
 

 

 

World CCUS Conference 2026 

September 2026, Edinburgh, United Kingdom 

Unlocking Discontinuous Residual Oil: A Pore-Scale Study on the Interaction of Swelling, 

Extraction, and Viscosity Reduction 

 

Introduction 

Carbon Capture, Utilization, and Storage (CCUS) is a vital strategy for reducing CO2 emissions while 

meeting energy demands (Davoodi et al. 2023, Ren et al. 2022). Among various CCUS technologies, 

CO2-enhanced oil recovery (CO2-EOR) is particularly effective. It improves oil production and provides 

reliable geological storage for CO2 (Al-Shargabi et al. 2022, Zhuang et al. 2024). During this process, 

multiple mechanisms—such as oil swelling, viscosity reduction, and light component extraction—play 
critical roles in mobilizing residual oil (Eyinla et al. 2023). While macro-scale recovery and storage 

potentials have been extensively quantified, the fundamental displacement efficiency is ultimately 

governed by complex gas-oil interactions at the pore scale. 

 

Recent studies have used microfluidic experiments and pore-scale simulations to explore these 
processes (Alhosani et al. 2021, Guo et al. 2022, Shi et al. 2024, Wang et al. 2024). These investigations 

have provided valuable visual evidence of fluid distribution and phase behavior under various reservoir 

conditions (Zhang et al. 2025). However, traditional models often simplify the complex interactions 

between fluid flow and species diffusion. The neglect of dynamic mass transfer can lead to inaccurate 

predictions of oil mobilization and gas storage capacity. While the Volume-of-Fluid (VOF) method 

combined with the Continuum Species Transfer (CST) approach has shown promise in tracking 
interfaces and mass transfer (Carrillo et al. 2020, Haroun et al. 2012, Maes and Soulaine 2020), it is still 

challenging to fully describe how swelling, extraction, and viscosity reduction together affect 

discontinuous residual oil at the pore scale. 

 

In this work, we employ an advanced multiphase-multicomponent simulation model based on the VOF-
CST approach to investigate the physics of discontinuous residual oil mobilization. Utilizing a 2D T-

shaped dead-end pore model, this study first analyze how CO2 diffusion, oil swelling, light component 

extraction and viscosity reduction work together to mobilize trapped oil during the gas injection process. 

Subsequently, we evaluate the displacement efficiency of CO2 under water film conditions, specifically 

focusing on how CO2 penetrates water barriers to reach and mobilize residual oil. The findings aim to 

provide a theoretical foundation for optimizing CO2-EOR and storage performance in complex 
subsurface environments. 

 

Method  

The VOF method is used to track the gas-oil interface. The distribution of the two phases is defined by 

the phase fraction 𝛼 . Consider the multi-component mass transfer, the governing equations are 

expressed as follows (Bothe and Fleckenstein 2013, Deising et al. 2016, Raeini et al. 2012): 

 div 𝐮 = 𝑚̇(
1

𝜌o

−
1

𝜌g

)
 

(1) 

 𝜕𝑡(𝜌𝒖) − div 𝐒 = −∇𝑝 + 𝜌𝒈 + 𝒇Σ (2) 

 𝜕𝑡𝛼 + div(𝛼𝒖) + div(𝛼(1 − 𝛼)𝒖r) =
𝑚̇

𝜌o

 +  𝛼div(𝒖)
 

(3) 

 𝜕𝑡𝑐 + div(𝑐𝒖 + 𝒋) = 0 (4) 

where 𝒖 is the velocity. 𝜌 is the fluid density. 𝑝 is the pressure. 𝐒 = 𝜇(∇𝒖 + (∇𝒖)𝑻) is the viscous 

stress tensor. 𝜇 is the dynamic viscosity. 𝒈 is the gravity vector, and the gravity force. 𝒇Σ is the capillary 

force which dominates the subsurface seepage processes. The interfacial tension 𝜎  is considered 

constant throughout the simulation. 𝑐 is the species concentration. The diffusive flux 𝒋 = −𝑀𝐷∇𝑐 =
−𝐷∇𝜌 can be modelled using Fick’s law. 𝐷 is the molecular diffusivity and 𝑀 is the molar mass.  

The gas solubility controlled by concentration jump at the interface, which is given by Henry’s law with 

a constant coefficient 𝐻 (Haroun, Raynal and Legendre 2012, Marschall et al. 2012). 
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 𝑐𝑔 = 𝐻𝑐𝑜  (5) 

The concentration equation is resolved through a modified CST approach (Maes and Soulaine 2018). 

The diffusive flux 𝐣 is consisted as the sum of original diffusive flux and an additional CST flux (Haroun 
et al. 2010). 

 𝒋 = −𝐷̂∇𝑐 + 𝚽 (6) 

 𝚽 = (H − 1) 𝐷̂
𝑐

𝐻𝛼 + (1 − 𝛼)
∇𝛼

 
(7) 

 D̂ =
𝐻𝛼𝐷𝑜 + (1 − 𝛼)𝐷𝑔

𝐻𝛼 + (1 − 𝛼)

 
(8) 

where  D̂ is the equilibrium-based mean diffusion coefficient. The CST flux 𝚽 at the gas-fluid interface 

due to the concentration discontinuity limited by the solubility with different temperature and pressure 

conditions. 

This volumetric mass transfer rate ṁ also should be calculated and re-assigned into the governing 
equations. The total interfacial mass transfer rate of the gas-oil system can be calculated as (Maes and 

Soulaine 2020), 

 𝑚̇ = −
𝐷̂∇c − 𝚽

𝛼𝑌ℎ𝑐
∙ ∇𝛼 (9) 

where 𝑌ℎ𝑐 is the mole fraction of the solvent component (the heavy component) in oil.  

An additional smoothed symmetric mass transfer term is added to control the effective interface 

movement. More details of source term calculation and the corresponding verification can be found in 
previous work (Zhang et al. 2026). 

PVT test results show that changes in fluid composition consequently alter the wettability and interfacial 

tension between oil and gas (Sharbatian et al. 2018). Therefore, concentration-dependent models for 

contact angle and interfacial tension are required to describe the capillary-force variation under 

compositional effects. Assuming these parameters vary linearly with concentration, the 𝒇Σ  can be 

expressed as: 

 𝒇Σ = 𝒇Σmin
+ (𝒇Σmax

− 𝒇Σmin
)

caverage

cmax
 (10) 

where caverage is the local average concentration. cmax is the maximum concentration of dissolved gas, 

which is equal to the CO2 solubility. 

Similarly, a concentration-dependent viscosity model is implemented, where the oil phase viscosity 

decreases as CO2 dissolves. The quarter-law mixing rule was introduced (Afshari et al. 2018, Afshari 
et al. 2020), 

 𝜇o(𝑐𝑔) =  [
𝑐g  −  𝑐g,ini

𝑐g,inj  − 𝑐g,ini
𝜇g

−0.25 + (1 −
𝑐g  −  𝑐g,ini

𝑐g,inj − 𝑐g,ini
) 𝜇o

−0.25]−4 (11) 

where 𝑐𝑔  denotes the CO2 concentration. 𝑐𝑔,inj  is the inlet concentration. 𝑐𝑔,ini = 0  is the initial 

concentration of dissolved CO2 in the oil phase. 
 

Coupled Mechanisms in T-shaped Dead-end Pore 

The interaction between CO2 and oil was first validated using a 2D micro-PVT model. The verified 

simulation parameters are shown in the Table 1. Under 50°C and 11 MPa, a bidirectional mass transfer 

occurs: CO2 dissolves into the oil (swelling and viscosity reduction), while light oil components are 
extracted into the gas phase. The simulations were conducted in a T-shaped dead-end pore which 

consists of a blind-ended pore (region A). CO₂ was injected from the left inlet with a fixed injection 

velocity of 5 mm/s. The model is assumed to be oil-wet (contact angle 60°) based on in-situ contact 

angle measurements (Blunt et al. 2021). 

To quantify the impact of these mechanisms, three models were compared (Figure 1 ): 

Model 1 (No mass transfer): CO2 quickly bypasses the dead-end, leaving a residual oil saturation of 
0.76. 
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Model 2 (Swelling & Extraction): Swelling creates a reverse velocity component at the interface, 

slowing down displacement and delaying snap-off. Even after snap-off, extraction continues to mobilize 

oil, improving recovery by 19.87% compared to Model 1. 
Model 3 (Full Coupling): Adding viscosity reduction significantly enhances mobility. Using a power-

law viscosity model, the recovery increases by 29.95% over Model 1, proving that accurate viscosity-

concentration fitting is crucial for EOR assessment. 

 

Table 1  The fluid phase properties. 

Phase 
Density 

(kg/m
3
) 

Viscosity 
(Pa·s) 

Interfacial 

tension 

(mN/m) 

CO
2
 Light component Heavy component 

Mole 

fraction 
D 

H 

Mole 

fraction 
D 

H 

Mole 

fraction 
D 

H 

(%) (m
2
/s) (%) (m

2
/s) (%) (m

2
/s) 

Gas 502.6 3.6×10
-6
 

5 
100 8×10

-7
 

1.9 
0 1×10

-7
 

0.16 
0 / 

0 
Oil 710.5 1.4×10

-4
 0 4×10

-8
 67.5 8×10

-9
 32.5 1×10

-9
 

   

Figure 1  The liquid saturation curves (b) and oil saturation curves (c) with different models in a T-

shaped dead-end pore (a). 

Impact of Water on Mobilization Efficiency 

(1) Connate Water Conditions 

In a water-wet T-pore with 33.5% initial water saturation, some CO2 dissolves into the water phase. 
This reduces the CO2 concentration available for the oil phase by approximately 5%, leading to a 2.4% 

overestimation of recovery efficiency if water-solubility is ignored (Figure 2). 

 

Figure 2  The saturation curves (a) and the fluid density variations (b) during miscible gas flooding. 
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(2) Miscible Gas Injection after Waterflooding 

A critical finding is the mobilization of residual oil trapped behind a water film. As shown in Figure 3, 
the residual oil in the dead-end remains trapped without diffusion in water during CO2 injection. The 

water phase then can be an intermediate medium under simulation considering diffusion in water. The 

dissolved gas front moves faster than the gas-water interface, reaching the trapped oil through the water 

phase. This triggers swelling and viscosity reduction before direct gas-oil contact. Eventually, the 

thinning water film ruptures, allowing the oil and gas to mix and be produced. The simulation shows 

that after mixing, light and medium components are extracted first, leaving a higher relative 
concentration of heavy components in the dead-end.  

 

Figure 3  The phase distribution evolution (simulation without gas diffusion (a) and simulation with 

gas diffusion (b) ) and the curves of gas saturation and dissolved gas concentration (c). 

 

Conclusions 

This study utilized a pore-scale VOF-CST model to investigate the mobilization of discontinuous 
residual oil during CO2-EOR and storage. Here, we summarize the main findings: 

● The mobilization of trapped oil is driven by the dynamic coupling of swelling, extraction, and 

viscosity reduction. Compared to gas displacement without diffusion, the extraction mechanism 

contributes to a 19.87% improvement in recovery. When further coupled with a power-law viscosity 

reduction model, the recovery efficiency increases by 29.95%, demonstrating that the significant 
reduction in oil viscosity due to dissolved CO2 is a key driver for EOR. 

● In systems with connate water, the dissolution of CO2 into the aqueous phase reduces the gas 

concentration available for the oil phase by approximately 5%. This leads to a 2.4% overestimation of 

recovery efficiency if the gas solubility in water is ignored. 

● The water phase acts as a permeable medium for CO2. Dissolved gas can diffuse through water 

films to reach trapped oil clusters, triggering swelling and mobilization even before direct gas-oil 
contact. 
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