
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Multi-physics approach to modelling near-miscible CO2-WAG
process

Citation for published version:
Wang, G, Pickup, GE, Sorbie, KS, Mackay, EJ & Skauge, A 2021, 'Multi-physics approach to modelling
near-miscible CO

2
-WAG process', Journal of Petroleum Science and Engineering, vol. 198, 108165.

https://doi.org/10.1016/j.petrol.2020.108165

Digital Object Identifier (DOI):
10.1016/j.petrol.2020.108165

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Journal of Petroleum Science and Engineering

Publisher Rights Statement:
© 2020 Published by Elsevier B.V.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.petrol.2020.108165
https://doi.org/10.1016/j.petrol.2020.108165
https://researchportal.hw.ac.uk/en/publications/c1dd4661-531a-4947-9f6b-9ea131b99dc2


 

 

1 

 

Multi-physics approach to modelling near-miscible CO2-WAG process  

G. Wang1,*, G.E. Pickup1, K.S. Sorbie1, E.J. Mackay1 and A. Skauge2 

1Heriot-Watt University, Currie, Edinburgh, EH14 4AS, United Kingdom 

2University of Bergen, Bergen, 5020, Norway 

 

CO2 Water-Alternating-Gas injection (CO2-WAG) under near-miscible conditions entails interactions 

between multi-physical processes at different length scales, which is not fully understood 

mechanistically.  This research contributes to our fundamental understanding of the fluid behaviour 

driven by major physical mechanisms including compositional effects (denoted as MCE), interfacial 

tension effects (denoted as MIFT), capillary forces and gas trapping.  The total system size was of order 

1 “grid block” (~50m), which allowed us to capture the multi-scale behaviour from the cm to the 50m 

scale.  Using fine-scale 2D areal simulations, this study identifies the separate and combined 

contributions of mechanisms to the recovery of bypassed oil induced by viscous fingering.  Mechanisms 

MCE and MIFT work in tandem to improve the oil recovery through stripping oil components and 

enhancing viscous crossflow.  However, the magnitude of such benefits is highly dependent on the 

ancillary effects of gas trapping and the capillary forces (system wettability).  In a water-wet system, 

gas trapping modestly constricts actions of MIFT whereas capillary forces significantly degrade the 

sweep efficiency and lead to multiple isolated oil zones.  We also found that the negative impacts of 

capillary pressure on the oil recovery can be much reduced if CO2 is injected prior to any water injection.  

On the other hand, oil-wet capillary forces hardly decrease the ultimate oil recovery in our cases.  For 

the first time, flow trajectories, phase occupancies, oil compositions and interfacial tension as a function 

of permeability are explicitly depicted for each WAG cycle, which effectively unpicks the complexity 

of near-miscible CO2-WAG process.  
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Introduction 

CO2 flooding is a widely applied method to extend the field life following primary oil production and 

water flooding, especially in North America since the 1970s (Christensen et al., 1998; Alvarado and 

Manrique, 2010).  Depending on the reservoir conditions and fluid compositions, the injected CO2 may 

develop miscibility with the in-situ oil so that the local displacement efficiency can be greatly improved 

(Stalkup, 1983; Danesh, 1998).  On the other hand, severe viscous fingering may also arise due to the 

unfavourable mobility ratio in gas displacement (Araktingi and Orr Jr, 1993).  For this reason, CO2 is 

normally injected alternately with water, i.e. CO2-WAG, with the aim of improving the sweep efficiency 

(Christensen et al., 2001).   

 

In fact, both immiscible and miscible CO2-WAG have been applied widely in the field (Stalkup, 1983; 

Martin and Taber, 1992; Larsen and Skauge, 1998; Johns et al., 2002).  However, a full understanding 

of the CO2-WAG process is still incomplete.  One of the less well understood aspects of CO2-WAG is 

the complex flow behaviour in the transition from immiscible to miscible conditions, i.e. near-miscible 

conditions (Skauge and Sorbie, 2014).  Near-miscible displacement refers to a process in which the 

injected CO2 does not develop complete miscibility with the oil, but comes close (Sohrabi et al., 2008a).  

The operation pressure of the displacement is slightly below the minimum miscibility pressure (MMP) 

and the interfacial tension (IFT) between oil and gas is at a level of ~1-3 mN/m.   

 

There are two major mechanisms by which oil can be mobilized during the process of near-miscible 

CO2-WAG (Coats, 1980; Christensen et al., 1998; Sorbie and Skauge, 2019), i.e. compositional effects 

(denoted as MCE) and interfacial tension (IFT) effects (denoted as MCE).  When CO2 contacts the in-situ 

oil, a set of mutual interactions and mass transfer start to occur (Orr, 2007).  CO2 dissolves into oil 

whereas oil components are stripped out and recovered in the “gas” phase.  This component partitioning 

process, i.e. MCE, can lead to a significant improvement in oil recovery.  On the other hand, the 

vaporization of oil components follows the sequence of molecular weights and may depend on the level 

of exposure time to CO2 (Ding et al., 2019).  In other words, the lighter the molecular weight, the more 

the oil components are stripped by CO2.  The stripping of heavier oil components may not happen or 

only occur to a small degree in the very late stages of the mass transfer process.  Before the complete 

removal of light-to-medium components, the IFT between oil and gas decreases and the film or layer 

flow starts to occur (Keller et al., 1997; Sohrabi et al., 2008a).  In a water-wet system, a layer of oil 

between the water and gas is mobilized.  On the other hand, in an oil-wet system, where oil is in contact 

with the grains, film flow occurs.  When IFT is at a level of 1-3 mN/m, such film/layer flow becomes 

evident and leads to the mobilization of residual oil (Sohrabi et al., 2008a; Sorbie and van Dijke, 2010).  

At the lab scale, such IFT effects (MIFT) are reflected by changes of phase mobilities, i.e. the relative 

permeabilities to both oil and gas become increasingly linear with decreasing IFT (Longeron, 1980; 
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Baker, 1988).  During the initial light component stripping, the IFT drops; however, as these light 

components become fully stripped, then IFT may increase again which leads to a cessation of MIFT 

mechanism since mainly heavy components are left in the oil behind at this stage.  This more detailed 

behaviour of the IFT in the CO2-WAG process has been described and explained in our previous work 

(Wang et al., 2020b). 

 

Many researchers have conducted extensive and detailed analysis to assess the impacts of either 

mechanisms on the displacement performance.  However, the combined effects of MCE and MIFT, which 

both occur in near-miscible CO2 WAG process, have been much less analyzed in heterogeneous systems 

until our recent work (Wang et al., 2020a; Wang et al., 2020b).  Betté et al. (1991) performed a series 

of numerical simulations to evaluate IFT effects on fluid behaviour in CO2 oil displacements.  They 

only simulated continuous injection of CO2 into 1D slim-tube models and cores and claimed that IFT 

effects have minor impacts on the ultimate recovery.  In fact, we also found very similar results in our 

previous work for 1D cases (Wang et al., 2020b).  The impact of IFT effects were completely masked 

by the more dominant compositional effects so that the oil recovery was hardly affected by this (MIFT) 

mechanism in 1D tests.  However, we went on to show that in 2D (or 3D) heterogeneous systems, the 

flow behaviour in WAG displacements can be very significantly altered by MIFT.  On the other hand, 

Shahrabadi et al. (2006) proposed a modified version of the IFT-dependent relative permeability model 

originally developed by Coats (1980).  They managed to improve the agreement in oil recovery between 

their slim-tube experimental results and flow simulations.  They emphasized the contributions of IFT 

effects in the oil recovery under miscible and near-miscible conditions.  However, the cell size 

(Δx=~0.4m) utilized in their flow simulations was too coarse to resolve compositional effects in a 1D 

test.  In other words, the original discrepancies between their simulations and experimental results may 

be largely due to the smeared displacing front as a result of numerical dispersions (Jessen et al., 2004; 

Orr, 2007) rather than the omission of the MIFT mechanism.    

 

In our previous work (Wang et al., 2019; Wang et al., 2020a; Wang et al., 2020b), we have investigated 

the flow behaviour in cases from 1D to 2D, immiscible to near-miscible, continuous to WAG injection 

and elucidated the significant impacts of both MCE and MIFT.  We will briefly summarize the key 

findings of our previous work in the first part of the “results and discussion” section.  In the current 

work, we extend our study to other key multi-phase flow physics, i.e. capillarity and gas trapping, with 

the aim of filling in some of the fundamental knowledge gap in the transition from immiscible to 

miscible conditions.  Figure 1 shows a schematic of our “mechanistic phase diagram” showing our 

earlier synthesis, which incorporates both MCE and MIFT mechanisms, and this is utilized and extended 

in this work.   
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Figure 1 Schematic diagram of new synthesis for modelling the transition from immiscible to miscible 

conditions. 

 

Strictly speaking, “near-miscible” displacement is a special type of immiscible displacement, which 

strongly involves both thermodynamic phase behaviour (MCE) and multi-phase flow behaviour (MIFT, 

capillarity and phase trapping).  Capillary pressure is defined as the (equilibrium) pressure difference 

between two immiscible fluids at the interface at a given phase saturation (McPhee et al., 2015).  

Schembre and Kovscek (2003) claimed that capillary forces might dominate multiphase flow in rocks 

with fine-scale heterogeneity, where the bypassed oil is usually located.  This is because the non-wetting 

phase must overcome the capillary pressure to flow.  However, the capillarity is often ignored in field-

scale reservoir simulations in practice.  This is simply because the cell size (up to 100s of m) in practical 

reservoir simulations is too large to resolve the fine-scale heterogeneity of the medium and the details 

of the flow patterns (Juanes and Blunt, 2006).  At this scale, the viscous pressure difference between 

cells is large and dominates over the capillary pressure difference between cells (Ringrose et al., 1993).  

In addition, the hysteresis effects induced by strong flow reversals are considered as another important 

aspect in a WAG displacement (Spiteri and Juanes, 2006).  The non-wetting phase presents a lower 

relative permeability in the imbibition process than that in the primary drainage process at the same 

saturation (Naar et al., 1962).  This is because gas can be disconnected and trapped in the form of 

discontinuous ganglia (Killough, 1976; De Gennes et al., 2013).  The greater the amount of gas 

entrapment, the greater the reduction in the gas relative permeability.   

 

It is not only of fundamental importance but also of practical interest to study the interactions of multiple 

mechanisms occurring under near-miscible conditions.  This is because maintaining a miscible process 

throughout the displacement process within the entire reservoir is almost impossible in practice.  It has 

been reported that many miscible projects encountered loss of pressure during operations and therefore 

became near-miscible displacements (Christensen et al., 1998).  Indeed, in field “miscible” CO2-WAG 
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floods, the majority of the system is in this “near-miscible” region.  Note that the aim of this numerical 

study is not to history-match experimental data or to propose modifications to existing models.  It is 

notable that we still do not have true predictive capability to address the multiphase issues such as 

capillarity and wettability (Higdon, 2013).  The rationale of this research is to utilize the currently 

available tools to address the concerns of key influencing flow mechanics and to understand how these 

physical processes interact with each other.  The central task of this study is to ascertain their real 

contributions or obstacles to bypassed oil recovery in the process of near-miscible CO2-WAG 

displacement.  We also attempt to capture the multi-scale nature of the various mechanisms by using 

very fine scale models, described below.  

 

In a recent study by Nijjer et al. (2019), they comprehensively examined miscible displacements in 

heterogeneous porous media with the aim of improve the understanding of the flow patterns using high-

resolution numerical simulations.  In our work, we take a step further to investigate the interactions of 

four key influencing mechanisms, which can all occur in the process of near-miscible CO2-WAG 

displacements.  We are not aware of a previous mechanistic study that takes into account MCE, MIFT, 

capillarity and gas trapping altogether in very fine-scale simulations, where all multi-scale mechanisms 

can be properly reflected.  From the modelling perspective, this work shows that field-scale reservoir 

models should properly address these small-scale effects to lay claim to reasonable accuracy in forecasts 

of flow/reservoir behaviour in near-miscible CO2-WAG displacements.  In particular, we will explain 

the significant discrepancy of the displacement performance at the fine scale induced by different 

wettability states (capillary pressures) during near-miscible WAG displacement.  This issue is 

undoubtedly important and requires further investigation mechanistically.   

 

The fine-scale simulations presented here resolve details of flow behaviour driven by the major 

mechanisms occurring in near-miscible CO2 WAG displacements.  In addition to the results present in 

this paper, we have uploaded animations/movies of oil saturation, phase occupancy, oil composition 

and interfacial tension as a function of permeability throughout the injection process for all cases 

analyzed here to the journal repository.  The complete dataset and results of this study are available 

online as a model case example for compositional flows in heterogeneous systems; the DOI for this 

material is 10.17861/fc1c90bb-9d3f-4a6c-9170-7b7fe10ec7b9.  Therefore, we invite and encourage 

other researchers to test various upscaling methods for simulations present in this work.  In fact some 

preliminary work on the upscaling of our CO2-WAG simulations are described in a forthcoming 

publication (de Souza Rios et al., 2020). 

http://dx.doi.org/10.17861/fc1c90bb-9d3f-4a6c-9170-7b7fe10ec7b9
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Methodology  

Geological model 

As shown in Figure 2, a 2D areal correlated permeability model was generated based on the Dykstra-

Parsons coefficient, denoted as Vdp, (Dykstra and Parsons, 1950) and correlation range, denoted as RL, 

(Schlumberger, 2018). This was used in our previous study (Wang et al., 2019; Wang et al., 2020a), 

and represents a highly heterogeneous permeability field (Vdp=0.7) with a relative short correlation rage 

(RL = 0.1) which was used to trigger a typical fingering flow regime (Chang et al., 1994).  The porosity 

is set to 0.1 homogeneously throughout the model.  Due to the complexity of the near-miscible WAG 

process, the cell size is set to 0.05m (i.e. dx=dy=0.05m) to allow various mechanisms to be properly 

reflected in numerical simulations.   

 

   

Figure 2 2D areal permeability model. 

 

The fractional occupancy (i.e. probability density function) of the synthetic permeability field presents 

a lognormal distribution, as plotted in Figure 3.  We will refer back to this figure to explain how phase 

(water, oil and gas) occupancy is driven by the interactions between the underlying permeability 

heterogeneity and multiphase flow mechanisms (capillarity and gas trapping) throughout the process of 

CO2-WAG displacement.   
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Figure 3 Lognormal distribution of permeability. 

Fluid properties  

Table 1 shows the data for a seven-component light oil (~30 °API) with a Minimum Miscibility Pressure 

(MMP) of 125 bar.  The bubble point pressure is 38.5 bar at 53 °C.  The initial reservoir condition is 

set to 120 bar (slightly lower than MMP) and 53 °C, i.e. near-miscible conditions.  The oil viscosity is 

0.16 mPa·s whereas the viscosity of the injected gas (pure CO2) and water is 0.06 mPa·s and 0.4 mPa·s, 

respectively.  When performing WAG displacements, the relationship of phase viscosity (μg <μo< μw) 

will enable the displacing front to be relatively stable during water cycles whereas severe viscous fingers 

can occur during the gas cycles.  In order to capture the process of mass transfer, i.e. compositional 

effects (denoted as MCE), a full-compositional simulator (CMG/GEM) based on the equation of state 

(EOS) proposed by Peng and Robinson (1976) is applied here to perform flow simulations of near-

miscible CO2-WAG displacement (CMG, 2019).  The full details for EOS data can be found in (Wang 

et al., 2019).   

 

Component CO2 N2 to CH4 C2 to C4 C5 to C7 C8 to C12 C13 to C19 C20 to C30 

Mole fraction 1.2% 11.7% 19.5% 22% 28.2% 9.4% 8.1% 

Viscosity 0.16 mPa·s* 

MMP  125 bar 

Table 1 Oil compositions and properties,*calculated by the simulator using the correlation by Jossi et 

al. (1962). 

Relative permeabilities 

The set of water-oil (imbibition) and gas-oil (drainage) relative permeabilities used in this work is 

plotted in Figure 4.  Note that a relatively high Sorg (to immiscible gas displacement) is chosen here 

(Sorg=0.33) to give a higher target oil for near-miscible CO2 displacement, with the aim of highlighting 

the magnitude of effects occurring in the transition from immiscible to miscible conditions on the 
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ultimate oil recovery.  A typical 3-phase relative permeability model (3PRP), i.e. Stone 2, is applied 

when three phases (water, oil and gas) coexist (Aziz and Settari, 1979).  We also conducted simulations 

based on other common 3PRP methods, such as Stone 1 and Baker, which produce remarkably similar 

results (Wang et al., 2020b).  Therefore, only the results based on Stone 2 are presented.   

 

 

Figure 4 Oil-water and gas-oil relative permeability curves. 

Modelling of interfacial tension effects 

Interfacial-tension effects (mechanism denoted as MIFT), which are one of the key mobilization 

mechanisms occurring under near-miscible conditions, are reflected by an IFT-dependent relative 

permeability model.  This model entails an interpolation between immiscible and fully miscible relative 

permeability functions (i.e. the linear relationship with phase saturations).  In fact, this method is a 

modified version of Coats model (Coats, 1980; CMG, 2019) and defined by Equation 1 to Equation 8.  

The central design of this model is to introduce the weighting function (𝑓) with a specified critical 

gas/oil IFT, 𝜎𝑔𝑜
0 , to control the contribution of the IFT effects, with the aim of reflecting the transition 

from immiscible to miscible conditions.  As seen in Equation 1 and Equation 2, the smaller the 

weighting factor (𝑓), the greater the impact IFT effects will have on the relative permeabilities.  The 

transient gas/oil IFT (𝜎𝑔𝑜) was calculated by the simulator as part of the compositional simulation using 

the McLeod-Sugden equation (CMG, 2019).  If 𝜎𝑔𝑜< 𝜎𝑔𝑜
0 , the relative permeability of oil and gas will 

be modified accordingly and they will gradually become linear functions as 𝜎𝑔𝑜 approaches zero (as 

shown in Figure 5).  Otherwise, the initial immiscible relative permeabilities of the gas and oil phases 

are used.   

 

  𝐾𝑟𝑜𝑡 = 𝑓 ∗ 𝐾𝑟𝑜 + (1 − 𝑓) ∗ 𝐾𝑟ℎ ∗ 𝑆𝑜
̅̅ ̅ Equation 1 

𝐾𝑟𝑔𝑡 = 𝑓 ∗ 𝐾𝑟𝑔 + (1 − 𝑓) ∗ 𝐾𝑟ℎ ∗ 𝑆𝑔
̅̅ ̅ Equation 2 

The parameter 𝑓 = 1, if 𝜎𝑔𝑜  >  𝜎𝑔𝑜
0

  

= (𝜎𝑔𝑜  𝜎𝑔𝑜
0 )𝑛⁄ , otherwise. Equation 3 
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𝑆𝑜
̅̅ ̅ =  

1 − 𝑆𝑔 − 𝑆𝑤𝑐 − 𝑆𝑜𝑟𝑔
∗

1 −  𝑆𝑤𝑐 − 𝑆𝑜𝑟𝑔
∗  Equation 4 

𝑆𝑔
̅̅ ̅ =  

𝑆𝑔 −  𝑆𝑔𝑐𝑟
∗

1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑐𝑟
∗  Equation 5 

𝑆𝑜𝑟𝑔
∗ = 𝑓 ∗ 𝑆𝑜𝑟𝑔

𝑖𝑚𝑚 Equation 6 

𝑆𝑔𝑐𝑟
∗ = 𝑓 ∗ 𝑆𝑔𝑐𝑟

𝑖𝑚𝑚
 Equation 7 

𝐾𝑟ℎ = 0.5 ∗ (𝐾𝑟𝑜𝑤 + 𝐾𝑟𝑔) Equation 8 

According to Sohrabi et al. (2008a) and Sorbie and van Dijke (2010), the impacts of MIFT on the flow 

behaviour (i.e. improvement of oil mobility) become significant when the interfacial tension level is at 

a level of ~1-3 mN/m.  Therefore, 𝜎𝑔𝑜
0  is set to 5mN/m to capture this mechanism and reflect their 

theory.  The exponent “n” involved in Equation 3 is typically at a level of 0.1-0.5 (Coats, 1980).  Since 

the focus of this paper is the analysis of capillarity and gas trapping, n is set to 0.5 here.  Note that a 

wide range of values for both the threshold interfacial tension (𝜎𝑔𝑜
0 ) and the exponent (n) have been 

tested and they do not alter any main findings in this work (Wang et al., 2020b).  

 

 

Figure 5 Demonstration of IFT-dependent relative permeability treatment based on Coats model. 

Modelling of capillary forces 

Since the capillary force between oil and gas under near-miscible conditions is much lower than that 

between water and oil, the capillarity between oil and gas is ignored here.  In fact, we did carry out 

some calculations which included the gas/oil capillary pressure and these fully supported this 

approximation.  Given this assumption, the pressures of oil and gas are equal, whereas the capillary 

pressure between water and oil is given by a function- 𝑃𝑐,𝑜𝑤(𝑆𝑤).  The corresponding ordering of phase 

pressures under immiscible and near miscible conditions is shown in Figure 6, for both water-wet and 

oil-wet systems.  The Leverett J-function (Equation 9), which enables capillary pressure data (𝑃𝑐) to be 

scaled as a function of saturation (𝑆𝑤), permeability (k), porosity (, set to 0.1), interfacial tension (𝜎𝑜𝑤) 
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and oil/water contact angle (𝜃), is applied (Leverett, 1941).  According to Berg (1975) and Shen et al. 

(2006), the interfacial tension of water and crude oil is generally at a level of 20-50 mN/m.  Therefore, 

the interfacial tension of water and crude oil was set to 45 mN/m in this work.  The contact angle (θ) 

was assumed 30° and 150° to represent a water-wet (blue) and oil wet (red) system, respectively.  Based 

on these input, capillary pressure functions with the permeability range of 1 to 100 mD are show in 

Figure 7 as examples.   

 

 

Figure 6 Schematic of phase pressure in water-wet (left) and oil-wet (right) cases, respectively. 

 

𝑃𝑐(𝑆𝑤) =
 𝐽(𝑆𝑤) ·  𝜎𝑜𝑤 · cos 𝜃

√𝑘/∅  
 Equation 9 

 

 

Figure 7 J-function (left) and the correlated capillary forces (right). 

Modelling of gas trapping 

According to Carlson (1981), the trapped gas saturation (Sgt)  is in a range of Sgt ~ 0.2 - 0.4 with a 

historical maximum gas saturation of 0.4-0.9.  Therefore, C in Land’s model is set to 1.39, which leads 

to a maximum trapped gas saturation (Sgrmax) of 0.4 here (Land, 1971).  Figure 8 shows an example of 

the model treatment proposed by Carlson (1981) on the gas relative permeability when the flow is 

shifted from drainage (increasing gas saturation) to imbibition (decreasing gas saturation).  Carlson’s 
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method is designed for gas trapping in water-wet systems, and the calculations may not be appropriate 

for oil-wet systems.  This is because either water or gas may be the most non-wetting phase in oil-wet 

systems; in more strongly oil-wet cases, water is the least wetting phase whereas for weakly oil-wet 

systems gas is the least wetting phase (Van Dijke et al., 2001; van Dijke and Sorbie, 2002).  Because 

of this complication, in this work we will only address the issues of gas trapping in a water-wet system.  

Analysis of trapping mechanisms under the impacts of various wettabilities is still in progress. 

 

 

Figure 8 An example of the treatment of gas relative permeability using the models developed by 

Carlson and Land. 

Injection strategy and well controls 

The central objective of this study is to improve the fundamental understanding of multiphase flow 

behaviour rather than maximizing the oil recovery through optimizing the development plan.  

Therefore, a simple WAG injection strategy, which is outlined in Table 2, is applied.  The displacement 

process starts with a primary water injection (1st W) followed with 0.4 pore volume injection (PVI) of 

gas and water alternately.  Note that the first water cycle is designed to finish close to water 

breakthrough.  In other words, the oil recovery is almost same for all cases for the first waterflood, 

which provides a comparable baseline for the effect of subsequent gas injection.  The final water 

injection cycle (3rd W) is prolonged up to 0.8 PV to guarantee all cases have virtually reached their 

ultimate oil recovery. 

 

WAG 

(2.4 PV in total) 

1st W 1st G 2nd W 2nd G 3rd W 

0.4 PV 0.4 PV 0.4 PV 0.4 PV 0.8 PV 

Table 2 WAG injection strategy 
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The injector in our numerical tests was set to inject pure CO2 and water alternatively at a rate of 0.1 

PV/day at reservoir conditions for 24 days (2.4 PV in total) and the producer was controlled by setting 

the minimum bottom-hole pressure to 120 bar.  Both wells were horizontal and were perforated along 

the width of the model.   

Tracer analysis 

Tracer analysis is not directly available with our simulator when performing compositional simulations 

(CMG, 2019).  For this reason, we developed a method to track the flow behaviour, which was first 

applied in a previous paper (Wang et al., 2020a).  The rational is to introduce a very small amount of 

tracer oil to mark the flow trajectory but not to alter the original flow behaviour.  This tracer oil has 

same EOS data as initial oil but with the original component of “C8 to C12” re-labelled as C8*, which is 

served as a tracking target.  We injected the tracer oil at a very low rate (1/20000 PV/d), for a period of 

1/3 day (1/60000 PV), so there was negligible effect on the pressure and phase saturation.  The tracer 

was injected into cells in a “non-preferential” (bypassed) route, i.e. an area between dominant gas 

fingers, which was identified in previous flow simulations without any tracer injection. All the other 

simulation parameters were unchanged.  Figure 9 shows the mole fraction of C8* in oil at the end of 

tracer injection.  The reason for this will be evident later in the paper.  

 

     

Figure 9 Snapshot at the end of tracer injection. 

 

In this study, we investigated how the displacement performance (such as remaining oil saturation and 

oil recovery) is driven by the mechanisms of central interests, i.e. MCE, MIFT, capillarity (water wet and 

oil wet) and gas trapping, all of which can occur in the process of a near-miscible WAG displacement.  

The ultimate objective of our study is to develop an improved understanding of the coupling between 

processes in the transition from immiscible to miscible oil displacement by CO2-WAG. We focused on 

the results from the following eight representative simulations (A-H) to demonstrate the significant 
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impact induced by these key mechanisms on the flow behaviour.  To follow the structure and logic of 

these tests, the results are presented in three steps/sections outlined in Table 3. 

Results and discussion 

Elucidation of mechanisms of oil mobilization (MCE & MIFT) 

In this section, we will demonstrate how the two major mechanisms of oil mobilization, i.e. MCE and 

MIFT, drive the recovery performance in near-miscible CO2-WAG.  No capillarity is included in either 

Case A or Case B.  In other words, the pressures of the three phases (water, oil and gas) are equal in 

these two cases.  This is the #1 step of simulations in Table 3.   

 

Step Mechanisms included in cases Objectives 

#1 

A. M
CE

 acting only  

B. M
CE

 + M
IFT

 

• To explain and differentiate the improved 

displacement performance by M
CE 

and M
IFT

 

during the process of near-miscible CO2-

WAG. 

#2  

(key 

findings) 

C. M
CE

 + M
IFT 

+ water-wet 

capillarity 

D. M
CE

 + M
IFT 

+ oil-wet 

capillarity 

• To assess impacts of capillarity on actions of 

M
CE

 and M
IFT

 in water-wet and oil-wet 

systems. 

#3 

E. M
CE

 + M
IFT

 + gas 

trapping 

F. M
CE

 + M
IFT 

+ gas trapping + 

water wet capillarity 

• To distinguish the impact of capillarity and 

trapped gas
 
on the displacement 

performance. 

#4 

G. M
CE

 + M
IFT 

with WAG2 

H. M
CE

 + M
IFT 

+ water-wet 

capillarity with WAG2 

• To reduce the negative impacts of water-wet 

capillary pressure via varying the injection 

strategy (gas injected first) 

Table 3 Outline of numerical tests performed and objectives of each stage for this study. 

 

Figure 10 shows the remaining oil saturation for Case A (MCE only) and Case B (MCE and MIFT) after 

2.4 PV of WAG injection, respectively.  MCE is well known to improve the local displacement efficiency 

of oil during the process of CO2 flooding (Christensen et al., 2000; Orr, 2007).  Most of light and 
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medium components are vaporized/stripped and then produced in “gas” form if the reservoir pressure 

is sufficiently high (close to or above MMP).  However, such benefits from MCE rely on the sufficient 

contacts between CO2 and oil.  For this reason, only the oil in the area of dominant gas fingers (i.e. the 

“preferential” flow routes) can be well recovered.  In Case A where only MCE is included, there is still 

a significant amount of remaining oil in the non-preferential routes (i.e. area between the viscous 

fingers).  The remaining oil saturation in the non-preferential (bypassed) routes is mostly controlled by 

the endpoint of oil-water the relative permeability (Sorw =0.44 here).  

 

 

Figure 10 Remaining oil saturation after WAG injection (2.4 PV): Case A (MCE only), Case B (both 

MCE and MIFT). 

 

On the other hand, when the other major mechanism of oil mobilization, i.e. MIFT, is included in Case 

B, the overall displacement performance is much enhanced.  In particular, the oil in non-preferential 

routes can be effectively recovered by MIFT included in Case B, as shown in Figure 10.  MIFT discussed 

here is derived from the pore-scale physics of oil films or layers, which has been well analyzed in the 

literature (Sohrabi et al., 2008a; Sorbie and van Dijke, 2010).  Sohrabi et al. (2008a) show that when 

the interfacial tension is low (𝜎𝑔𝑜  ~ 1 - 3 mN/m), oil starts to be mobilized and flows via the layer 

formed between water and gas.  In fact, it was surprising that such a small-scale mechanism, which 

improves the local displacement efficiency, could also greatly improve the macroscopic sweep 

efficiency.  We conjectured that this very efficient recovery mechanism may be related to viscous 

crossflow, which is well identified in polymer flooding (Sorbie, 2013).  Based on our tracer analysis, 

we are now able to correlate the magnitude of viscous crossflow to the tracer distribution.  As seen in 

Figure 11, the tracer distribution of Case B is much more spread out than that of Case A.  In other 

words, the viscous crossflow, which is the key flow feature to recover the oil in the bypassed zones, has 

been significantly amplified by the MIFT mechanism.  The oil recovery of Case B is approximately 17% 

higher than Case A after 2.4 PV of CO2-WAG displacement, as shown in Figure 24.  Further details of  
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the interplay between the MCE and MIFT mechanisms which occurs during near-miscible CO2-WAG 

displacements, can be found in our previous publications (Wang et al., 2019; Wang et al., 2020a; Wang 

et al., 2020b). 

 

 

Figure 11 Snapshot of oil mole fraction of tracer (C8*) of Case A-Tracer (MCE only) and B-Tracer 

(both MCE and MIFT) at the end of the second gas cycle. 

Impacts of capillarity on MCE and MIFT in various wetting systems 

In the previous section, we explained how two major mechanisms (MCE and MIFT) work in tandem to 

improve the oil recovery.  Based on the synthesis that incorporates both MCE and MIFT, we now move 

on to the central part of this study, which is focused on the impact of capillarity on flow behaviour 

during near-miscible CO2-WAG displacement.  Results shown in this section correspond to the step #2, 

Cases C and D, as outlined in Table 3.  

 

Figure 12 shows the remaining oil saturation for Case C and Case D, which take account of water-wet 

and oil-wet capillary pressures, respectively.  In Case C, the water-wet capillary pressure has caused a 

strongly negative impact on the displacement performance.  Although the remaining oil saturation of 

many areas is below 0.15 (dark blue), multiple isolated zones are formed at the end of injection with a 

large amount of bypassed oil (So>0.3 as indicted in green) left behind.  On the other hand, such 

imbalanced displacement performance does not occur in the oil-wet system (Case D).  The sweep 

efficiency of Case D (oil wet) is almost as good as Case B (no capillarity) and much better than Case 

C.  Figure 13 shows the tracer distributions for Case C and Case D.  As expected, the tracer distribution 

is much more constricted by capillarity for the water-wet case (Case C).  The multiple isolated oil zones 

can be also identified in the tracer analysis.  As seen later in Figure 24, the final oil recovery of the 

water-wet case (Case C) is 8% and 7% lower than that of Case B (no capillarity) and oil-wet case (Case 

D), respectively.  
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Figure 12 Remaining oil saturation after WAG injection (2.4 PV) of Case C (MCE, MIFT and water-wet 

capillarity) and Case D (MCE, MIFT and oil-wet capillarity). 

 

 

Figure 13 Snapshot of oil mole fraction of tracer (C8*) of Case C-Tracer (MCE, MIFT and water-wet 

capillarity) and Case D-Tracer (MCE, MIFT and oil-wet capillarity) at the end of second gas cycle. 

Detailed analysis of phase occupancies vs. Permeability for Cases B, C and D 

The question now arises: why does the water-wet capillarity considerably degrade the displacement 

performance whereas the oil-wet capillarity does not?  In other words, how are MCE or MIFT affected by 

capillary forces in different wetting systems?  To answer these various questions, we tracked the phase 

occupancy patterns vs. the permeability at the end of each injection cycle (excluding the first water 

cycle).  The results are plotted in Figure 14 to Figure 17; the fractional phase occupancies (average 

saturations) of the oil, water and gas phases at each stage are overlaid upon the permeability histogram 
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(Figure 14).  The phase occupancy at the end of first water cycle was calculated, but this does not show 

much difference for the three cases.   

 

Figure 14 shows the 3-phase occupancy vs. permeability plots at the end of the first gas cycle.  The gas 

occupancy shows a clear skewness to high-permeability in Case C, where the water-wet capillary forces 

are included, as indicated by the black arrow in Figure 14.  Because the capillary force increases with 

decreasing permeability (Equation 9), low-permeability zones would require greater viscous force (i.e. 

pressure gradient) than high-permeability zones to be swept by gas.  In other words, the water-wet 

capillary force drives the injected CO2 to flow preferentially into high-permeability zones.  Such flow 

behaviour will maximize the MCE in this zone, since this mechanism benefits greatly from increased 

contact between injected CO2 and oil and leads to a short-term improvement in oil recovery.  The 

average remaining oil saturation at this stage for the water-wet case (Case C) is (~0.38), which is lower 

than Case B (~0.44) and Case D (~0.48) at this stage (0.8PVI).  However, we will explain how the 

longer-term oil recovery is subsequently degraded by the water-wet capillarity.    

 

 

Figure 14 Snapshot of phase occupancy with permeability at the end of first gas cycle (0.8 PVI). 

 

 

Figure 15 Snapshot of phase occupancy with permeability at the end of second water cycle (1.2 PVI). 
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According to Wang et al. (2020a), MIFT can greatly amplify viscous crossflow during second water 

cycle and lead to effective displacement in the bypassed oil zones.  Figure 15 shows the phase 

occupancy vs. permeability plot at the end of the 2nd water cycle.  These results show that the MIFT 

benefits still occur and the average remaining oil saturation continues to decrease in all three cases.  

However, the gap in remaining oil saturation between Case C (~0.24) and the other two cases, i.e. Case 

B (~0.26) and Case D (~0.32) is reducing at the end of this second water cycle.  In other words, the 

incremental oil produced from the second water cycle is the least in the water-wet case (Case C).  This 

is due to the fact that the viscous crossflow mechanism is restricted by the water-wet capillarity (Case 

C), as shown by the tracer analysis shown in Figure 13.   

 

 

Figure 16 Snapshot of phase occupancy with permeability at the end of second gas cycle (1.6 PVI). 

 

At the end of the second gas cycle (1.6PVI), the skewness of the gas phase occupancy towards the high-

permeability zones is still severe in Case C, as indicated by the black arrow in Figure 16.  This figure 

also shows that gas invasion into the low-permeability zones (K<100 mD) is almost negligible when 

water-wet capillary forces are included.  On the contrary, a slight skewness of gas phase to low-

permeability zones becomes observable in the oil-wet case, as indicated by black arrow in Case D, 

Figure 16.  Given the assumption that pressure of the oil and gas phases are equal here, the included 

oil-wet capillary pressure enables oil and gas to imbibe into the low-permeability zones, which in turn 

slightly improves the overall sweep efficiency.  Since more flow paths are involved with low-

permeability zones, the overall production rate is decreased by capillarity in the oil-wet system (Case 

D).  This explains why the average remaining oil saturation is highest in case D (~0.23) compared with 

Case B (~0.15) and Case C (~0.19) at this stage.  
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Figure 17 Snapshot of phase occupancy with permeability at the end of WAG displacement (2.4 PVI). 

 

As shown in Figure 17, the phase occupancy at the end of injection is clearly distinguished between the 

three cases.  More oil is contained in low-permeability zones in the water-wet case (Case C) whereas 

the remaining oil is almost evenly distributed with permeability in Case B (no capillarity).  As indicated 

by green arrow in Figure 17, the small amount of gas presents a slight skewness to the low-permeability 

zones in Case D.   What should be highlighted here is that the rank of recovery performance is also 

completely changed.  Case C (water wet) has the highest average remaining oil saturation (~0.18) at the 

end of injection, which is approximately twice more than Case B (~0.09) and Case D (~0.1).   

Analysis of the interaction between the MCE and MIFT mechanisms for Cases B, C and D 

The flow behaviour, such as sweep efficiency and production rate, is significantly altered by capillarity, 

depending on wettability.  The snapshots of fluid occupancy (vs. permeability) at the end of an injection 

cycle (Figure 14 to Figure 17) show phase distributions at the end of each WAG cycle, but they do not 

show the details of how MCE and MIFT are affected throughout the whole injection process.  To draw a 

more complete mechanistic picture, we wish to ascertain how MCE and MIFT are affected by capillarity.  

For this purpose, we have devised a more informative, although at first appearance a rather complex, 

way of visualizing the metrics of the MCE and MIFT mechanisms, as shown in Figure 18 to Figure 21.  

Here, we have plotted the oil composition and interfacial tension between oil and gas (magenta line) vs.  

the permeability distribution (grey area) at the end of each WAG injection cycle (except for the first 

water cycle).  The fractional occupancy vs. permeability is omitted and the permeability distribution is 

shown in a subdued grey colour.  Note that the oil compositions are grouped into three pseudo-

components, although the actual numerical simulations were conducted based on seven components.  

The initial oil mole fractions of CO2 (red), C1-7 (cyan) and C8+ (blue) are 0.01, 0.53 and 0.46; these 3 

mole fractions of course sum to unity.  These values can be also observed on the left side of each graph 

in Figure 18, where the CO2 has not yet been entered.  In fact, we have tried various ways of presenting 

these results, such as plotting typical ternary diagrams of representative cells (Wang et al., 2019).  

Although the ternary diagram can provide more details of MCE, the trend of altered MCE and MIFT driven 

by capillarity and the statistical permeability distribution simply cannot be reflected.  Therefore, results 
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are presented in this manner to “see through” the complexity involved in these near-miscible CO2-oil 

displacements.  The sequence of plots in Figure 18 to Figure 21 is shown at the end of the 1st gas cycle, 

the 2nd water cycle, the 2nd gas cycle and at the end of the WAG sequence at 2.4PVI, respectively.  In 

fact, for the entire WAG cycles, we have animations of these figures and these are extremely 

informative and are uploaded to the repository database of journal. 

 

 

Figure 18 Snapshot of oil composition and interfacial tension (between oil and gas) with permeability 

at the end of first gas cycle (0.8 PVI). 

 

Figure 18 shows the distributions of the three grouped oil components vs. permeability at the end of the 

first gas cycle.  The colour legend can be found at the upper-right conner of figures.  The early stage of 

mass transfer, i.e. the CO2 dissolution and oil stripping, has led to a significant increase of CO2 oil mole 

fraction but decreased oil mole fractions of C1-C7 and C8+ in zones with permeability above 100 mD.  

The interfacial tension of this area (K>100 mD) is up to 1.5 mN/m.  However, the oil composition in 

all three cases (B, C and D) is unchanged in zones with permeability below 10 mD.  This means the 

injected CO2 has not contacted oil in these low permeability zones by the end of first gas injection cycle 

(0.8 PVI), although the volume fraction of theses area is very small.  Note that the interfacial tension of 

the unswept area is shown as zero since the oil here has not yet been contacted by the gas.  More 

importantly, large differences in oil compositions are observed in zones with permeability from 10 mD 

to 100 mD (black arrow), where a greater volume of pore space is involved.  This indicates the historical 

flow of CO2 and thus the action of MCE in these zones.  The mass transfer process in the water-wet 

system (Case C) is much delayed compared with other two cases: much less CO2 has dissolved in the 

oil in the low-permeability zones.  Figure 18 also shows that, in the case with no capillarity (Case B) 

and in the oil-wet case (Case D), the CO2 mole fraction is higher in these lower permeability regions; 

i.e. the CO2 is able to enter these zones.  The magenta lines in Figure 18 show the corresponding gas/oil 

IFT values (𝜎𝑔𝑜) which give a good indication of whether the MIFT mechanism is active, i.e. 𝜎𝑔𝑜< 𝜎𝑔𝑜
0 .  

 



 

 

21 

 

 

Figure 19 Snapshot of oil composition and interfacial tension (between oil and gas) with permeability 

at the end of second water cycle (1.2 PVI). 

 

According to Wang et al. (2020a), MIFT can greatly enhance the viscous crossflow leading to a 

redistribution of gas and oil, particularly in the secondary water cycle.  However, such statement was 

based on Case B, the case without capillarity.    As seen in Figure 19, when water-wet capillary pressure 

is included (Case C), the change of oil compositions is mostly restricted to the high-permeability zones 

(K>~500 mD).  In other words, the injected gas still cannot overcome the capillary pressure and be 

redistributed into the low-permeability zones in the subsequent water cycle.  Note that the benefit of 

MIFT relies on the coexistence of both oil and gas in the same grid block in order to generate a sufficiently 

low (but not ultra-low) interfacial tension; i.e. to achieve  𝜎𝑔𝑜< 𝜎𝑔𝑜
0 .  Therefore, MIFT in Case C is hardly 

triggered in the low-permeability zone, where the majority of the oil bypassed by gas is located.  On 

the other hand, the oil-wet capillary pressure actively assists gas flow into low-permeability zones 

(K<~100 mD) and contacts more oil.  As a result, we can observe a change in oil composition 

throughout the permeability range in the oil-wet system, which can then make full use of the MIFT 

mechanism.  

 

 

Figure 20 Snapshot of oil composition and interfacial tension (between oil and gas) with permeability 

at the end of second gas cycle (1.6 PVI). 
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The results in Figure 20, at the end of the 2nd gas cycle, show that with further gas injection, the oil 

composition in zones of permeability below 10 mD is different from the original compositions both in 

Case B and in Case D but not in Case C (water-wet).  In other words, the injected gas has flowed into 

these zones and the process of mass transfer has occurred in Case B and Case D.  On the other hand, 

the water-wet capillary forces in Case C have formed an entry pressure to gas sweeping these low-

permeability (K<~50 mD) zones.  In fact, such capillarity entry pressure was also identified as the 

central influencing factor when assessing caprock efficiency in CO2 storage process (Woods and Farcas, 

2009; Rabinovich and Cheng, 2020).  At the same time, the interfacial tension in Case C shows a high 

IFT “spike” in the high-permeability zones (Figure 19).  This spike occurs because the light and medium 

components have been almost completely stripped leaving heavy components in oil in high-

permeability zones; thus, the CO2-rich gas/oil IFT increases sharply.  This phase behaviour has been 

extensively discussed in our previous publications (Wang et al., 2020a; Wang et al., 2020b).  In fact, 

this is also the reason we used a seven-component oil rather than the typical 4-component system (Orr, 

2007), in which we have shown that this feature would be missed (Wang et al., 2020b). 

 

 

Figure 21 Snapshot of oil composition and interfacial tension (between oil and gas) with permeability 

at the end of displacement (2.4PVI). 

 

Figure 21 shows the oil compositions at the end of all the WAG cycles, after 2.4PVI.  Clearly, the oil 

compositions vary greatly among three cases at the end of injection.  In the water-wet case, very limited 

(almost negligible) composition change is observed in the low-permeability zones (K<50 mD).  The 

water-wet capillary force forms entry barriers for gas and prevents extensive viscous crossflow.  As a 

result, both MCE and MIFT are severely restricted in these “isolated” areas, as shown in Figure 12.  On 

the contrary, the composition change presents a relatively uniform distribution with permeability in the 

oil wet-case (Case D).  Since we assume the phase pressure of oil and gas is equal, the included oil-wet 

capillary pressure enables gas to imbibe into the low-permeability zones, which in turn improves the 

overall sweep efficiency.   
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Impacts of gas trapping on displacement performance 

The results presented above have established the impact of capillarity on the oil recovery for systems 

of different wettability.  We now consider another important part of the physics, viz. gas trapping, which 

commonly occurs during WAG injection in water-wet systems.  Results shown in this section 

correspond to the step #3, as outlined in Table 3.  

 

To assess the impact of gas trapping on oil recovery, we performed flow simulations of Case E and 

Case F, where the effect of gas trapping is added to Case B and Case C, respectively.  As seen in Figure 

22, the included gas-trapping effect (Case E) has led to a large area of remaining oil in the non-

preferential route, i.e. the yellow and green zone.  Note that oil saturation in most of this area is close 

to 0.45.  As for Case F, where both gas trapping and water-wet capillary forces are included, multiple 

bypassed oil zones still arise, which is similar to Case C.  However, the averaging size of multiple 

bypassed oil zones has slightly increased.  As seen in Figure 24, the gas trapping effects in both Case E 

and Case F have caused a modest reduction in oil recovery (~5%).  In other words, the overall 

displacement performance of Case E and Case F are almost equally degraded due to the effect of gas 

trapping, compared to their corresponding cases, Case B and Case C.   

 

 

Figure 22 Remaining oil saturation after WAG injection (2.4 PV) of Case E (MCE, MIFT and gas 

trapping) and Case F (MCE, MIFT, water-wet capillarity and gas trapping). 

 

Using the same approach as described above, we plotted the tracer distributions for Case E and Case F 

in Figure 23.  As expected, the tracer distribution, which indicates the extent of oil crossflow, has been 

further restricted by the trapped gas saturation in these two cases.  The reasons for this observed 

behaviour are twofold.  Firstly, the effect of gas trapping has restricted (but not eliminated) the 

redistribution of gas into non-preferential routes during subsequent water cycle (0.8-1.2 PVI).  For this 
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reason, the overall amount of oil that can be mobilized by MIFT during water cycles is reduced.  Another 

aspect is that the IFT-triggered Krot is positively correlated with Krg (Equation 1).  In other words, the 

smaller Krg is, the smaller Krot is.  Therefore, the relative permeability of the oil under MIFT is also 

negatively affected when the effect of gas trapping is included.  Since the trapped gas is re-mobilized 

when the gas saturation increases again (i.e. gas cycles), the oil in dominant gas fingers can still be well 

recovered through the MCE compositional stripping mechanism.   

 

 

Figure 23 Snapshot of oil mole fraction of tracer (C8*) of Case E-Tracer (MCE, MIFT and gas trapping) 

and F-Tracer (MCE, MIFT, water-wet and gas trapping) at the end of second gas cycle. 

Oil recovery for cases with various combinations of mechanisms 

Table 5 and Figure 24 show the oil recovery vs. PVI for all six cases (Case A to Case F; Table 3) 

throughout the whole injection process.  In order to point out the correlation between the mechanisms 

of interest and the induced flow behaviour, we summarize and highlight the recovery performance of 

each cycle for all six cases as below.   

 

Figure 24 Oil recovery of all six cases (A-F) with initial injection strategy throughout the process. 
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1. First water cycle (0-0.4 PVI) 

The oil recovery of all six cases at the end of first water cycle is almost identical, which provides a 

baseline to allow the flow behaviour occurring in subsequent cycles to be comparable among the six 

cases.   

2. First gas cycle (0.4-0.8 PVI) 

At the early stage of gas displacement, the cases with water-wet capillary pressure (Case C and Case F) 

have the best recovery performance whereas the oil-wet case (Case D) has the lowest oil recovery.  This 

is because the water-wet capillary force has led gas to flow preferentially into the high-permeability 

zones and maximize the compositional stripping MCE mechanism in these areas.  However, such short-

term benefits from water-wet capillarity are at the price of a poor sweep efficiency, i.e. the long-term 

oil recovery.  On the other hand, the oil-wet capillary force causes gas imbibe into low-permeability 

zones and slow down oil displacement.   For this reason, the oil recovery of Case D is lowest among 

six cases at the end of first gas cycle.  However, the short-term disadvantage of oil-wet system results 

in a much better oil recovery than the water-wet system later in the WAG cycle, as described below.   

3. Second water cycle (0.8-1.2 PVI) 

During the second water cycle, the viscous crossflow, which is the key flow feature to recover the oil 

previously bypassed by gas, can be significantly enhanced by MIFT.  Case A, which includes only the 

compositional mechanism MCE (no MIFT), has become the worst scenario by the end of this cycle.  On 

the other hand, the redistribution of gas is restricted (but not eliminated) by the gas-trapping effects.  

For this reason, the recovery curves of Case E and Case F rise less than that of Case B and Case C, 

respectively. 

4. Second gas cycle (1.2-1.6 PVI)  

Oil production has reached a plateau in cases with water-wet capillarity (Case C and Case F).  This is 

because the oil in high-permeability zones has been mostly recovered.  The contacts between CO2 and 

oil are almost negligible in low-permeability zones.  For this reason, neither MCE nor MIFT can be 

triggered to recover oil in these non-preferential routes, which leads to multiple isolated bypassed oil 

zones.   

5. Final water cycle (1.6-2.4 PVI) 

The rank of the oil recovery has experienced a dramatic change throughout the injection process.  Case 

B (no capillarity) and Case D (oil wet) have the best recovery performance (close to 90%) among all 

six cases at the end.  On the other hand, Case F, which incorporates both water-wet capillarity and the 

effects of gas trapping, is only better than Case A (MCE only).   

Varying injection strategies to reduce negative impacts of water-wet capillary forces 

In the previous section, we have managed to identify and explain the major negative impacts of water-

wet capillary forces on the oil recovery.  The positive pressure difference between gas and water 

aggravates the fingering flow of gas and greatly degrades the sweep efficiency.  As shown in Figure 22, 
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neither MCE nor MIFT can be triggered to recover the oil trapped in those low-permeability zones.  

Clearly, it is of great practical interest to know how to avoid or minimize such issues of oil displacement 

by CO2.  Therefore, we performed a preliminary test on another injection strategy to briefly address the 

practical concerns.  The injection strategy, which applies CO2 injection at first (denoted as WAG2), is 

presented in Table 4.  All the other settings, such as well controls, are inherited from previous cases 

presented above.  Results shown in this section correspond to the step #4, Cases G and H, as outlined 

in Table 3.  

     

WAG2 

(2.4 PV in total) 

1st G 1st W 2nd G 2nd W 

0.4 PV 0.4 PV 0.4 PV 1.2 PV 

Table 4 Injection strategy with CO2 injected first. 

 

 

Figure 25 Remaining oil saturation after WAG injection (2.4 PV) of Case G (MCE and MIFT with WAG2) 

and Case F (MCE, MIFT and water-wet capillarity with WAG2). 

 

As seen in Figure 25, the joint actions of MCE and MIFT can still recover most of the oil in Case G with 

the injection strategy of WAG2.  The oil recovery after 2.4 PVI of WAG is about 91%.  Interestingly, 

the overall displacement performance of Case H is only modestly degraded by the water-wet capillary 

forces.  Compare to Case C (Figure 12), there are much less bypassed oil zones arising in Case H.  In 

other words, the negative impacts of water-wet capillary forces are much less when the CO2 injection 

is applied prior to any water injection.  This is because the phase pressure of gas and oil are assumed 

equal under near-miscible conditions (Figure 6).  The viscous crossflow is hardly affected during the 

first injection cycle of gas and water in Case H.  In other words, the water-wet capillary pressure can 

only form entry barriers to gas displacing oil in low-permeability zones at the later stage of 

displacements, when pores are dominantly occupied by water.  At the end of 2.4 PV WAG injection, 

the oil recovery of Case H is only 3% lower than Case G whereas the difference of oil recovery between 
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Case B and Case C is up to 9% (Table 5).  As expected, there is only a slight skewness of pore occupancy 

of oil at the end of each injection cycle (See Figure 26).  Results of oil recovery of all eight cases (A to 

H) are summarized in Table 5. 

 

 

Figure 26 Snapshot of phase occupancy with permeability of Case H at the end of each cycle with 

WAG2. 

 

Step Mechanisms included in cases Oil recovery 

#1 

A. M
CE

 acting only  

B. M
CE

 + M
IFT

 

A: 72% 

B: 90% 

#2  

C. M
CE

 + M
IFT 

+ water-wet capillarity 

D. M
CE

 + M
IFT 

+ oil-wet capillarity 

C: 81% 

D: 89% 

#3 

E. M
CE

 + M
IFT

 + gas trapping 

F. M
CE

 + M
IFT 

+ gas trapping + water wet capillarity 

E: 85% 

F: 77%  

#4 
G. MCE + MIFT with WAG2 

H. MCE + MIFT + water-wet capillarity with WAG2 

G: 91% 

H: 88% 

Table 5 Oil recovery of all eight cases (A-H) at the end of 2.4 PV WAG injection.   
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Conclusions 

Based on the synthesis incorporating two major mechanisms by which oil can be mobilised during near-

miscible WAG displacement (MCE and MIFT), we extend our research to 2 other aspects of the 

multiphase flow physics of WAG, i.e. capillarity and gas trapping.  With the use of very-fine scale full-

compositional simulations (Δx=0.05m), we have studied the impacts of several physical processes 

which arise at laboratory scales, and we demonstrate their effect at a scale of a reservoir simulation grid 

cell (50m×10m).  Combined with our previous studies (Wang et al., 2019; Wang et al., 2020a; Wang 

et al., 2020b), we demonstrate how different mechanisms (MCE and MIFT) cause different effects in 

different places (preferential and non-preferential routes) at different times (water/gas cycle), and this 

balance depends on capillarity (wettability) and gas trapping during the process of near-miscible CO2-

WAG displacement.  Specifically, we have made the following four principal observations.  

 

1. Viscous crossflow, which plays a key role in the recovery of bypassed oil, can be greatly amplified 

by MIFT, which occurs under near-miscible conditions.  However, such benefits are highly dependent 

on its interactions with other multiphase flow behaviour, i.e. capillarity and gas trapping.   

2. Water-wet capillarity accelerates the production rate of oil by causing gas to flow into high-

permeability (preferential flow) zones in the early stages of displacement.  The severely imbalanced 

displacement maximizes MCE occurring in preferential routes of gas and brings short-term improvement 

in oil recovery.  However, the water-wet cases have the lowest oil recovery at the end (2.4 PVI) due to 

the poor sweep efficiency.  

3. If we change the injection strategy, and inject CO2 first, the negative impacts of water-wet capillary 

forces are greatly reduced.  The water-wet capillary pressure can only form entry barriers to gas 

displacing oil in low-permeability zones at the later stage of displacements when pores are dominantly 

occupied by water. 

4. The oil-wet capillary force slows down the oil recovery since more gas imbibes into low-permeability 

zones.  However, the final displacement performance in the oil-wet system is much better than the 

water-wet system, since it allows (indeed, encourages) the viscous crossflow to proceed as it did in the 

no-capillarity case.  

5. The effect of gas trapping can restrict (but not eliminate) the redistribution of gas and viscous 

crossflow during the secondary water cycles.  The mechanism of gas trapping only degrades the 

displacement performance in non-preferential routes and causes a moderate reduction in oil recovery at 

the end of the complete WAG cycle. 
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