saturating the porous media, the computation of the desorption curve for each specific case makes 

the calculations more complex [18].  

 

The experimental data (Section 5) provided in the remaining part of the paper will shed light not 

only on the retrieval of solvent for practical applications but also provide the base to further develop 

the Thomson equation for variable pore sizes. 

 

4. Experimental methodology 

 

All solvent retrieval experiments were carried out using a Berea sandstone replica model with a 

fracture.  The dimensions of the matrix part of the model were 5x 5 cm, while the fracture 

dimensions are 1 x 5 cm.  The depth of the model was nearly 40µm. The model, made of glass, 

was prepared through chemical etching techniques suggested by Naderi et al. [39].  

The micromodel had the injection and production points at the left and right side of the fracture as 
shown in Figure 1. The picture area, used throughout the experiments, is the shadowed section in 

Figure 1 and its dimensions were
 
approximately 1.9 x 2.7 cm. 

 
 
 
 
  
 
 
 
 
 
 
 
 

Figure 1. Micromodel scheme and picture area. 

The images were captured using a Canon (7D model) camera assembled with a 100mm macro lens 

and a filtered UV light. During the experiments, the oil and solvent phases were dyed with oil-wet 

solvents (DFSB-K175, DFSB-K43) from Risk Reactor [40].  A heating plate was employed to 

provide the heat source necessary to increase the temperature inside the micromodel.  

Temperature was monitored continuously using a thermocouple (fluke 53/54 II).  The injection of oil 

and solvent into the micromodel was achieved by controlled syringe pump (Kant YA 12).  The setup 

is illustrated in Figure 2. 
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Figure 2. Experimental set up. 

The micromodel, made of borosilicate glass, was initially water-wet/mixed-wet.  Later on, its 

wettability was altered to oil-wet/mixed-wet using dichlorooctamethyltetrasiloxane (Surfasil
TM

) 

following the procedure suggested by Naderi and Babadagli [39]. 

The oil phase was composed by light mineral oil (LMO).  Heptane (C7) and distillate oil were the 

solvents used in the experiments.  Their boiling point, viscosity, and density are given in Table 1 

and Figure 3. 

Table 1. Oil and solvents properties (TBP: True boiling point). 

Hydrocarbon 
samples 

Density g/ml  
@ 25°C 

Viscosity, cP  
@ 25°C 

Refractive index,  
n @ 25°C 

Boiling point, at 1 atm, 
(°C) 

Mineral Oil 0.8734 250 1.47635 TBP curve 
Distillate 0.738 0.742 1.41025 TBP curve 
Heptane 0.683 0.294 1.38418 98°C 

 

Syringe pump 

Micromodel 

UV light source 

Light filter 

Camera 

Heating plate 
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Carbon 
size 

number  

FBP 
°C Distillate LMO 

IBP-C5 36.1 1.918 --- 

C6 -C10 173.9 56.122 --- 

C11- C13 235 40.937 --- 

C14-C20 344 --- 1.5 

C21-C30 449 --- 55.9 

C31-C40 522 --- 40.3 

C41-C50 575 --- --- 

C51-C60 615 --- --- 

C61-C70 647 --- --- 

C71-C80 675 --- --- 

C81-C90 700 --- --- 

C91-C100 720 --- --- 

C100+ 720+ --- --- 
 

Figure 3. Boiling range distribution for LMO and Distillate (FBP: Final boiling point). 

5. Experimental Procedure 

The models were heated in two different ways, namely matrix (whole model including fracture) and 

fracture heating. The matrix heating refers to the tests in which the whole micromodel was heated 

uniformly during the experiment including matrix and fracture (the shaded area in Figure 4a).  This 

mimics heating the matrix by a fracture totally in contact with one side of the matrix (planar heating).  

In fracture heating, heat was only applied to the fracture section of the model, as shown in Figure 

4-b.  This type of heating boundary condition refers to point heating rather than planar.  Both cases 

result in different heat transfer processes and, thereby, different temperature distributions. 

 
 
 
 
 
 
 
 
 
 

a) 

 
 
 
 
 
 
 
 
 
 

b) 
 
Figure 4. Schematic representation of heat distribution: a) matrix, b) fracture.  The shaded areas 

are represent the heating area. 

 

Table 2 summarizes the experimental conditions.  In the experiments, different combinations of oil-

solvent types and heating boundary conditions were applied.  All experiments started with achieving 

full saturation of the micromodel by light mineral oil (LMO). The next step was to inject solvent to fill 
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the fracture at a rate of 1.0 ml/hr (at 25°C).  The production point was kept opened during the 

injection period until the fracture was fully filled with the solvent.  At this point, the injection point 

was closed and the solvent was left to diffuse into the matrix at room conditions.  This phase was 

continued until the equilibrium point is reached; i.e., solvent fingers stabilized inside the matrix. The 

third step was started with a progressive increase of heat to the model to start the solvent boiling 

process. The bubble forming process was videotaped.  When no more bubbles were observed after 

a certain period of time, temperature was increased again. This duration of the last step depended 

on each specific case (boiling temperature of the solvent or other factors listed in Table 1). 

The initial conditions in all experiments were the same, filling the fracture with the solvent before 

starting to heat the model.  The exception was Experiment 2, in which the fracture was filled with 

LMO, assuming that before heating the process, oil was produced for a period of time resulting in 

the fill up of fractures with it. 

Table 2. Oil (LMO -light mineral oil), solvent and heating type combinations applied during the experiments. 
Experiment No. Solvent type Oil type Fracture content Heating section Wettability 

1 C7 LMO C7 Fracture Water wet 
2 C7 LMO LMO Fracture Water wet 
3 C7 LMO C7 Matrix Water wet 
4 Distillate LMO Distillate Fracture Water wet 
5 C7 LMO C7 Fracture Oil wet 
6 Distillate LMO Distillate Fracture Oil wet 

 

6. Results 

The parameters studied to analyze the mechanisms for solvent retrieval through the visualization 

experiments included a) heating boundary conditions, b) the fluid that filled the fracture before the 

heating period, c) solvent type, and d) wettability.  All pictures included in the paper from this point 

on were taken out from the framed area (1.9 x 2.7 cm) in Figure 1. Some images show the whole 

area and a few of them were close-ups of the pores.   

For observation purposes, the color of the dye used with solvent and oil was the same.  The pores 

filled with pure solvent are displayed in cyan color, while brown areas represent pure LMO. Any 

variation between these two is a product of its mixture since both fluids are fully miscible in first 

contact in all proportions, and solvent and oil dye is oil-wet. Solvent in the vapor phase and 

micromodel grains were detailed for each specific case. 

6.   Effect of heat distribution: Experiments 1 and 3 

6.1 Results for Experiment 1 

Figure 5 shows the micromodel after solvent saturation and before the heating step for Experiment 

1.  The first bubble appeared inside the fracture when temperature reached a value of 57.8°C, 

which is below the bulk boiling point of heptane. This could be explained by the Kelvin effect 

described by Eq. 2; however, the bubbles were not stable.  Subsequently, temperature of the 

heating plate was increased to the next level, which caused a temperature rise to 75°C in the 

fracture and 55°C inside the matrix.  A slow rate of bubble growing and expansion of solvent 

towards the horizontal edges and then vertically into the pores were observed (Figure 6). 
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Figure 5. Micromodel after solvent saturation and before starting the heating step for Experiment 1. 

  

 
 
 
 
 

 
 
 
 

Figure 6. Bubble growth for fracture heating type in Experiment 1. 
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Figure 7. Macro visualization of solvent vaporization patterns for all the experiments at different times.  “0 min” corresponds to the point first bubble is observed. 
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Figure 7. Macro visualization of solvent vaporization patterns for all the experiments at different times.  “0 min” corresponds to the point first bubble is observed. 
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In order to observe the vapour growth, the temperature was increased again until it reached a 

value of 75°C in the fracture and 63°C inside the matrix.  At this time, all solvent was completely 

vaporized inside the fracture and drained out via the production point, and the bubbles 

continued growing in the vertical direction as shown in the images of Figure 7a-d. 

Figure 8 shows the close-up images of the preferred route for the bubbles to expand and how 

solvent is retrieved during Experiment 1.  It was observed that bubbles grew up together as a 

continuous phase in the matrix.  Note that vapor solvent (black color surrounded by a white line) 

in fracture flows toward the production end but the liquid solvent (or oil solvent mixture in cyan 

color) also fills the fracture adjacent to the matrix.  This solvent re-enters the matrix and 

occupies the pores in the vicinity to the matrix (Figure 7d).   Phase change also occurs in many 

sections of the system (circled areas in Figure 8b). 

 

   
 
 
 
 
 
 

a) Initial condition. 

 
 
 
 
b) Solvent vapor growth (big circle).  
Liquid solvent saturation increased in 
the pores adjacent to the fracture and 
fracture itself. 

 
 
 
 
c) When the solvent continued 
expanding, the pores in the vicinity of 
the fracture showed increased 
saturation. 

 

Figure 8. Solvent retrieval mechanism. 

6.2 Results for Experiment 3 

After solvent diffusion is completed for Experiment 3 (Figure 9a), uniform heat was applied to 

the micromodel.  This means matrix and fracture zones were heated at the same time (i.e., 

there was no temperature gradient throughout the whole model as in Experiment 1).  Because 

of this, the matrix reached the solvent boiling point temperature faster compared to Experiment 

1. Mixture quality between oil and solvent was also affected by temperature increase. When 

temperature of the model was increased from room conditions to 75°C, the matrix showed more 

homogeneous mixing, likely because of the Soret effect, which in this case refers to the 

contribution of the temperature gradient to the mass transfer  [41] (Figure 9b). 

This test did not show nucleation or slow bubble growth from it.  On the contrary, the bubbles 

developed spontaneously throughout the whole -observed- area and the fracture started to fill 

up by solvent vapor (Fig. 7j-l).  Although this process was quicker, the efficiency of the solvent 

retrieval was not as effective as it was in Experiment 1 (point heating) as indicated by trapped 
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liquid solvent (cyan color) surrounded by vapor (black color).  At the same time, some solvent 

bubbles were trapped surrounded by the solvent present in liquid phase (Figure 10). However, 

these isolated bubbles were connected and created a continuous phase after a while (Figure 

11), which facilitated solvent retrieval.  

This run was useful to scrutinize the temperature effect in solvent recovery. After eight hours of 

uniform planar heating at a constant temperature, there was no significant change in bubble 

growth due to solvent evaporation; but, a slight improvement in solvent retrieval was achieved 

(Figure 12). 

 

    
a) After solvent saturation and diffusion. b) Improved mixing due to heating. 

 

Figure 9. Micromodel before solvent phase change in Experiment 3. 

 
 
 

 

      Figure 10. Phase change of solvent when homogeneous (whole system) heating is applied in Experiment 3. 

                  a) After 26 min                                         b) After 30 min                                             c) After 35 min 

   
 

 

 

Figure 11. Recovery mechanisms and bubble migration in Experiment 3. 
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a) After 3 hours. b) After 8 hours. 

 

 

Figure 12. Time effect in homogeneous heating. 

A visual comparison of solvent vaporization efficiency for this case is illustrated in Figure 7i-l. 

While solvent vaporization grew in vertical direction in Experiment 1, both vertical and horizontal 

growth of bubbles were observed at the same time due to planar heating. 

6.3 Effect of composition in the fracture in Experiment 2 

Experiment 2 differs from the others because it contains only original oil (LMO) in the fracture.  
After completing the solvent injection phase, LMO was fed through the injection point to displace 
the solvent in the fracture and saturate the fracture with it.  However, since the mobility ratio of 
LMO is higher than solvent (C7) for this case, a degree of LMO intrusion into matrix was 
unavoidable (Fig. 13a). An improvement in oil-solvent mixture quality was observed (Fig. 13b) 
due to temperature increase to 75°C.  

 

 
 
 

 

 
 

 
a) Micromodel before starting the heating step. 

 
b) Mixing quality improvement due to heat transfer. 

 

Figure 13. Pore and matrix oil-solvent saturation before any phase change in Experiment 2. 

Solvent retrieval in this case was not achieved under the same temperatures (≤75°C) required 

to boil any solvent contained in the fracture or matrix as in all the other experiments. Even if the 

system was kept under these conditions for a period of time to produce any variation (1.5 

hours).  As in Experiment 3, it was found that composition of the phase in question is 

determinant to observe phase change. Despite no knowledge of the predominant hydrocarbon 
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size mixture in the fracture, the temperature in the system was incrementally raised to observe 

any bubble forming. This was achieved when the fracture temperature reached 135°C and the 

temperature in the matrix was 88.6°C. Although this value is below the lowest boiling range 

distribution for LMO (Fig. 3), it is higher than the minimum required for boiling heptane as 

mentioned in Experiment 1.  This deviation from the original values could be expected as a 

result of the Kelvin effect, and this temperature was needed to boil any of the lighter 

components present in the oil, which at least have a carbon size number twice that of heptane 

(Fig. 3).  

Initially, a change was observed in the fracture in the vicinity of the production point and 

progressively developing toward the injection point (Figure 7e-h).  After 6 hours of constant 

heating, only the fracture zone is vaporized (Figure 14). 

 

Figure 14. Solvent evaporation after 6 hours of constant heating. 

Despite that the experiment was stopped before any bubble was observed inside the matrix, the 

bubbling expansion trend obtained here was similar to Experiment 1 and this could be attributed 

to the heat distribution, because, as in the previous case, only the fracture area was exposed to 

the heat source.   

6.4 Effect of solvent type in Experiment 4 

Figure 15a shows the solvent (distillate) fingers (in cyan/green color) in the oil  medium (brown) 

right before the fracture was heated and mixture quality improved after 35 minutes (Fig. 15b).  

This corresponds to the time at which the fracture temperature was raised to 38.5°C and the 

matrix temperature was 31.3°C.  In this case, solvent started boiling and the temperature in the 

fracture and matrix reached 75°C and 55°C, respectively.  At this point, the solvent contained in 

the fracture quickly vaporized and drained toward the production well, and, at the same time, 

solvent vapor developed in the matrix started to feed the fracture and get retrieved (Fig. 16).  

Even though the heating transfer was only applied to the fracture zone (point heating), the 

bubble growth did not show a similar behavior as in the other cases (Experiments 1 and 2). This 

is due to the multiple components present in the solvent, which leads to faster desorption of 

solvent in some pores randomly.  This could also be explained by the Kelvin effect.  The 

components present in the distillate (Figure 3) lighter than C7 started boiling as indicated by 

lower boiling temperature compared to the previous experiments, and draining via fracture (Fig. 

16).  The overall solvent vapor growth is shown in Figure 7m through p. 

 



15 
 

 

 

 

  
a) Micromodel before the heating step. b) After 35 min heating. 

 
Figure 15. Mixing quality improved due to temperature increase in Experiment 4. 

 

 

 

 
 

 

a) Initial system (t=0). b)Upper vapourized solvent (arrowed circle) expands 
downward contracting lower vapor region and pushing 
solvent toward the fracture (dashed square) (t=1 sec). 
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c) Upper solvent vapor continues it expansion by the 

displacement of the solvent downward (t=2 sec). 
d) Some solvent is driven through the fracture (t=3 sec). 

  
e) Solvent continues producing in the fracture, t=4 sec. 

 
f) Vapor phase growth toward the fracture, t=5 sec. 

  
g) Vapor phase grows and expands starts communicating 

the fracture (t=6 sec). 
h) Vapor communication starts with the fracture (t=7 sec). 
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i) More bubbles are connected to the fracture (t=8 sec). j) Vaporized  solvent is drained via fracture by the existent 

vapor channels and through liquid solvent displacement  
(t=9 sec). 

 

Figure 16. Solvent recovery mechanism for Experiment 4. 

 

6.5 Effect of wettability in Experiment 5 

After modifying the wettability of the same micromodel to more oil-wet following the procedures 
suggested by Naderi and Babadagli [39], and Mohammed and Babadagli [33], Experiment 5 
was implemented following the same procedure as described. Figure 17 shows the micromodel 
after solvent injection phase was completed at room conditions (Figure 17a) and after the 
fracture was heated up to 57°C during 1 hour from the fracture zone until the first signal of 
solvent vaporization appeared (Figure 17b). 

 

  
a) b) 

 
Figure 17. Matrix oil-solvent mixing before a) temperature increase and b) phase change in Experiment 5. 

During this experiment, the solvent vaporization started in the vicinity of the production well and 

expanded horizontally toward the injection point. At the same time, vapor blobs growing in the 

matrix near the production point expanded mainly in the west direction and displaced solvent 

out of the matrix (Figure 18). The Figure 7-q to t provides a general view of the pattern growth. 
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a) Initial condition. Dashed arrows point to the direction of 
bubble growing. 

 
 
 
b) Dashed oval indicates the region for vapor expansion 
and bubbles break up. Dash square shows the solvent 
produced in the fracture. 

 

Figure 18. Recovery mechanism in Experiment 5. 

The effect of wettability in the distribution of vapor bubbles and the preferred pathways in the 

matrix was explored using close up images (at the pore scale) (Fig. 19).  Note that the same 

heating conditions (experiment 4 and 5) were applied and the focus was on the same section of 

the micromodel (the red ovals for both cases in Fig. 19). 

  
a) Water-wet. b) Oil-wet. 

 

Figure 19. Water-wet vs. oil-wet case. 

In the oil-wet case (Fig. 19b), it can be observed that some vapor bubbles invaded the pores 

with smaller pore throats compared to the water-wet case.  This type of pore is indicated inside 

the small red circles in Figure 19a. 

Although there is no water phase present in the experiments, having a vapor phase and two 

liquid phases (solvent and oil+solvent mixture) yielded two immiscible phases that makes the 

wettability critical in the stability of the porous medium.  Figure 20 shows the change in the 

distribution of boiled solvent for both cases under the same micro model area during the heating 

step for Experiments 4 (water-wet) and 5 (oil-wet). The shots were taken right after the bubbles 

invaded the pores and one minute later. As observed in Figure 20a, the vaporized solvent in this 

case was present as a thin film inside the thin diameter pores (circled area) and did not reach 

the pore walls.  Although the phase seems to follow tortuous paths for the adjacent pores, the 

connections were not stable and broke in a very short time, as pointed in the circled area in 

Figure 20b, resulting in a discontinuity of the vapor phase. On the other hand, the oil-wet case 

showed a quite different behavior. The solvent bubbles filled the pores due to more oil-wet 

Solvent Vaporized 

solvent 

Grains Vaporized solvent in the fracture Fracture 
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nature (Figure 20c), and created more stable (and continuous) vapor phase that lasted a longer 

period of time (Fig. 20d) compared to the water-wet case.  

  
a) Water-wet case. b) Water-wet case 1 min after. 

  
c) Oil-wet case. d) Oil-wet case 1 min after. 

 

Figure 20. Vapor phase stability water-wet (a and b) vs. oil-wet case (c and d). 

6.6 Effect of wettability in Experiment 6 

For this trial, the same wettability alteration procedure as experiment 5 was followed to obtain a 
more oil-wet micromodel. The experimental procedure for this test was the same as the 
previous experiment but distillate oil was used as a solvent. 

 

  
a) b) 

 
Figure 21. Matrix oil-solvent mixing before a) temperature increase and b) phase change in Experiment 6. 
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Figure 21 shows the micromodel once the solvent injection phase was finished at room 
conditions (Figure 21a) and after heating the model through fracture (condition given in Figure 
4b) up to 57°C for 1 hour until the vaporization has started (Figure 21b).  

In this experiment, solvent vaporization grew in the north direction (Figure 22). The first solvent 

bubbles appeared at the vicinity of the production well followed by solvent drainage from the 

fracture zone and next by the matrix zone as shown in Figure 7 u to x. Solvent vaporization 

trend is similar to experiment 5, but for this case, as distillate was employed, some solvent 

regions were trapped as similar to the water-wet version of this experiment (experiment 4).  

  
 
 
 
a) Initial condition. Dashed arrows point to the direction of 
bubble growing. 

 
 
 
b) Dashed ovals indicate the region for vapor expansion 
and bubbles break up. Dash square shows the solvent 
produced in the fracture. 

 

Figure 22. Recovery mechanism in Experiment 6. 

The distribution of the bubbles and its stability in the porous media is shown in Figure 23 on the 

same sections of the matrix as given in Figure 19 for experiments 4 and 5. 

 

.   

   
a) b) c) 

 

Figure 23. Vapor distribution and stability in the matrix in experiment 6. 

In this case, as an effect of wettability (more oil wet), more clustering of vaporized solvent 

compared to the water wet case (Figure 16) was observed.  Also, more solvent vapor intrusion 

into smaller pores and thinner throats are obvious compared to the heptane case (experiment 5, 

Figure 20) and water-wet case (experiment 4, Figure 16) as pointed out with dashed red circles 

(Figures 23 a, b and c).  
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Note that the connection between the vaporized regions was more stable and lasted longer 

during the bubbling growth compare to the water wet case (experiment 4).  These two features 

were also observed in experiment 5 (Figure 19 b and Figure 20 c-d). 

7. Conclusions and Remarks 

Solvent retrieval during oil recovery applications in heterogeneous porous media was 

investigated visually at pore scale using micro models.  Liquid solvents were used due to higher 

mixing capability yielding more ultimate oil recovery.  The retrieval of this type of solvent was 

achieved by heating the system and increased the temperature up to the boiling point of the 

solvent inside the porous media.  Solvent diffused into the matrix start bubbling and changed its 

phase to vapor from liquid.  The expanding solvent was expected to flow into the fracture and 

retrieved by producing it via higher permeability fracture system.  This process was analyzed in 

this paper taking into account the factors playing a role, including heating -boundary- conditions, 

solvent type, matrix wettability, initial conditions in the fracture (fluid type occupying it), and 

temperature.  The following conclusions can be withdrawn from this study:    

1. Solvent vaporization was found to be more efficient for the case in which fracture (point) 

heating was applied.  It showed less oil trapped inside the matrix surrounding by its 

vapor phase and vapor chamber moved more easily to the fracture. 

2. Kelvin effect might explain why vaporization was achieved below its bulk boiling point 

value for all the micro model experiments.  

3. Since boiling point is an intrinsic property of the hydrocarbons employed, the heavier 

the composition in the fracture, the higher its boiling point despite the Kelvin effect 

reduction. Therefore, for the case in which fracture was filled with oil, and under the 

operating conditions used in the experiment, no effective solvent recovery was 

achieved. 

4. Bubbles break up and solvent trapped by this phenomenon was more frequently 

observed for the original wettability case (glass model, which was water-wet) compared 

to the wettability altered case to more oil-wet, in which the vapor bubbles’ 

communication remained weaker and discontinued. 

5. The nucleation of bubbles and phase conversion from liquid to vapor followed different 

patterns for heptane and distillate oil.  The nucleation process started earlier in the case 

of distillate, likely due to vaporization of lighter and aromatic components that pure 

heptane case.  The bubble growth followed more discontinuous patterns in the distillate 

case.  For more efficient solvent retrieval (i.e., the heavier components of the distillate), 

higher temperatures are needed.  Considering distillate is more efficient in heavy-oil 

recovery due to its aromatic components as shown in earlier studies [19,36,37], it is 

worth expanding this research to estimate the optimal temperature range of the distillate 

for an efficient retrieval. 

The outcome of this research would be useful in the solvent applications for heavy-oil recovery 

from fractured water or oil wet systems (especially carbonates), layered systems showing 

distinct permeability contrast, unconsolidated oilsands that developed a wormhole network after 

a severe CHOPS process.  
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