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Abstract 
As an efficient enhanced oil recovery (EOR) technique, carbon dioxide (CO2) miscible flooding can 

greatly reduce the viscosity of oil and improve its mobility, and has great potential to achieve higher oil 

recovery. However, the disadvantage of CO2 flooding, when compared with waterflooding, is the 

relatively larger viscosity ratio between CO2 and oil. Under such unfavorable conditions, frontal 

instabilities, or viscous fingering, can easily develop. This may affect the performance of CO2 msicible 

flooding and result in less sweep efficiency and oil recovery. 

In the present study, nonlinear numerical simulations were conducted to model the CO2 miscible 

flooding in subsurface porous media. Both concentration-dependent diffusion and a varying dispersion 

that is closely related with flow rates were incorporated into the mathematical model. The development 

of frontal instabilities with time was simulated with highly accurate numerical methods. More 

importantly, to reduce the unstable displacement and improve sweep efficiency, a time-dependent 

injection rate involving periodic alternation of injection and extraction was employed. Different from the 

widely used constant injection rate, this time-dependent displacement rate led to different flow dynamics 

and sweep efficiency, although the amount of CO2 injected was the same. In particular, the effect of a 

cycle period on the propagation of CO2 was carefully examined. It was found that a longer period led to 

earlier breakthrough of CO2 and less sweep efficiency. However, a shorter period with faster alternation 

of injection and extraction had a stabilizing effect. In particular, a later breakthrough was achieved and 

higher sweep efficiency at breakthrough was obtained compared with that of a constant injection rate. 

This indicates that pulsed displacement through fast switching of injection and extraction has the 

potential to maximize oil recovery in CO2 miscible flooding. 

 

Introduction 
Miscible flooding is proven as an economical EOR process and can be used for a variety of different 

reservoirs. In CO2 miscible flooding, one of the most promising EOR techniques, the CO2 can become 

miscible with the oil when the pressure is higher than the minimum miscibility pressure (MMP). It can 

therefore improve oil recovery and sequester CO2 at the same time in an environmentally friendly way.  
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Two main factors may affect the performance of CO2 miscible flooding. One is the displacement 

efficiency at the pore level in which the CO2 dissolves into oil and causes oil swelling. The oil is then 

extracted and flows with CO2 and is produced (Huang et al., 2017; Yan et al., 2017). Reduced sweep 

efficiency on the field scale is another major factor that results from CO2 viscous fingering in a 

relatively homogeneous reservoir. For instance, at reservoir conditions with temperature of 110°F and 

pressure of  2,500 psi, the CO2 viscosity is 0.06 cp (Stalkup, 1978). Consequently, the viscosity ratio 

would range from around 17 to 170 for oil viscosity from 1 to 10 cp. The injected CO2 has a great 

tendency to develop frontal instabilities, or viscous fingering, resulting in low sweep efficiency and oil 

recovery. For reservoirs with relatively high-viscosity oils, it is even worse (Zhou et al., 2017).  

To maximize sweep efficiency in CO2 miscible flooding field projects, the well count, well pattern, CO2 

injection bank size and/or water/CO2 ratio in water-alternating-gas (WAG) steps have been optimized 

(Pipes and Schoelling, 2014). These measures are technically successful but may reduce the economic 

performance of CO2 miscible flooding. However, optimizing CO2 injection rates is a good option for 

improving sweep efficiency while reducing costs. Different from the commonly used constant injection 

rate, a cyclic time-dependent displacement rate involving pulsed injection and extraction of CO2 are 

employed in the present study. This is very promising since it can improve sweep efficiency with the 

same amount of CO2 injected into reservoirs as that of a constant injection rate. In other words, a cyclic 

displacement rate has the potential to enhance oil recovery with zero additional cost. The study of the 

influence of different cyclic time-dependent displacement scenarios on viscous fingering in CO2 

miscible flooding is essential for the optimal injection scheme in order to maximize oil recovery.   

Enhancement of oil recovery with this cyclic pulsed time-dependent injection rate has been proven by 

field pilot tests, mainly in immiscible waterflooding. Several full-scale field trials were conducted in 

1998–1999 in Canada. The first field-scale experiment was done in Morgan Field near Lloydminster, 

Alberta (Spanos et al., 2003). Thirteen out of 19 oil production wells were put into operation. Water 

pulsing at 6–8 strokes per minute was employed for 10.5 weeks. At the end of the pulsing, 11 out of the 

13 oil wells showed clear oil production improvement. Spanos et al. report that the total oil production 

was increased by 37%, while water cut was reduced by more than 20%. Another two projects with 

cyclic water injection were performed in heavy oil reservoirs in Alberta and Saskatchewan with oil 

viscosity values of 1,600 cp and 10,300 cp, respectively. The decline of oil production rate in these two 

projects was clearly slowed down during and after cyclic waterflooding (Spanos et al., 2003). In the 

same year, cyclic water injection with 5–6 pulses per minute was applied to six oil wells in a weakly 

consolidated oil reservoir in Germany with oil viscosity 90–120 cp (Groenenboom et al., 2003). After 

around 6 months’ cyclic water injection, four oil wells showed a clearly increasing or stable oil 

production rate, while no enhancement of oil production could be observed in the other two wells. 

Pilot tests indicate that the cycle period in such time-dependent displacements plays an important role in 

affecting sweep efficiency and oil recovery. To address this, numerical simulations of field-scale cyclic 

waterflooding were performed. Surguchev et al. (2002) established a 3D model for the highly 

heterogeneous Lower Tilje/Åre reservoirs located in the Norwegian Sea. The length of time for a 

pressurizing/depressurizing half-cycle is around 5–15 days. They reported that, compared with constant 

water injection, cyclic injection with ratios of frequent pulsing injection to no injection of 1:2 and 1:3 is 

able to improve oil recovery by 5.6% in a 10-year period, while water cut is reduced by 10–20%. 

Similar to the findings by Surguchev et al. (2002), Stirpe et al. (2004) reported that the cyclic injection 

scenario with 1 month of injection and 3 months of shut-in yielded the highest oil recovery among all of 

the cases studied. They built both 2D and 3D models with cyclic water injection for a 5-spot pattern in 

the Lagocinco field, Venezuala. Higher oil recovery was achieved for both scenarios, while the 

enhancement of the 2D model was greater. Meanwhile, they found that the effect of cyclic water 

injection was more obvious for reservoirs with pressure higher than bubblepoint pressure with shorter 

well spacing. Later, the numerical simulations by Shchipanov et al. (2008) indicated that the cyclic 

water injection scenario with a long cycle period could improve oil recovery 5% over that of constant 

continuous water injection. However, the case with a shorter cycle period could only produce about 3% 
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incremental oil. They also pointed out that incorporating small-scale reservoir heterogeneities was 

important for accurate numerical modeling. 

In both field-scale pilot tests and numerical simulations, the mechanisms behind the cyclic displacement 

scenario need to be further investigated for a better understanding and higher increment of oil recovery 

through optimizing the time-dependent injection rates. To address this, lab-scale experimental studies 

were conducted to examine the improvement of sweep efficiency by cyclic fluid injection. Davidson et 

al. (1999) performed cyclic water injection experiments with pressure pulsing in both cylindrical and 

rectangular sandpacks. Compared with no-pulsing water injection, the sweep efficiency could be 

improved by suppressing viscous fingering instabilities. A scenario with high amplitude and low 

frequency led to a more stable displacement front between water and oil. Similar conclusions were 

obtained by Zschuppe (2001), who used a consistent pulsing source (CPS) in waterflooding in a crude-

oil-saturated medium. Results indicated that the pulsed tests could increase the oil recovery rates and 

final sweep efficiency by 10% over non-pulsed tests. Ivanov and Araujo (2006) carried out an 

experimental study on immiscible pulsed flow in waterflooding. Several parameters were examined, 

including bead size, cycle period, injection rate and oil viscosity. Unlike the studies reported by 

Davidson et al. (1999) and Zschuppe (2001), it was found that the shorter cyclic periods led to the 

highest oil recovery. While most of these studies were conducted for waterflooding experiments, there is 

also application of time-dependent displacement rates in solvent-based EOR processes. A vapor 

extraction (Vapex) process using a cyclic solvent injection was investigated by Muhamad et al. (2012). 

Important findings were reported in terms of the temporal variation of solvent injection, which is more 

beneficial for enhancement of heavy oil recovery. Compared with constant solvent injection, the long 

pulse improved oil recovery by around 19%, while the short pulse was even more promising, as it 

resulted in 24% additional oil recovery. This time-dependent injection of solvent is favorable for the 

mixing of solvent and oil and consequently reduces oil viscosity and improves oil recovery. An 

optimized propane injection pressure versus time was also investigated in heavy oil recovery by the 

same group (Muhamad et al., 2016). Compared with constant pressure propane injection, this optimal 

injection scheme was able to improve oil production by 31% on average.  

As to the theoretical and mathematical modeling of time-dependent injection rates in miscible and 

immiscible flooding processes, several researchers have established analytical and numerical models. 

The suppression of viscous fingering instabilities of two-phase flows with time-dependent flow rates 

was investigated in 2D and 3D geometry (Dias, 2013; Dias et al., 2010; Dias and Miranda, 2010, 2009). 

An optimal injection rate with a piecewise-constant injection was also analyzed as to its stabilization 

effects (Dias et al., 2010). For the miscible displacements considering diffusion of two components, a 

nonlinear numerical simulation was conducted by Chen et al. (2010) with a similar injection rate to that 

of Li et al. (2009). The stabilizing effect of the time-dependent injection rate was reported. In addition, 

our previous studies have also investigated, both analytically and numerically, the time-dependent 

scenarios in miscible displacements considering diffusion (Yuan and Azaiez, 2014a), inertia (Yuan and 

Azaiez, 2015a), reaction and heat transfer (Yuan and Azaiez, 2014c; 2015c). 

As discussed above, the previous studies of time-dependent displacement on oil recovery are focused 

either on immiscible cases or miscible cases considering only diffusion. No dispersion has been taken 

into account in the varying injection scenarios, whereas in typical CO2 miscible flooding, the flow rate is 

large enough such that the effect of dispersion should be considered. The role of dispersion is therefore 

non-negligible, especially when it is induced by variations of time-dependent injection rates. In the 

present study, the effects of time-dependent displacement rates on frontal instabilities are examined in 

CO2 miscible flooding. The way to control such instabilities and improve sweep efficiency is also 

discussed. This would allow for long-term CO2 storage and highly efficient CO2-EOR processes. 
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Model development 
At certain reservoir conditions, the injected CO2 can become fully miscible with oil when the pressure in 

reservoirs is higher than the MMP (Wang et al., 2015). The mixture of CO2 and crude oil is in the form 

of a single phase when first-contact miscibility is achieved. In an actual CO2 miscible flooding process, 

very complex phase behaviors are involved that depend on the reservoir pressure and temperature and 

on properties of the oil and rock of the formation.  

To simplify the physical problem and simulate the detailed development of frontal instabilities in CO2 

miscible flooding, we assume that the miscible displacement takes place in a 2D horizontal porous 

medium with length Lx and width Ly. The effect of gravity on the displacement process is therefore 

neglected. Moreover, the porosity and permeability of the porous media are assumed to be constant and 

homogeneous. The porous medium is initially saturated with crude oil with viscosity   . The CO2 with 

viscosity    is then injected from one side of the domain to displace oil. Since the viscosity of CO2 is 

less than that of oil, under this unfavorable viscosity contrast, the contact area between these two 

components will become unstable, and finger-like patterns will develop (Tan and Homsy, 1988; Yuan, 

2014). The viscosity at the contact area of CO2 and oil is mainly affected by their concentration and 

calculated by mixing rule. In addition, to focus on the effect of time-dependent injection rate on frontal 

instabilities, complex mechanisms such as swelling effect of oil, rock wettability alternation, and gas 

adsorption/desorption in porous media are not considered in the present study (Wang et al., 2016a, 

2016b). 

The mass transfer between CO2 and oil in this miscible displacement process is governed by the 

following equations: 

                                                                                                                                                    (1) 

                                                                                                                                                  (2) 

  

  
                                                                                                                                   (3) 

The above equations are given in the dimensionless form as are those discussed in the study by Ghesmat 

and Azaiez (2008). The flow rate is denoted by a 2D velocity vector        . In Eq. 2, the viscosity   

is scaled by that of the CO2 and represents the mobility of fluid by incorporating the constant 

permeability of the porous media. The pressure term can be eliminated by taking the curl of Eq. 2, as in 

the studies by Zimmerman and Homsy (1991) and Ghesmat and Azaiez (2008). In addition, the 

concentration is also in dimensionless form in the convection-dispersion equation 3, where D is the sum 

of diffusion coefficient and dispersion coefficient.  

In most of the previous studies on nonlinear simulations of miscible displacements, the coefficient D is 

assumed to be constant and only diffusion is considered. However, in CO2 miscible flooding, a 

concentration-dependent diffusion coefficient is more realistic at reservoir conditions (Grogan et al., 

1988). The dimensionless form of concentration dependence of diffusion coefficient is given by Yuan et 

al. (2017b, 2017c, 2017d). More practically, the dispersion is velocity-induced as defined by Ghesmat 

and Azaiez (2008). This is very important in the cyclic time-dependent displacement scenarios involving 

both injection and extraction of CO2 and oil. The role of dispersion may vary quite significantly in the 

different stages. Especially for a long-term displacement, the repeated injection and extraction will result 

in very complex flow dynamics when convection, diffusion and dispersion take effect together. 

To solve the governing equations 1–3 with proper initial and boundary conditions, the highly accurate 

spectral method and fully implicit alternating direction implicit (ADI) are used. Readers who are 

interested in the details of these numerical methods can refer to the studies by Islam (2003) and Yuan et 

al. (2017a). 
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Time-dependent displacement rates 
Different time-dependent displacement rates have been adopted to study the influence on frontal 

instabilities in both immiscible and miscible displacements (Chen et al., 2010; Dias, 2013; Yuan and 

Azaiez, 2014a, 2014c). To easily analyze the change of displacement rates on frontal instabilities, a 

cyclic displacement rate consisting of two-stage piecewise-constant rate is used in the present study 

(Dias et al., 2010; Yuan and Azaiez, 2015a). A dimensionless form of displacement rate is given in Fig. 

1. 

 

 
Fig. 1—Time-dependent displacement rate with injection and extraction in dimensionless form. 

 

The time-dependent displacement rate consists of two stages: the injection stage with U1=4 and 

extraction stage with U2=-2. The period of a complete change of one cycle is T. To further simplify the 

analysis of instability mechanisms, the length for injection or extraction is T/2 so that the amount of CO2 

injected is the same as that of the constant injection case with U=1 in any cycle. This ensures that the 

frontal instabilities are comparable between constant and time-dependent displacement rates with the 

same criteria. It should also be mentioned that it is a repeated displacing process. The cycle period is 

varied from T=1 to T=200 and its effects are examined in the present research. 

In the following discussion on variations of frontal instabilities in CO2 miscible flooding, we fixed the 

parameters as aspect ratio of domain A=Lx/Ly=2, Peclet number Pe=500, and viscosity or mobility ratio 

MR=20.  

 

Results and discussion 
In this section, the frontal instabilities in CO2 miscible flooding in a 2D domain are discussed. Both 

qualitative and quantitative analysis is conducted by plotting the variations of concentration profiles and 

the CO2 front with time. We will focus on the effects of time-dependent displacement rates and compare 

them with those of constant injection.  

The concentration profiles for the constant injection rate are shown in Fig. 2 at dimensionless times 

t=100 and 300, respectively. Under the unfavorable viscosity ratio MR=20, the viscous fingering of 

injected CO2 forms as the displacement continues and eventually dominates the flows. The development 

of the unstable front can enhance the mixing between CO2 and oil by increasing the contact area of the 

two components, while it also results in earlier breakthrough. The longer the viscous fingers are, the 

more unstable the displacements will be. Similar results have been reported by other researchers for 

different cases with constant injection (Islam and Azaiez, 2005; Meiburg and Chen, 2000; Tan and 

Homsy, 1988; Yuan and Azaiez, 2015c). However, the scenario for time-dependent displacement rates 

considering various diffusion coefficients and dispersion is investigated for the first time in this study. 
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Fig. 2—CO2 concentration profiles at different times for constant displacement scenario (U=1). 

 

Cyclic displacements 

In the present study, we focus on the effect of cycle period on frontal instabilities in CO2 miscible 

displacements. The displacement in the dimensionless form starts with an injection at U1=4, followed by 

an extraction U2=-2 where the injected CO2 is extracted under the pressure gradient. As discussed above, 

the length of time for injection and extraction is the same and equals T/2. 

 

 
Fig. 3—CO2 concentration profiles of time-dependent displacement rate at T=1, U1=4 and U2=-2. 

 

Fig. 3 shows the concentration profiles for the time-dependent injection rate at cycle period T=1.  

Such a short period indicates a fast switching between injection and extraction in any period. Very 

different development of frontal instabilities can be observed. In particular, the viscous fingering seems 

to develop much later compared with the constant injection. At t=100, the contact zone between CO2 

and oil is still very stable, as shown in Fig. 3, while the front becomes clearly unstable in Fig. 2 at the 

same time. However, a careful observation of the width of mixing zone suggests that it seems to be 

smoother for the time-dependent case. This is mainly because of the stronger injection and extraction in 

both stages, which are favorable for the CO2 and oil to more uniformly blend into each other. In other 

words, the time-dependent displacement rate with higher amplitude can enhance mixing through stable 

diffusion and dispersion, rather than unstable viscous fingering.  

The initial uniform front consequently results in the less unstable displacements at t=300 in Fig. 3. It 

can be seen that four fingers develop with similar length and width, although one of them is slightly 

larger. In comparison, only one dominant viscous finger can develop for the displacement with constant 

injection, and it is much longer at the same time. There is no doubt that viscous fingers will eventually 

develop under such an unfavorable viscosity ratio for either constant injection or time-dependent 

injection, while the variations of displacement rates with time indeed take effect and stabilize the 

displacements. This also indicates that, to achieve a relatively stable displacement in CO2 miscible 

flooding, the fast oscillation of displacement rates with short periods should be used. This finding is 

similar to the experimental results in waterflooding by Ivanov and Araujo (2006) and the Vapex process 

by Muhamad et al. (2012), in which the shortest cyclic periods lead to the highest oil recovery. 

However, the mechanisms are different because of the nature of the different displacements. It should 

also be noted that the conclusion in the present study is clearly distinct from the case considering 

diffusion and inertia in our previous research (Yuan and Azaiez, 2015b) where the frequent switching 

between injection and extraction at very short intervals has a negligible effect on frontal instabilities. 

Comparing these two different physical problems with the same time-dependent displacement rates, one 

can conclude that it is the dispersion that plays a stabilizing role in the fast cyclic displacement process. 
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Fig. 4—CO2 concentration profiles of time-dependent displacement rate at T=100, U1=4 and U2=-2. 

 

Whereas the short period tends to stabilize the displacements, a longer period exhibits different 

characteristics. The longer the period is, the longer the injection in any complete period would be. 

Especially if injection in the first half of the period is long enough during t∈ [0, T/2], viscous fingering 

would easily develop and grow to be larger by the stronger injection.  

Fig. 4 depicts the concentration profile for the time-dependent case with T=100. It is reasonable that 

at the end of first injection stage at t=50, the displacements become very unstable, with complex 

interactions among the viscous fingers. This is followed by an extraction stage in the next half of the 

period during t∈ [50, 100] in which the oil is displacing CO2. At the end of one complete period t=100, a 

much wider mixing zone can be observed at the contact between CO2 and oil compared with the cases 

with T=1 and constant injection. This indicates that the enhancement of mixing can be much stronger by 

intentionally triggering frontal instabilities with a longer period but with the same amount of CO2 

injected. If the displacement continues, the viscous fingering further develops and at t=245, the fingers 

reach the boundary and breakthrough happens. For constant injection, by contrast, the breakthrough 

happens later than t=300. For T=1, the breakthrough is even later. Although the longer period enhances 

the mixing of CO2 and oil, which is favorable for the reduction of oil viscosity, it also results in earlier 

breakthrough of CO2. 

Having discussed the effect of period ranging from 1 to 100 for time-dependent displacement rates, 

we can conclude that the shorter period stabilizes the CO2 miscible flooding, while the longer period 

destabilizes the displacements. The effect of the increase of cycle period on instabilities seems to be 

monotonic. Such changes as well as instabilities can be measured by quantitative analysis of the front 

location with time. 

 

Front location analysis 

The front of the injected CO2 in displacements is defined by the relative location at transversely 

averaged concentration Cavg=0.01 in the streamwise direction. The average concentration is defined by 

Sajjadi and Azaiez (2014). Since the numerical calculation is conducted in the dimensionless form and 

in a moving frame reference, the relative location of the CO2 front therefore always starts with 0.5. It 

can be very conveniently converted to real space by considering the practical problems with certain 

values of diffusion, dispersion and the size of domain. 
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Fig. 5—CO2 front location at different times for constant injection (black curve) and various periods at U1=4 and U2=-2. 

Fig. 5 depicts the variations of CO2 front with time for constant injection (U=1) and time-dependent 

injection rates at different periods. Clearly, the initial CO2 front for time-dependent cases is larger than 

that for constant injection. This is the main contributor to the larger amplitude of injection and extraction 

stages which enhances the uniform mass transfer. However, the fast oscillation of displacement rates 

would suppress the development of instabilities and result in the slower propagation of the front at the 

later times. The shortest period T=1 consequently leads to the lowest values of the front at a longer time, 

indicating the least unstable displacement. An increase in period from T=1 to 10 does not significantly 

change the propagation of the front but clearly shows the effect of different stages. Further increase in 

period to be T=20 enhances the movement of the front, but this is still less than that for constant 

injection at breakthrough until the period is no shorter than T=50. Similar with the finding of our 

previous research on inertia (Yuan and Azaiez, 2015a), this range for T∈ [0, 50] is referred to as a 

period-stabilizing range in which the displacements for time-dependent scenarios are less unstable than 

for constant injection. However, there is fundamental difference between these two cases in terms of 

physical problems and mechanisms. In the present study, the velocity-induced dispersion plays a role, 

while the inertia is the dominating factor in the previous research. 

When the period is long enough, the front always moves faster than with constant injection because 

of the larger amplitude of injection and extraction and also because of the earlier development of viscous 

fingering. 

The front is also analyzed by plotting the dimensionless time at which the CO2 reaches a certain 

location in the domain, shown in Fig. 6. The first set of bars are for constant injection rate with U=1 

without any pulsing. It is worth noting that U=1 does not mean the period T is infinitely small or large 

since we have fixed the values of two-stage piecewise-constant rate as U1=4 and U2=-2. For the less 

unstable displacements at shorter periods, it is reasonable for the CO2 to reach the certain location at a 

later time. At a longer period, by contrast, the time is much shorter and the CO2 fingers move much 

faster in the domain. A calculation of swept ratio (SR) at the breakthrough time of constant injection is 

also conducted and the values are labelled in Fig. 6. The definition of SR is given by Yuan and Azaiez 

(2012). Clearly, the swept ratio is larger for a relatively less unstable displacement at short periods 

T∈ [0, 50]. The increment of swept ratio at the time at which breakthrough happens for constant 

injection is as large as 21% for the case at T=1.  For longer periods, on the other hand, the swept ratio 

would be smaller and breakthrough would happen earlier than for constant injection. 
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Fig. 6—The time at which the front of injected CO2 reaches a certain location of domain and swept ratio (SR) at t=230. 

 

In CO2 miscible flooding, viscous fingering is the dominant factor which may result in unstable 

displacements and earlier breakthrough. Therefore, to improve sweep efficiency and maximize oil 

recovery by reducing viscous fingering, the fast oscillation of cyclic displacement rates involving 

stronger injection and extraction is a better option. This is a very promising way to enhance oil recovery 

by CO2 miscible flooding with nearly zero additional cost. 

 

Conclusions 
The effects of time-dependent displacement rates on CO2 miscible flooding are discussed for the first 

time in the present study by considering varying diffusion and dispersion, processes, which are functions 

of concentration and flow rates. Several important conclusions can be obtained through the analysis of 

development of frontal instabilities. 

It is found that both the dispersion and frontal instabilities can enhance the mixing between CO2 and oil 

although their mechanisms are different. The dispersion induces uniform mass transfer and has a 

stabilizing effect, whereas the frontal instabilities result in a wider mixing by increasing the contact zone 

of the two components. 

 Quite different flow dynamics in CO2 miscible flooding can be observed for time-dependent 

displacement rates compared with those for constant injection. Depending on the length of cycle period, 

the variations of displacement rates may either stabilize or destabilize the frontal instabilities. A short 

period tends to stabilize the displacements and leads to a significant increase of swept ratio when 

compared with widely used constant injection. An optimal injection scheme would be one with very 

short periods rather than one with a constant injection rate in CO2 miscible flooding.  

The present study also indicates that the time-dependent displacement rates can be further optimized 

through suppression of the frontal instabilities by considering the amplitude and other types of rates. 

Even higher sweep efficiency can probably be achieved. It would be a very promising way to enhance 

oil recovery at nearly no additional cost in CO2 miscible flooding and other solvent injection processes. 
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Nomenclature 
Symbol Description 

A Aspect ratio of domain 

c Dimensionless concentration 

Cavg Averaged concentration in transverse direction 

D Diffusion and dispersion coefficient (m
2
/s) 

Lx, Ly Length and width of domain, respectively (m) 

MR Viscosity or mobility ratio 

P Dimensionless pressure 

Pe Peclet number 

SR Swept ratio 

t Dimensionless time 

T Cycle period 

U Dimensionless constant injection rate, U=1 

U1 Dimensionless injection rate 

U2 Dimensionless extraction rate 

u 2D velocity vector, u=(u,v) 

u Velocity in streamwise direction 

v Velocity in transverse direction 

  Dimensionless viscosity or mobility 

   Dimensionless viscosity or mobility of CO2  

   Dimensionless viscosity or mobility of oil 

 

Reference 
Chen, C.Y., Huang, C.W., Wang, L.C., Miranda, J.A., 2010. Controlling Radial Fingering Patterns in Miscible Confined 

Flows. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 82, 1–8. 

Davidson, B.C., Spanos, T., Dusseault, M.B., Wang, J., 1999. Laboratory Experiments on Pressure Pulse Flow Enhancement 

in Porous Media. In: The CIM Regina Technical Meeting. Petroleum Society of CIM, Regina, Saskatchewan, Canada. 

Dias, E.O., 2013. Viscous-Fingering Minimization in Uniform Three-Dimensional Porous Media. Phys. Rev. E - Stat. 

Nonlinear, Soft Matter Phys. 88, 1–5. 

Dias, E.O., Miranda, J.A., 2009. Interfacial Instabilities in Periodically Driven Hele-Shaw Flows. Phys. Rev. E - Stat. 

Nonlinear, Soft Matter Phys. 80, 1–8. 

Dias, E.O., Miranda, J.A., 2010. Control of Radial Fingering Patterns: A Weakly Nonlinear Approach. Phys. Rev. E - Stat. 

Nonlinear, Soft Matter Phys. 81, 1–7. 

Dias, E.O., Parisio, F., Miranda, J.A., 2010. Suppression of Viscous Fluid Fingering: A Piecewise-Constant Injection 

Process. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 82, 1–4. 

Ghesmat, K., Azaiez, J., 2008. Viscous Fingering Instability in Porous Media: Effect of Anisotropic Velocity-Dependent 

Dispersion Tensor. Transp. Porous Media 73, 297–318. 

Groenenboom, J., Wong, S., Meling, T., Zschuppe, R., Davidson, B., 2003. Pulsed Water Injection during Waterflooding. In: 

SPE International Improved Oil Recovery Conference. Society of Petroleum Engineers, Kuala Lumpur. 

Grogan, A.T., Pinczewski, V.W., Ruskauff, G.J., Orr, F.M.J., 1988. Diffusion of CO2 at Reservoir Conditions: Models and 

Measurements. SPE Reserv. Eng. 2, 93–102. 

Huang, T., Zhou, X., Yang, H., Liao, G., Zeng, F., 2017. CO2 Flooding Strategy to Enhance Heavy Oil Recovery. Petroleum 

3, 68–78. 

Islam, M.N., 2003. Simulation of Viscous Fingering in High Mobility Ratio Miscible Displacements. University of Calgary. 

Islam, M.N., Azaiez, J., 2005. Fully Implicit Finite Difference Pseudo-Spectral Method for Simulating High Mobility-Ratio 

Miscible Displacements. Int. J. Numer. Methods Fluids 161–183. 



CMTC-486447-MS  11 

Ivanov, D.A., Araujo, M., 2006. Dynamics of Two-Phase Immiscible Pulsed Flow. In: SPE/DOE Symposium on Improved 

Oil Recovery. Society of Petroleum Engineers, Tulsa, Oklahoma, USA. 

Li, S., Lowengrub, J.S., Fontana, J., Palffy-Muhoray, P., 2009. Control of Viscous Fingering Patterns in a Radial Hele-Shaw 

Cell. Phys. Rev. Lett. 102, 1–4. 

Meiburg, E., Chen, C.-Y., 2000. High-Accuracy Implicit Finite-Difference Simulations of Homogeneous and Heterogeneous 

Miscible-Porous-Medium Flows. SPE J. 5, 129–137. 

Muhamad, H., Upreti, S.R., Lohi, A., Doan, H., 2012. Performance Enhancement of VAPEX by Temporal Variation of 

Solvent Injection Pressure. J. Pet. Sci. Eng. 96–97, 93–101. 

Muhamad, H., Upreti, S.R., Lohi, A., Doan, H., 2016. Optimal Control Study to Enhance Oil Production in Labscale Vapex 

by Varying Solvent Injection Pressure with Time. Optim. Control Appl. Methods 37, 424–440. 

Pipes, J.W., Schoelling, L.G., 2014. Performance Review of Gel Polymer Treatments in a Miscible CO2 Enhanced Recovery 

Project, SACROC Unit Kelly-Snyder Field. In: The SPE Imroved Oil Recovery Symposium. Society of Petroleum 

Engineers, Tulsa, Oklahoma, USA, pp. 1–14. 

Sajjadi, M., Azaiez, J., 2014. Improvement of Sweep Efficiency of Miscible Displacement Processes in. In: SPE Heavy Oil 

Conference. Society of Petroleum Engineers, Calgary, Alberta, Canada, pp. 1–7. 

Shchipanov, A.A., Surguchev, L.M., Jakobsen, S.R., 2008. Improved Oil Recovery by Cyclic Injection and Production. In: 

SPE Russian Oil & Gas Technical Conference and Exhibition. Society of Petroleum Engineers, Moscow, Russia. 

Spanos, T., Davidson, B., Dusseault, M., Shand, D., Samaroo, M., 2003. Pressure Pulsing at the Reservoir Scale: A New IOR 

Approach. J. Can. Pet. Technol. 42, 16–28. 

Stalkup, F.I., 1978. Carbon Dioxide Miscible Flooding: Past, Present, and Outlook for the Future. J. Pet. Technol. 30, 1102–

1112. 

Stirpe, M.T., Guzman, J., Manrique, E., Alvarado, V., 2004. Cyclic Water Injection Simulations for Evaluations of its 

Potential in Lagocinco Field. In: SPE/DOE Symposium on Improved Oil Recovery. Society of Petroleum Engineers, 

Tulsa, Oklahoma, USA. 

Surguchev, L., Koundin, A., Melberg, O., Rolfsvag, T.A., Menard, W.P., 2002. Cyclic Water Injection: Improved Oil 

Recovery at Zero Cost. Pet. Geosci. 8, 89–95. 

Tan, C.T., Homsy, G.M., 1988. Simulation of Nonlinear Viscous Fingering in Miscible Displacement. Phys. Fluids 31, 1330–

1338. 

Wang, J., Dong, M., Li, Y., Gong, H., 2015. Prediction of Nitrogen Diluted CO2 Minimum Miscibility Pressure for EOR and 

Storage in Depleted Oil Reservoirs. Fuel 162, 55–64. 

Wang, J., Wang, B., Li, Y., Yang, Z., Gong, H., Dong, M., 2016a. Measurement of Dynamic Adsorption–Diffusion Process 

of Methane in Shale. Fuel 172, 37–48. 

Wang, J., Yang, Z., Dong, M., Gong, H., Sang, Q., Li, Y., 2016b. Experimental and Numerical Investigation of Dynamic Gas 

Adsorption/Desorption–Diffusion Process in Shale. Energy & Fuels 30, 10080–10091. 

Yan, Y., Li, C., Dong, Z., Fang, T., Sun, B., Zhang, J., 2017. Enhanced Oil Recovery Mechanism of CO2 Water-Alternating-

Gas Injection in Silica Nanochannel. Fuel 190, 253–259. 

Yuan, Q., 2014. Miscible Cyclic Time-Dependent Displacements in Porous Media. University of Calgary. 

Yuan, Q., Azaiez, J., 2012. Simulation of Miscible Cyclic Injection Flows in Porous Media. In: SPE Heavy Oil Conference 

Canada. Society of Petroleum Engineers, Calgary, Alberta, Canada. 

Yuan, Q., Azaiez, J., 2014a. Miscible Displacements in Porous Media with Time-Dependent Injection Velocities. Transp. 

Porous Media 104, 57–76. 

Yuan, Q., Azaiez, J., 2014b. Cyclic Time-Dependent Reactive Flow Displacements in Porous Media. Chem. Eng. Sci. 109, 

136–146. 

Yuan, Q., Azaiez, J., 2014c. Viscous Fingering Instabilities In Sinusoidal Time-dependent Flows. In: International 

Conference on Heat Transfer and Fluid Flow. Prague, Czech Republic, pp. 1–7. 

Yuan, Q., Azaiez, J., 2015a. Inertial Effects in Cyclic Time-Dependent Displacement Flows in Homogeneous Porous Media. 

Can. J. Chem. Eng. 93, 1490–1499. 

Yuan, Q., Azaiez, J., 2015b. Non-Isothermal Displacements with Step-Profile Time Dependent Injections in Homogeneous 

Porous Media. In: World Congress on Mechanical, Chemical, and Material Engineering. Barcelona, Spain, pp. 1–9. 

Yuan, Q., Azaiez, J., 2015c. Inertial Effects of Miscible Viscous Fingering in a Hele-Shaw Cell. Fluid Dyn. Res. 47, 15506. 

Yuan, Q., Wang, J., Yao, S., Zeng, F., Knorr, K.D., Imran, M., 2017a. Highly Accurate Simulation of Frontal Instabilities at 

Extremely Large Mobility Contrasts in Solvent-Based Oil Recovery. In: SPE Reservoir Characterisation and Simulation 

Conference and Exhibition. Society of Petroleum Engineers, Abu Dhabi, UAE. 

Yuan, Q., Zhou, X., Zeng, F., Knorr, K.D., Imran, M., 2017b. Nonlinear Simulation of Miscible Displacements with 

Concentration-Dependent Diffusion Coefficient in Homogeneous Porous Media. Chem. Eng. Sci. 172, 528–544. 

Yuan, Q., Zhou, X., Zeng, F., Knorr, K.D., Imran, M., 2017c. Effects of Concentration-Dependent Diffusion on Mass 

Transfer and Frontal Instability in Solvent-Based Processes. In: SPE Canada Heavy Oil Technical Conference. Society 

of Petroleum Engineers, Calgary, Alberta, Canada. 

Yuan, Q., Zhou, X., Zeng, F., Knorr, K.D., Imran, M., 2017d. Investigation of Concentration-Dependent Diffusion on Frontal 

Instabilities and Mass Transfer in Homogeneous Porous Media. Can. J. Chem. Eng. 9999, 1–16. 



12  CMTC-486447-MS 

Zhou, X., Yuan, Q., Zeng, F., Zhang, L., Jiang, S., 2017. Experimental Study on Foamy Oil Behaviour Using a Heavy Oil-

Methane System in the Bulk Phase. J. Pet. Sci. Eng. 

Zimmerman, W.B., Homsy, G.M., 1991. Nonlinear Viscous Fingering in Miscible Displacement with Anisotropic 

Dispersion. Phys. Fluids A 3. 

Zschuppe, R.P., 2001. Pulse Flow Enhancement in Two-Phase Media by. University of Waterloo. 

 


