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ABSTRACT 

It has been suggested that Cyclic Solvent Injection (CSI) is a highly promising 

technique to recover heavy oil resources at which other recovery techniques are not 

economically or efficiently available. Therefore, it is necessary to conduct experimental 

and mathematical studies on the CSI for effective heavy oil recovery purposes. 

Experimental and data regression studies have been conducted to investigate the 

effects of the wormhole on the CSI. Nine tests were completed using three sand-pack 

physical models with different dimensions. Experimental results suggest that the oil 

production can be divided into two phases: solvent chamber rising phase and solvent 

chamber spreading phase. The average production rate in the solvent chamber rising 

phase is proportional to the wormhole length, while the average production rate in the 

solvent chamber spreading phase does not change much with the wormhole length. In 

addition, a relation of the oil production rate to the drainage height is obtained by 

regression analysis and verified with a different experiment. It is suggested that for a 

rectangular model, the oil production rate in the chamber rising phase is proportional to 

h
1.1667

. 

Experimental study of effects of pressure decline rate on the CSI has been performed. 

Twelve tests with ten decline rates through linear and non-linear pressure-drawdown 

methods were conducted. Results of optimizing the pressure decline rate indicated that 

the pressure decline rate plays a primary role in the CSI by affecting solvent chamber 

growth, foamy oil flow performance in Phase 1, and pressure drop force in Phase 2. 

Different driving mechanisms in different phases lead to different optimum pressure 

decline rates. Comparison of two pressure-drawdown methods suggests that the main 
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difference between the non-linear pressure-drawdown method and linear pressure-

drawdown method is that the former cannot provide a continuous driving force for 

diluted oil as well as the latter. The effect of the intermittent driving force is much more 

significant in Phase 2. Therefore, production performance of tests of pressure-drawdown 

linearly was generally better than that of tests of pressure-drawdown non-linearly. 

A linear material balance equation of CSI has been proposed to obtain the recovery 

factor of diluted oil.  It is successfully used to obtain the recovery factor of diluted oil of 

each cycle for a well-designed CSI test in a rectangular physical model (80×40×20 cm
3
). 

The relation of the solution-gas oil ratio and the diluted oil formation volume factor with 

pressure under non-equilibrium state are obtained through linear regression based the 

material balance equation. They are successfully verified through experimental data of a 

CSI test in a cylindrical model. Results indicate that the efficiency of oil dilution 

increases from 4.75% to 10.70% before the Cycle 10. Then it slightly varies from 10% to 

16.25% till the Cycle 25. It is dramatically decreased 10.11% in the last five cycles. For 

first three cycles, the diluted oil recovery factor is up to 40% due to extended production 

time. Then it almost keeps around 32% till the Cycle 25.  

Three mixture solvent with the decline rate of 12.5 kPa/min ,5 kPa/min and 1 kPa/min 

have been conducted. Knowledge of production performance of mixture solvent CSI tests 

is obtained through the comparison of mixture solvent tests with different decline rate 

and the comparison between mixture and pure solvent tests. Pure solvent tests had larger 

recovery factor and average oil production per cycle than mixture solvent tests. The 

asphaltene precipitation and production time significantly impacted the recovery factor of 

diluted oil in mixture solvent tests.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Proved global reserves of conventional oil amount to 1.02 trillion barrels, which is 

enough for up to 40 years supply at the current rate of production. However, as predicted 

by the “peak oil” scenario, conventional oil and gas exploration targets are becoming 

increasingly rare. Indeed, as production from conventional acreage declines at a rate of 

about 5% per year, global demand is rising steadily. In this environment, heavy oil, which 

is defined as liquid petroleum of less than 20° API (American Petroleum Institute) 

gravity or more than 200 cp viscosity at reservoir conditions, can play an instrumental 

role in reserve replacement. As a part of tomorrow’s energy solution, appropriate 5.6 

trillion barrel heavy oil reserves (Alshmakhy and Maini, 2012) of worldwide can extend 

the world’s energy reserves by many decades. Remarkable quantities of heavy oil and 

bitumen, 75% out of worldwide heavy oil reserves, are found in Canada and Venezuela 

(Dusseault, 2001; Heavy Oil and Tar Sands (Report)). The magnitude of the total 

resources in the two countries is vast, probably on the order of 3.5-4 trillion barrels of oil 

in place. Actually heavy oil reserves in Canada is appropriate 2.2 trillion excluding 

reserves in any formation bed less than 1.0 m thick, any isolated thin formation bed (e.g. 

1.5 m), or any formation bed with low oil saturation (e.g. <0.4). However, the total 

original oil in place (OOIP) is not a recoverable reserve. The amount that can be 

recovered depends on technology evolutions. To place the Canadian resource into context, 

it can be compared to the daily consumption in the United States and Canada, 

approximately 21 million barrels per day in 2001. Therefore, as shown in Table 1-1, the  
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Table 1 - 1: Consumption years under different recovery factors 

Assumed eventual recovery factor Years of oil at current rates 

10% of Heavy OOIP 27 years 

20% of Heavy OOIP 81 years 

30% of Heavy OOIP 135 years 

(Dusseault, 2001)  
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key point to extend the consumption years is to enhance the recovery factor of heavy oil 

reserves though novel technologies. 

Cold Heavy Oil Production with Sand (CHOPS) as a primary oil production process 

has been successfully used in unconsolidated heavy oil reservoirs in Alberta and 

Saskatchewan, Canada. Over 3 billion barrels heavy oil were produced through CHOPS 

method per year in Canada. However, typical recovery factors after CHOPS are between 

5% - 15% with the average being under 10% (Istchenko, et al., 2011 & 2012; Mohebbifar, 

et al., 2014) although the production rate is increased to 10 ~ 15 m
3
/d from ~ 0.5 m

3
/d. . 

This leaves approximately 90% of the original oil in place in the formation after the 

CHOPS process. In order to enhance heavy oil recovery, thermal-based methods have 

been successfully used in a number of field applications since 1980s. However, several 

major technical issues associating with the thermal-based methods, such as large energy 

and water consumptions, expensive water treatment and extensive heat losses, as well as 

considerable greenhouse gas emissions are getting concern (Luhning, et al., 2003). 

Alternatively, the solvent-based methods are considered in many heavy oil reservoirs 

with thin pay zones, bottom water, and low rock thermal conductivities which make the 

thermal-based methods are not suitable due to economic constraints and environmental 

concerns (James et al., 2007).  

 

1.2 Cyclic Solvent Injection Process (CSI) 

Cyclic Solvent Injection (CSI) process is a solvent-based EOR technique. It is also 

known as Huff-n-Puff process. In principle, CSI consists of injection, soaking and 

production three stages as shown in Fig. 1-1. On injection, the solvent is injected at a  
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Fig. 1 - 1: Three stages in CSI 

(Source: Canadian Centre for Energy Information)  
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designated pressure into a cold reservoir as scheduled amount. In the soaking stage, the 

well is shut in for a certain period allowing the solvent to dissolve into the crude oil. In 

the production, the diluted oil and injected solvent is pumped to surface from the same 

well. Then a new cycle will start from the injection stage. Since Shelton and Morris first 

employed a rich gas to recover oil as cyclic mode in 1973, many researchers have 

devoted their studies to experimental, simulation and pilot CSI. All results show 

promising potential of CSI to enhance the heavy oil recovery. 

CSI can be an alternative technique in heavy oil reservoirs with thin pay zones, bottom 

water, and low rock thermal conductivities which is not suitable to thermal-based 

methods. Especially, CSI can make the most of advantages as a follow-up process in 

post-CHOPS reservoirs. Therefore, it is a very promising technique to enhance the heavy 

oil recovery as an alternative of thermal-based methods. It is significant to investigate 

parameters affecting heavy oil recovery and develop mathematical model to evaluate the 

dynamic performance of CSI.  

 

1.3 Research Objectives 

The major objective of this proposed research is to conduct experimental and 

mathematical studies of the CSI for enhancing the recovery of heavy oil reservoirs. The 

detailed objectives are listed as follows: 

1) To conduct experimental tests to investigate the effects of the wormhole and 

decline rate on the CSI; 

2) To determine the relation between the oil production rate and the drainage height 

in CSI; 
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3) To develop a linear material balance equation to obtain the recovery factor of 

diluted oil in CSI; and 

4) To conduct mixture solvent CSI tests to better understand its production 

performance when pressure is under field-scale. 

 

1.4 Outline of the Dissertation 

There are seven chapters in this dissertation. Chapter 1 introduces the research topic with 

together its major research objectives. Chapter 2 presents details of the experimental 

studies of the effects of the wormhole in the cyclic solvent injection (CSI) process and 

provides a relation of oil production rate to drainage height in Phase 1. Chapter 3 

provides the experimental studies of optimizing the pressure decline rate on the CSI. 

Chapter 4 summarizes comparisons of CSI tests separately through linear and non-linear 

pressure-drawdown method. Chapter 5 includes details of a large 3D physical model 

experiment of the CSI and presents a linear material balance equation for obtaining the 

recovery factor of diluted oil. Production performance of mixture solvent CSI tests are 

discussed and compared with pure solvent CSI tests in Chapter 6. Finally, contributions, 

conclusions of the current research and recommendations for future work are summarized 

in Chapter 7   
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CHAPTER 2 EFFECTS OF THE WORMHOLE ON THE 

CYCLIC SOLVENT INJECTION PROCESS
1
 

 

Chapter Summary 

Cold heavy oil production with sand (CHOPS) has been applied successfully in many oil 

fields in Canada. However, typically only 5% - 15% of the original oil in place (OOIP) is 

recovered during cold production. Therefore, effective follow-up techniques are of great 

importance. Cyclic solvent injection (CSI), as a post-CHOPS process, has greater 

potential than continuous solvent injection to enhance heavy oil recovery. Continuous 

solvent injection results in early breakthrough due to the existence of wormholes; while 

in CSI, the existence of wormholes can increase the contact area of solvent and heavy oil 

and the wormholes also provide channels that allow diluted oil to flow back to the 

wellbore. 

In this chapter, the effects of wormhole and sandpack model properties on the 

performance of the CSI are experimentally investigated using three different cylindrical 

sandpack models. The length and diameter of the base model are 30.48 cm and 3.81 cm, 

respectively. The other two models, one with a larger length (i.e. 60.96 cm) and the other 

with a larger diameter (i.e. 15.24 cm), are used for up-scaling study in the directions 

parallel and perpendicular to the wormhole, respectively. The porosity and permeability 

 

 

 

1
Some portion of this chapter is mainly the reproduction of the following published papers with 

permissions from SPE (Appendix A): 

 Du, Z., Zeng, F., Chan, C., 2013. An experimental study of the post-CHOPS cyclic 

solvent injection process. SPE Heavy Oil Conference-Canada, 11-13 June, Calgary, 

Alberta. 
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of these models are about 35% and 5.5 Darcy typically. A typical western Canadian oil 

sample with a viscosity of 4330 smPa  at 15°C is used. And pure propane is selected as 

the solvent. The experimental results suggest that the existence of wormhole can 

significantly increase the oil production rate. The larger the wormhole coverage is, the 

better the CSI performance obtained. In terms of the effect of wormhole’s location, a 

reservoir or well with wormholes developed at bottom is more favorable for post-CHOPS 

CSI due to the gravity effect. The production of the CSI can be divided into two phases: 

early time chamber rising and late time chamber spreading phases. The oil recovery 

factor in the chamber rising phase is almost independent of the sandpack model diameter; 

and the oil relative production rates (the oil production rate divided by the original oil in 

place) in two models with different diameters are close during the chamber spreading 

phase due to similar solvent dispersion rate. It is also found that if the wormhole length is 

the same, the sandpack model length hardly affects the oil production rate in the earlier 

stage. In terms of the effects of the wormhole orientation, the well with a horizontal 

wormhole is inclined to get a good CSI performance. Through analyzing the 

experimental data, a relation of oil production rate to drainage height is also obtained and 

verified. 

 

2.1 Introduction 

Cold Heavy Oil Production with Sand (CHOPS) is a primary oil production process 

successfully used in unconsolidated heavy oil reservoirs in Alberta and Saskatchewan, 

Canada. Under CHOPS, typical recovery factors are between 5% - 15% with the average 

being under 10% [1-3]. This leaves approximately 90% of the original oil in place in the 
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formation after the CHOPS process. Therefore, effective follow-up techniques are 

urgently needed as post-CHOPS EOR processes.  

Wormholes, generated during the process of cold production, are believed to be one of 

the most significant mechanisms, which enhanced the oil production rates in CHOPS 

wells, compared with conventional cold production [4]. The existence of wormholes has 

been verified in both laboratory experiments and field tests through injecting fluorescein 

dye. Laboratory tests on core samples indicted that the injected fluorescein dye flowed 

rapidly through high permeability channels that contained very little matrix material [4]. 

In field, fluorescein dye tests, operated by Amoco Canada in Elk Point, Alberta, indicated 

communication among 12 wells with the dye traveling upwards of 2 km at velocities 

exceeding 7 m/min [5]. It is widely believed that after CHOPS production the reservoir is 

left with a network of high permeability channels [6]. These wormholes make the 

depleted CHOPS reservoirs unsuitable for conventional flooding processes, since the 

wormholes will cause injected flood to quickly break through; while the wormholes can 

serve as flow paths for solvent or steam in cyclic processes and gravity drainage based 

processes. 

Solvent-based processes may be better choices than steam-based processes for post-

CHOPS reservoirs, since those reservoirs have small net-pays, generally less than 10m, 

and significant heat loss in steam-based processes would make these processes 

uneconomical. Also, compared with steam-based processes, solvent-based processes have 

many other advantages, such as low energy consumption, less environmental pollution, in 

situ upgrading and lower capital costs [7-10]. In terms of solvent-based processes, several 

different approaches including VAPEX [11], lateral SVX [12], CSI [13], Cyclic CO2 
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treatment [14] and Enhanced Cyclic Solvent Process [15], have been proposed in 

literatures. For VAPEX process, the slow mass transfer rate of solvent into the oil phase 

and lack of gravity in a thin net-pay reservoir make the process have a production rate too 

low to be economical. For lateral SVX, a continuous solvent injection process, the 

existence of wormholes will cause solvent to early break through; therefore it’s not 

efficient. However, for CSI, the existence of wormholes can increase the contact area of 

solvent and heavy oil, and the wormholes also provide flow channels that allow diluted 

oil to flow back to the wellbore. Table 2-1 summarizes details of comparison between 

continuous solvent injection process and CSI. CSI can make the most of advantage in 

post – CHOPS reservoirs. Therefore, CSI is more promising than VAPEX process and 

lateral SVX process as a post-CHOPS enhanced heavy oil recovery method. Limited 

studies have been conducted to investigate the CSI as a post–CHOPS follow up technique. 

Ivory et al. [13] conducted experimental study to evaluate the performance of a 28% C-

3H8 – 72% CO2 solvent mixture in a post-cold production CSI follow-up process. They 

conducted six cycles and the recovery factor for six cycles was about 50%. A very long 

injection and soaking times (at least 62 days) were used in their study. Dong et al. [15, 16] 

proposed using methane as a chase gas in the solvent injection period during CSI and 

their results showed the oil recovery factor can be significantly improved by using the 

propane as solvent and methane as chasing gas, compared with that by using methane 

only. Chang [17] conducted field-scale numerical simulation study for CSI and concluded 

that the oil recovery from CSI is mainly dominated by the wormholes created during 

CHOPS. Cyclic CO2 injection experiment was performed to evaluate the potential of 

using CO2 for recovering additional oil from post-CHOPS by Alshmakhy et al [18]. They  
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Table 2 - 1: Comparison of Continuous solvent injection and CSI 

 Continuous solvent injection CSI 

Operation  

Strategy 

Two types: VAPEX and Lateral 

SVX 

huff-n-puff 

Driving  

Mechanisms 

• Gravity (traditional VAPEX) 

• Constant pressure may apply 

for lateral SVX 

Gravity, Pressure drop and solution 

gas drive may be applied together 

EOR  

Mechanisms 

• Viscosity reduction 

• Asphaltene precipitation 

• Diffusion and dispersion 

based mass transfer 

• Capillary mixing  

• Viscosity reduction 

• Asphaltene precipitation 

• Diffusion and dispersion 

based mass transfer 

• Capillary mixing  

• Foamy oil flow  

Rules of  

Wormhole 

• Establish communication 

between the injector and the 

producer 

• May cause solvent quick 

breakthrough 

 

• Increase contact area for 

solvent and crude oil 

• Help the diluted oil flow to 

the producer 

 

Main  

Challenges 

• Low mass transfer rate 

• Small gravity head (for thin-

net pay reservoirs) 

• Pressure depletion 

• Viscosity regain  
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found it may be possible to re-energize the depleted heavy oil reservoirs by injecting CO2, 

especially those that did not give high recovery factors during the primary depletion. 

Qazvini et al. [9] investigated the effect of operating pressure, soaking time and solvent 

composition through solvent-based huff-n-puff experiments.  

In recent years, some new studies also have been conducted to investigate how to 

improve the performance of CSI. Jiang et al. [19] proposed a new technique, cyclic 

production with continuous solvent injection (CPCSI), to enhance heavy oil recovery. 

The recovery factor could be up to 85% in one test. Jia et al. [20] proposed gasflooding-

assisted cyclic solvent injection (GA-CSI) to enhance the performance of the CSI. 

Results show GA-CSI can increase the oil production rate by over 3 times. Solvent 

retention and recycling was also investigated to economically recover heavy oil reservoir. 

Forshner et al. [21] evaluated the relative importance of different solvent retention 

mechanisms and how solvent can be recovered from the reservoir so that cyclic solvent 

injection process can be economically viable. Chang et al. [22] performed an experiment 

to investigate pressure maintenance at post-CHOPS CSI well using gas (CH4) injection at 

offset well. Solvent recovery strategies were evaluated. For post-CHOPS reservoirs, their 

key characterization is the existence of wormhole. In previous studies, the effects of 

wormhole on the CSI were not considered. In this study, wormhole was considered in the 

experiments of CSI tests. Also for solvent-based enhanced heavy oil recovery processes, 

it is very important to investigate theirs performance at different scales, so that the 

performances of these processes in the field scale can be better predicted [23].  Therefore, 

it is necessary to conduct experimental study to investigate the performance of CSI under 

the effects of wormholes with physical models in different scales.  
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In this study, a series of experimental tests were conducted by using three cylindrical 

sand-pack models with different geometries to investigate the effect of wormhole 

properties on the post-CHOPS CSI. Effects of wormhole length, wormhole’s vertical 

location, model diameter, model length, and model orientation on the performance of CSI 

are discussed. A correlation between oil production rate and drainage height is also 

obtained through analyzing the experimental data. The results are of importance for 

understanding the CSI performance under the effect of wormholes and up-scaling study. 

 

2.2 Experimental Section 

2.2.1. Experimental Materials 

A typical heavy oil sample was used in this experimental study. The oil properties and 

SARA analysis results are listed in Table 2-2 and 2-3, respectively. Propane and nitrogen 

were supplied by Praxair, both with purities of 99.99%. Propane was used as solvent and 

nitrogen was used as pressure testing gas. Potters glass beads with an average pore size of 

90-150 µm was used to pack the physical sand-pack models.  

 

2.2.2. Sandpack model 

Sandpack models simulate heavy oil porous media deposits to perform enhanced heavy 

oil recovery (EHOR) studies. A sandpack model uses a container which is basically a 

rectangular or cylindrical high-pressure steel model filled up with sand or glass beads 

inside. Table 2-4 summarized model dimensions, type of sand used, size of grains, 

porosity, permeability and connate water saturation of different sandpack models 

reported in published journal articles. Table 2-4 suggests that the cylindrical sandpack   
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 Table 2 - 2: Measured oil properties for the used typical Western Canada heavy oil 

Temperature 

o
C 

Density 

kg/m
3 

Viscosity 

smPa   

Compressibility 

1/(kPa) 

Pressure Coefficient of 

Viscosity 

1/(MPa)  

15 

21 

25 

75 

967.9 

964.3 

961.8 

929.5 

4330 

2200 

1830 

72.3 

5.2x10
-7 

5.5x10
-7 

5.7x10
-7 

 6.6x10
-7 

0.056 

0.031 

0.027 

0.026 
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Table 2 - 3: SARA analysis results 

Property  Measured 

Saturates 28.4 

Aromatics 27.0 

Resins 22.5 

Asphaltenes 14.8 

Unrecovered 7.30 
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Table 2 - 4: Properties of sandpack models 

Ref 

# 

Sandpack 

dimension 

(cm) 

Type of sands Size of grain  

 

ϕ  

(%) 

k 

(Darcy) 

Connate water 

saturation (%) 

[12] 100*26*27 

100*50*51 

Glass beads 90-150 (μm) 35.1 4.1 / 

[13] L: 300; D: 1-9.7 Produced sand / 38 4.5 12 

[16] L: 30.5; D: 5.51 Produced sand / 35.5 

32.8 

6.58 

9.7 

/ 

/ 

[24] L: 200; D: 5.34 Ottawa sand 30-50 (mesh) 36.28 24.19 8 

[25] L: 40; D: 5.5 Ottawa sand 75-150 (μm) 20-30 2.7-6 / 

[26] L: 61; D: 5 Ottawa sand / 37-42 5-14 / 

[27]  Field sand 198 (μm) 34 1.7 / 

[28] L: 30; D: 5 Silica sand 30-50 (mesh) 

100-120  

36.5-

38.5 

4.5-

11.6 

/ 

[29] 7.5* 11.3* 2.5 

15*22.5*2.5 

30*45*2.5 

Glass beads 

Sands 

12-16 (mesh) 

16-20 

20-30 

37 

36 

35 

640 

330 

320 

4.1 

5.5 

7 

[30] 70.8*40.6*14 Ottawa sand 20-30 40.8 

39.6 

300 

300 

31.8 

14.7 

[31] L: 50; D: 3.81 Ottawa sand 74-105 (μm) 38 3.1 / 

[32] 26*12*0.99 

30*15*0.5 

Glass beads 212-250 

(μm) 

40 43 / 

[33] L: 6.6; D: 4.25 Ottawa sand 40-60 (mesh) 

60-100 

120-170 

31.6 

31 

30.6 

12 

6.25 

2.8 

/ 

[34] 70.8*40.6*14 Ottawa sand 

Athabasca sand 

20-30 (mesh) 34.7 10 16.3 

[35] L: 80; D: 5.04 

L: 78; D: 5.04 

Ottawa sand 75-125 (μm) 33 

35 

2 

2.06 

0 

0 

[36] L:16.5; D:3.81 Lane Mountain 

70 sand 

/ 37.2 1.86 12.25 

[37] L: 44; D: 3.81 

L: 115; D: 8.89 

L: 118; D: 8.89 

Lane Mountain 

70 sand 

/ 37.7 

36.3 

36.6 

6.7 

3.0 

3.8 

11 

8.9 

8.6 

[38] L: 45.72; D: 3.81 Ottawa sand 50-70 (mesh) / 11 13.2 

[39] L: 45.7; D: 7.62 

L: 40.6; D: 5.08 

L: 35.6; D: 2.54 

/ / 37 

37 

37 

2.8 

2.5 

2.5 

10.5 

10.5 

10.5 

[40] L: 36.5; D: 10.2 Produced sand / 36.4 / / 

[41] 50*30*10.5 

50*30*5 

Ottawa sand 425-600 

(μm) 

43 

43 

6.4 

11 

14 

10.5 

[42] 30.4*30.4*12.7 Ottawa sand 250 (mesh) 33.1 1.7 6.9 

[43] L: 36.5; D: 10.2 Produced sand / 34 2 20 
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[44] L: 60; D: 5.2 Silica sand 50-75 (μm) 39.5 1.62 4.5 

[44] L: 80.4; D: 29.8 Clearwater sand / 33.8 1.19 15 

[46] ID: 6.03; L: 69.85 Sands  38.3 2.54 / 

[47] Typical post-  

CHOPS 

Reservoirs in 

Lloydminster 

Sandstone / 28-32 1-4 / 

Our models in this 

manuscript 

Glass beads 90-150 (μm) 33-36 5-6 3.85-8.28 

 

  



18 

 

models have been applied in many heavy oil studies to represent the porous media for 

heavy oil deposits; and the porous properties of the sandpacks in our studies is very close 

to those in typical post-CHOPS reservoirs in Lloydminster area. 

 

2.2.2.1. Packing method 

There have two different sand packing approaches: dry packing and wet packing, 

depending on whether liquid fluid is involved during the packing period.  

Wet packing 

Sands are filled into a sandpack model together with liquid (water or methanol). The 

model is vibrated to help settle the beads. This careful packing ensured that the sand is 

uniformly packed. The sandpack is then drained and dried overnight with compressed air, 

and then nitrogen is run through the sandpack to remove any residual liquid.  

Dry packing 

Sands are filled into a sandpack model without any liquid. But a vibrator is necessary to 

pack the model uniformly and compactly. The packing is continuing till the sand cannot 

be added into the model any more. 

Wet packing is easier to make the model uniform and compact. Therefore, the 

porosities and permeabilities of sandpack through wet packing are relative lower than 

those of sandpack by dry packing. However, the accurate measurement of porosity and 

connate water saturation is strongly depending on whether the sand pack is completely 

dried. In our tests, both dry and wet packing approaches were tried before experimental 

runs were performed. The authors found the porosities, permeabilities and connate water 

saturations obtained from these two approaches are quite close, therefore, the dry packing 

is used in this study. 
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2.2.2.2. Challenges existed in sand pack models 

Sandpack models have been applied at different EOR tests. Although lots of significant 

experimental results have been successfully obtained by using sandpack models, some 

challenges inevitably exist with sandpack models. Therefore, it is crucial to overcome 

these challenges in the tests with sandpack models. 

The wall effect 

One challenge existing in sandpack models is the wall effect. Due to the fact that some 

sandpack models do not have overburden pressure, there may have a high-permeability 

channel along the walls of those models. If the wall effect is severe, the residual oil 

saturation will be very different with the cases with small or negligible wall effect. In this 

study, the wall effect was considered and decreased by painting the inside of the model to 

increase the roughness of the wall. Also since the pure propane was used as solvent, the 

operate pressure was low, and thus the wall effect was well controlled, which can be 

observed from the residual oil saturation pictures. 

The boundary effect 

The other challenge existing with physical modeling for heavy oil research is the 

boundary effect. The boundary effect means that all physical modeling in the laboratory 

has a very confined area, which is much smaller than the real field. The ratio between the 

laboratory and field scales is about 100:1 to 10,000:1. Therefore, the direct application of 

laboratory physical modeling results to field scale is always questionable. Therefore it is 

very crucial to investigate multiple-scale physical modeling and mathematical and 

numerical modeling for finding a reliable approach to upscale the laboratory results to 
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field scale. The value of this manuscript is to provide test results at different scales to 

exam the effects of boundary and provide information for up-scaling study. 

In general, the sand pack used in this manuscript will have a porosity of 33% - 36% 

and a permeability of 5 – 6 Darcy. In this study, in order to study the performance of CSI 

in different scales and provide data for up-scaling analysis, three cylindrical sand-pack 

models were used. The dimensions of these three sand-pack models are listed in Table 2-

5. Model 1, which is with a length of 30.48 cm and a diameter of 3.81 cm, serves as a 

base model. Model 2, with a diameter same as that of Model 1, is doubled in length to up-

scale the base model in the axis direction. Model 3, with a length same as that of Model 1, 

has a diameter four times of that of the base model to up-scale the based model in the 

radial direction. The three sand-pack models used in this work are shown in Fig. 2-1. 

 

2.2.3. Experimental Setup 

Similar to many sand-pack based solvent injection experimental setup, the experimental 

setup includes propane tank, syringe pump, transfer cell, sand-pack model, digital 

pressure transducer, computer, oil and gas separator, scale and wet gas meter, as shown in 

Fig. 2-2. Different with other studies, a mimic wormhole was placed in the sandpack 

model for each test. The mimic wormhole was made of spring and wrapped by filter 

gauze to avoid sand getting into the spring. The mimic wormhole has a diameter of 0.32 

cm. The length of the wormhole is different from different tests in order to study its effect 

on the performance of CSI.  
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Table 2 - 5: Dimension of sandpack models 

 Model NO. Length (cm) Diameter (cm) 

1 30.48 3.81 

2 60.96 3.81 

3 30.48 15.24 
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Fig. 2 - 1: Sandpack models 
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Fig. 2 - 2: Schematic of the experimental setup  
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2.2.4. Experimental Procedures 

The experimental procedures include model preparation and test procedure. The model 

preparation includes the following steps: 

(1) The model was packed with glass beads.  

(2) The sandpack was tested for leakage by using nitrogen.  

(3) Gas was evacuated till the sandpack negative pressure reached a stable-state value 

by a vacuum pump.  

(4) Water was imbibed into the sandpack. The porosity of sandpack can be obtained.  

(5) Permeability test was conducted. Water was injected into sandpack at different low 

rates by syringe pump. Pressure difference between the inlet and outlet was also recorded 

corresponding to each water injection rate. The sandpack permeability was calculated 

based on Darcy’s Law.  

 (6) 1.25PV crude oil was injected into the water-saturated sandpack model with an 

appropriate rate (0.1ml/min – 0.4 ml/min) to displace the water out. In this way, the 

condition of connate water is established in the sandpack. Properties, including porosity, 

permeability, initial oil saturation, connate water saturation, of the sand-pack model for 

each test are summarized in Table 2-6. As parameters of Tests 1, 2, 3 and 8 as an 

example, these tests are conducted using sand-pack Model 2, the experimental 

measurements of these parameters are equal to be repeated four times to double check 

their accuracy and consistence. The same methodology is employed to obtain these basic 

parameters of other tests [48]. On the other hand, the injection pressure and temperature 

of each test are their averages throughout the CSI test. 
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Table 2 - 6: Sandpack properties for each test 

Test 

NO. 

Porosity 

(%) 

Permeability 

(D) 

Oil 

Saturation 

(%) 

Water 

Saturation 

(%) 

Injection 

pressure 

(kPa) 

Temperature 

(
o
C) 

1 35.24 5.60 95.88  4.12  795.33  21  

2 35.24  5.60  95.88  4.12  798.17  21  

3 35.24  5.60  95.88  4.12  797.27  21  

4 33.73 5.41  93.45  6.55  794.30  21  

5 33.73 5.41  93.45  6.55  798.92 21  

6 33.73  5.41  93.45  6.55  794.53 21  

7 35.29  5.46  96.45  3.55  797.62  21  

8 35.24  5.60  95.88  4.12  803.53  21  

9 33.73  5.41  93.45  6.55  796.04  21  
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After the sand-pack model was saturated with connate water and initial oil saturations, 

the CSI is started. The experimental procedure for CSI tests includes the following steps:  

(1) Solvent injection. All of the valves connected to the sandpack were closed except 

the injection valve during propane injection. In all tests, the injection is conducted under 

constant pressure condition through a Back Pressure Regulator (BPR) connected to the 

propane tank. The injection pressure is maintained at ~800 kPa, which is a little bit lower 

than the dew point of propane at the room temperature (~21 ºC). For all tests, the duration 

of the injection period for solvent injection is set about 45 minutes. Our observation 

suggests that for all tests, the pressure in the model is able to reach the solvent’s dew-

point pressure (~800 kPa) during this period.  Theoretically, the smaller the model, the 

solvent injection time should be shorter. However, in this study, in order to keep the 

results consistent, a constant solvent injection period is used. 

(2) After solvent injection, the injection valve was closed and the sandpack was left to 

soak. The sandpack pressure was recorded continuously during this period. Generally, the 

sand-pack pressure would reach a steady-state value in 10 minutes. Therefore, for all tests, 

10- minute soaking time is applied.  

(3) Finally, production from sandpack was commenced through closing the injection 

valve and opening the production value after soaking. In this study, the CSI is tested 

through single well, which means that both injection and production are operated through 

the port connected to mimic wormhole. Also, in this study, a BPR is not applied in the 

production; therefore the production valve is instantaneous opened. The production 

pressure, therefore, quickly drops. In general, within 5 minutes, the production pressure 

will drop to atmosphere pressure, and production completes. The amount of gas 
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production was continuously measured during production cycle. And the oil production is 

weighed every cycle.  

In summary, each cycle lasts 1 hour, including 45-minute injecting period, 10-minute 

soaking period and 5-minute production period. In the ECSP experiment conducted by 

Jamaloei and Dong (2012), their soaking and production period lasted about 22 hours and 

30 minutes, respectively.  Their experimental pressure (3.1 MPa) and bulk volume (1.6 L) 

of the sandpack are both larger than those in this study. In comparison, in this study, the 

sandpack pressure would reach the expected pressure after 45 minutes injection; after 10 

minutes soaking, the pressure would reach a steady-state; then all the diluted oil could be 

produced in 5 minutes. Therefore, this procedure was applied and repeated for each CSI 

cycle. Ultimately, the experiment would be stopped when there was not oil produced in 

two continuous cycles. 

 

2.3 Results and Discussion 

Nine experimental tests were conducted to investigate the effects of wormhole length, 

wormhole vertical location, model diameter, model length and model orientation on the 

performance of CSI. Each test was performed under the same pressure and temperature 

conditions. Since wormholes are most horizontally created during cold production in field, 

most experiments were conducted with the sandpack horizontally positioned to 

investigate the prevalent effects of wormholes on the CSI and one experiment with the 

sandpack vertically positioned was conducted for the comparison purpose. Table 2-7 

summarizes the model and wormhole properties for each test. Table 2-8 further presents 

the purpose of experimental design for parametric study [49]. Fig. 2-3 shows wormhole  
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Table 2 - 7: The wormhole properties for each test 

Test # Model # Wormhole length 

(cm) 

Wormhole orientation Wormhole location 

1 2 7.62 Horizontal Center right 

2 2 15.24 Horizontal Center right 

3 2 22.86 Horizontal Center right 

4 3 10.16 Horizontal Bottom 

5 3 10.16 Horizontal Center 

6 3 10.16 Horizontal Top 

7 1 10.16 Horizontal Bottom 

8 2 7.62 Horizontal Bottom 

9 3 10.16 Vertical Center 
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Table 2 - 8: Experimental Design of Parametric study 

Variables  

Wormhole length Test 1=7.62 cm; Test 2=15.24 cm; Test 3= 22. 86 cm 

Wormhole location Test 4-bottom; Test 5-center; Test 6-top 

Model diameter Test 4=15.24 cm; Test 7=3.81 cm 

Model length Test 7=30.48 cm; Test 8=60.96 cm 

Model orientation Test 5-horizontal; Test 9-vertical 
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Fig. 2 - 3: Wormhole location of each test 
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location of each test. Table 2-9 summarizes the recovery factor, average production rate 

and average relative production rate for each test. Please note that (1) the average 

production rate is calculated based on the production time; (2) the average relative 

production rate is defined as the ratio of average production rate to the original oil in 

place. Table 2-7 suggests that Test 4, which used the large diameter model with a 

horizontal wormhole located at the bottom, has the highest recovery factor and the 

highest average production rate. This indicates that a thicker reservoir with wormhole 

structure located at its bottom will be a favorite condition for post-CHOPS CSI. 

 

2.3.1. Discussion on Factors Affecting the CSI 

2.3.1.1 Effects of Wormhole Length 

For CHOPS process, different CHOPS wells may have different sand productions, which 

means the wormhole length and structure are different for each CHOPS well. This section 

discusses effects of wormhole length on the performance of post-CHOPS CSI. 

Tests 1, 2 and 3 were conducted with the same model (Model 2) with three different 

wormhole lengths, 7.62 cm, 15.24 cm and 22.86 cm, respectively. Fig. 2-4 and Fig. 2-5 

present the recovery curves and production rate curves for these three tests. As shown in 

Fig. 2-4, the production performance can be divided into two phases. In Phase 1, the 

production rate increases at the early stage and then almost maintains as a constant. An 

overall high oil production rate is achieved. This phase is mainly dominated by the oil 

production from the cross section perpendicular to the wormhole. During this phase, the 

injected solvent disperses upwards due to the gravity overriding effect and the solvent 

and the crude oil have a large contact area, which is proportional to the wormhole length. 

Also, since in both laboratory and field, the dimension in the cross section, perpendicular  
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Table 2 - 9: The recovery factor and production rate results for each test 

Test 

# 

OOIP 

(g) 

Recovery 

factor 

(%) 

Average production 

rate 

(g/min) 

Average relative production 

rate 

(1/min) 

1 236.92 32.90  0.26  0.00110 
 

2 236.92  37.90  0.43  0.00181  

3 236.92  42.40  0.66  0.00279  

4 1681.25 65.40  3.56  0.00211  

5 1681.25 43.10  3.14  0.00187  

6 1681.25 26.90  1.67  0.00100  

7 121.05 47.70  0.58  0.00998  

8 236.92 21.30  0.53  0.00224  

9 1681.25 25.10  1.70  0.00101  
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Fig. 2 - 4: Effect of wormhole length on the recovery factor under the Model 2 
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Fig. 2 - 5: Effect of wormhole length on the production rate under the Model 2 
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to the wormhole, is smaller, compared to the dimension along the wormhole direction, 

the diluted oil has a smaller distance to travel and is able to flow to the wormhole under 

both pressure drop and gravity drainage. Therefore, the oil production rate in this phase is 

quite high. At the same time, the longer the wormhole is, the more oil is diluted and the 

higher the oil production rate is. As shown in Table 2-10, compared the average 

production rates in Phase 1 for Tests 1, 2 and 3, Test 3, with the longest wormhole, has 

the highest average production rate (0.681 g/min). Fig. 2-6 further discovers the relation 

between the average oil production rate in this phase and wormhole length and suggests 

that the average oil production rate in Phase 1 is a linear relation with the wormhole 

length. It should be also noted that as indicated in Fig. 2-4, the oil recovery from Phase 1 

is larger than the recoverable oil of the surrounding area of the wormhole, which 

indicates that some crude oil beyond the wormhole was also produced in this phase. This 

is mainly because during the solvent injection, there has a pressure drop between the two 

ends of the model; part of the injected solvent also flows laterally beyond the wormhole 

area. In Phase 2, the area around the wormhole has become a solvent chamber, and the 

contact area between solvent and crude oil is not proportional to the wormhole length 

anymore. The contact area is mainly related to the cross section area of the sand-pack 

model. Therefore, the solvent and crude oil contact area in Phase 2 is much less than that 

in Phase 1; thus the oil production rate in Phase 2 is significantly decreased compared 

with that in Phase 1. Table 2-10 compares the average oil production rates in Phase 2 for 

Tests 1, 2 and 3 and suggests that the average production rate for these three tests are 

quite close, 0.120 g/min, 0.175 g/min and 0.160 g/min, respectively.  
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Table 2 - 10: The average production rate of in Tests 1, 2 and 3 

Test # Wormhole length 

(cm) 

Average production rate (g/min) 

Phase 1 Phase 2  

1 7.62 0.423  0.120  

2 15.24 0.548  0.175  

3 22.86 0.681  0.160  
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Fig. 2 - 6: Effect of wormhole length on the average production rate in Phase 1  
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It should be also noted that in Fig. 2-5, production rate of Test 1 in the early period 

(the first ten hours) is higher than the production rate of Test 2 in the same period. This is 

caused by an extended injection time happened in the early period of Test 1.  Solvent was 

injected into the sandpack model for over 4 hours due to a flow meter error. Since 

different solvent injection time was used, the results in this period should not be 

comparable with those in Test 2.  

After each test is completed, the sand samples at different locations of the sandpack 

model were collected and the residual oil saturations at different locations were measured. 

The distribution of residual oil saturations represents the solvent chamber shape. Table 2-

11 gives the residual oil saturations at 8 different locations of the sandpack model in 

these three tests. Table 2-11 suggested that (1) around the wormhole area (the first 7.62 

cm Test 1, the first 15.24 cm in Test 2, and the first 22.86 cm in Test 3), the residual oil 

saturation is less than 1.5%; (2) in the area beyond the wormhole, the residual oil 

saturation increases as the distance to the tip of the wormhole increases. This indicated 

that the crude oil far away from the wormhole structure is more difficult to be produced 

from the CSI. The main reasons include (1) solvent diffusion is a slow process and it will 

take longer time for solvent to diffuse to further distance; (2) even the crude oil in the 

area far away from the wormhole is partially diluted, during the production period the 

pressure decreasing will cause the dissolved solvent releasing from the diluted oil and the 

oil viscosity regaining.  

The above discussion suggests that the wormhole coverage in a CHOPS well has 

significant effects on the performance of CSI. The larger the wormhole coverage is, the 

better the CSI performance is. However, in field cases, the wormhole structure sometimes  
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Table 2 - 11: Residual oil saturation of tests at different wormhole 

length Test 

# 

Length  

(cm) 

Sor (%) 

Test 1 Test 2 Test 3 

1 2 1.30  0.90  1.12  

2 8 1.37  1.04  1.38  

3 16 4.35  1.32  1.35  

4 24 14.53  9.21  4.12  

5 32 47.74  35.53  27.88  

6 40 61.41  44.37  42.45  

7 48 85.63  54.79  46.99   

8 60 95.38  92.48   90.19   
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may extend to the aquifer zone. In that situation, the aquifer zone will act as a thief zone 

and significant solvent loss may happen. Therefore, understanding the wormhole 

structure is always important in designing the post-CHOPS CSI. 

 

2.3.1.2. Effects of Wormhole’s Vertical Location 

In this study, by using the large cylindrical model (Model 3), effects of wormhole’s 

vertical location are investigated through Tests 4, 5 and 6, in which the mimic wormhole 

was placed in the bottom, center and top of the sandpack model, respectively. The 

wormhole lengths and operation conditions for all these three tests were kept as the same.  

Fig. 2-7 compares the typical residual oil saturation profiles when wormhole was set 

at different vertical locations. As shown in Fig. 2-7, in these three tests, the sands in the 

upper section of the model above the wormhole are much cleaner than the sands in the 

lower section of the model below the wormhole, which means that the produced oil is 

mainly from the upper section. This indicates that even though in CSI the pressure drop 

provides the driving mechanism, gravity effect still has significant effects on solvent 

chamber development, oil production rate and oil recovery factor. Fig. 2-7 also suggests 

that in CSI, the solvent chamber is more likely in a convex shape, rather than a concave 

shape.  

Fig. 2-8 compares the oil recovery factor plots for Tests 4, 5 and 6. It is obvious that the 

trend of the oil production rate (i.e. the slopes of the oil recovery factor plots) has two 

distinct phases. In Phase 1, the oil production rate, i.e. the slope of each plot, is increasing 

with time, while in Phase 2 the oil production rate is almost a constant. This can be 

further observed in Fig. 2-9, which gives the oil production rate curves for these three  
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Fig. 2 - 7: Residual oil saturation pictures for different wormhole location 
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Fig. 2 - 8: Effect of wormhole location on the recovery factor 
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Fig. 2 - 9: Effect of wormhole location on the production rate 
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tests. The production behavior in Phase 1 is mainly dominated by the wormhole length 

and gravity effects, while the oil production in Phase 2 is mainly from the area away from 

the wormhole and driven by the pressure drop. Because of the solvent’s gravity 

overriding effect, the dispersion and countercurrent flow, the production rate in Phase 1 is 

much larger than that in Phase 2. Fig. 2-8 and 2-9 also suggest that the duration of Phase 

1 is a function of gravity height (i.e. the distance between the model top and the 

wormhole). The gravity height for Tests 4, 5 and 6 are 1.7 cm, 7.62 cm, and 13.54 cm 

respectively; correspondingly the durations of Phase 1 for these three tests are 4 hrs, 22 

hrs and 28 hrs. The maximum oil production rate for each test occurs at the end of Phase  

1. This is mainly because at the end of Phase 1, the solvent chamber reaches the top of 

the model, and the gravity head reaches its maximum value; therefore the oil production 

rate at that moment reaches the highest value. Section 2.3.4 further analyses the 

production data in these three tests and correlations of production rate versus time and 

production rate versus gravity height are also generated. 

Fig. 2-10 compares the residual oil saturation distributions in Test 4, in which 

wormhole is located at the bottom of the model, and those in Test 5, in which wormhole 

is located at the center of the model. Fig. 2-10 suggests that (1) in both tests, more 

residual oil exists on the lower section of the model, especially the section further away 

from the wormhole; (2) for each test, in the areas surrounding the wormhole, the solvent 

chambers at different locations along the wormhole are quite similar in both shape and 

size, while the chamber size decreases at the location further away from the tip of the 

wormhole; (3) the solvent chamber size for Test 4 is larger than that in Test 5;  (4) for 

Test 4, which has a larger gravity head than test 5, solvent/oil counter-current flow paths  
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Fig. 2 - 10: Comparison of residual oil saturation pictures 
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are quite clear at the locations (i.e., 3 cm and 6 cm) where the mimic wormhole extends; 

while for test 5, the counter-current flow paths cannot be observed.   

In summary, a reservoir or well with wormholes developed at the bottom is more 

favorable for post-CHOPS CSI. Even though the pressure drop during the injection can 

help the solvent disperse and the pressure drop in the production period can help the 

diluted oil flow back to the wellbore, the gravity effect seems have a greater impact on 

both oil production rate and oil recovery factor than pressure drop.   

 

2.3.1.3. Effects of Model Diameter 

Tests 4 and 7 were conducted to investigate the effects of different model diameters on 

the performance of the CSI. In Test 4, Model 3, which has a diameter of 15.24 cm, was 

used, while in Test 7, Model 1, which has a diameter of 3.81 cm, was used. In both tests, 

mimic wormholes with the same length, 10.16 cm, were placed at the bottom of the 

models.  

As presented in Fig. 2-11, similar to what have been observed before, the recovery 

factor curve for each test has two distinct phases. Fig. 2-12 shows the relative production 

rate of Tests 4 and 7. Table 2-12 compares the relative average production rate in the two 

phases of the Tests 4 and 7. In Phase 1, Test 7, which used a smaller diameter model, has 

a higher relative production rate than Test 4, which used a larger diameter model. This 

means the oil in the smaller model was diluted faster by the injected solvent and can be 

produced with a relatively faster speed. At the end of Phase 1, the crude oil above the 

wormhole was mostly produced because solvent chamber grows upwards from the 

wormhole to the top of the model during this phase. As a result, Tests 4 and 7 have a  
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Fig. 2 - 11: Effect of model diameter on the recovery factor for Model 3 and 1 
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Table 2 - 12: The relative average production rates in the Tests 4 and 7 

Test # 
Model diameter 

(cm) 

Relative average production rate 

(1/min) 

Phase 1 Phase 2 

4 15.24 0.0032  0.0012  

7 3.81 0.0052  0.0011  
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similar recovery factor at this phase (50.6% vs. 47.6%), which means that the oil 

recovery factor in Phase 1 is almost independent of the model diameter, but strongly 

depends on the wormhole length, as discussed before. For Phase 2, the relative average 

production rates of Tests 4 and 7 are very close (It’s 0.0012 l/min in Test 4 and 0.0011 

l/min in Test 7). The drainage height for the diluted oil in Test 4 is still larger than that in 

Test 7  after the solvent chamber reaches the top of the model; thus, the relative 

production rate of Phase 2 in Test 4 was inclined to be a little higher than that in Test 7.  

The data in Tests 4 and 7 could be applied to study up-scaling approach for the CSI. 

Quantitative discussion can be found in section 2.3.4. For the field application, the results 

from both tests suggested that the good oil production rate may be achieved in Phase 1, 

while the production rate in Phase 2 may be too low to be economical.   

 

2.3.1.4. Effects of Model Length 

Effects of model length on the production performance of CSI are investigated through 

Tests 7 and 8. The model length of Test 8 (i.e., 60.96 cm) was two times of that of Test 7 

(30.48 cm). However, the wormhole length of Test 7 is one inch longer than that of Test 

8. As shown in Fig. 2-13, the recovery factor of Test 7 is about two times larger than that 

of Test 8, while the OOIP of model used in the Test 8 is also two times of model used in 

the Test 7. This indicates that the crude oil far away from the wormhole is very difficult 

to produce with CSI. CSI is only able to recover the residual oil around the wormhole 

structure. 

As shown in Fig. 2-14, the difference of production rates of these two tests is not 

significant in the first 13 hours. However, the end of Phase 1 in the Test 7 (the 17th hour)  
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Fig. 2 - 13: Effect of model length on the recovery factor for Model 1 and 2 
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Fig. 2 - 14: Effect of model length on the relative production rate for Model 1 and 2 
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occurs four hours later than that of the Test 8(the 13th hour). This delay may be caused 

by the different wormhole lengths, which indicates the solvent chamber of the Test 7 is 

larger compared to that of the Test 8; thus it takes longer time for the solvent chamber to 

reach the model top. In other words, the solvent chamber in Test 7 was still increasing, 

when the solvent chamber of Test 8 had already stopped increasing at the 13th hour. As a 

result, oil was still diluted and produced at a high rate in the Test 7, while the production 

rate of the Test 8 began to decrease after the 13th hour. This result reconfirms wormhole 

length is a very important factor to the CSI production process. 

 

2.3.1.5. Effects of Model Orientation 

Tests 5 and 9 investigated the effects of model orientation on the performance of CSI. 

Model 3 with the same wormhole length is used in both tests, while in Test 5, the model 

is set up horizontally and in Test 9, the model is set up vertically. As shown in Fig. 2-15, 

Test 5, which has a horizontal wormhole, has a higher recovery factor than Test 9, which 

has a vertical wormhole. The production rate of Test 5 is also much higher than that of 

Test 9 before the 24th hour and then their production rates become very close, which is 

shown in Fig. 2-16. The faster flow rate in Phase 1 for Test 5 can be attributed to the 

contribution to the gravity effect. In Test 5, the total wormhole length is contributing on 

solvent dispersion and oil production, while in Test 9, only the lower portion of the 

wormhole contributes to oil production. Also due to the model orientation, in Test 9 the 

lower section of the sand-pack model has very limited contribution on the oil production; 

while in Test 5 the upper part of the section beyond the wormhole is still able to 

contribute to the oil production due to the gravity effects. It is indicated that the solvent  
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Fig. 2 - 15: Effect of model orientation on the recovery factor for Model 3 
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Fig. 2 - 16: Effect of model orientation on the production rate for Model 3 
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would have a larger contact area with heavy crude oil when wormholes were in the 

horizontal direction. This accelerates mass transfer rate between the solvent and crude oil. 

Also, the diluted oil intends to flow to the horizontal wormhole by gravity rather than the 

vertical wormhole. It’s understandable that the test with horizontal wormhole possesses 

larger production rate and recovery factor. 

 

2.3.2. Effects of Relative Wormhole Coverage 

Table 2-13 summaries the relation of recovery factor at the end of Phase 1 and the 

relative coverage of wormhole. The relative coverage of wormhole is defined as the 

product of relative wormhole length and relative drainage height. And the relative 

wormhole length is the proportion of wormhole length to the model length. Similarly, the 

relative drainage height is the proportion of drainage height to the model height. As 

shown in Fig. 2-17, the recovery factor at the end of Phase 1 is significantly positive 

proportional to the relative coverage of wormhole. It indicates the recovery factor in 

Phase 1 is strongly dependent on the product of wormhole length and drainage height. 

During this phase, the wormhole provides greater reservoir access for solvent dissolving 

into heavy crude oil. Also, the diluted oil has a short drainage distance to wormhole. 

Therefore, it is confirmed that the wormhole coverage in a CHOPS well has a significant 

and positive effects on the performance of CSI. It’s crucial to take advantage of 

wormhole network for enhancing oil recovery in CSI.  
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Table 2 - 13: The relation of recovery factor to the relative coverage of wormholes 

Test 

NO. 

Model 

Length 

(cm) 

Model 

Height 

(cm) 

Wormhole 

Length 

(cm) 

Drainage 

height 

(cm) 

Relative 

wormhole 

length 

Relative 

drainage 

height 

Relative 

coverage 

RF 

(Phase 1) 

1 60.96 3.81 7.62 1.91 0.125 0.50 0.06 0.234 

2 60.96 3.81 15.24 1.91 0.250 0.50 0.13 0.334 

3 60.96 3.81 22.86 1.91 0.375 0.50 0.19 0.417 

4 30.48 15.24 10.16 7.62 0.333 0.89 0.30 0.51 

5 30.48 15.24 10.16 13.54 0.333 0.50 0.17 0.313 

7 30.48 3.81 10.16 3.40 0.333 0.89 0.30 0.46 
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Fig. 2 - 17: The relation of recovery factor with relative coverage of wormhole 
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2.3.3. Effects of Capillary pressure, Gravity drainage, Mass Transfer and 

Temperature 

The mechanism of CSI is complicated due to involving many factors, such as the oil 

viscosity, solution gas and the pressure, temperature and dimension of reservoir and so on. 

The contribution of capillary pressure, gravity drainage [50], mass transfer and heat 

transfer depends on the reservoir condition, fluids properties and production strategies.  

In terms of the CSI in this study, the solvent as the non-wetting phase in the sand-pack 

flows upwards by reason of the capillary pressure. The crude oil is inclined to flow 

downwards due to the gravity effect. In this study, if the solvent is injected at the bottom  

well of the sand-pack, counter-flow would occur between the solvent and crude oil under 

the combined force of the capillary pressure and gravity effect. It would significantly 

accelerate the mass transfer rate through expanding their contact area. However, if the 

solvent is injected at the top well of sand-pack, mass transfer only depends on the 

diffusion effect because co-current flow could not assist to mix the solvent and crude oil. 

Therefore, it further explains that Test 4 with bottom well has larger recovery factor and 

production rate than that of Test 6, as Fig. 2-8 and 2-9 shows. In addition, compared with 

the gravity drainage, the capillary pressure plays a minor role in the test with a bottom 

well. It is more obvious under larger gravity drainage. However, in the test with a top 

well, the capillary pressure becomes similar role with the gravity drainage because they 

do not contribute to mass transfer rate. In other words, the capillary pressure is more 

sensitive in the case with smaller drainage height [51]. 

The sand-pack pressure during soaking period, which is a sign of mass transfer, is 

recorded in the experimental study. In general, the model pressure should be decreasing 
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with the solvent further dissolving into crude oil during the soaking period. The amount 

of mass transfer during soaking period could be obtained based on the pressure drop, as 

shown in Eq. 2-1, 

                                                   M
ZRT

PVsc
m                                                             (2-1) 

where, m is the amount of mass transfer, g; P is the pressure drop, Pa; Vsc is the 

solvent chamber size, it is assumed to be equal to the cumulative volume of produced oil 

before, m
3
; Z is the compression factor, here it equals to 1; R is ideal gas constant, 

k)8.31J/(mol  ; T is the temperature, K; M is the molecular mass of propane, g/mol. 

The cumulative mass transfer in the soaking period of each cycle can be calculated by Eq. 

2-1. However, for cycle 1, it could not be obtained because V is unknown. As shown in 

Fig. 2-18, 2-19 and 2-20, first of all, the slope of each curve is decreasing verse soaking 

time. It implies the mass transfer rate is decreasing with time. Second, the amount of 

solvent dissolved into crude oil of each cycle is close in these three tests (except Cycle 3 

in Test 8). Since, the solvent chamber size was increasing with time, the pressure drop 

during the soaking time was significant in first several cycles, when the chamber 

becomes quite large, and the pressure drop is too small to be measured. In addition, the 

contribution of mass transfer and gravity drainage varies with the chamber size. In 

general, mass transfer mainly contributes on the recovery factor before solvent chamber 

completely developed with low drainage height. This phenomenon was more obvious 

with large model. As the solvent chamber completely developed, gravity drainage and 

mass transfer commenced to corporately contribute on the production rate and recovery 

factor.  
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Fig. 2 - 18: The cumulative mass transfer during soaking period for Test 6 
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Fig. 2 - 19: The cumulative mass transfer during soaking period for Test 7 
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Fig. 2 - 20: The cumulative mass transfer during soaking period for Test 8 

  



64 

 

In all tests, another important phenomenon is observed. After a few cycles (in general 6 

cycles), the pressure in the solvent chamber during soaking period actually will increase, 

instead of decrease, with time. The incremental is about 1-2 kPa; in some cases, it could 

reach to 5 kPa. The main reason for the pressure increasing during the soaking time is 

that the temperature may rise when the solvent dissolves into oil. At the experimental 

condition, the internal energy of propane in vapour phase is about 24.298 kJ/mol, while 

the propane in liquid phase is about 11.147 kJ/mol. This indicates that during soaking 

period the solvent will lease energy when it changes from vapor phase to liquid phase. 

The released heat may cause the temperature increase, thus pressure will increase. 

 

2.3.4. The Relation of Oil Production Rate to Drainage Height in Phase 1 

Based on the data obtained from Tests 4 and 5, regression analysis was conducted to 

further discuss how the production rate was changing in those tests. It is found that for 

Phase 1 of both tests the percentage of oil recovered is proportional to t
1.5

. Fig. 2-21 

suggests that correlation coefficient R
2
 is more than 0.98 for both tests. Based on the 

regression, for both tests, 

 RF=0.003 t
1.5                

                                                   (2-2) 

where, RF is the recovery factor; t is the time in hours (hr). 

Based on Eq. 2-2, the production rate changing with time can be obtained as:  

 oiSVtq  00450.                                                     (2-3) 

 

where, q is the production rate, g/hr; V is the sandpack bulk volume, ml;  is the 

porosity, %; oiS  is the initial oil saturation, %;  is the crude oil density, g/ml. 
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Fig. 2 - 21: The correlation between the recovery factor and time during the 

chamber rising phase for Tests 4 and 5 
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Please note that the coefficients of Eq. 2-2 and Eq. 2-3, 0.003 and 0.0045, may vary 

with model dimensions and experimental operation strategy. Therefore, the general 

relation of oil recovery factor and production rate to time can be expressed as the Eq. 2-4 

and Eq. 2-5, 

                                                                      51.tRF                                                                

(2-4) 

 oiSVtq                                                          (2-5) 

Phase 1 in the performance curve of CSI was primarily dominated by solvent 

convection during the solvent chamber rising phase. It is assumed that the solvent 

chamber height reached the maximum value at the end of chamber rising phase (Phase 1).  

As shown in Fig. 2-22, a linear correlation was obtained between the chamber height 

and t
3
 for Tests 4, 5 and 6. Therefore, 

30060 th .                                                             (2-6) 

where, h is the drainage height, cm. 

Eliminating t from Eq. 2-3 and Eq. 2-6 leads to 

6 0006000450 .. hSVq oi                                                (2-7) 

Since LdV 2

4

1
 , 

62003870 hLdSq oi  .                                              (2-8) 

Where, d is the model diameter, cm; L is the model length, cm. 

Similarly, the coefficients of Eq. 2-6 and Eq. 2-8 are related to the model dimensions 

and experimental operation strategy. The general relation of chamber height to time and 

production rate to chamber height can be expressed as: 
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Fig. 2 - 22: The correlation between the chamber height and time during the 

chamber rising phase for Tests 4, 5 and 6 
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3th                                                                     (2-9) 

 

62 hLdSq oi                                                 (2-10) 

If a rectangular model were used instead of cylindrical model, we have LHWV  , 

W, H and L are the width, the height and the length of the rectangular model, respectively. 

And the drainage height is the function of the model height (i.e. KHh  , K is the 

coefficient), the Eq. 2-7 would change into 

K

hWLSq oi
16671003870 ..  

                                             (2-11) 

Also 

16671.hWLSq oi                                                     (2-12) 

The production rate is a linear relation to h
1.1667

. It is consistent with Yazdani’s 

modification whose production rate is proportional to h
1.13

 in VAPEX. And the 

coefficient (0.00387) must be affected by permeability and cementation factor and so on. 

However, it should be mentioned that in Eq. 2-12, the effects of other system variables, 

such as permeability and solvent density etc., are not presented. In other words, this 

relation is only applicable to those specific sandpacks and heavy oil/solvent system.  

More experimental data with larger model sizes are needed to confirm the trend of 

production rate versus drainage height [21]. 

In the solvent chamber spreading phase, the percentage of oil produced in these tests is 

also a linear relation to t
1.5

 (Fig. 2-23). Their slopes are very close; 0.0007, 0.0006 and 

0.0005 for Tests 4, 5, and 6, respectively. The diluted oil has a larger drainage height for 

the case with the wormhole located in a lower section of the model. Therefore, the slope  
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Fig. 2 - 23: The correlation between the recovery factor and time during the 

chamber spreading phase for Tests 4, 5 and 6 
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of the curve for test with a lower wormhole in Figure 20 is slightly larger than that with a 

higher wormhole. 

Tests 4 and 7 were conducted to investigate effects of model diameter on the CSI. The 

relation between the recovery factor and chamber height is further validated by the data 

from Test 7. First, a linear relation also exists between the recovery factor and t
1.5

 (Fig. 2-

24). As discussed above, the coefficient (0.0057) of this correlation is different from that 

(0.003) in Test 4 due to different sandpack models used. Second, the relation of the 

chamber height to time also satisfies the correlation shown in Eq. 2-5 (see Fig. 2-25). In 

summary, the relation of oil production rate to drainage height is validated. This relation 

provides a tool to predict production performance in larger scale models, eventually field 

scale. However, experimental results in larger scale models should be provided to exam 

the applicability of this relation. 

 

2.4. Conclusions 

(1) The wormhole coverage in a CHOPS well has significant effects on the 

performance of CSI. The larger the wormhole coverage is, the better the CSI performance 

is. The experimental results suggest that the oil production can be divided into two phases: 

solvent chamber rising phase and solvent chamber spreading phase. The average 

production rate in the solvent chamber rising phase is proportional to the wormhole 

length, while the average production rate in the solvent chamber spreading phase does not 

change much with the wormhole length. 
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(2) The recovery factor of Test 4 with bottom wormhole is 22.3% and 38.5% which 

are higher than that of Tests 5 and 6 with middle and top wormhole, respectively. It 

suggests a reservoir or well with wormholes developed at the bottom is more favorable  
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Fig. 2 - 24: The correlation between the recovery factor and time verified by Test 7 
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Fig. 2 - 25: The correlation between the chamber height and time verified by Test 7 
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for post-CHOPS CSI. The gravity effects have great impacts on both oil production rate 

and oil recovery factor. 

(3) The oil recovery factor is almost independent of the model diameter during the 

chamber rising phase; and the oil relative production rates in two different diameter 

models are close during the chamber spreading phase due to similar solvent dispersion 

rate. 

(4) Compared with the effect of wormhole length on the CSI, the model length hardly 

affected the oil production rate of the CSI in the earlier stage, since the majority of oil 

production is from the section surrounding the wormhole. 

(5) A relation of oil production rate to drainage height is obtained by regression 

analysis and verified with a different experiment. It is suggested that for the cylindrical 

models used in this study, the oil production rate in the chamber rising phase is 

proportional to h
2.1667

; while for a rectangular model, the oil production rate in the 

chamber rising phase is proportional to h
1.1667

. 
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CHAPTER 3 OPTIMIZING THE PRESSURE DECLINE 

RATE ON THE CYCLIC SOLVENT INJECTION PROCESS 

FOR ENHANCED HEAVY OIL RECOVERY 

Chapter Summary 

In this chapter, by using a large cylindrical sandpack model with a length of 30.48 cm 

and a diameter of 15.24 cm, six sets of experiments with different pressure dcline rates 

(12.5 kPa/min, 8 kPa/min, 5 kPa/min, 3 kPa/min, 1 kPa/min and a varying pressure 

decline rate) were conducted. The effects of pressure decline rates on production 

performance and diffirent driving mechanisms during CSI were analyzed. The results 

suggested that CSI production performance presented two distinct phases in terms of oil 

production rate due to different driving mechanisms. Phase 1 is dominated by foamy oil 

flow and Phase 2 is dominated by gas-liquid two-phase flow. In Phase 1, 5 kPa/min is the 

optimum pressure decline rate. In Phase 2, a larger pressure decline rate leads to a higher 

production rate because a larger pressure decline rate provided a larger pressure drop in 

the physical model and a shorter production time, which carried more oil out and 

prevented the crude oil from regaining its viscosity. One test was conducted by using a 

varying pressure decline rate, in which 5 kPa/min pressure decline rate was applied in 

early time period and then a larger pressure decline rate (12.5 kPa/min) was applied. The  

 

 

 

1
Some portion of this chapter is mainly the reproduction of the following published papers with 

permissions from SPE (Appendix A): 

 Du, Z., Zeng, F., Chan, C., 2014. Effects of pressure decline rate on the post-CHOPS 

cyclic solvent injection process. SPE Heavy Oil Conference-Canada, 10-12 June, Calgary, 

Alberta. 
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results indicated that with varying pressure decline rate, both a relative large recovery 

factor and a large average production rate can be obtained.  

Another important finding in this study is the minimum production pressure, which is 

defined as the pressure less than which the instantaneous oil production decreased to 

almost zero. The production well could shut down when the pressure declined to the 

minimum production pressure to recover the oil economically. Due to the different 

driving mechanisms involved in the CSI, the minimum production pressure will vary 

with different pressure decline rates. Final residual oil saturation was also measured to 

map the residual oil distribution and solvent chamber shape which were also significantly 

affected by the pressure decline rate. 

 

3.1 Introduction 

In order to enhance heavy oil recovery, thermal-based methods have been used 

successfully in a number of fields since the 1980s. However, several major technical 

issues are associated with the thermal-based methods, such as large energy and water 

consumption, expensive water treatment, extensive heat losses, and considerable 

greenhouse gas emissions (Luhning et al., 2003). Alternatively, solvent-based methods 

are considered in many heavy oil reservoirs with thin pay zones, bottom water, and low 

rock thermal conductivities where thermal-based methods are not suitable due to 

economic constraints and environmental concerns (Lin et al., 2014). The vapor extraction 

(VAPEX) process as a typical solvent-based method is not competitive as a Cyclic 

Solvent Injection (CSI) process due to its very low production rate.  
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Experimental and numerical efforts have been made to evaluate the performance of 

CSI on a laboratory scale and field scale, respectively. Ivory et al. (2010) conducted a 

CSI experimental study to evaluate the performance of injecting a 28 vol% C3H8–72 vol% 

CO2 solvent mixture in a stepped cone laboratory model (3 m long). The inside diameter 

of the bottom cylinder of the stepped cone was 1 cm and that of the top cylinder was 9.7 

cm. The experiment included six cycles and the total recovery factor for the six cycles 

was about 43.6%. However, very long injection periods (62–80 days) and production 

periods (17–25 days) and a very slow pressure decline rate (125 kPa/day) were used in 

their study, which caused the production rate to be 0.00004~0.00013 g/(kPa·min). Du et 

al. (2015) investigated the effects of a wormhole on the CSI. They found that wormhole 

coverage has great and positive effects on the CSI production performance, which is 

consistent with the observations from numerical simulation (Chang and Ivory, 2010). 

Compared with the study by Ivory et al.(2010), very fast pressure decline rates (100 

kPa/min) in the production period were applied in the study by Du et al. (2015). The 

effects of the pressure decline rate, which is a primary parameter significantly affecting 

foamy oil behavior in heavy oil production (Zhou et al., 2016), were not discussed in 

either study.  

Three variations of CSI have also been proposed to improve the oil production rate by 

maximizing the foamy oil flow potential. First, Jamaloei et al. (2012) proposed using 

methane as the chase gas in the solvent injection period during the CSI. Their results 

showed that the oil recovery factor can be significantly improved from 4.28% to 40.05% 

by using propane as the solvent and methane as the chasing gas, compared with the 

recovery factor attained by using methane only. Second, Jia et al. (2013) proposed 
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incorporating pressure pulsing to enhance the CSI performance through a three-step 

pressure control scheme during the production period. Their results suggested the 

pressure pulsing CSI (PP-CSI) process can induce foamy oil flow effectively, which 

causes the production rate of PP-CSI to be 4.37 times that of the conventional CSI and 

the recovery factor of PP-CSI to be 17.9% higher that of the CSI. Third, Jiang et al. (2013) 

developed a process called cyclic production with continuous solvent injection (CPCSI). 

In this process, a vapor solvent is injected continuously into the sandpack to maintain 

reservoir pressure and to supply extra gas to drive out the diluted oil. Simultaneously, the 

producer is operated in a shut-in/open cyclic way. The recovery factor was up to 85% in 

one of their tests. The main mechanism of production enhancement for the above three 

processes is foamy oil flow. Foamy oil flow has also been observed in the conventional 

CSI (Bjorndalen et al., 2012; Chang and Ivory, 2013; Ivory and Chang, 2010).  

Foamy oil flow has been studied over the last three decades by many researchers. 

Maini et al. (1993) proposed the foamy oil flow mechanism and found that a higher 

recovery factor was attributed to a larger decline rate. Maini (1999) conducted a pressure 

depletion test by using a methane/heavy oil system and found that a critical pressure 

depletion rate was required to maintain the foamy oil flow, which provided better 

understanding of the primary pressure depletion process for heavy oil recovery. Kumar et 

al. (2002) also conducted primary pressure depletion experiments in a sandpack to 

examine the effects of the pressure decline rate. Their results indicated that gas mobility 

decreased with an increase in the pressure decline rate. The studies by Maini et al. (1993) 

and Kumar et al. (2002) suggested that a higher recovery factor can be achieved by a 

lower gas mobility, which can be initiated through a faster pressure decline rate. Bayon et 
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al. (2002) further confirmed this conclusion by carrying out two depletion tests with 

different pressure decline rates of 80 kPa/day and 800 kPa/day, respectively. The 

recovery factor was improved from 25% to 35%. Although extensive studies (Bayon et 

al., 2002; Kumar et al., 2002; Maini, 1999) have been conducted to investigate the effects 

of the pressure decline rate in primary depletion tests, the effects of the pressure decline 

rate on the CSI have not been studied yet. The rules of the pressure decline rate for the 

CSI could be quite different from the rules for the depletion test since the propane in the 

CSI is much more soluble than the methane in the depletion test. Also, during the 

injection period of the CSI, gas saturation has been established, while there is no initial 

gas saturation during the depletion test. These differences indicate that the conclusion 

drawn from the pressure depletion tests for a methane/heavy oil system may not be 

applicable for the CSI and that it is necessary to study the effects of pressure decline rates 

on the performance of the CSI.  

In this chapter, a series of CSI experimental tests were conducted with different 

pressure decline rates by using a large cylindrical sandpack model. The tests were 

performed to investigate the effects of the pressure decline rate on the production 

performance of the CSI and compare its differences with the depletion test. The 

production performance could be divided into two distinct phases in terms of production 

rate. Phase 1 is defined as the solvent chamber develops transversely along the direction 

of the wormhole. During Phase 1, the solvent chamber mainly grows in an upward 

direction above the wormhole area due to the gravity effect, as shown in Fig. 3-1(a). 

After the solvent chamber reaches the top boundary, the CSI begins Phase 2. In this phase, 

the solvent chamber starts to grow mainly longitudinally along the wormhole direction as  
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Fig. 3 - 1: Growth of the solvent chamber in (a) Phase 1 and (b) Phase 2. 
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shown in Fig. 3-1(b). In addition, experiments were conducted to study the minimum 

production pressure and decline rate optimization. The results suggest that an optimal 

pressure depletion rate exists for the propane-based CSI. Findings of this study could 

provide a guideline for designing field-scale CSI. 

 

3.2 Methods and Materials 

A typical dead heavy-oil sample, which is at sufficiently low pressure containing no 

dissolved gas or losing its volatile components, from Lloydminster was used in this 

experimental study. The properties of this heavy oil sample are listed in Table 3-1. 

Propane with a purity of 99.5% was used as the solvent and was injected at 800 kPa (abs) 

at room temperature (slightly below its dew point pressure of 850 kPa (abs) at room 

temperature). Also, nitrogen with a purity of 99.998% was employed as a leakage testing 

gas. Potters glass beads with an average pore size of 90–150 µm were used to pack the 

physical sandpack model. In general, the sandpack model had a porosity of 33%–36% 

and a permeability of 5–6 Darcy, which is close to the field condition (1–4 Darcy). As 

shown in Fig. 3-2, a large cylindrical sandpack model with a length of 30.48 cm and a 

diameter of 15.24 cm was used in this study. A mimic wormhole with a length of 10.12 

cm and a diameter of 0.32 cm was placed in the centre of the sandpack model. 

Fig. 3-3 shows that the experimental setup consisted of a solvent injection unit, 

sandpack model, production unit, and data acquisition system. The experimental 

procedures include the sandpack model preparation and test procedure. In this study, the 

sandpack model preparation work, including packing sands, measuring porosity and 

permeability, and saturating the sandpack with crude oil, was the same as our previous  
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Table 3 - 1: Measured oil properties of the typical used Western Canada heavy oil. 

Temperature 
o
C 

Density 

kg/m
3 

Viscosity 

smPa   

Compressibility 

1/kPa 

Pressure Coefficient of 

Viscosity 

1/(MPa) 

21 964.3 2200 5.5x10
-7 

0.031 
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Fig. 3 - 2: Sandpack model. 
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Fig. 3 - 3: Schematic of the experimental setup.  
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study on the effects of the wormhole (Du et al., 2015). Model was first packed with glass 

beads and then tested leakage by using nitrogen. Porosity and permeability were 

measured before saturating crude oil. After saturating crude oil, sandpack was connect 

with solvent injection unit, production unit and data acquisition system. The test 

procedure also included solvent injection, soaking, and production. The same injection 

time (45 minutes) and soaking time (10 minutes) as the previous study (Du et al., 2015) 

were used. On injection, all of the valves connected to the sandpack were closed except 

the injection valve during propane injection. After solvent injection, the injection valve 

was closed and the sandpack was left to soak. On production, a backpressure regulator 

(BPR) was used for controlling the pressure at the production port of the sandpack. 

Different decline rates were realized through controlling the BPR by a syringe pump. The 

production time of each test was determined by the decline rate, initial production 

pressure, and final production pressure. During the entire experimental process, pressure 

of bottom-hole and sandpack, gas injection and production, and oil production were 

recorded by data acquisition system. 

 

3.3 Results and Discussion 

A series of CSI tests with different pressure decline rates were conducted in the large 

cylindrical sandpack model. Tests 1–5 applied a pressure decline rate of 12.5 kPa/min, 8 

kPa/min, 5 kPa/min, 3 kPa/min, and 1kPa/min, respectively. Test 6 was carried out to 

examine the reproducibility of Test 3. In an attempt to optimize the decline rate on the 

different phases in one test, the pressure decline rate of 12.5 kPa/min was used on the 

experimental setup that just completed Test 6. This new test was called Test 7. Table 3-2  
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Table 3 - 2: The properties and production data of each test. 

Test # 

 

Decline_Rate 

(kPa/min) 

Rec. Factor 

(%) 

Prod. Rate 

(g/min) 

1 12.5 67.97 8.81 

2 8 38.41 7.51 

3 5 49.26 11.89 

4 3 56.05 8.02 

5 1 49.90 2.06 

6 5 53.62 11.96 

7 5&12.5 58.77 10.20 
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shows the properties and production data of each test. Please note that the average 

production rate is defined as the ratio of cumulative oil produced in the whole test to the 

total production time without considering injection and soaking time.  

Table 3-3 compares the results from Ivory et al. (2012) and Jamaloei et al. (2012) with 

those of this study. Ivory et al. (2012) conducted a CSI experiment with a stepped cone 

laboratory model (3 m long). The same pressure decline rate, 125 kPa/day equals 0.00347 

kPa/min, was used in each of their six cycles. Jamaloei et al. (2012) conducted an 

Enhanced Cyclic Solvent Process (ECSP) test on a rectangular sandpack with a pore 

volume of 603.3 cm
3
. The pressure decline rate was different in each of their six cycles 

and varied from 1.37 psi/min to 16.35 psig/min (11.74 kPa/min to 80.38 kPa/min). In this 

study, all tests were conducted on a large cylindrical sandpack model with a pore volume 

of 1740.2~1950.0 cm
3
. Ivory et al.’s physical model was built to represent radial flow of 

fluids into and out of a wormhole during cold production and follow-up process. 

Comparing with the gravity drainage, pressure drop force hardly contributed to oil 

production in the sandpack model with the height of 3 m.  Therefore, pretty small decline 

rate is acceptable at real-scale time in their study. However, the thickness is only 0.032 m 

of Jamaloei et al.’s physical model in which gravity drainage could not overwhelmingly 

dominate oil production as in Ivory et al’s test. Large decline rate was required to provide 

pressure drop force. In this study, relatively large decline rate is also necessary because 

the gravity head of 0.2 m is still much less than that of Ivory et al.’s model. Based on the 

scale ratio of gravity head between this study and Jamaloei et al.’s, the decline rate of this 

study should scale down 6.25 times which is in the range of 1.87-12.86 kPa/min. 

Therefore, 1 kPa/min - 12.5 kPa/min were used in experiments of this study. 
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Table 3 - 3: Summary of three CSI tests. 

 Test by Ivory et 

al.(2010) 

Test by Jamaloei 

et al. (2012) 

Tests in this Paper 

Model shape Stepped cone Rectangular Cylindrical 

Model dimension (cm) Length: 300 

Top diameter: 9.7 

Bottom diameter: 1  

Length: 101.3 

Width: 4.9 

Thickness: 3.2 

Length: 30.48 

Diameter: 15.24 

Pore volume (cm
3
) 2808.1* 603.3 1740.2~1950.0 

Porosity (%) 38 38 31.44~35.23 

Permeability (Darcy) 4.5 41.8 5.17~5.59 

Oil saturation 0.88 0.524 0.9149~0.9770 

Water saturation 0.12 0.29 0.0230~0.0851 

Gas saturation 0 0.186 0 

Temperature (˚C) 20 22 21 

Oil viscosity @ RT 

(mPa·s) 

39,320 1,080.6 2,200 

Oil density @ RT 

(g/cm
3
) 

0.988 0.964 0.964 

Injected solvent 28 vol. % C3H8 +72 

vol. % CO2 

CH4 C3H8 

Initial production 

pressure 

3300 kPa (abs) 55.6~357.8 psig ~800 kPa (abs) 

Production pressure 600~1340 kPa (abs) 0.7~5.5 psig 100~550 kPa 

(abs) Production cycle time 125 days 14~40 minutes - 

Pressure decline rate 125 kPa/day 1.37~16.35 

psi/min 

1~12.5 kPa/min 

Oil production /cycle 182~486 cm
3
 0.3~10.3 g 0.1~31.3 g 

Recovery factor/cycle 

(%) 

4.9~11.9 0.09~2.96 0.41~3.14 

Recovery rate/cycle 0.0054~0.0159 g/min* 0.02~0.34 g/min 0.65~5 g/min 

Production rate  1.88×10
-6

~7.38×10
-6

 

g/(kPa·min)* 

1.19×10
-

4
~1.9×10

-3
 

g/(kPa·min)* 

1.5×10
-6

 

~2.27×10
-5

 

g/(kPa·min) Recovery factor (%) 43.6 4.28 38.41~67.97 

RT: Room temperature 

*: Calculated 
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3.3.1. Reproducibility 

In order to verify the reproducibility of the CSI tests in this study, Test 6 was conducted 

to repeat Test 3 under the same decline rate. Fig. 3-4 and 3-5 show the comparison of the 

recovery factors and production rates, respectively. The repeated test had a slightly 

smaller production rate in Phase 1, but a larger one in Phase 2 within a reasonable range. 

In general, Test 6 had a very similar production performance as Test 3. This result 

suggests that the CSI tests are reproducible based on the experimental setup and 

methodology used in this study. 

 

3.3.2. Effects of the Pressure Decline Rate on the Production Performance 

In this study, the effects of the decline rate on the production performance were 

investigated from two aspects: the recovery factor and the production rate. Fig. 3-6 

presents the recovery factor results for five different decline rates. As shown in this figure, 

the production performance of each test can be divided into two phases (Du et al., 2015). 

In order to show the difference between these two phases clearly, Fig. 3-7 only compares 

the recovery factor of four tests without Test 5 because of its much longer running time. 

Generally, the average production rate per cycle in Phase 1 is at least 1.5 times that of 

Phase 2. Therefore, the demarcation points between Phase 1 and Phase 2 of all tests are 

set at the greatest variation of their production rate. Fig. 3-8 and 3-9 show the comparison 

of the recovery factor and average production rate, respectively, between two phases 

under different decline rates. Fig. 3-8 indicates that 80.2%–98.4% of the oil production is 

from Phase 1. Fig. 3-9 suggests that the average production rate of Phase 1 is 1.6–19.8  
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Fig. 3 - 4: Comparison of the recovery factor of Tests 3 and 6. 
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Fig. 3 - 5: Comparison of the production rate of Tests 3 and 6. 

  



98 

 

Time, hr

0 100 200 300 400 500

R
e

c
o

v
e

ry
 f

a
c
to

r,
 %

0

20

40

60

80

Test 1 - 12.5 kPa/min

Test 2 - 8 kPa/min

Test 3 - 5 kPa/min

Test 4 - 3 kPa/min

Test 5 - 1 kPa/min

12.5 kPa/min

3 kPa/min

8 kPa/min

5 kPa/min

1 kPa/min

Phase 1 Phase 2

 

Fig. 3 - 6: Effects of the decline rate on the recovery factor of Tests 1-5. 
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Fig. 3 - 7: Effects of the decline rate on the recovery factor of Tests 1-4. 

 

  



100 

 

Decline rate, kPa/min

1 3 5 5R 8 12.5

R
e
c
o
v
e
ry

 f
a
c
to

r,
 %

0

20

40

60

80

100

Phase 1

Phase 2

 

Fig. 3 - 8: Comparison of the recovery factor between two phases under different 

decline rates. 
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Fig. 3 - 9: Comparison of the average production rate between two phases under 

different decline rates. 
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times that of Phase 2. This means that all tests had a much better production performance 

in Phase 1 than in Phase 2.  

Two factors support this higher production performance in Phase 1. First, in Phase 1, 

the oil drained from the contact area along the wormhole, while in Phase 2, the oil mainly 

drained from the contact area at the tip of the wormhole (as shown in Fig. 6). Therefore, 

the oil/solvent contact area in Phase 1 was much larger than that in Phase 2 (Du et al., 

2015). Second, the foamy oil flow phenomenon, which is believed to be one of the main 

contributions enhancing production in the solvent-based recovery process (Ostos and 

Maini, 2005), was observed in Phase 1 of each test while it hardly occurred in Phase 2 (as 

shown in Fig. 3-10 and 3-11). Fig. 3-10 shows the strong produced foamy oil in Cycle 3 

(Phase 1) of Test 3, while Fig. 3-11 shows there was no foamy oil in Cycle 22 of Phase 2 

in the same test. During the solvent exsolution of the production period, gas bubbles may 

have formed when the pressure was dropped below the bubble point pressure at a 

controlled rate (Chang et al., 2013). In Phase 1, the oil had a higher average viscosity due 

to more remaining oil. The bubbles had a relatively long life and were distributed: 

resulting in the formation of foamy oil. In Phase 2, due to less remaining oil with a high 

solvent concentration, the oil viscosity and bubble nucleation was reduced significantly 

when the exsolution was rapid because of the kinetic freedom of solution gas molecules 

and many nucleation sites. The bubbles thus had a short life. Therefore, a larger solvent 

chamber and a better foamy oil flow performance led to a higher recovery factor and 

production rate in Phase 1 than in Phase 2, as presented in Fig. 3-8 and 3-9.  

In the primary depletion test, a larger decline rate can bring about a higher recovery 

factor (Kumar et al., 2002; Maini, 2003; Sheikha and Pooladi-Darvish, 2009). Among the  
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Fig. 3 - 10: Strong foamy oil produced in Cycle 3 (Phase 1) of Test 3. 

  



104 

 

 

Fig. 3 - 11: Weak foamy oil produced in Cycle 22 (Phase 2) of Test 3. 
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seven tests in this study, Test 1 with the largest decline rate (12.5 kPa/min) had the 

highest recovery factor (67.97%). Test 5 had the smallest decline rate (1 kPa/min). 

However, although the recovery factor of Test 5 was 18.07% lower than that of Test 1, it 

was larger than that of Test 2 with the decline rate of 8 kPa/min. This finding means the 

conclusions from methane-based live oil primary pressure depletion tests cannot be 

applied in cyclic solvent injection tests.  

In tests with a large decline rate, gas bubbles gathered fast and formed a continuous 

gas phase because of a quick solvent exsolution. Foamy oil flow could not be sustained 

for a long time under this situation. For tests with a small decline rate, gas bubbles that 

were very dispersed formed as a result of slow solvent exsloution, the foamy oil flow was 

relatively weak, and at times even no foamy oil was formed when the decline rate was 

too small. An optimum pressure decline rate may exist. Since, as discussed above, foamy 

oil flow mainly affected the oil recovery performance in Phase 1, the decline rate could 

be optimized in terms of foamy oil flow performance. As suggested in Fig. 8, the rate of 5 

kPa/min in Test 3 is an optimal decline rate in this study. It not only obtained the highest 

production rate (approaching 43.7% of the recovery factor), but it also consumed the least 

time during Phase 1. This suggests that the solvent chamber first developed to the top 

boundary and proceeded to Phase 2 in Test 3. From another perspective, the solvent 

chamber of the other tests had more time to develop longitudinally along the wormhole. 

A bigger solvent chamber grew during Phase 1 of other tests than that of Test 3. 

Although Tests 1 and 4 had larger recovery factors than Test 3 at the end of Phase 1, the 

average oil production rates in Tests 1 and 4 were smaller than that in Test 3. Considering 
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both the recovery factor and average oil production rate, it is believed that, in Phase 1, 5 

kPa/min has better performance than other pressure depletion rates. 

In Phase 2, not only was the solvent chamber fully developed in the transverse 

direction, but also foamy oil hardly occurred. In addition, the diluted oil easily regained 

its viscosity due to a long flow pass. The pressure drop played a dominant role during this 

recovery process. A larger decline rate provided a larger pressure drop and a shorter 

production time, which carried out more oil and prevented the crude oil from regaining 

its viscosity, respectively. Therefore, Test 1 with the largest decline rate obtained the 

highest recovery factor and production rate during Phase 2.  

The decline rate plays a primary role in the CSI recovery process. It mainly affects the 

solvent chamber growth and foamy oil flow performance in Phase 1 and the pressure 

drop force in Phase 2. The optimal decline rate varies with the different driving 

mechanisms. The results of this study suggest that 5 kPa/min is the optimum pressure 

depletion rate in Phase 1, while 12.5 kPa/min is the optimum pressure depletion rate in 

Phase 2.  

 

3.3.3. Effect of Pressure Decline Rate Variation in One Test 

Based on the discussion in Section 3.3.2, different driving mechanisms in different 

phases lead to different optimum pressure depletion rates. For example, 5 kPa/min is the 

optimized decline rate when foamy oil flow is the dominant driving mechanism, and 12.5 

kPa/min is the best choice for solution gas drive and two-phase flow in Phase 2. 

Therefore, it can be concluded naturally that the decline rate could also be varying in one 

CSI test. For example, 5 kPa/min could be used in Phase 1 only since it led to the highest 
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production rate during Phase 1 in Test 3, while 12.5 kPa/min can be used in the second 

phase since it led to the largest recovery factor obtained during this phase in Test 1. 

Test 7 was conducted to investigate the feasibility of using the two different decline 

rates in one test. First, the decline rate of 5 kPa/min was applied until no oil was 

produced anymore. Then the decline rate of 12.5 kPa/min was used to start new cycles. 

As Fig. 3-12 shows, the recovery factor was increased from 53.62% to 58.77%, which is 

9.5% larger than the recovery factor of Test 3. Fig. 3-13 and 3-14 present the comparison 

between the recovery factor and the average production rate between Phase 1 and Phase 2, 

respectively. The production performance of Phase 2 in Test 7 was enhanced compared 

with Test 3. However, the total recovery factor of Test 7 was still lower than that of Test 

1. This mainly was due to the fact that the pressure decline rate was increased a little bit 

too late.  If the pressure decline rate were increased at the time around 40-50 hr, the 

overall recovery factor and production rate should be higher than Test 1. From the trend 

of Test 7, it can be concluded that a varying pressure decline rate could improve the 

production performance of the CSI.   

 

3.3.4. The Minimum Production Pressure 

In this study, the production pressure for all tests was decreased by constant pressure 

decline rates. One phenomenon observed was that instantaneous oil production 

permanently decreased to zero when the production pressure was decreased below one 

particular pressure level. In a field application, the cycle should end at that moment. The 

well should be turned into an injector, and the next cycle should begin in order to recover 

the oil economically. This particular pressure level is called the minimum production  
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Fig. 3 - 12: Effects of decline rate variation on recovery factor. 
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Fig. 3 - 13: Comparison of the recovery factor between two phases under different 

decline rates. 
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Fig. 3 - 14: Comparison of the average production rate between two phases under 

different decline rates. 
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pressure in this study. The same phenomenon was observed in the ECSP tests conducted 

by Jamaloei et al. (2012). For example, in one of their ECSP tests, Cycle 1 with a 

pressure decline rate of 11.74 psi/min ran for 30 minutes. However, almost no oil was 

recovered after the fourth minute. The pressure at the fourth minute could be set as the 

minimum production pressure in this cycle. Due to the different driving mechanisms 

involved in the CSI tests, the minimum production pressure would vary with the pressure 

decline rate in different tests. Even in the same test, the minimum production pressure 

could be different at different production stages.  

The production results of typical cycles chosen from the early, middle, and late stages 

in Tests 1, 2 and 3 were used to discuss the minimum production pressure. The level of 

100 kPa is used as the interval to present the production percentage when the production 

pressure was depleted from 800 kPa (abs) to 100 kPa (abs). Fig. 3-15, 3-16, and 3-17 

show the production percentages of every depleted pressure interval in Tests 1, 2, and 3. 

In order to compare the change of the minimum production pressure and production 

percentage of the same pressure interval in different stages, production percentages 

during early, middle and late stages of one test were drawn into the same figure. Black 

bar, gray bar and dark gray bar are used to present production percentages of early, 

middle and late stages, respectively. First, as shown in Fig. 3-15, for the early cycle in 

Test 1, the lowest production takes 8.82% during the pressure level of 200–100 kPa (abs), 

while the highest production of 21.4% occurs in the 500–400 kPa (abs) level. Generally, 

oil production is distributed with a close percentage in all intervals. This suggests that oil 

was produced through the entire cycle during the early stage because of the small solvent 

chamber and the large amount of remaining oil. Therefore, the minimum production  
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Fig. 3 - 15: Production percentage for every pressure decline range in Test 1 (12.5 

kPa/min). 
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Fig. 3 - 16: Production percentage for every pressure decline range in Test 2 (8 

kPa/min). 
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Fig. 3 - 17: Production percentage for every pressure decline range in Test 3 (5 

kPa/min). 
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pressure in this cycle could be applied at 100 kPa (abs). In other words, production well 

would not shut down until production pressure drops down to ambient pressure. Secondly, 

the gray bar in Fig. 3-15 shows that oil production mainly comes from the first four 

intervals between 800 kPa (abs) and 400 kPa (abs). Besides, oil production takes 21.32% 

in the interval of 500–400 kPa (abs). The overall production after 400 kPa (abs) reduced 

significantly to 1.5%. It is not economical to recover such a small quantity of oil by 

declining pressure to ambient pressure. Thus, 400 kPa (abs) could be set as the minimum 

production pressure in this cycle. It means that production well would change to injection 

well when production pressure declined to 400 kPa (abs). Third, dark gray bar indicates 

that only 2.4% of the oil was produced when the pressure was depleted below 500 kPa 

(abs). As a result, 500 kPa (abs) could be set as the minimum production pressure in the 

late cycle in Test 1.  

The production percentage of Test 2 can be seen in Fig. 3-16. It indicates that Test 2 

has a similar production performance under three stages as Test 1. Oil was produced from 

every pressure interval in the early cycles, although the production per single interval was 

not similar as in Test 1. For the middle cycle, 98.9% of the oil was produced when the 

pressure was depleted from 800 kPa (abs) to 400 kPa (abs). For the late cycle, 97.3% of 

the production was recovered when the pressure was depleted from 800 kPa (abs) to 500 

kPa (abs). These findings suggest that Test 2 had the same minimum production pressure 

during three different cycles.  

Fig. 3-17 depicts the production percentage of Test 3. The early cycle has a similar 

production level at every interval. Production occurred mainly during the high-pressure 

range in the middle and late cycles. The same minimum production pressure occurred in 
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these three typical cycles. However, 1.5%~2.7% oil was still produced when the pressure 

was depleted below the minimum production pressure in the late cycles of Tests 1 and 2, 

but no oil was produced in Test 3 under the same circumstance. This means that a very 

small quantity of oil still would be produced during the low pressure range in the late 

cycles of tests with a large decline rate because the recovered oil was not completely 

produced in Phase 1.  

The above discussion suggests that a minimum production pressure exists in the CSI 

because the diluted oil regains its viscosity resulting from solvent gas release and the 

disappearance of foamy oil flow during the late stage of a production cycle. It indicates 

that the production well could shut down when the pressure declined to the minimum 

production pressure in order to produce the oil economically. Due to the different driving 

mechanisms involved in the CSI, the minimum production pressure will vary with 

different pressure decline rates. Even in the same test, the minimum production pressure 

can be different in different production stages. The finding could be applied in fields to 

shut down the production well at an appropriate pressure under the optimum decline rate. 

Therefore, it is critical to determine the minimum production pressure in the CSI to 

enhance the oil recovery and reduce cost.  

 

3.3.5. Oil and Gas Production Behavior in Typical Cycles 

Productivity index and GOR of a typical cycle (Cycle 10 out of a total of 25 cycles in 

Test 3) is used to discuss the cycle production performance. Productivity index is defined 

as the ratio of the total oil production rate to the pressure-drawdown. It’s a measure of the 

well potential or ability to produce. As Fig. 3-18 shows, when the pressure was depleted  
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Fig. 3 - 18: Gas oil ratio in Cycle 10 (out of 25 cycles total) of Test 3 (5 kPa/min). 
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from 800 kPa (abs) to 650 kPa (abs), the test had a relative large production. Foamy oil 

flow was observed in this period. Meanwhile, the GOR stayed at a low range as depicted 

in Fig. 3-19. Dispersed gas bubbles in the foamy oil phase cannot form free gas. This 

suggests that gas production was very low when the foamy oil flow was dominant. With 

the depletion of the production pressure, the foamy oil flow became weak when 

discontinuous gas bubbles coalesced to form a continuous free gas phase. Oil production 

decreased under this circumstance, and at the same time, more gas was produced. 

Thus, the GOR dramatically increased when the production went into the post-foamy oil 

phase. Besides weak/no foamy oil flow, low production during this period was partly 

caused by the regained oil viscosity. When the production pressure decreased to a low 

value, solvent gas release caused the viscosity of the diluted oil to re-increase to slow 

down the oil flow. Jamaloei et al. (2012) proposed the ECSP process to overcome this 

phenomenon. In ECSP, a volatile solvent (methane) provided solution gas drive energy 

and most of the soluble solvent (propane) stayed in the oil to keep the oil viscosity low. 

This method can effectively improve the performance of the late stage for each 

production cycle. Another method proposed by Jia et al. (2015) applied an additional 

solvent gasflooding process immediately after the pressure-drawdown process to produce 

the diluted oil that lost its mobility due to solvent release. Since only a soluble solvent 

was used in this study, the oil viscosity naturally re-increased when the solvent released 

to provide the driving force.  

Fig. 3-20 illustrates the relation of productivity index and Δp with the production time. 

Δp is defined as the pressure difference between the model pressure and the bottom-hole 

pressure. This figure indicates that Δp keeps around 1 kPa during most of the production  
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Fig. 3 - 19: Productivity in Cycle 10 of Test 3 (5 kPa/min). 
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Fig. 3 - 20: Productivity and pressure difference between wellbore and sandpack in 

Cycle 10 of Test 3 (5 kPa/min). 
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time. A large Δp occurred only following high productivity index, which reflects the 

foamy oil flow stage. The significant increase of Δp after foamy oil flow resulted from 

the dramatically reduced bottom-hole pressure due to high production. 

This section demonstrates that the GOR, variation of oil viscosity, and the occurrence 

and disappearance of foamy oil flow with the depletion of the production pressure in one 

cycle. It’s summarized that instantaneous oil production rate became very low under high 

GOR circumstance. Driving force is necessary to enhance oil recovery before oil 

viscosity decreased too low. Foamy oil flow could significantly improve oil recovery. 

These provide useful information for field application to design CSI for enhanced heavy 

oil recovery. They are also significant to better understand the driving mechanisms of 

CSI. Full  

 

3.3.6. Discussion on the Residual Oil Saturation 

Final residual oil saturation (Sor) measurement can be used to map the residual oil 

distribution and solvent chamber shape. The Sor of the layers located at 3 cm, 15 cm, and 

27 cm away from the wellhead were measured in Tests 1, 3, and 5. The Sor measurement 

procedure is as follows: 

(1) Taking the sand samples from sampling spots and weighing each sample; 

(2) Heating the sample to vaporizing the water content in the sample and obtaining the 

weight of water; 

(3) Washing the sample by using kerosene, weighting the clean sand, and obtaining 

the weight of curde oil; and 
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(4) Calculating the Sor of each sample on the basis of the porosity and the volume of 

each composition. 

Their Sor pictures can be seen in Fig. 3-21. For Test 1, much more oil was recovered 

from the upper half area than from the lower half. Especially in the wormhole area, 90% 

of the crude oil was recovered from the area above the wormhole, while 40% of the crude 

oil remained below the wormhole. Although the Sor of the lower half is still larger than 

that of the upper half in the area off the wormhole, the difference is not big as in the 

wormhole area. For Test 3, the Sor is consistent on every layer. However, the Sor of the 27 

cm layer is much larger than the Sor of the 3 cm and 15 cm layers. This means the solvent 

chamber became large enough in the wormhole area, but it hardly reached the area off the 

wormhole. For Test 5, its Sor is not only consistent on every single layer but also 

consistent layer by layer. This suggests the solvent chamber fully developed both in 

longitudinal and transverse directions.  

By comparing the Sor distribution of three tests, we find that, for the test with a large 

pressure decline rate, the solvent chamber mainly developed in the upper wormhole area 

by relying on the gravity effect. The diluted oil is produced easier under the current cycle 

by a large pressure drop. For the test with a small pressure decline rate, due to a longer 

production cycle, the solvent chamber has more time to grow by the diffusion effect. Test 

3 had a larger solvent chamber in a transverse direction than Test 1. However, the diluted 

oil under the current cycle is hard to recover without a large pressure drop. Therefore, the 

recovery factor of diluted oil in Test 3 is lower than that of Test 1 at the same layer. For 

the test with a smaller decline rate, the solvent chamber develops larger, especially in a 

longitudinal direction. Therefore, the Sor of Test 5 at the 27 cm layer is lower than that of  
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Fig. 3 - 21: Comparison of the residual oil saturation between Tests 1, 3 and 5. 
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Test 3, but the recovery factor of the layers in the wormhole area became lower due to the 

smaller pressure drop. 

 

3.4 Conclusions 

The following conclusions can be drawn from the experimental results presented above: 

(1) CSI tests are reproducible based on the experimental setup and methodology used 

in this study.  

(2) The pressure decline rate plays a primary role in the CSI by affecting solvent 

chamber growth, foamy oil flow performance in Phase 1, and pressure drop force in 

Phase 2. Different driving mechanisms in different phases lead to different optimum 

pressure decline rates. Therefore, pressure decline rate variation could be applied in one 

test for a higher recovery factor. 

(3) The minimum production pressure could be set in the CSI to recover the oil 

economically. It would vary with the different pressure decline rates in different tests due 

to different driving mechanisms. Even in the same test, the minimum production pressure 

would be different at different production stages.  

(4) Foamy oil flow dominates high productivity, low GOR, and large Δp during 

typical cycles of CSI. 

(5) Residual oil saturation distribution reveals the growth of the solvent chamber. 

Tests with a large decline rate had a small solvent chamber but a high recovery factor. 

Tests with a small decline rate were able to form a large solvent chamber and had a low 

recovery factor. 
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CHAPTER 4 COMPARISON OF TWO DIFFERENT 

PRODUCTION PRESSURE-DRAWDOWN METHODS IN 

CYCLIC SOLVENT INJECTION PROCESS 

4.1 Introduction 

Effects of the production pressure decline rate on CSI have been investigated in 

Chapter 3. It’s found that the production pressure decline rate have significant effects on 

foamy oil flow.  Foamy oil flow dominates high productivity, low GOR, and large Δp 

during typical cycles of CSI. Foamy oil flow becomes insignificant at a too large or too 

small decline rate. In Chapter 3, the production pressure was controlled by a BPR which 

connected with a syringe pump. After the Pressure Gradient mode was selected, the 

initial and final pressure, and the decline rate (kPa/min) can be set in the available range 

of the pump. During the production stage, the BPR pressure would be decreased 

synchronously with decreasing of the pressure of hydraulic fluid in pump according to 

the preset decline rate. A linear pressure-drawdown could be realized on the wellhead 

pressure. Kumar et al. (2002) conducted primary pressure depletion experiments in a 

sandpack to examine the effects of the pressure decline rate. In their tests, the 

displacement pump was operated at constant-flow mode. The depletion was done at 

different rates (cm
3
/hr) through withdrawing the oil into the pump. Alshmakhy and Maini 

(2012) conducted primary-depletion tests to investigate effects of gravity, foaminess, and 

pressure-drawdown on primary-depletion recovery factor in heavy-oil systems. In their 

tests, the depletion rate (psi/min) was controlled by the rate of nitrogen flow out of the 

gas dome of the BPR controller. Constant nitrogen-flow rate led to a linear decline rate in 

the BPR’s pressure setting. They found foamy oil plays a significant role in solution gas 

drive at slow depletion rates. Other depletion tests also have been done to examine effects 
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of decline rate on heavy oil recovery (Maini et al., 1993; Maini, 1999 and 2003). Since 

experimental condition varies a lot in these depletion tests, moreover, they were not CSI 

tests, their results cannot be objectively compared with results of Chapter 3 through the 

linear pressure-drawdown. Therefore, it’s necessary to conduct CSI tests through non-

linear pressure-drawdown to compare with those through linear pressure-drawdown for 

better understanding effects of the production pressure decline rate on the production 

performance of CSI. 

In this chapter, three CSI experimental tests were conducted with the decline rate of 

500 kPa/5 min, 100 kPa/4 min and 50 kPa/4 min through a non-linear pressure-drawdown 

method by using the same sandpack model. Effects of the decline rate through the non-

linear pressure-drawdown method on recovery factor and production rate were examined. 

To investigate production performance of CSI tests by different pressure-drawdown 

methods, three tests of Chapter 3 (12.5 kPa/min, 8 kPa/min and 5 kPa/min) are used to 

compare with three tests of this chapter. Comparisons between the recovery factor, 

production rate, minimum production pressure, oil and gas behavior and residual oil 

saturation were conducted. It’s found the main difference between the non-linear and 

linear pressure-drawdown method is that the former cannot provide a continuous driving 

force for diluted oil as well as the latter. The effect of the intermittent driving force is 

much more significant in Phase 2. Therefore, production performance of tests of 

pressure-drawdown linearly was generally better than that of tests of pressure-drawdown 

non-linearly. Additionally, the minimum production pressure is still increasing with time 

running in the test through non-linear pressure-drawdown. It is larger than that of the test 
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through linear pressure-drawdown in the same stage cycle because of the intermittent 

driving force. 

 

4.2 Method and Materials 

In this chapter, experimental materials and procedure are the same with those in 

Chapter 3 except the production pressure-drawdown method. Model 3 with a length of 

30.48 cm and a diameter of 15.24 cm was also with a porosity of 33%-36% and a 

permeability of 5-6 Darcy after sand packing. The same thing a mimic wormhole with a 

length of 10.12 cm was placed in the centre of the sand-pack model. The same 

experimental compositions were connected according to Fig. 3-3. Pure propane (99.5% 

wt) was injected into sandpack model at 800 kPa at room temperature for 45 minutes. 

After 10 minutes soaking, the production stage started when a BPR and a syringe pump 

were used to control the production pressure. In experimental tests of this chapter, the 

syringe pump was set on the function of Constant Pressure. The production pressure-

drawdown was implemented through decreasing the pump pressure manually at intervals 

of 4 or 5 minutes according to a designed decline rate. This production pressure-

drawdown method is called non-linear pressure-drawdown method in this study. For 

example, as 50 kPa/4 min is applied in a test, the pump is first set at 750 kPa when the 

initial production pressure is 800 kPa. 4 minutes later, the pump will be set at 700 kPa. 

The same pressure-drawdown operation will be repeated till the pressure decreases to an 

expected value. Through the non-linear method, the production pressure-drawdown plot 

is shown as Fig. 4-1. The pressure profile is like stairs. While in the experimental tests of 

Chapter 3, the production pressure plot is linear because the pump was set on the function  
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Fig. 4 - 1: One typical plot of pressure-drawdown non-linearly in Test 3 (50 

kPa/4min). 
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of Pressure Gradient which can decrease the pressure as per single minute automatically. 

The production pressure-drawdown method of Chapter 3 is called linearly pressure-

drawdown method. By this method, the production pressure-drawdown plot is shown as 

Fig. 4-2. 

 

4.3 Results and Discussion 

Three CSI tests were conducted through the non-linear pressure-drawdown method in 

this chapter. Each test was performed under the same injection pressure and temperature 

conditions and with different pressure decline rates (500 kPa/5min, 100 kPa/4min and 50 

kPa/4min for Tests 1, 2 and 3, respectively).  To investigate production performance of 

CSI tests by different pressure-drawdown methods, three tests of Chapter 3 (12.5 kPa/min, 

8 kPa/min and 5 kPa/min) are used to compare with three tests of this chapter. Table 4-1 

shows the pressure decline rate and recovery factor of these six tests.  

This section will compare not only results of tests with different decline rates by the 

same pressure-drawdown method, but also results of tests by different pressure-

drawdown methods. Test 3 is with the production pressure decline rate of 50 kPa/4 min. 

It’s equal to 12.5 kPa per single minute as well as in Test 4. It’s significant to compare 

their results and discuss the differences. Discussion will be on the recovery factor, 

production rate, minimum production pressure, residual oil saturation profile, and oil and 

gas production behavior in typical cycles. 

 

4.3.1. Recovery Factor and Production Rate 

Fig. 4-3 presents the recovery factor plots of Tests 1, 2 and 3. As shown in this figure, 

the production performance of each test can also be divided into two phases (Du, et al.,  
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Fig. 4 - 2: One typical plot of pressure-drawdown linearly in Test 6 (5 kPa/min). 
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Table 4 - 1: The pressure decline rate and recovery factor of each test. 

Test # Decline rate RF (%) Pressure-drawdown method 

1 500 kPa/5min 43.1 

Non-linearly 2 100 kPa/4min 57.7 

3 50 kPa/4min 60.3 

4 12.5 kPa/min 68.0 

Linearly 5 8 kPa/min 38.4 

6 5 kPa/min 49.3 
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Fig. 4 - 3: Recovery factor of tests pressure-drawdown non-linearly. 
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2015 and 2016). The recovery factor of the test with a larger pressure decline rate is 

lower than that with a smaller pressure decline rate. It can be discussed from two sides. 

On one hand, foamy oil flow was dominated in Phase 1 (Du, et al., 2016). The recovery 

factor is strongly depended on the pressure decline rate during the foamy oil flow under 

solution gas drive (Kumar et al., 2002; Maini, 2003; Sheikha and Pooladi-Darvish, 2009). 

It means the recovery factor of each cycle during Phase 1 increases with the increasing of 

pressure decline rate. However, the total recovery factor is not only determined by the 

recovery factor of each cycle. The number of cycles, which equals the total running time 

of the test, has to be also considered. Comparing the oil recovery factor plots of Tests 1, 2 

and 3 in Fig. 4-3, it is obvious that duration of Phase 1 is increasing with the decreasing 

of pressure decline rate. Although the production behavior in Phase 1 is mainly 

dominated by the wormhole length and gravity effects, the duration of phase is 

determined by the growth rate of solvent chamber. The test with a larger pressure decline 

rate could faster produce the diluted oil by gravity and larger pressure drop. Then solvent 

chamber had more space to grow, especially in upward direction because of the solvent’s 

gravity overriding effect. The test would advance to Phase 2 when the solvent chamber 

reached the top boundary of sand-pack. It’s reasonable that Test 1 with the largest 

pressure decline rate has the shortest duration of Phase 1. On the other hand, a higher 

pressure decline rate made a greater pressure drop to push more diluted oil out. Then the 

upward growth of solvent chamber became faster with gravity overriding effect, while 

the lateral growth of solvent chamber, which is only relying on diffusion effect, was very 

slow. The total drainage area was restricted due to limited lateral drainage area. 

Consequently, the recovery factor was restrained. For the test with a smaller pressure 
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decline rate, the solvent chamber could not rise as fast as that in the test with a larger 

pressure decline rate. As a result, solvent chamber had more time to grow along lateral 

direction. Eventually, a higher recovery factor was made by a larger drainage area. 

Therefore, Test 3 with the smallest pressure decline rate has the highest total recovery 

factor. It should be also noticed that, because the drainage area could not unlimitedly 

develop resulting from the model shape and production strategy and so on, the recovery 

factor of Test 2 is 14.7% higher than that of Test 1, while the recovery factor of Test 3 is 

only 2.6% higher than that of Test 2. In general, for tests of pressure-drawdown non-

linearly, the recovery factor of each cycle increases with the increasing pressure decline 

rate. However, the total running time decreased with the increasing pressure decline rate. 

Eventually the results show that a test with a larger decline rate has a smaller recovery 

factor.  

This conclusion is not consistent for tests of pressure-drawdown linearly. Fig. 4-4 

shows that Test 5 with 8 kPa/min has a lower recovery factor than Test 6 with 5 kPa/min.  

As the Chapter 3 concludes, the decline rate plays a primary role in the CSI recovery 

process. It mainly affects the solvent chamber growth and foamy oil flow performance in 

Phase 1 and the pressure drop force in Phase 2. The optimal decline rate varies with the 

different driving mechanisms in Phase 1 and Phase 2. Different pressure-drawdown 

methods lead to different production performance in Phase 1 and Phase 2. As shown in 

Fig. 4-5, comparing to that the tests of pressure-drawdown linearly, production from 

Phase 2 is much lower in tests of pressure-drawdown non-linearly. Especially in Tests 2 

and 3, only 5.03% and 3.48% are from Phase 2, while for Tests 4, 5 and 6, the average oil 

production from Phase 2 is 15.82%. On one hand, pressure drop is the main driving force  
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Fig. 4 - 4: Recovery factor of tests pressure-drawdown linearly. 
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Fig. 4 - 5: Comparison of the recovery factor between two phases under different 

decline rates. 
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in Phase 2, but smaller decline rate in Tests 2 and 3 didn’t provide large enough driving 

force as well as in Test 1. On the other hand, as the Fig. 4-1 shown, the pressure drop in 

Tests 2 and 3 are intermittent. They cannot continually drive the diluted oil to the 

production well. Diluted oil is very easy to re-gain its viscosity in Phase 2 due to a long 

flow pass. It’s anticipated that Phase 2 of Tests 2 and 3 had a very poor production 

performance without continuous driving force. 

Fig. 4-6 shows the comparison of the average production rate between Phases 1 and 2 

under different decline rates and pressure-drawdown methods. It can be seen that tests of 

pressure-drawdown linearly generally have a better production performance than tests of 

pressure-drawdown non-linearly in terms of production rate. It is also further suggested 

that Phase 2 of Tests 2 and 3 had a poorer production performance than other tests.  

Fig. 4-7 and 4-8 present comparison of recovery factor and production rate between 

Tests 3 and 4 through different pressure-drawdown method but with the same decline rate 

per single minute. Before the 20
th

 hour, they had very similar recovery factors. It means 

that the intermittent driving force in Test 3 hardly affected its production performance 

when the solvent chamber did not completely develop. After the 20
th

 hour, the 

intermittent driving force cannot in carry diluted oil to the production well in time when 

the flow pass became to be longer in a growing solvent chamber. Fig. 4-8 more 

apparently presents the production rate difference due to the effect of the intermittent 

driving force from non-linearly pressure-drawdown method. The average production rate 

of Test 3 is generally less than 0.2 g/min, while it is mostly between 0.2 g/min and 0.64 

g/min in Test 4. 
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Fig. 4 - 6: Comparison of the average production rate between two phases under 

different decline rates. 
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Fig. 4 - 7: Comparison of the recovery factor between Tests 3 and 4. 
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Fig. 4 - 8: Comparison of the production rate between Tests 3 and 4. 
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The main difference between the non-linearly pressure-drawdown method and linear 

pressure-drawdown method is that the former cannot provide a continuous driving force 

for diluted oil as well as the latter. The effect of the intermittent driving force is much 

more significant in Phase 2. Therefore, production performance of tests of pressure-

drawdown linearly was generally better than that of tests of pressure-drawdown non-

linearly.  

 

4.3.2. The Minimum Production Pressure 

The minimum production pressure is defined as the pressure when the production 

pressure decreases to which, instantaneous oil production permanently decreased to zero 

in CSI tests. It exists in all CSI tests because the diluted oil regains its viscosity resulting 

from solvent gas release and longer flow pass to production well during the late stage of a 

production cycle.  

Chapter 3 discussed the effects of pressure decline rate on the minimum production 

pressure. This section will compare the minimum production pressure of Tests 3 (50 

kPa/4 min) and 4 (12.5 kPa/min) and discuss the effects of different pressure-drawdown 

strategies. 

Fig. 4-9 shows the production percentage for every pressure decline range in Test 3. 

Black, gray, and dark gray bars present the production percentage of the typical early 

cycle, middle cycle and late cycle, respectively. There wasn’t oil produced when pressure 

decreased less than 450 kPa in the early cycle. 3.4% oil was still produced during 500 

kPa – 450 kPa pressure-drawdown range. Thus the minimum production pressure in the 

early cycle can be set at 450 kPa. By the same way, the minimum production pressure of 



145 

 

Pressure decline range, kPa

800-750 750-700 700-650 650-600 600-550 550-500 500-450 450-400

P
ro

d
u
c
ti
o
n
 p

e
rc

e
n
ta

g
e
, 

%

0

20

40

60

80

100

Early cycle

Middle cycle

Late cycle

 

Fig. 4 - 9: Production percentage for every pressure decline range in Test 3 (50 

kPa/4 min). 
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middle and late cycles can be set at 500 kPa and 550 kPa, respectively. It’s found that the 

minimum production pressure is increasing with the test running. It means that the diluted 

oil is harder produced in late stage of a cycle. Fig. 4-10 presents the production 

percentage for every pressure decline range in Test 4. The minimum production pressure 

of the early cycle, middle cycle and late cycle can be 100 kPa, 200 kPa, and 300 kPa, 

respectively. There were 10.72%, 0.46%, and 0.81% oil produced in their minimum 

production pressure-drawdown range. It’s found that the minimum production pressure of 

Test 3 is larger than that of Test 4 in the same stage cycle. It suggests that oil production 

was more everlasting in Test 4 because of continuous driving force. However, in Test 3, 

oil production was mainly from high production pressure range because the oil became 

hardly mobilized for weaken and nonpersistent driving force. 

The minimum production pressure is still increasing with the test running in the test of 

pressure-drawdown non-linearly. It is larger than that of the test of pressure-drawdown 

linearly in the same stage cycle because of the intermittent driving force. 

 

4.3.3. Oil and Gas Production Behavior in Typical Cycles 

GOR and productivity index of typical cycles in Tests 3 and 4 are used to compare their 

production performance in one cycle. Cycle 4 were both selected in Tests 3 and 4. 

Productivity index is defined as the ratio of the total oil production rate to the pressure-

drawdown (Du, et al., 2016). As Fig. 4-11 shown, in Test 3, when the pressure dropped 

from 800 kPa to 650 kPa, there was oil production even though it’s not too much which is 

less than 0.12 g/(kPa·min). Oil was produced mainly from high production pressure range. 

At the same time, GOR significant increased from 0.8 cm
3
/cm

3
 to 9.9 cm

3
/cm

3
 as 

presented in Fig. 4-12. It means that oil and gas were mainly produced when the  
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Fig. 4 - 10: Production percentage for every pressure decline range in Test 4 (12.5 

kPa/min).  
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Fig. 4 - 11: Productivity in Cycle 4 of Test 3 (50 kPa/4 min). 
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Fig. 4 - 12: Gas oil ratio in Cycle 4 of Test 3 (50 kPa/4 min).  
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production pressure quickly depleted. After it went into stable pressure stage, there was 

little oil produced even if there was free gas forming from dispersed bubbles. For Test 4, 

Fig. 4-13 and Fig. 4-14 show its productivity and GOR plots. The productivity even 

achieved to 0.6 g/(kPa·min) which is 5 times to that of Test 3 during high production 

pressure range. Then the productivity mainly varied around 0.04 g/(kPa·min) till the 

pressure depleted to ambient pressure. Its GOR slowly increased from 0.4 cm
3
/cm

3
 to 4.8 

cm
3
/cm

3
. 

In general, for one cycle of Test 3, oil is mainly produced during high pressure range 

with high gas production. The oil quickly re-gained its viscosity when a plenty of 

solution gas released. For the cycle of Test 4, oil is produced in most time of the cycle. 

Gas bubble is slowly forming to free gas with the pressure-drawdown. 

 

4.3.4. Residual Oil Saturation Profile 

The final residual oil saturation (Sor) of Tests 1, 2 and 3 were also measured according 

the same procedure in Section 3.3.6 of Chapter 3. The Sor of the layers located at 3 cm, 15 

cm, and 27 cm away from the wellhead of Tests 3 and 4 are used to be compared. 

Fig. 4-15 shows the comparison of Sor at three different layers between Tests 3 and 4. 

First, the Sor profile at one layer is discussed. It’s found that the sands in the upper section 

of the model above the wormhole are much cleaner than the sands in the lower section of 

the model below the wormhole, which means that the produced oil was mainly from the 

upper section. This indicates that even though in CSI the pressure drop provides the 

driving mechanism, gravity effect still has significant effects on solvent chamber 

development and oil production. Second, the Sor profiles of the same test are compared. It  
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Fig. 4 - 13: Productivity in Cycle 4 of Test 4 (12.5 kPa/min). 
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Fig. 4 - 14: Gas oil ratio in Cycle 4 of Test 4 (12.5 kPa/min). 
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Fig. 4 - 15: Comparison of residual oil saturation at different layers between Tests 3 

and 4. 
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can be seen that the sands of the same area at the 3 cm layer is cleaner than that of the 15 

cm layer. Likewise, the sands of the 15 cm layer are cleaner than that of the 27 cm layer. 

Table 4-2 summaries the average recovery factor at these three layers of Tests 3 and 4. In 

Test 3, 90.84% of OOIP was produced at the 3 cm layer, while only 18.62% was 

recovered at the 27 cm layer. The same situation occurred in Test 4 even though the gap 

between layers is not as large as in Test 3. It means the diluted oil is more easily to be 

produced at layers closer to the wellhead because it needs less driving force. Third, the 

Sor profiles at the same layer of different tests are compared. As Fig. 4-15 and Table 4-2 

shown, at the 3 cm and 15 cm layers, more oil was produced in Test 3 than that of Test 4. 

However, at the 27 cm layer, more oil was produced in Test 4 than that of Test 3. 

Although Tests 3 and 4 had the same production pressure decline rate as per single 

minute, Test 3 was with a relative larger instantaneous decline rate than Test 4 because of 

its characteristic of pressure-drawdown method.  

It provided a larger driving force for diluted oil. Therefore, there was more oil 

produced along the wormhole area in Test 3 than that of Test 4. After the production 

stage going into Phase 2, he disadvantage of the intermittent driving force in Test 3 

became to be more apparent, less diluted oil was recovered than that of Test 4. Thus the 

Sor at layers far away from the wellhead of Test 3 is larger than that of Test 4. 

In summary, the comparison of Sor profiles emphasizes that the gravity force 

significantly affects the solvent chamber growth and oil production. It also indicates that 

more oil closer to the wellhead was recovered in tests through the non-linear pressure-

drawdown method than that of tests through linear pressure-drawdown method. 
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Table 4 - 2: The average recovery factors at typical layers in Tests 3 and 4. 

Distance from wellhead (cm) Test 3 (50 kPa/4 min) Test 4 (12.5 kPa/min) 

3 90.84% 83.94% 

15 87.98% 76.80% 

27 18.62% 27.67% 
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4.4. Conclusions 

The following conclusions can be drawn from the comparisons above: 

(1) The main difference between the non-linear pressure-drawdown method and linear 

pressure-drawdown method is that the former cannot provide a continuous driving force 

for diluted oil as well as the latter. The effect of the intermittent driving force is much 

more significant in Phase 2. Therefore, production performance of tests of pressure-

drawdown linearly was generally better than that of tests of pressure-drawdown non-

linearly.  

 (2) The minimum production pressure is still increasing with time running in the test 

through non-linear pressure-drawdown. It is larger than that of the test through linear 

pressure-drawdown in the same stage cycle because of the intermittent driving force. 

 (3) For one cycle of tests of pressure-drawdown non-linearly, oil is mainly produced 

during high pressure range with high gas production. The oil quickly re-gained its 

viscosity when a plenty of solution gas released. For the cycle of tests of pressure-

drawdown linearly, oil is produced in most time of the cycle. Gas bubble is slowly 

forming to free gas with the pressure-drawdown. 

 (4) The comparison of Sor profiles emphasizes that the gravity force significantly 

affects the solvent chamber growth and oil production. It also indicates that more oil 

closer to the wellhead was recovered in tests through the non-linearly pressure-drawdown 

method than that of tests through linear pressure-drawdown method. 
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CHAPTER 5 CYCLIC SOLVENT INJECTION PROCESS 

BASED ON A LARGE 3D PHYSICAL MODEL 

 

Chapter Summary 

A cyclic solvent injection (CSI) test is conducted in a large 3D physical model 

(80×40×20 cm
3
). 23.57 liters heavy oil (2700 cp@21˚C) is saturated into this sand-pack. 

The test ran for 30 cycles achieving the recovery factor of 67.1%. Experimental results 

are compared with those of a cylindrical sand-pack (d=15.24 cm, L=30.48 cm) CSI test to 

investigate dominated driving mechanisms of CSI under different physical models. A 

linear form of material balance equation (MBE) of CSI is established for the first time to 

obtain the amount of diluted oil (Ndi) after the solvent injected into sand-pack in each 

cycle, which could be used to evaluate the efficiency of oil dilution (Esd) and recovery 

factor of diluted oil (Rd). Esd is defined as the ratio of the Ndi to remaining oil. Rd is 

defined as the ratio of the cumulative oil production as per cycle to Ndi. In the MBE, since 

non-equilibrium phase behavior is presented in CSI, Rs and Bo measured by conventional 

PVT test under equilibrium state cannot be directly used in the MBE. In this study, Rs and 

Bo are first matched through the proposed MBE by using experimental data from large 

3D test. With estimated Rs, Bo and other experimental data, Ndi of each cycle in large 3D 

test are obtained by liner regression. At last, to further verify the proposed MBE, the 

tuned Rs and Bo are used to obtain Ndi of the cylindrical sand-pack test.  

Comparison between two tests indicates that the gravity force still dominates the 

recovery factor rather than the sand-pack size. The sand-pack shape significantly affects 

the change of production rate, but not the average production which is mainly determined 

by the original oil in place (OOIP). The same behavior of minimum production pressure 
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occurred in two tests with the same pressure decline rate. Ndi of each cycle in the large 

3D test is successfully obtained through the established MBE. Then Ndi are used to obtain 

Esd and Rd. The results show that Esd first increases from 4.75% to 10.70% with the 

growth of solvent chamber. Then it keeps around 13.78% for main stage. During the very 

late stage, Esd decreases to 10.11%. Not as Esd dramatically varies, Rd in each cycle is 

around 30±2%, which indicates that recovery of CSI has much more potential. A higher 

recover factor could be expected if Esd and Rd would be both improved. By the tuned Rs 

and Bo in the large 3D case, Ndi of each cycle in the cylindrical sand-pack CSI test is 

matched with very good agreement (average R
2
=0.9899), which suggests that the 

established MBE is reliable to evaluate production performance of CSI. 

 

5.1 Introduction 

Vapour extraction (VAPEX) (Butler and Mokrys, 1991, 1993a and 1993b) and cyclic 

solvent injection (CSI) (Allen et al., 1976; Allen, 1977) process have been proposed as 

viable alternatives to steam-based heavy oil recovery techniques. VAPEX has a vital 

shortcoming that a very low production rate is due to slow diffusion rate and only drove 

by gravity force (Lin et al., 2014). Compared with VAPEX, CSI has shown great 

potential as a solvent-based method because of many driving mechanisms (Gondiken, 

1987; Haskin and Alston, 1989; Lim et al., 1995; Chang et al., 2014). Although many 

experimental, numerical and pilot tests have been conducted on CSI, the complicated 

driving mechanisms and reservoir performance involved in the CSI have not been 

completely understood. Conducting large 3D physical model of CSI and obtaining 
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accurate information regarding fluid, especially diluted oil, and injected solvent will help 

understand the mechanisms and enhance heavy oil recovery. 

Experimental efforts have been made to evaluate the performance of CSI and its 

variations in laboratory scale. Table 5-1 summarizes the dimension of sand-packs used in 

studies of CSI. Ivory et al. (2010) conducted CSI experimental study to evaluate the 

performance of injecting a 28 vol% C3H8 – 72 vol% CO2 solvent mixture in a stepped 

cone laboratory model (3 m long). The inside diameter of the bottom cylinder of the 

stepped cone was 1 cm and that of the top cylinder was 9.7 cm. Du et al. (2015 and 2016) 

separately investigated the effects of wormhole and production pressure decline rate on 

the CSI by multi-scale sandpacks. They found that decline rate significantly affect foamy 

oil behavior and the wormhole coverage has great and positive effects on the CSI 

production performance. One conclusion that an optimizing pressure decline rate exists in 

terms of the recovery factor is consistent with Zhou et al’s  and Peng et al’s experimental 

results (Zhou et al., 2016; Peng et al., 2017). Three variations of CSI had also been 

proposed to improve the oil production rate by maximizing foamy oil flow potential. 

Jamaloei et al. (2012) proposed using methane as a chase gas in the solvent injection 

period during CSI and their results showed the oil recovery factor can be significantly 

improved from 4.28% to 40.05 % by using the propane as solvent and methane as 

chasing gas, compared with that by using methane only. Jia et al. (2013) proposed to 

incorporate pressure pulsing to enhance the CSI performance through a three-step 

pressure control scheme during the production period. Their results suggested pressure 

pulsing CSI (PP-CSI) process can effectively induce foamy oil flow, which causes that 

the production rate of PP-CSI is 4.37 times of that of conventional CSI and that recovery  
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Table 5 - 1: Dimensions of sand-packs used in some CSI studies 

Dimension (cm) References 

L=300, top d=9.7, bottom 

d=1 

Ivory et al., 2010 

101.3×4.9×3.2 Jamaloei et al., 2012 

40×10×2 Jia et al., 2013 

L=30.48, d=3.81 

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

L=91.44, d=3.81 

L=30.48, d=3.81 

Du et al., 2014 & 2015 L=60.96, d=3.81 

L=30.48, d=15.24 
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factor of PP-CSI is 17.9% higher than that of the CSI. Jiang et al. (2013) developed a 

process called cyclic production with continuous solvent injection (CPCSI). In this 

process, a vapor solvent is continuously injected into the sand-pack to maintain reservoir 

pressure and also supply extra gas to drive the diluted oil out. In another hand, the 

producer is operated in a shut-in/open cyclic way. The recovery factor was up to 85% in 

one of their tests. However, in these all experimental studies of CSI, the bulk volume of 

the largest sandpack is only 7,389.5 cm
3
 in Ivory et al.’s study (2010). Other efforts and 

variations of CSI (Huerta et al, 2012; Firouz and Torabi, 2012; Rivera et al., 2016) also 

have been done to enhance recovery factor. Small-scale sandpacks have limitations to 

conduct studies of recovering heavy oil by solvent-based methods. Boundary affects 

production performance in small-scale model much larger than that in large-scale model. 

Solvent chamber develops only in one direction rather than both in longitudinal and 

transverse directions. In addition, pressure drop probably leads to different effects in 

sandpack with different scales. Therefore, large scale 3D model may provide more 

worthwhile and comprehensive information than small-scaled model.  

Large 3D physical model has been as a tool to conduct experimental studies in 

petroleum area for decades. Greaves and Mahgoub (1996) carried out 3D physical model 

(40×40×10 cm) studies of air injection in a light oil reservoir. It is suggested that 

reservoir heterogeneities and horizontal well could be involved by using large 3D model. 

Bagci and Shamsul (1999) compared medium and low gravity crudes in the dry forward 

combustion with diverse well configuration in a 3D physical model (40×40×15 cm). It 

indicated large 3D model studies provide worthwhile information on sweep efficiency 

and combustion front stability and results from a large 3D scaled model test may be 
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applied directly to predict the performance in the field as well as to validate numerical 

simulators. Turta et al. (2006) found toe-to-heel waterflooding (TTHW) process 

substantially improved the vertical sweep efficiency in a Hele-Shaw laboratory model. 

Following these semiquantitative tests, a more comprehensive 3D model (40×27×16 cm) 

testing was undertaken to investigate the overall sweep efficiency of the TTHW process. 

In order to study the formation of the solvent chamber and recovery mechanism in a large 

3D physical model with field-type permeabilities which is different with a 2D model of 

significantly higher permeability, Knorr and Imran (2012) investigated solvent-chamber 

development in 3D physical model (100×26×27 cm and 100×50×51 cm) experiments of 

solvent-vapor extraction (SVX) process with various permeabilities and solvent-vapour 

qualities. These indicate that large 3D model has more advantages than small-scale model. 

Larger size is capable of configuring diverse well pattern and investigating heterogeneity 

study. It is less sensitive to adverse factors, such as wall effect and dead volume, than 

small-scale model. Therefore, it’s more reliable and applicable to predict field cases by 

using the findings and analysis results obtained from large model tests. However, not 

many large model experiments have been performed for CSI to investigate the foamy oil 

behavior and solvent chamber developments, and evaluate production performance. It is 

indicated that conducting a large 3D physical model of CSI experiment is significant to 

further explore the CSI in both experimental and mathematic approaches.  

Numerical simulation and material balance equation (MBE) are two types of tools of 

reservoir engineers to interpret and predict reservoir performance. Some studies have 

been investigated on CSI by numerical simulation (Ravel and Anterion, 1985; Qi and 

Polikar, 2005; Chang and Ivory, 2013; Zhang et al., 2016). However, in some 
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circumstances, numerical simulation work cannot be conducted due to unknown or 

unavailable data and unclear driving mechanisms. Compared to numerical simulations, 

the MBE does not consider reservoir geometry details and require less data. It’s a better 

tool to analyze CSI because of its complicated mechanisms. The general form of the 

MBE was first presented by Schilthuis in 1941. Then based on reasonable assumptions, 

many variations of MBE have being developed for reservoirs with different properties or 

recovered by different methods. Aguilera (1977) explained the performance of naturally 

fractured reservoirs below the bubble point by use of the MBE. It provided a new 

potential valuable tool for evaluation of naturally fractured reservoirs. Peake (1989) 

derived a steamflood MBE to evaluate fluid confinement within a steamflood project or 

pattern. The results can be reasonable compared with the available data. Butler etc. (1995) 

established a solvent MBE to analyze the Net Cumulative Solvent-to-Oil Ratio (NCSOR). 

The net required solvent and the practical values of NCSOR were determined by this 

material balance model.  Sills (1996) proposed an improved MBE to determine original 

hydrocarbon-in-place in water-drive oil and gas reservoirs. A combined reservoir and 

aquifer expansion term was defined to reduce the number of unknowns in the regression 

analysis. Tian and Zhao (2008) developed a MBE model to analyze the field data before 

and after CO2 injection. The proposed model can evaluate, monitor and predict the 

overall reservoir dynamic performance during the CO2 flooding process after matching 

the historical field data. In field application, the partition of the injected CO2 in the actual 

reservoir, the CO2 subsurface storage efficiency and the amount of CO2 injected and 

dissolved in the reservoir oil at different flooding times were monitored. It’s indicated 

that MBE provides a better understanding of reservoir or production performance for 
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these studies listed above. For better evaluating the recovery factor of CSI, a MBE model 

is also necessary to interpret the amount of diluted oil in each cycle. 

In this paper, a large 3D physical model (80×40×20 cm
3
) was applied to conduct a CSI 

experiment. Data acquisition system was used to acquire pressure of the model and 

bottom-hole, flow rate and cumulative amount of the solvent injection and production, 

and weight of the produced oil. To better understand effects of sandpack shape and 

boundary in CSI, experimental results of a previous CSI test in the cylindrical model 

under the same decline rate (Du et al., 2015) were compared with that of large 3D 

sandpack. Comparing results with the cylindrical model test indicate that recovery factor 

of large 3D test is 11.9% higher than that of the cylindrical model test. Then a 

mathematical model was developed by using MBE to analyze experimental results. In 

this model, solution-gas oil ratio (Rs) and the diluted oil formation volume factor (Bo) 

under non-equilibrium state were determined by the least square method. With other 

experimental data, they were used to obtain the amount of diluted oil in each cycle (Ndi) 

by regression. Then Ndi was used to obtain the efficiency of oil dilution (Esd) and the 

diluted oil recovery factor (Rd). Esd is defined as the ratio of the Ndi to remaining oil. Rd is 

defined as the ratio of the cumulative oil production as per cycle to Ndi. Through the 

MBE analysis, it is found that Esd increased significantly after three early cycles and 

maintained around 13% till the last three cycles. Rd was as high as 40% in first three 

cycles. Then it kept around 32% for 25 cycles and decreased to 18% in last cycle. The 

above findings indicate that the object of EOR strategy in CSI should mainly focus on 

enhancing the efficiency of oil dilution and the diluted oil recovery factor. 
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5.2 Experimental Section 

5.2.1. Experimental Materials 

The typical heavy oil sample is from western Canada area with molecular weight of 389 

g/mol. The viscosity of the heavy oil sample is 2700 cp at room temperature (21˚C). 

Propane and nitrogen were supplied by Praxair, both with purities of 99.99%. Propane 

was used as solvent and nitrogen was used as pressure testing gas. Potters glass beads 

with an average pore size of 90-150 µm was used to pack the physical sand-pack models.  

 

5.2.2. Experimental Setup 

Fig. 5-1 shows that experimental setup is consisted of solvent injection unit, sandpack 

model, oil and gas production unit, and data acquisition system. 

 

Solvent Injection Unit 

The solvent injection unit is constituted of gas cylinder (Praxair, Canada), pressure 

regulator (Swagelok, Canada), digital flow meter (DFM-C3H8, AALBORG, USA) and 

pressure transducer (PPM02, Heise, USA). In the injection period, the solvent was 

injected into the sand-pack at a constant pressure under regulating of pressure regulator. 

The LCD display of pressure transducers presented the instantaneous injection pressure. 

In addition, the digital flow meter displayed the instantaneous solvent flow rate and total 

volume.  

 

Sandpack Model 

Sand-pack models simulate heavy oil porous media deposits to perform enhanced 

heavy oil recovery studies. A sand-pack model uses a container which is basically a  



168 

 

 
 

Fig. 5 - 1: CSI experimental setup of the large 3D physical model 
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rectangular or cylindrical high-pressure steel model filled up with sand or glass beads 

inside. 

In this study, a large 3D physical model with length×width×height of 80×40×20 cm 

(Pinnacle Industrial Services, Canada), as shown in Fig. 5-2, was used to conduct this 

CSI experiment. Before packing sand, the physical model had to be cleaned. The unused 

ports in this experiment would be sealed by wax to reduce the dead volume. The rest of 

ports would be covered by gauze in case that it was blocked by the sand carried out by 

produced fluids. Then a mimic wormhole with length 26.7 cm and diameter 0.32 cm was 

located in the sand-pack as shown in Fig. 5-2. To reduce the wall effect, the inside of 

physical model was smeared by the liquid electrical tape to keep it rough. After the tape 

dried, glass beads were packed into the physical model. A large vibrator was used to 

shake the model during the sand packing to achieve a uniform and homogenous packing. 

At the same time, glass beads were continuously added into the model till the sand level 

could not be lower. Then a rubber was covered on the top of glass beads to avoid the wall 

effect between the glass beads and lid. Furthermore, the tape was used to seal the 

interface between the rubber and sand-pack in case that some glass beads would be 

squeezed out to cause leakage. At last, the overburden pressure was set through the lid 

after it was covered and bolted. 

 

Oil and Gas Production Unit 

The production unit is consisting of pressure transducer, BPR (Back Pressure 

Regulator) (Equilibar, EB1ZF1,USA), pressure gauge (DPG7000-1K, OMEGA 

Environmental Inc., Canada), syringe pump (1000DX, ISCO Inc., USA), oil sample  
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Fig. 5 - 2: (a) Plan view of wormhole location in large 3D model; (b) 3D side view of 

wormhole location in large 3D model 
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collector, scale and wet gas meter (TG05/Model #3, Ritter, USA). The pressure 

transducer displayed and recorded the instantaneous bottom-hole pressure. The BPR, 

which was regulated by the syringe pump on pressure drop function, was used to 

maintain the production pressure. The pressure gauge is used to monitor the maintained 

pressure of BPR. Then the production pressure was decreased at a fixed decline rate. The 

produced oil went into an oil sample collector, while the produced gas went into the wet 

gas meter. The cumulative oil production was scaled at a constant interval. The flow rate 

and cumulative production of gas were shown by the wet gas meter. They were also 

recorded continuously by the data acquisition unit.  

 

Data Acquisition Unit 

In this study, the data acquisition unit includes a laptop, RS232 and specified cables, 

converters, and the software corresponding to the pressure, gas injection and production. 

During the solvent injection period, the injection pressure and model pressure were 

continuously captured by pressure recording software. The injection gas flow rate and 

total volume were recorded through the DFM software. In the soaking phase, the bottom-

hole and model pressure were recorded. When the production started, the flow rate and 

cumulative production of produced gas were saved by the Rigomo software when the 

production started. Meanwhile, the bottom-hole and model pressure were also wrote into 

laptop. Therefore, all the different parameters involved in the CSI, which suggest 

different mechanisms and phenomenon, were recorded by the data acquisition unit. 
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5.2.3. Experimental Procedure 

The experimental procedures include sandpack model preparation, test procedure and 

residual oil saturation measurement. In this study, the sandpack model preparation work, 

including packing sands, measuring porosity and permeability, and saturating crude oil 

etc., was the same with our previous study on the effects of the wormhole (Du et al., 

2015). Different things were noted in Section 2.2.2 that liquid electrical tape, rubber 

cover and overburden pressure were used to reduce wall effect. The test procedure also 

includes solvent injection, soaking and production. The solvent was injected into sand-

pack at constant pressure (@800 kPaa) till the flow meter displayed the rate decreased to 

zero. After solvent injection, the sandpack was soaked till pressure was stable. On 

production, a back pressure regulator (BPR) was used for controlling the pressure at the 

production port of the sandpack. 3 kPa/min was applied as production decline rate in this 

study. Test was stopped when there was not oil produced in two continuous cycles.  

 

5.3 Experimental Results and Discussion 

A CSI experiment was performed in the large 3D physical model. Experimental results, 

such as recovery factor, oil production rate and minimum production pressure, were 

discussed. Experimental results of a cylindrical sand-pack are introduced to compare with 

those of large 3D sand-pack. The dimensional specification and wormhole location of 

two sand-pack models are shown in Fig. 5-2 and Fig. 5-3. Their experimental parameters 

and results were summarized in Table 5-2 and 5-3, respectively.  

  



173 

 

  

Fig. 5 - 3: (a) Plan view of wormhole location in cylindrical model; (b) Side view of 

wormhole location in cylindrical model 
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Table 5 - 2: Experimental parameters of two sand-pack model 

Parameters Large 3D model Cylindrical model 

Sand-pack dimension 

(cm) 
80×40×20 

Diameter: 15.24 

Length: 30.48 

Sands type Glass beads Glass beads 

Solvent Propane Propane 

Injection pressure (kPaa) 800 800 

Decline rate (kPa/min) 3 3 

Wormhole/model length 0.33 0.33 

Porosity 33.00% 35.05% 

Permeability (Darcy) 5.47 5.59 

Initial oil saturation 99.67% 97.49% 

Oil viscosity (cp) 2700@21˚C 2700@21˚C 

OOIP (g) 22793.16 1721.75 
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Table 5 - 3: Experimental results of two sand-pack model 

Parameters Large 3D model Cylindrical model 

Bulk volume (cm
3
) 64600 5560 

Recovery factor 67.1% 55.2% 

Cumulative oil 

production (g) 

15294.21 964.18 

Production time (min) 7345.2 5375.4 

Production rate (g/min) 2.08 0.17 

Production rate 

(Rv·g/min) 

/ 2.08 

Gas production (L) 6828.03 596.77 

Gas production (L·Rv) / 6933.70 

*Rv=Large model bulk volume/small model bulk volume=11.62 
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5.3.1 Production Rate and Recovery Factor 

Fig. 5-4 presents the recovery factor plot of the large 3D sand-pack CSI test. The plot 

shows four production phases in terms of the production rate (0.78 g/min, 2.82 g/min, 2.7 

g/min and 1.92 g/min). This is different from the plot of the cylindrical sand-pack CSI 

test which has two obvious production phases, as shown in Fig. 5-5. In Fig. 5-5, Phase 1 

is the solvent chamber rising phase taking high production rate, while Phase 2 is the 

solvent chamber spreading phase with low production rate (Du et. al., 2015). Effects of 

the shape and size of the sand-pack on the CSI production performance could be 

investigated by analyzing the recovery factor and production rate of tests conducted by 

these two models. 

In typical Phase 1 of cylindrical sand-pack test, the solvent chamber developed by 

combined effects of the gas gravity riding, diffusion and dispersion. Phase 2 began when 

the chamber approached the top boundary of the sand-pack. Since the effect of gravity 

ridding disappeared in Phase 2, the production rate decreased compared with that in 

Phase 1. It suggests that production rate will change if the solvent chamber reached the 

boundary of sand-pack. Due to different sand-pack shape, the circumstance of boundary 

in the large 3D sand-pack becomes more complicated than that of the cylindrical sand-

pack. Therefore, more production rate changes occurred in the large 3D sand-pack CSI. 

The production rate change can be seen between four phases in Fig. 5-4. Fig. 5-6 

compares the average production rate of these four phases. Back to the plot in Fig. 5-4, a 

low production rate, Phase 1, first occurred because of long production time as per cycle. 

In these very early cycles, the production pressure declined slower than the designed rate, 

as the Cycle 1 pressure in Fig. 5-7, when a large amount of solution gas was released in a  
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Fig. 5 - 4: Recovery factor of the large 3D sand-pack CSI 
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Fig. 5 - 5: Recovery factor of the cylindrical sand-pack CSI 
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Fig. 5 - 6: Average oil production rate of four production phases in the large 3D 

sand-pack CSI 
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Fig. 5 - 7: The declined production pressure in Cycle 1 and Cycle 4  
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small solvent chamber. When the pressure normally declined if the chamber developed 

large enough, the production went into Phase 2 with increased production rate. Phase 2 

had the largest average production rate because the solvent chamber grew with the fastest 

rate toward top boundary and two side-boundaries under effects of gravity riding, 

diffusion and dispersion. Then the production came to Phase 3 when solvent chamber 

first approached the top boundary due to the shortest distance. It is expectable that the 

production rate decreased a little bit in this phase because the growth rate of solvent 

chamber decreased as well without of the gravity riding effect. With the development of 

the solvent chamber, production got to Phase 4 when the chamber reached the near-side-

boundary. In this phase, the chamber grew only toward the far-side-boundary under the 

smallest rate. In general, the rectangular shape of large 3D sand-pack lead to more 

production rate variations than the circular shape of cylindrical sand-pack. 

The large 3D sand-pack is 11.56 times the size of the cylindrical sand-pack. Its 

recovery factor reached to 67.09% which is 11.9% larger than that of the cylindrical test. 

Also its average production rate was up to 2.12 g/min which is 12.94 times as much as 

that of the cylindrical model test. Since the different sand-pack size, it’s more reasonable 

to compare their production performance by the relative average production rate, which is 

defined as the average production rate divided by its OOIP. These two tests have very 

similar relative average production rates. It means that the sand-pack size does not affect 

the well productivity index. In terms of the recovery factor, it is the competition result of 

the gravity drainage force and viscous force of diluted oil. The comparison of recovery 

factor suggests that large gravity drainage head produced more diluted oil in the large 3D 

sand-pack. However, the conventional recovery factor can not reflect not only the ability 
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of solvent reducing viscosity but also the capacity of the EOR method recovering the 

diluted oil. Therefore, it’s significant to determine the amount of the diluted oil of each 

cycle in CSI. 

 

5.3.2. Minimum Production Pressure 

The minimum production pressure is defined as the pressure less than which the 

instantaneous oil production permanently decreases to zero in one CSI cycle with the 

production pressure-drawdown (Du et. al., 2016). Fig. 5-8 and Fig. 5-9 are summarized 

to investigate the minimum production pressure in two CSI tests by different sand-packs. 

In the large 3D sand-pack test, Cycle 1, Cycle 16 and Cycle 30 are selected to present 

cycles in the early, middle and late stage. By the same way, Cycle 1, Cycle 12 and Cycle 

23 are selected from the cylindrical sand-pack test. For early cycles of two tests, it was 

found that oil production was contributed from all pressure ranges. For both tests, the oil 

production of each pressure range slightly increased with the pressure-drawdown. For 

middle cycles, oil production of each pressure range generally decreased with the 

pressure decay. It was decreased to zero or negligible when the pressure declined less 

than 400 kPa. For late cycles, oil was only produced when the production pressure more 

than 500 kPa. Therefore, for early cycles, their minimum production pressure is 100 kPa. 

For middle cycles, 400 kPa was determined as their minimum production pressure. At 

last, 500 kPa could be designated as their minimum production pressure. It is found that 

two test with different sand-pack scale not only had the same minimum production 

pressure in the same period but also had similar oil production changing tendency. The  
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Fig. 5 - 8: Production percentage for every pressure decline range in 3D test 
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Fig. 5 - 9: Production percentage for every pressure decline range in cylindrical test 
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same minimum production strategy could be applied in the field CSI under the same 

decline rate to economically recover heavy oil. 

 

5.3.3. Phenomenon of First Three Cycles in the Large 3D Experiment 

3 kPa/min was designed as the pressure decline rate in the large 3D CSI experiment. The 

plot of pressure-drawdown was supposed to be like that of Cycle 4 shown in Fig. 7. 

However, the pressure in first three cycles did not completely decline at the designed rate 

when it dropped around 200 kPa. For example, as shown in Fig. 7, after the pressure 

dropped to 196 kPa, it continued to drop at the rate of 0.15 kPa/min rather than 3 kPa/min. 

Then the average production rate was decreased from 1.287 g/min to 0.347 g/min. Finally, 

133.6 g more oil was produced in 385 more minutes. Fig. 5-10 compares the plots of oil 

production of the first four cycles. A very similar trend occurred in the first three cycles. 

Then the situation changed to a normal mode from Cycle 4. 

This phenomenon was caused by the large amount of dissolved solution gas but in a 

small solvent chamber under a small pressure decline rate. The production pressure could 

not drop as the designed rate because the gas could not be produced in time. This 

situation would disappear when the solvent chamber become to be large enough. 

Generally, this phenomenon would occur in the early cycles of CSI due to the 

undeveloped solvent chamber. It is needed to emphasize that this phenomenon would be 

much severer in a larger sand-pack model under the same or less pressure decline rate. 

Therefore, it is no doubt that this phenomenon would be inevitably in the field case. The 

production stage should switch to injection stage when the production rate is no longer 

economic. 
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Fig. 5 - 10: Comparison of production plots in first four cycles. 
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5.4 MBE for CSI 

As discussed in Section 3.1, the amount of diluted oil of each cycle is a crucial point to 

better understand production performance of CSI and provide complementary insights 

into it; a mathematical modeling is strongly needed to analyze the experimental data of 

CSI for the amount of diluted oil. After the proposed model validated by the history 

matching, it can be applied to monitor, predict and evaluate the dynamic performance of 

CSI.  

 

5.4.1. Model Assumptions 

CSI has three sections including injection, soaking and production. In this study, the 

beginning of production is defined as the initial state for developing the material balance 

equation. 

Six assumptions were proposed to build the material balance equation.  

(1) Isothermal condition; 

(2) Neglecting water and formation compressibilities; 

(3) Neglecting capillary pressure force and gravity force; 

(4) The volume of dead oil will not change with pressure in each production stage; 

(5) Oil production is only from expansion of diluted oil and diffused gas; 

(6) The volume of free gas in each cycle equals the volume of cumulative oil 

production before this cycle. 

  



188 

 

5.4.2. Model Development 

As Fig. 5-11(a) shown, at initial state, the pore volume of sand-pack is composed of 

dead oil, diluted oil and free gas. For diluted oil,  

oid BNN 2                                                                   (5-1) 

Where N2 is volume of the diluted oil in initial state, cm
3
; Nd is the volume of diluted 

oil in surface condition, cm
3
; Boi is the initial formation volume factor of diluted oil, cm

3
/ 

cm
3
.  

For free gas,  

gi

g

g B

B
NN 3                                                                 (5-2) 

Where N3 is the volume of free gas in initial state, cm
3
; Ng is the volume of free gas in 

surface condition, cm
3
; Bgi is the initial formation volume factor of free gas, cm

3
/ cm

3
; Bg 

is the formation volume factor of free gas, cm
3
/ cm

3
. 

In this study, free gas did not contribute to the oil production because a single well, 

through which free gas was produced without driving any oil, was applied in CSI 

experiments. In addition, based on the assumption that the volume of dead oil will not 

change with pressure in each cycle, the oil production was only from the expansion of 

diluted oil and solution gas as shown in Fig. 5-11(b), while the gas production included 

the expansion of free gas and the production of solution gas. Therefore, a material 

balance equation of CSI is established as Eq. 3.  

)()()( 1
gi

g

ggssidoiodgspgpop B

B
NBRRNBBNBRNBGBN           (5-3) 
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Fig. 5 - 11: Volume changes in the sand-pack of CSI with a finite pressure drop. 
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Where Np is the cumulative oil production, cm
3
; Bo is the formation volume factor of 

diluted oil, cm
3
/ cm

3
. Gp is the gas production, cm

3
; Rsi is the initial solution-gas oil ratio, 

cm
3
/ cm

3
; Rs is the solution-gas oil ratio, cm

3
/ cm

3
.  

For oil, 

gspoiodop BRNBBNBN  )(                                          (5-4) 

For gas, 

gssid
gi

g

ggp BRRN
B

B
NBG )()(  1                                  (5-5) 

The volume of diluted oil in each cycle suggested the efficiency of oil dilution in 

whole reservoir. It would re-define the oil recovery factor in CSI because the oil 

production is from the diluted oil not from the dead oil. Additionally, the mass transfer 

rate could be evaluated by the volume of diluted oil. It also could indicate whether the 

propone has the same efficiency of oil dilution in mixture-solvent CSI with the pure 

propane CSI. Therefore, it is significant to evaluate the volume of diluted oil for each 

cycle in CSI. 

Rearrange Eq. 5-4, 

)(

)(

oio

gsop

d
BB

BRBN
N






                                                    (5-6) 

In order to obtain Nd, the oil formation volume factor and solution-gas oil ratio were 

needed to match by Eq. 5-6. They were very hard to match reasonably because they 

varied with pressure. However, Nd is a constant in each cycle. It was much easier to be 

matched through trial-and-error method for reasonable Rs and Bo through Eq. 5-7 and Eq. 

5-8 as follows. 
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pd
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                                                (5-8) 

Where Gp, Ng and Npwere known in each cycle. Bgi and Bg could be obtained by Eq. 5-

9. Rsi and Boi could be determined by their separate boundary conditions and the relation 

with pressure. Then Nd was the only parameter needed to match for Rs and Bo.  Therefore, 

one set of experimental data from any typical cycle could be selected to obtain the initial 

Nd.  

P

ZT

T

P
B

sc

sc
g                                                             (5-9) 

Where Psc and Tsc are the pressure and temperature of solvent gas under standard 

condition; Z is the gas compressibility factor; P and T are the pressure and temperature. 

The evaluated Rs and Bo could be used to obtain Nd for rest of cycles by regression 

through Eq. 5-10. 

)()( oiodgsop BBNBRBN                                        (5-10) 

Where Np(Bo-RsBg) could be defined as f(x), and (Bo-Boi) was as the x. Nd was constant 

for each cycle. It suggested f(x)= Nd ·x was a linear function. Therefore, the object was to 

match a linear relation using Eq. 5-10 for each cycle by tuning the initial Nd only. 

Eventually, an optimal Nd would be obtained with the largest R
2
 for each cycle. Then the 

volume of diluted oil for each cycle was yield by the slope of regression plot. Meanwhile, 

the relations of Rs and Bo with pressure were determined under the optimal Nd.  

  



192 

 

5.4.3. Application of the MBE for the Large 3D CSI Experiment 

Fig. 5-12 shows the procedure of determination of diluted oil in CSI by the MBE. 

Then the proposed MBE was used to determine the amount of diluted oil of each cycle in 

the large 3D CSI test. The procedure is as follows: 

(1) The data of Cycle 4 was selected to match the initial Nd* because the production 

performance of first three cycles was not typical among the entire experiment as 

mentioned in previous section.  

 (2) Nd* was tuned to determine the relation of Rs and Bo with pressure respectively 

based on the boundary conditions ( 0sR ; 1oB ).  

Actually, Np/Nd, which defined as the diluted oil recovery factor, was tuned in case 

study because it could improve the computational efficiency by this way. For example, 

Fig. 5-13 and Fig. 5-14 how the plots of Rs and Bo with pressure respectively when Np/Nd 

was equal to 0.2. Two relations were obtained by regression to these two plots. 

For Rs, a linear relation existed with pressure, 

941202310 ..  xy  (R2
=0.9922)                                        (5-11) 

For Bo, a cubic relation existed with pressure, 

5987000430104102 2639 ..   xxxy (R
2
=0.9988)               (5-12) 

(3) Two full relations between Rs and Bo with pressure could be generated by Eq. 5-11 

and Eq. 5-12. They were used to match Nd for the rest of cycles. And the average R
2
 

yielded 0.985746 under this circumstance.  

(4) All Np/Nd , which satisfy 0sR  and 1oB , were tried to obtain the largest 

average R
2
, which means the most accurate fitting for Nd.  
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Fig. 5 - 12: The flowchart of establishment of the MBE for CSI. 
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Fig. 5 - 13: Solution-gas oil ratio versus pressure. 
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Fig. 5 - 14: Oil formation volume factor versus pressure. 
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Fig. 5-15 shows the average R
2
 under all tried Np/Nd. It was found that there are two 

extreme points with close R
2
, which is much clearer shown in Fig. 5-16. It suggested that 

the largest R
2
 reaches to 0.994795 when Np/Nd was equal to 0.08, while it reaches to 

0.993718 under 0.3226. According to the principle of largest R
2
, the optimal Np/Nd 

should be 0.08, not be 0.3226.  

(5) Verified if the optimal Np/Nd is reasonable by checking the reality of Rs or Bo of 

Cycle 4 based on the corresponding Np/Nd.  

In this case, Rs was used to verify Np/Nd. Fig. 5-17 and Fig. 5-18 presents the plots of 

solution-gas oil ratio versus pressure under two possible optimal Np/Nd. It could be found 

that Rs only decreased to 24.54 cm
3
/cm

3
 under 107 kPaa when Np/Nd was equal to 0.08, 

while it decreased to 4.94 cm
3
/cm

3
 under the same pressure when Np/Nd was equal to 

0.3226. Therefore, it seems that Rs is more reasonable when Np/Nd was 0.3226.  

(6) Summarized the volume of diluted oil in each cycle through the slope of the plot 

by regression.  

The solution-gas oil ratio and diluted oil formation volume factor versus pressure 

under the optimal Np/Nd are fully plotted respectively, as shown in Fig. 5-19 and Fig. 5-

20. 

Fig. 5-21 summarized all regressed plots with the largest reasonable R
2
 under the 

optimal Np/Nd. Also the R
2
 in each cycle was plotted in Fig. 5-22.  For Cycle 17 in Fig. 5-

23 as example, the slope of the linear relation could be read from the equation shown in 

the figure. It was that the volume of diluted oil in Cycle 17. By the same way, all 

volumes of diluted oil in each cycle could be summarized.    
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Fig. 5 - 15: The average R
2
 under different diluted oil recovery factor. 
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Fig. 5 - 16: Zoomed average R
2
 under different diluted oil recovery factor. 
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Fig. 5 - 17: Solution-gas oil ratio versus pressure when Np/Nd is equal to 0.08. 
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Fig. 5 - 18: Solution-gas oil ratio versus pressure when Np/Nd  is equal to 0.3226. 
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Fig. 5 - 19: Solution-gas oil ratio versus pressure under the optimal Np/Nd. 
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Fig. 5 - 20: The diluted oil formation volume factor versus pressure under the 

optimal Np/Nd. 
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Y axis: Np(RsBg-Bo), cm

3
; X axis: Boi-Bo, cm
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Fig. 5 - 21: Regressed Nd in each cycle with the largest average R
2
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Fig. 5 - 22: R
2
 of each cycle under the optimal Np/Nd. 
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Fig. 5 - 23: Nd determined by regression. 
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Please note that the linear relation regressed in first three cycles were not strong 

enough as shown in Fig. 5-21. It was because their decreased pressure decline rate could 

not catch the scheduled decline rate due to the low mobility ratio when pressure 

approximately dropped down to 200 kPa. It was proved that the break points shown in 

regressed plots occurred when the pressure decline rate started to decrease. 

(7) Plot the efficiency of oil dilution and the diluted oil recovery factor in each cycle. 

The efficiency of oil dilution was defined as the volume of diluted oil over the volume 

of dead oil before solvent dissolved. Fig. 5-24 shows the efficiency of oil dilution in each  

cycle. It ranged from 4% to 16.25% which indicated that the percentage was gradually 

increased with the development of solvent chamber till Cycle 10. Then a relative stable 

period followed due to the similar amount of mass transfer for each cycle. After Cycle 25, 

the percentage started to decrease due to reduction of mass transfer rate caused by severe 

asphaltene precipitation. 

Fig. 5-25 presents the diluted oil recovery factor in each cycle. The plot could be 

divided into three sections as the production performance. Cycle 1 to Cycle 3 was Section 

1. Then Cycle 4 to Cycle 24 could be as Section 2. The rest of cycles were composed of 

Section 3. In Section 1, the amount of diluted oil was limited owe to the small solvent 

chamber. And the flow path was short under the single well.  

As a result, the diluted oil was easier to be produced than that with a large solvent 

chamber and long flow path under the same pressure drop. Consequently, the diluted oil 

recovery factor was higher than that of other two sections. For Section 2, on the one hand, 

the amount of diluted oil increased with the development of solvent chamber and the 

raised amount of mass transfer. On the other hand, the contribution of pressure drop  
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Fig. 5 - 24: Efficiency of oil dilution in each cycle. 

  



208 

 

Cycle #

0 5 10 15 20 25 30 35

D
ilu

a
te

d
 o

il 
re

c
o
v
e
ry

 f
a
c
to

r,
 %

0

10

20

30

40

50

 

Fig. 5 - 25: Diluted oil recovery factor in each cycle. 
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decreased with the growth of flow path and the re-gained viscosity along the flow path. 

Under the combined action of these two effects, Section 2 almost maintained a constant 

diluted oil recovery factor. In the Section 3 of Cycle 25 to Cycle 30, the diluted oil 

recovery factor relatively decreased because the pressure drop efficiency severely 

reduced and the diluted oil significantly re-gained its viscosity. The above discussion 

suggested that the object of EOR strategy in CSI is mainly to enhance the efficiency of 

oil dilution and the diluted oil recovery factor. 

 

5.4.4. Validation of the MBE  

The amount of diluted oil of each cycle in the large 3D sand-pack test was determined 

by the established MBE. Meanwhile, relations of Rs and Bo with pressure were also 

determined under the optimal Nd, as shown in Fig. 19 and Fig. 20. In order to further 

validate the reliability of the MBE, the obtained relations of Rs and Bo with pressure from 

large 3D sand-pack test can be used to determine the amount of diluted oil of each cycle 

of other tests with the same solvent and heavy oil sample. Experimental data of the 

cylindrical sand-pack test with decline rate of 5 kPa/min is selected to validate the MBE 

because this test could provide more comprehensive data than that of 3 kPa/min tests by 

cylindrical sand-pack.  

In the validation process, the value of Np(RsBg-Bo) and Boi-Bo of each cycle under any 

production pressure was obtained by experimental data of 5 kPa/min test and the tuned 

relations of Rs and Bo with pressure in the large 3D test application. Nd of all cycles were 

obtained by liner regression in the plot by use of Np(RsBg-Bo) and Boi-Bo as Y and X, 

respectively. As the regression results shown in Fig. 5-26, Nd of each cycle was matched   
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Fig. 5 - 26: Regressed Nd in each cycle of the cylindrical sand-pack test with 5 

kPa/min. 
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with high R
2
 except first early cycles. It means that the established MBE is successfully 

validated. Also, the tuned relations of Rs and Bo with pressure could be used to obtain Nd 

of other tests with the same solvent and heavy oil samples. 

 

5.5 Conclusions 

Through experimental and mathematical analysis, conclusions could be drawn as below: 

(1) The shape of sand-pack significantly affects changes of the production rate.  

(2) Comparing with the size of sand-pack, the gravity drainage head impacts the 

recovery factor more. 

(3) The average production rate is directly proportional to the OOIP in the tests of 

large 3D model and cylindrical model with the pressure decline rate of 3 kPa/min. 

(4) The same behavior of minimum production pressure occurred in two tests with the 

same pressure decline rate but different sand-pack size. 

(5) Due to a large amount of solution gas released, the pressure decline rate would be 

reduced under the circumstance of a small pressure decline rate in a large sand-pack. 

(6) A MBE tool was established and verified to obtain the amount of diluted oil in 

each cycle. It provides a better understanding of production performance. 

(7) The efficiency of oil dilution increases from 4.75% to 10.70% before the Cycle 10. 

Then it slightly varies from 10% to 16.25% till the Cycle 25. It is dramatically decreased 

10.11% in the last five cycles. 

(8) For first three cycles, the diluted oil recovery factor is up to 40% due to extended 

production time. Then it keeps in the range of 28% - 34%. For last five cycles, relatively 
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decreased because the pressure drop efficiency severely reduced and the diluted oil 

significantly re-gained its viscosity. 

 

References 

Aguilera, R. 1977. Combined Log Analyses and Material Balance Help to Explain 

Performance of Naturally Fractured Reservoirs below the Bubble point. The Log 

Analyst. 18(6): 17-26. 

Allen, J.C. 1977. Method for Recovering Viscous Oils by Solvent Extraction. Canadian 

Patent 1008361, Texaco Development Corporation, April 12. 

Allen J.C., Woodward, C.D., Brown, A., and Wu, C.H. 1976. Multiple Solvent Heavy Oil 

Recovery Method. US Patent 3954141, Texaco Inc., May 4. 

Bagci, S. and Shamsul, A. 1999. A Comparison of Dry Forward Combustion With 

Diverse Well Configurations In a 3D Physical Model Using Medium And Low 

Gravity Crudes. J. Can. Pet. Technol. 38(13): 1–10. http://dx.doi.org/10.2118/99-13-

36. 

Butler, R.M. and Mokrys, I.J. 1991. A New Process (VAPEX) for Recovering Heavy 

Oils Using Hot Water and Hydrocarbon Vapour. J. Can. Pet. Technol. 30(1): 97–106. 

http://dx.doi.org/10.2118/91-01-09. 

Butler, R.M. and Mokrys, I.J. 1993a. The Rise of Interfering Solvent Chambers: Solvent 

Analog Model of Steam-Assisted Gravity Drainage. J. Can. Pet. Technol. 32(3): 26–

36. http://dx.doi.org/10.2118/93-03-02. 

http://dx.doi.org/10.2118/99-13-36
http://dx.doi.org/10.2118/99-13-36


213 

 

Butler, R.M. and Mokrys, I.J. 1993b. Recovery of Heavy Oils Using Vapourized 

Hydrocarbon Solvents: Further Development of the Vapex Process. J. Can. Pet. 

Technol. 32(6): 56–62. 

Butler, R.M., Mokrys, I.J. and Das, S.K. 1995. The Solvent Requirements for VAPEX 

Recovery. SPE International Heavy Oil Symposium, 19-21 June, Calgary Alberta, 

Canada. http://dx.doi.org/10.2118/30293-MS. 

Chang, J. and Ivory, J. 2013. Field-Scale Simulation of Cyclic Solvent Injection (CSI). J. 

Can. Pet. Technol. 52(4): 251–265. http://dx.doi.org/10.2118/157804-PA. 

Chang, J., Ivory, J., and Beaulieu, G. 2014. Pressure Maintenance at Post-CHOPS Cyclic 

Solvent Injection (CSI) Well Using Gas Injection at Offset Well. SPE Heavy Oil 

Conference-Canada, 10-12 June, Calgary, Alberta, Canada. 

http://dx.doi.org/10.2118/170126-MS. 

Du, Z., Zeng, F., and Chan, C. 2016. Optimizing the Pressure Decline Rate on the Cyclic 

Solvent Injection Process for Enhanced Heavy Oil Reservoy. J. Pet. Sci. Eng. 145: 

629-639. http://dx.doi.org/10.1016/j.petrol.2016.06.028. 

Du, Z., Zeng, F., and Chan, C., 2015. An experimental study of the post-CHOPS cyclic 

solvent injection process. ASME J. Energy Resour. Technol. 137(4): 042901. doi: 

10.1115/1.4029972. 

Gondiken, S. 1987. Camurlu field Immiscible CO2 Huff and Puff Pilot Project. Middle 

East Oil Show, March 7-10, Bahrain. http://dx.doi.org/10.2118/15749-MS. 

Greaves, M. and Mahgoub, O. 1996. 3D Physical Model Studies of Air Injection in a 

Light Oil Reservoir Using Horizontal Wells. Conference on Horizontal Well 

http://dx.doi.org/10.2118/30293-MS
http://dx.doi.org/10.1016/j.petrol.2016.06.028


214 

 

Technology, 18-20 November, Calgary, Alberta, Canada. 

http://dx.doi.org/10.2118/37154-MS. 

Haskin, H.K. and Alston, R.B. 1989. An Evaluation of CO2 Huff ‘n’ Puff Tests in Texas. 

J. Pet. Tech. 41 (2): 177-184. http://dx.doi.org/10.2118/15502-PA. 

Huerta, M.M., Alvarez, J.M., Jossy, E., and Forshner, F. 2012. Use of Acid Gas 

(CO2/H2S) for the Cyclic Solvent Injection (CSI) Process for Heavy Oil Reservoirs. 

SPE Heavy Oil Conference Canada, 12-14 June, Calgary, Alberta, Canada. 

http://dx.doi.org/10.2118/157825-MS. 

Ivory, J., Chang, J., Coates, R., and Forshner, K.. 2010. Investigation of cyclic solvent 

injection process for heavy oil recovery. J. Can. Pet. Technol. 49(9): 22–33. 

http://dx.doi.org/10.2118/140662-PA. 

Jamaloei, B.Y., Dong, M., Mahinpey, N., and Maini, B.B. 2012. Enhanced Cyclic 

Solvent Process (ECSP) for heavy oil and bitumen recovery in thin reservoirs. Energy 

Fuels 26(5):2865–2874. 

Jia, X., Zeng, F., and Gu, Y. 2013. Pressure Pulsing Cyclic Solvent Injection (PP-CSI): a 

new way to enhance the recovery of heavy oil through solvent-based enhanced oil 

recovery techniques. SPE Annual Technical Conference and Exhibition, New Orleans, 

Louisiana, USA, September 30–October 2. http://dx.doi.org/10.2118/166453-MS. 

Jiang, T., Jia, X., Zeng, F., and Gu, Y. 2013. A novel solvent injection technique for 

enhanced heavy oil recovery: cyclic production with continuous solvent injection. 

Fuel 115: 426–433. DOI: 10.1016/j.fuel.2013.07.043. 

Knorr, K.D. and  Imran, M. 2012. Solvent-Chamber Development in 3D-Physical-Model 

Experiments of Solvent-Vapour Extraction (SVX) Processes with Various 

http://dx.doi.org/10.2118/37154-MS
http://dx.doi.org/10.2118/140662-PA
http://dx.doi.org/10.2118/166453-MS


215 

 

Permeabilities and Solvent-Vapour Qualities. J. Can. Pet. Technol. 51(6): 425–436. 

http://dx.doi.org/10.2118/149190-PA. 

Lim, G.B., Kry, R.P., Harker, B.C., and Jha, K.N. 1995. Cyclic Stimulation of Cold Lake 

Oil Sand with Supercritical Ethane. International Heavy Oil Symposium, June 19-21, 

Calgary, Alberta. http://dx.doi.org/10.2118/30298-MS. 

Lin, L., Ma, H., Zeng, F., and Gu, Y. 2014. A Critical Review of the Solvent-Based 

Heavy Oil Recovery Methods. SPE Heavy Oil Conference-Canada, 10-12 June, 

Calgary, Alberta. http://dx.doi.org/10.2118/170098-MS. 

Peake, W.T. 1989. Steamflood Material-Balance Applications. SPE Res Eng 4(3): 357-

362. http://dx.doi.org/10.2118/17452-PA. 

Peng, X., Zeng, F., Du, Z., and Yang, H. 2017. Experimental Study on Pressure Control 

Strategies for Improving Waterflooding  Potentials in a Heavy Oil-Methane System. J. 

Pet. Sci. Eng. 149: 126-137. http://dx.doi.org/10.1016/j.petrol.2016.10.040. 

Qazvini, F.A. and Torabi, F. 2012. Feasibility Study of Solvent-Based Huff-n-Puff 

Method (Cyclic Solvent Injection ) To Enhance Heavy Oil Recovery. SPE Heavy Oil 

Conference Canada, 12-14 June, Calgary, Alberta, Canada. 

http://dx.doi.org/10.2118/157853-MS. 

Qi, J. and Polikar, M. 2005. Optimal Solvent and Well Geometry for Production of 

Heavy Oil by Cyclic Solvent Injection. Canadian International Petroleum Conference, 

7-9 June, Calgary, Alberta. http://dx.doi.org/10.2118/2005-194. 

Ravel, F. and Anterion, F. 1985. Numerical Simulation of CO2-Heavy Oil interactions in 

fractured medium: an interfacial film concept. SPE 60
th

 Annual Technical Conference 

http://dx.doi.org/10.2118/149190-PA
http://dx.doi.org/10.2118/17452-PA


216 

 

and exhibition, September 22-25, Las Vegas, NV. http://dx.doi.org/10.2118/14228-

MS. 

Rivera, J.E., Duarte, C.A., Chaparro, C.H. et al. 2016. Comparison Between Cyclic Gas 

Injection and Cyclic Solvent + Gas Injection. SPE Latin America and Caribbean 

Heavy and Extra Heavy Oil Conference, 19-20 October, Lima, Peru. 

http://dx.doi.org/10.2118/181168-MS. 

Schilthuis, R.J. 1936. Active Oil and Reservoir Energy. Trans., AIME, 118: 33-52. 

Sills, S.R. 1996. Improved Material-Balance Regression Analysis for Waterdrive Oil and 

Gas Reservoirs. SPE Res Eng 11(2): 127-134. http://dx.doi.org/10.2118/28630-PA . 

Tian, S. and Zhao, G. 2008. Monitoring and Predicting CO2 Flooding Using Material 

Balance Equations. J. Can. Pet. Technol. 47(11): 41-47.  http://dx.doi.org/10.2118/08-

11-41. http://dx.doi.org/10.2118/17452-PA 

Turta, A.T., Singhal, A.K., Goldman, J., and Zhao, L. 2006. Toe-To-Heel Waterflooding. 

Part ll: 3D Laboratory-Test Results. SPE Res Eval & Eng 9(3): 202-208.  

http://dx.doi.org/10.2118/84077-PA. 

Zhang, M., Du, Z., Hong, S., Zeng, F., and Xu, S. 2016. Upscaling Study of Cyclic 

Solvent Injection Process for Post-CHOPS Reservoirs by Numerical Simulation. Can. 

J. Chem. Eng., 94(7): 1402–1412. doi:10.1002/cjce.22508. 

Zhou, X., Zeng, F., and Zhang, L. 2016. Foamy Oil Flow in Heavy Oil-Solvent Systems 

Tested by Pressure depletion in a Sandpack. Fuel 171: 210–223. 

http://dx.doi.org/10.1016/j.fuel.2015.12.070. 

  

http://dx.doi.org/10.2118/28630-PA
http://dx.doi.org/10.2118/08-11-41
http://dx.doi.org/10.2118/08-11-41


217 

 

CHAPTER 6 CYCLIC SOLVENT INJECTION PROCESS 

BASED ON MIXTURE SOLVENT OF CO2 AND C3H8 

6.1 Introduction 

Effects of the wormhole structure, well location, production pressure decline rate, and 

dimension of the sand-pack on pure C3H8 based CSI have been experimentally and 

mathematically investigated through four sand-packs under lab-scale in previous chapters. 

However, in fields’ application, the reservoir pressure generally is higher than the 

saturation pressure of C3H8. To guarantee the injected C3H8 with gaseous phase 

underground for its best potential reducing heavy oil viscosity, C3H8 have to be heated or 

mixed with other gaseous fluids for enhancing its saturation pressure. Considering in-situ 

facilities installation and environmental issues (Luhning et al., 2003; Lin et al., 2014), 

mixing CO2 with C3H8 as mixture solvent injected in CSI for field-scale study seems to 

be a feasible proposal. 

Many experimental studies have been conducted to evaluate CSI based on pure 

solvent.  Rivera et al. (2016) applied cyclic gas injection and cyclic solvent + gas 

injection for enhancing recovery factor and compared their oil and gas production 

increase. Du et al. (2015 and 2016) investigated the effects of wormhole and production 

pressure decline rate on the CSI through a series of tests by multi-scale sand-packs. They 

concluded that the wormhole coverage has great and positive effects on the CSI 

production performance. In addition, foamy oil flow behavior is significantly affected by 

the production pressure decline rate. Jamaloei et al. (2012) applied methane as a chase 

gas during the injection period in CSI. They found that the recovery factor can be 

improved 10 times by using the propane as solvent and methane as chasing gas, rather 

than only using methane as solvent (Dong et al., 2006). Jia et al. (2015) proposed to apply 
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a three-step pressure control scheme to enhance the CSI performance by using pure 

propane which is called pressure pulsing CSI (PP-CSI) process. They found that the 

significantly enhanced recovery factor of PP-CSI was 17.9% higher than that of the 

conventional CSI. Additionally, they also proposed another CSI variation process namely 

gasflooding-assisted CSI (GA-CSI) process to enhance the performance of CSI (2014). In 

this process, a gasfloding slug is applied after the pressure depletion process to produce 

the partially diluted foamy oil in the solvent chamber. Their results showed the GA-CSI 

can increase the average oil production rate by over 3 times comparing with their 

conventional CSI.  Jiang et al. (2013) proposed a new CSI variation process called cyclic 

production with continuous solvent injection (CPCSI). Pure vapor propane was 

continuously injected into the sand-pack model to maintain the reservoir pressure and 

also provided extra gas to drive the diluted oil out, while the producer was alternatively 

shut in and open. The highest recovery factor was up to 85% by CPCSI method. Firouz 

and Torabi conducted a series of CSI tests by using pure CO2, CH4, C3H8, and C4H10 

under different operating conditions for enhancing recovery factor (2012). Although 

Ivory et al. (2010) evaluated the CSI performance of injecting a 28 vol% C3H8 – 72 vol% 

CO2 mixture solvent in a stepped cone laboratory model, only one test was conducted 

without comparison with pure solvent in the same physical model or investigation of 

effects of the production pressure decline rate which is significant on foamy oil flow 

(Maini, 1999; Sheikha and Pooladi-Darvish, 2009; Zhou et al., 2016). 

In this paper, Model 3 (L=30.48 cm; d=15.24 cm) was applied as the sand-pack with a 

10.12 cm wormhole to conduct three mixture solvent CSI tests with the production 

pressure decline rate of 12.5 kPa/min, 5 kPa/min and 1 kPa/min. 60% mol. CO2 and 40% 
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mol. C3H8 was mixed by the syringe pumps in transfer cells. The amount of mixture 

solvent injection can be calculated by the volume of the hydraulic pump fluid. To better 

understand driving mechanisms of mixture solvent tests under the same decline rate, 

production data of three pure solvent tests from Chapter 3 were compared with those of 

mixture solvent tests. It’s found that pure solvent tests had larger recovery factor and 

average oil production per cycle than mixture solvent tests. The mass transfer rate of 

C3H8 into the heavy oil in mixture solvent was lower than that in pure solvent because of 

the negative effect of CO2. The asphaltene precipitation and production time significantly 

impact the recovery factor of diluted oil in mixture solvent tests. It’s indicated that the 

effect of the decline rate on the asphaltene precipitation is more sensitive in mixture 

solvent tests. As well as in pure solvent tests, the decline rate can also be optimized in 

mixture solvent tests. It’s suggested that 5 kPa/min is the optimal decline rate with the 

largest recovery factor and average production per cycle. In addition, hysteresis of the 

sand-pack model pressure and the wellhead pressure led to a high ΔP and intensive oil 

production between 300 kPa and 200 kPa in the mixture solvent test with the smallest 

decline rate. 

 

6.2 Experimental Section 

6.2.1. Experimental Materials 

In this chapter, experimental materials, including propane, nitrogen, heavy oil and glass 

beads, were same with those in Chapter 3. The heavy oil sample is with molecular weight 

of 389 g/mol. and viscosity of 2700 cp at room temperature (21˚C). 60% mol CO2 (99.9% 

wt) was mixed with the 40% mol C3H8 as injected mixture solvent. Model 3 (L=30.48 cm; 
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d=15.24 cm) was applied as the sand-pack with a 10.12 cm wormhole. Properties of the 

sand-pack in tests of this chapter are consistent with those of Chapter 3. After mixture 

solvent injection stage, the sand-pack pressure is designed at 2100 which is slightly lower 

than its dew point pressure at room temperature (21˚ C) according to the same standard as 

in pure propane CSI tests. 

 

6.2.2. Experimental Setup 

Fig. 6-1 shows that the experimental setup is also consisted of a solvent injection unit, 

sandpack model, production unit, and data acquisition system. In pure propane CSI tests, 

the solvent injection unit only includes the propane cylinder and propane meter. However, 

in mixture solvent (CO2 and C3H8) CSI tests, the solvent injection unit includes the 

propane cylinder, CO2 cylinder, syringe pumps, transfer cells, water flask, and pressure 

gauge. Other three units are same to those in pure propane CSI tests. 

 

6.2.3. Experimental Procedure 

In this chapter, the sandpack model preparation work, including packing sands, 

measuring porosity and permeability, and saturating the sandpack with crude oil, was the 

same as tests in previous chapters. For test running procedure, operations in soaking and 

production stages are the same as in Chapter 3. Linear pressure-drawdown method was 

used during production. Therefore, only the solvent injection procedure is needed to be 

demonstrated as follows. 

 (1) Use the Syringe Pump 1 and 2 to drive air out in the Transfer Cell 1 and 2 through 

the Release Valve; 
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(2) Inject C3H8 into Transfer Cell 1 to full and read 
3CP .from the Pressure Gauge. The 

released water from the Transfer Cell 1 will be drained into a water flask as shown in Fig. 

6.1. 

(3) Calculate the objective pressure ( mixP ) of the mixture solvent in Transfer Cell 1 

according to the mole ratio (60%:40%) of CO2 and C3H8; 

①  Find the molar volume of the C3H8 at 
3CP  through the CMGWinProp

®
; 

② Determine the mole of C3H8. 

3

3

3

1 10

Cm

c
C

V

V
n




                                          (6-1) 

While 
3Cn  is the amount of C3H8 injection, mol; 

3CmV  is the molar volume of C3H8 

at 
3CP , m

3
/kmol; 1cV is the volume of the Transfer Cell 1, ml. 

③ Determine the mole of mixture solvent. 

%40
3C

mix

n
n                                                            (6-2) 

While  mixn is the amount of the mixture solvent, mol. 

④ Determine the molar volume of mixture solvent. 

mix

c
mixm n

V
V 1                                                         (6-3) 

While mixmV  is the molar volume of mixture solvent, m
3
/kmol; 

⑤  Find the mixP  according the determined mixmV   in Step ④  through the 

CMGWinProp
®

. 
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Fig. 6 - 1: Experimental setup of mixture solvent CSI 
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 (4) Inject CO2 into the Transfer Cell 1 till the pressure of mixture solvent reaches to 

the mixP  as in Step ⑤; 

(5) Settle the Transfer Cell 1 to let CO2 and C3H8 be completely mixed; 

(6) Mix CO2 and C3H8 in the Transfer Cell 2 as Step (2) to (5); 

(7) Pump mixture solvent of the Transfer Cell 1 into sand-pack model till the pressure 

reach to 2100 kPa. Record the volume of injected mixture solvent from the pump. 

Mixture solvent of the Transfer Cell 1 and 2 can be alternatively injected into the 

sand-pack model. Certainly, mixture solvent can be alternatively re-mixed in Transfer 

Cell 1 and 2 when mixture solvent drained out in any transfer cell. 

 

6.3 Results and Discussion 

Three mixture solvent CSI tests were conducted in this chapter. Tests 1, 2 and 3 applied a 

pressure decline rate of 12.5 kPa/min, 5 kPa/min and 1 kPa/min, respectively. In order to 

better discuss production performance and mechanisms of mixture solvent CSI, three 

pure propane CSI tests from Chapter 3 are used to compare with mixture solvent CSI 

tests. Decline rates of these three tests are also 12.5 kPa/min, 5 kPa/min and 1 kPa/min, 

respectively. They’re defined as Tests 4, 5 and 6. Table 6-1 and 6-2 show the properties 

and production data of each test. It should be noted that asphaltene content of the original 

and produced heavy oil sample was measured using the standard ASTM D2007 method 

with No.5 Whatman filter paper with a pore size of 2.5 μm. The asphaltene content of the 

original heavy oil sample was found to be Wasph = 14.80 wt.%. 

The recovery will be compared between mixture solvent and pure propane CSI tests 

for discussing differences of driving mechanisms. Oil production with the production 
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Table 6 - 1: Properties of each test 

Test # Decline rate (kPa/min) Solvent type 

1 12.5  

Mixture solvent 2 5 

3 1  

4 12.5  

Pure solvent 5 5  

6 1  
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Table 6 - 2: Production data of each test 

Test # RF 

(%) 

Cycles Qo/cycle 

(g) 

/cycle
3Cn  

(mol) 

SORave  Wasph 

 (wt.%) 

1 33.77 35 17.78 0.66 0.66 6.61 

2 48.53 32 26.12 0.79 0.53 10.98 

3 24.17 20 22.28 0.62 0.48 11.27 

4 67.97 49 24.62 0.90 0.64 / 

5 49.26 26 32.63 1.60 0.86 / 

6 49.90 36 24.67 0.89 0.63 / 
 

Notes: 

RF:   recovery factor 

Cycles:  number of total production cycles in each test 

Qo/cycle: average oil production as per cycle in each test 

/cycle
3Cn : average C3H8 injection as per cycle in each test 

SORave: average solvent-oil ratio obtained by the cumulative C3H8 injection versus the 

cumulative oil production, g C3H8/g heavy oil 

Wasph: asphaltene content of produced heavy oil sample 
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pressure of each cycle will be demonstrated for discussing the entire test. Oil and gas 

behaviors in typical cycles will be analyzed through discussing the relation of oil 

production and ΔP (between the sand-pack model pressure and the wellhead pressure). At 

last, the residual oil saturation profiles will be compared to verify the discussion on the 

recovery factor with the solvent chamber growth. 

 

6.3.1. Recovery 

Fig. 6-2, 6-3 and 6-4 show comparisons of the recovery factor between mixture and pure 

solvent CSI tests with decline rate of 12.5 kPa/min, 5 kPa/min and 1 kPa/min, 

respectively. As figures shown, for Tests 1 (12.5 kPa/min) and 3 (1 kPa/min), their 

recovery factors are only half as much as recovery factors of Tests 4 (12.5 kPa/min) and 

6 (1 kPa/min), respectively. However, the recovery factor of Test 2 (5 kPa/min) almost 

equals to that of Test 5 (5 kPa/min). Recovery differences between mixture and pure 

solvent CSI tests will be explained in terms of the number of production cycles of each 

test, average oil production and average C3H8 injection of each cycle under effects of 

solvent type and decline rate. 

For Tests 1 and 3, their average oil production per cycle and production cycles both 

less than those of Tests 4 and 6. It’s reasonable that their recovery factors are only 49.68% 

and 48.44% of recovery factors of Tests 4 and 6, respectively. First, pure C3H8 more 

easily diffuses into heavy oil to reduce oil viscosity than C3H8 in mixture solvent under 

effects of other gaseous fluids (Li et al., 2013a and 2013b; Li and Yang, 2016; Zheng and 

Yang, 2016). Therefore, comparing with mixture solvent tests, more C3H8 would be 

injected into sand-pack model during the same injection time in pure solvent tests. More  
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Fig. 6 - 2: Comparison of recovery factors between pure C3 and mixture CSI tests 

with decline rate of 12.5 kPa/min 
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Fig. 6 - 3: Comparison of recovery factors between pure C3 and mixture CSI tests 

with decline rate of 5 kPa/min 
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Fig. 6 - 4: Comparison of recovery factors between pure C3 and mixture CSI tests 

with decline rate of 1 kPa/min 
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soluble solvent injected means more heavy oil diluted in solvent-based EOR process 

(Muhammad and Knorr, 2014). As Table 6.2 shown, the amount of C3H8 injection per 

cycle in mixture solvent tests is at least lower 0.24 mol than that of pure solvent tests. 

Thus, comparing with mixture solvent tests, the average amount of diluted oil per cycle is 

more in pure solvent tests. It explains that average produced oil per cycle in Tests 1 and 3 

is less than that of Tests 4 and 6. Second, more production cycles mean more 

opportunities to recover heavy oil.  However, comparing with Tests 4 and 6, production 

cycles of Tests 1 and 3 were fewer 14 and 16, respectively. For Test 1, asphaltene 

precipitation hindered the movement of diluted oil and the growth of solvent chamber. In-

situ deasphalting of the heavy oil is one of the most important mechanisms in solvent-

based EOR techniques (Butler and Mokrys, 1993; Luo et al., 2007a and 2007b ). The 

produced oil viscosity is substantially decreased during these processes (Luo et al., 2007a 

and 2007b; Knorr and Muhammad, 2012). However, the permeability of porous medium 

will also be decreased because the precipitated asphaltene content may be deposited 

inside the porous medium (Ali and Islam, 1998; Haghighat and Maini, 2010). The 

movement of diluted oil became to be difficult when the permeability decreased. The 

worse is diffusion rate also decreased because the diluted oil at the contact area hindered 

the solvent from un-touched crude heavy oil zone. Under this condition, oil production 

per cycle would quickly decrease to zero with few cycles. That’s how the asphaltene 

precipitation affects total production cycles of CSI tests. In this study, the average 

asphaltene content of the produced heavy oil sample was measured at the end of each test 

(Tests 1, 2 and 3). Comparing with that of the original heavy oil sample, the asphaltene 

content varied in Tests 1, 2 and 3 owing to different decline rate. As Table 6.2 shown, the 
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asphaltene content of produced heavy oil sample in Test 1 is the smallest. It suggests that 

the most asphaltene precipitated on the oil sands in Test 1. Fig. 6-5 shows oil sands 

sample of Tests 1 and 2. Oil sands sample of Test 1 with high asphaltene content is 

consolidated like cement, while the sample of Test 2 with low asphaltene content is loose 

and soft. Due to heavy asphaltene precipitation in Test 1, oil production became zero in 

fewer cycles than that of Test 4. For Test 3, long production time was the mainly adverse 

factor affecting recovery of the diluted oil. Resulting from the small decline rate in Test 3, 

production time of each cycle is 12.5 times and 5 times to that of Test 1 and 2, 

respectively. The diluted oil would regain its viscosity because it was not produced in 

time. The oil regained viscosity cannot move to the production well because raised 

viscous force. In the next injection cycle, less C3H8 diffused into the un-recovered diluted 

oil in last cycle because it still had C3H8 in it. Moreover, the un-recovered oil zone not 

only absorbed less C3H8 than un-touched oil zone, but also obstructed contact of C3H8 

with un-touched oil zone. Then oil production per cycle would quickly decrease to zero 

with few cycles as well as under effect of the asphaltene precipitation in Test 1. It’s the 

reason of Test 3 with fewer production cycles than Test 6. 

For Test 2, the amount of C3H8 injection per cycle is still less than that of Test 5 as 

well as in Tests 1 and 3 because CO2 in mixture restricted the mass transfer rate of C3H8 

into heavy oil. As a result, the average oil production per cycle in Test 2 was is less than 

that of Test 5. However, total production cycles of Test 2 are 6 more than that of Test 5. 

First, asphaltene content of produced heavy oil sample in Test 2 is much higher than that 

of Test 1. It indicates that asphaltene precipitation did not affect the recovery of diluted 

oil as well as in Test 1. Second, production time of each cycle in Test 2 is much shorter  
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Fig. 6 - 5: Comparison of oil sands with high and low asphaltene content 
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than that of Test 3. It suggests that diluted oil could be produced in time and made a 

space for more C3H8 diffusing into un-touched oil zone. Comparing with Test 5, relative 

longer production time provided more time for solvent chamber growing along the 

longitudinal direction. Therefore, more oil in Test 2 was produced from the area along the 

longitudinal direction than that in Test 5. Fig. 6-3 obviously shows Phase 2 of the Test 2 

is much longer than that of Test 5. Based on above three advantageous factors, Test 2 

achieved to a high recovery factor which is very close to that of Test 5. 

Comparing with mixture solvent tests, it’s found that Test 2 with the decline rate of 5 

kPa/min obtained the best production performance with the highest recovery factor and 

average oil production per cycle. It suggests that an optimal decline rate also exists in 

mixture solvent CSI tests in terms of production performance as well as in pure solvent 

CSI tests. However, due to heavy asphaltene precipitation, Test 1 with the decline rate of 

12.5 kPa/min did not obtain the highest recovery factor as well as in the pure solvent test. 

It means that the effect of the decline rate on asphaltene precipitation is more sensitive in 

mixture solvent CSI tests than that in pure solvent CSI tests. 

The average solvent-oil ratio can be obtained by the cumulative C3H8 injection versus 

the cumulative oil production. It can be used to show the ability of soluble solvent 

recovering heavy oil by the solvent-based techniques. Table 6-2 shows the average 

solvent-oil ratio of each test. Although mixture solvent tests has worse recovery factor 

and the average oil production per cycle than pure solvent tests with the same decline rate, 

their average solvent-oil ratio are larger than those  of pure solvent tests, respectively. On 

one hand, it suggests that C3H8 as per gram can recover more heavy oil under effects of 

CO2 in mixture solvent tests. On the other hand, it indicates that mixture solvent tests had 
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better production performances than that of pure solvent tests if considering the 

efficiency of C3H8. It gives positive information for mixture solvent CSI applying in 

fields. 

In general, the mass transfer rate of C3H8 into the heavy oil is lower in mixture solvent. 

In addition, the asphaltene precipitation and production time significantly impact the 

recovery factor of diluted oil. It means the effect of the decline rate on the asphaltene 

precipitation is more sensitive in mixture solvent tests. At last, mixture solvent tests had 

larger average solvent-oil ratio than pure solvent tests.  

 

6.3.2. Oil production vs. production pressure 

In a production cycle, oil was produced with depleting of the pressure. A plot of the oil 

production versus the pressure can indicate the oil production changes with the pressure-

drawdown, including what’re the pressures of the first and last oil drops and high oil 

production stage. If all production cycles were drawn in a plot, it can present the 

production characteristics of the test. Fig. 6-6, 6-7 and 6-8 show the oil production versus 

to the pressure of all cycles in Tests 1, 2 and 3, respectively.  

For Test 1, there was a little oil produced around the pressure 1500 kPa in some early 

cycles. But oil was mainly produced at 700 kPa – 800 kPa for most cycles. That’s 

because the permeability of porous medium decreased resulting from the precipitated 

asphaltene content. The diluted oil needed more time to move to the production well due 

to the decreased flow rate. Then the recovery factor of diluted oil of each cycle would be 

negatively affected. The amount of C3H8 diffusing into heavy oil was certainly decreased. 

Therefore, the oil production per cycle are all less than 40 g. 
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Fig. 6 - 6: Oil production versus to production pressure of all cycles in Test 1 (12.5 

kPa/min) 
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Fig. 6 - 7: Oil production versus to production pressure of all cycles in Test 2 (5 

kPa/min) 
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Fig. 6 - 8: Oil production versus to production pressure of all cycles in Test 3 (1 

kPa/min) 
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For Test 2, oil started to be produced around 1700 kPa for a few cycles. For most 

cycles, oil was keeping produced from 1300 kPa to the ambient pressure. It means diluted 

oil was instantly produced avoiding hindering the mass transfer rate of the next injection 

cycle. It verifies discussions in Section 6.3.1 that asphaltene precipitation hardly affected 

the recovery factor of diluted oil. Additionally, experimental observation and high 

production per cycle suggest foamy oil flow occurred in Test 2. 

For Test 3, the most obvious characteristic is that oil was intensively produced after 

pressure depleting to 200 kPa – 300 kPa. Due to the smallest decline rate, gas bubbles in 

one unit of time were very slowly released and distributed in oil phase. Foamy oil was 

hardly observed in most cycles. Therefore, diluted oil of Test 3 was with the highest 

viscosity comparing with Tests 1 and 2.  It significantly needed a larger driving force and 

more time to the production well. Moreover, too long production time also decreased the 

recovery factor of diluted oil. The oil production even reduced to 2 g – 4 g for last few 

cycles. 

 

6.3.3. Oil and gas behaviors in typical cycles 

Fig. 6-9, Fig. 6-10 and Fig. 6-11 present the oil production and ΔP versus the production 

in the same plot for typical cycles of Tests 1, 2 and 3, respectively. These three plots are 

drawn in the same axis scale. ΔP is the pressure difference between the sand-pack model 

pressure and the wellhead pressure. For Tests 1 and 2, ΔP did not obviously increase 

during the high production stage. But it slightly rose when pressure depleted lower than 

500 kPa due to more gas released from oil phase. However, for Test 3, ΔP mainly varied 

around 20 kPa which is much higher than average ΔP of Tests 1 and 2. Since gas bubbles   
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Fig. 6 - 9: Oil production and ΔP versus production pressure of a typical cycle in 

Test 1 (12.5 kPa/min) 
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Fig. 6 - 10: Oil production and ΔP versus production pressure of a typical cycle in 

Test 2 (5 kPa/min) 
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Fig. 6 - 11: Oil production and ΔP versus production pressure of Cycle #12 in Test 3 

(1 kPa/min) 
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very slowly released from oil phase and hardly formed continuous free gas, gas 

production was also very slow and hysteretic. Therefore, not only did the model pressure 

not instantaneously decrease to the wellhead pressure, but also the wellhead pressure did 

not decrease to the BPR pressure. It suggests that a much higher ΔP in Test 3 was 

because of the hysteresis of the model pressure. When the pressure depleting to around 

500 kPa, considerable free gas formed and broke through to the production well. The 

wellhead pressure immediately decreased to the BPR pressure, then ΔP dramatically 

exceeded over 200 kPa. Before the model pressure responded, the oil production 

increased from zero to 52.5 g. With the model pressure matching with the wellhead 

pressure, oil production reduced to zero. This is a typical production process of Test 3. It 

further demonstrates oil was intensively produced from 300 kPa to 200 kPa. 

 

6.3.4. Residual oil saturation  

The final residual oil saturation (Sor) of Tests 1 and 2 were also measured according the 

same procedure in Section 3.3.6 of Chapter 3. Sor profiles of the layers located at 3 cm, 

15 cm, and 27 cm away from the wellhead are used to compare with those of Tests 4 and 

5. 

Fig. 6-12 shows comparison of Sor profiles between mixture solvent tests and pure 

solvent tests. For Tests 1 and 4, oil sands of each layer in Test 1 are darker than those of 

Test 4 because the average Sor of Test 1 is double that of Test 4. For Tests 2 and 5, their 

Sor profiles of each layer are looks like very similar. In fact, since more oil was recovered 

along the longitudinal direction in Test 2 than in Test 5, oil sands in Sor profiles of Test 2 

at 15 cm and 27 cm are both less than those of Test 5. 
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Fig. 6 - 12: Comparison of Sor between pure C3H8 and mixture solvent CSI tests 
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In general, the comparison of Sor profiles indicates that the final solvent chamber shape 

of each test and further verified the recovery differences between the mixture solvent 

tests and pure solvent tests.  

 

6.4 Conclusions 

The following conclusions can be drawn from the experimental results presented above: 

(1) Pure solvent tests had larger recovery factor and average oil production per cycle 

than mixture solvent tests. 

(2) Comparing with the amount of C3H8 diffusing into the heavy oil per cycle in pure 

solvent tests, it was lower in mixture solvent.  

(3) The asphaltene precipitation and production time significantly impacted the 

recovery factor of diluted oil in mixture solvent tests. It’s suggested that the effect of the 

decline rate on the asphaltene precipitation was more sensitive in mixture solvent tests.  

(4) Resulting from the driving force of CO2, mixture solvent tests had a larger average 

solvent-oil ratio than pure solvent tests. 

 (5) As well as in pure solvent tests, the decline rate can also be optimized in mixture 

solvent tests. It’s found that 5 kPa/min was the optimal decline rate with the largest 

recovery factor and average production per cycle. 

(6) The pressure range of oil mainly produced varies with the pressure decline rate in 

mixture solvent CSI. In 12.5 kPa/min test, oil was mainly produced in pressure range of 

800 kPa – 700 kPa. However, in 5 kPa/min and 1 kPa/min tests, they are 1500 kPa – 500 

kPa and 300 kPa – 200 kPa, respectively. 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The major contributions of this dissertation can be summarized as follows. 

1) A systematic study on CSI has been conducted. Well-designed experiments have been 

performed to investigate the effects of the wormhole, optimization of the pressure 

decline rate, comparison of linear pressure-drawdown method and non-linear 

pressure-drawdown method and comparison of mixture solvent tests and pure 

solvent tests. Mathematical study has been performed to obtain a relation of oil 

production rate to the drainage height in Phase 1 and a linear MBE of CSI.  

2) Pressure decline rate on CSI production performance has been examined. It’s found 

the optimal pressure decline rate varies with the dominant driving mechanism in 

different phases. 

3) Linear pressure-drawdown method and non-linear pressure-drawdown method have 

been both applied in CSI. A comparison of production performance under these two 

methods has been conducted. 

4) A linear MBE of CSI has been proposed to obtain the recovery factor of diluted oil.  It 

is successfully used to obtain the recovery factor of diluted oil of each cycle for a 

well-designed CSI test in a rectangular physical model with the largest bulk volume. 

The relation of the solution-gas oil ratio and the diluted oil formation volume factor 

with pressure under non-equilibrium state are obtained through linear regression 

based the material balance equation. They are successfully verified through 

experimental data of a CSI test in a cylindrical model. 
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5) In mixture solvent CSI tests, the pressure range of oil mainly produced varies with the 

pressure decline rate. 

Experimental and mathematical analyses have been conducted on the CSI. 

Experimentally, tests of effects of the wormhole, optimizing the decline rate, comparison 

of linear and non-linear pressure-drawdown methods, large 3D physical model and 

mixture solvent have been performed by using established CSI experimental setup. The 

following conclusions can be drawn based these experimental studies. 

(1) The wormhole coverage has significant effects on the performance of CSI. The larger 

the wormhole coverage is, the better the CSI performance is. The experimental 

results suggest that the oil production can be divided into two phases: solvent 

chamber rising phase and solvent chamber spreading phase. The average production 

rate in the solvent chamber rising phase is proportional to the wormhole length, 

while the average production rate in the solvent chamber spreading phase does not 

change much with the wormhole length. 

(2) The recovery factor of Test 4 in Chapter 2 with bottom wormhole is 22.3% and 38.5% 

which are higher than that of Test 5 and 6 with middle and top wormhole, 

respectively. It suggests a reservoir or well with wormholes developed at the bottom 

is more favorable for CSI. The gravity effects have greatly positive impacts on both 

oil production rate and oil recovery factor. 

(3) Compared with the effect of wormhole length on the CSI, the model length hardly 

affected the oil production rate of the CSI in the earlier stage, since the majority of 

oil production is from the transverse area along the wormhole. 
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(4) The pressure decline rate plays a primary role in the CSI by affecting solvent chamber 

growth, foamy oil flow performance in Phase 1, and pressure drop force in Phase 2. 

Different driving mechanisms in different phases lead to different optimum pressure 

decline rates. Therefore, pressure decline rate variation could be applied in one test 

for a higher recovery factor. 

(5) The minimum production pressure could be set in the CSI to recover the oil 

economically. It would vary with the different pressure decline rates in different tests 

due to different driving mechanisms. Even in the same test, the minimum production 

pressure would be different at different production stages.  

(6) The main difference between the non-linear pressure-drawdown method and linear 

pressure-drawdown method is that the former cannot provide a continuous driving 

force for diluted oil as well as the latter. The effect of the intermittent driving force is 

much more significant in Phase 2. Therefore, production performance of tests of 

pressure-drawdown linearly was generally better than that of tests of pressure-

drawdown non-linearly. 

(7) For the large 3D physical model CSI test, the shape of sand-pack significantly affects 

changes of the production rate. Due to a large amount of solution gas released, the 

pressure decline rate would be reduced under the circumstance of a small pressure 

decline rate in a large sand-pack. 

(8) Pure solvent tests had larger recovery factor and average oil production per cycle 

than mixture solvent tests because the amount of C3H8 diffusing into the heavy oil 

per cycle was higher than that of mixture solvent tests 
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(9) The asphaltene precipitation and production time significantly impacted the recovery 

factor of diluted oil in mixture solvent tests. It’s suggested that the effect of the 

decline rate on the asphaltene precipitation was more sensitive in mixture solvent 

tests.  

(10) As well as in pure solvent tests, the decline rate can also be optimized in mixture 

solvent tests. It’s found that 5 kPa/min was the optimal decline rate with the largest 

recovery factor and average production per cycle. 

(11) The pressure range of oil mainly produced varies with the pressure decline rate in 

mixture solvent CSI. They are 800 kPa – 700 kPa, 1500 kPa – 500 kPa and 300 kPa 

– 200 kPa in 12.5 kPa/min, 5 kPa/min and 1 kPa/min tests, respectively.. 

Mathematically, a relation of the oil production rate to the drainage height has been 

derived in the study of the wormhole effects. A linear MBE for CSI was successfully 

established. The amount of diluted oil in each cycle of the large 3D physical test was 

obtained by regression with strong linear relation. Meanwhile, the relation of the 

solution-gas oil ratio and the diluted oil formation volume factor with pressure both 

determined. Combining with the amount of diluted oil, they could be used to predict the 

cumulative oil production for the test with the same oil and solvent sample. Then 

experimental data of a cylindrical model test are successfully used to verify the regressed 

relation of the solution-gas oil ratio and the diluted oil formation volume factor with 

pressure. The following conclusions can be drawn based on these mathematical analyses.  

(1) In the wormhole study, the relation of the oil production rate to the drainage height is 

obtained by regression analysis and verified with a different experiment. It is 

suggested that for the cylindrical models used in this study, the oil production rate in 



253 

 

the chamber rising phase is proportional to h
2.1667

; while for a rectangular model, the 

oil production rate in the chamber rising phase is proportional to h
1.1667

. 

(2) In the MBE study and application of experimental data of the large 3D physical 

model test, the efficiency of oil dilution increases from 4.75% to 10.70% before the 

Cycle 10. Then it slightly varies from 10% to 16.25% till the Cycle 25. It is 

dramatically decreased 10.11% in the last five cycles. For first three cycles, the 

diluted oil recovery factor is up to 40% due to extended production time. Then it 

keeps in the range of 28% - 34%. For last five cycles, relatively decreased because 

the pressure drop efficiency severely reduced and the diluted oil significantly re-

gained its viscosity. 

 

7.2 Recommendations 

High recovery factors of CSI tests in this dissertation indicate that CSI is a highly 

promising technique to recover heavy oil resources at which other recovery techniques 

are not economically or efficiently available. It is necessary to investigate more 

fundamental mechanisms of CSI for effective heavy oil recovery purposes. To understand 

key fundamental mechanisms of CSI, such as mass transfer, foamy oil flow and solution 

gas drive, further fundamental studies are necessary to perform on the mixture solvent-

based CSI. The following recommendations are made for better understanding of 

aforementioned.  

(1) For mass transfer, previous studies only focused on the diffusion coefficients of the 

single component solvent in heavy oil systems. There is no study on the diffusion 

coefficient of multiple components solvent simultaneously diffusing into dead heavy 
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oil systems. In addition, in previous studies, diffusion coefficients were measured in 

bulk volume rather than porous medium. Therefore, equipment which can 

simultaneously detect composition of each individual component in mixture solvent 

will be designed. More composition data can be obtained rather than conventional 

method only having their composition before the test and the end of the test. Then 

diffusion coefficients of multiple components simultaneously dissolving into heavy 

oil systems with the considering the effect of other associated components can be 

measured through the pressure decay method. Furthermore, diffusion coefficients 

will be measured both under porous medium and bulk volume conditions. Diffusion 

coefficients of each component in mixture solvent with considering the effect of 

other associated components will be compared. Diffusion coefficients measured 

under bulk volume and porous medium conditions also will be compared. A 

correlation between diffusion coefficients measured in bulk volume and those in 

porous medium will be established. 

(2) For foamy oil flow and solution gas drive, it is not well understood when multiple 

components solvent is dissolved into heavy oil under high pressure with pressure 

decay what the sequence of multiple components in the solvent is released. In future 

studies, the investigation of foamy oil will be performed under both bulk volume and 

porous medium condition. For bulk volume condition, tests will be conducted by a 

mercury-free DBR PVT system. Comprehensive properties of non-equilibrium could 

be measured. For porous medium condition, pressure depletion tests will be 

conducted to analyze the non-equilibrium phase behavior. Besides conventional data, 
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the concentration of each component of produced gas with the pressure decreasing 

will be monitored by the on-line GC.  

(3) Scaling criteria is an essential tool transferring laboratory results to field applications 

which has not been established regarding CSI. Therefore, scaling criteria are needed 

to be established in terms of solvent injection rate or pressure, production pressure 

decline rate, time, production rate and recovery factor etc. based on conducted tests 

with multiple-scale models and built numerical simulation models.  

In addition, based on this dissertation studies, some technical recommendations for 

future studies are also presented as follows. 

(1) In mixture solvent CSI tests with the decline rate of 1 kPa/min, oil production only 

intensively occurred between 300 kPa and 200 kPa. It’s not feasible in field 

application that no oil production when the pressure depletes from 2000 kPa to 300 

kPa. Therefore, effective techniques have to be applied to induce oil production in 

any pressure range. 

(2) The asphaltene content of the produced heavy oil sample is decreasing with 

increasing of the decline rate in mixture CSI tests. It significantly affected the mass 

transfer rate of C3H8 into heavy oil. However, the asphaltene precipitation in CSI test 

is not elaborated in the current studies, although it is an important aspect of phase 

behaviour of solvent-CO2-heavy oil systems. Therefore, more experiments are 

necessary to be conducted for investigate effects of asphaltene precipitation on CSI 

tests. For example, to measure the asphaltene content of oil sands sample at the end 

of the CSI test. 
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