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ABSTRACT: Capillary end effects in drainage modeling in pore-scale can significantly affect the behavior of the invading non-

wetting phase fluid after breakthrough time. Because the difficulty of outflow boundary condition for mixed fluid in two-phase fluid 

flow simulation in pore-scale, the capillary end effect has been barely treated in previous numerical studies. In this study, we present a 

new pressure-constrained convective outflow boundary condition based on the linear convective equation for the volumetric fraction. 

Then, we conduct liquid CO2 drainage simulation in the brine saturated geological microfluidic chip with realistic fluid properties by 

using lattice Boltzmann method. The liquid CO2 is constantly injected through inlet zone. At the outlet boundary, brine and CO2 

pressures are independently controlled by the new boundary condition. We directly calculate capillary pressure in the porous zone by 

measuring interface curvatures until the breakthrough. Finally, we apply the compensation CO2 pressure at outlet boundary by the 

computed capillary pressure. As a result, the capillary end effect has been greatly reduced.  

  

 

1  INTRODUCTION AND MODELING 

Multi-phase fluids flow in porous media is common transport 
phenomena in geo-energy and -environmental problems such as 
infiltration, NAPLs, production of methane hydrate, enhanced 
oil recovery, and geological CO2 sequestration.  

In the CO2 drainage in pore-scale, an injection pressure of 
non-wetting phase fluid suddenly decreased when invading 
phase fluid percolated designed porous zone. This unwanted 
pressure drop, generally referred to the capillary end effect, 
significantly affect to the configuration of the drainage pattern 
and its saturation.  

The drainage modeling is a very challenging topic because 
the treatment for allowing a concurrent percolation of multi-
phase fluids at the outlet is highly unstable. To overcome this 
issue, previous studies have proposed the Neumann type and 
the convective type boundary conditions (Jiang and Tsuji 2016, 
Huang 2016, Yamabe et al. 2015). Even though the concurrent 
outflowing is possible, the solutions rarely reduce the pressure 
drop.  

In this study, we suggest a new pressure-constrained 
convective outflow boundary condition. The new boundary 
allows to independently keep constant pressure for each phase 
fluid after the breakthrough of invading phase fluid at the outlet. 
We simulate CO2 drainage simulation in the brine saturated 
geological microfluidic chip geometry by lattice Boltzmann 
method (LBM). In the CO2 drainage modeling, we present 
compensation pressure for the CO2 pressure at the outlet 
boundary by measuring capillary pressure. It prevents the 
pressure drop and reduces the shrinkage of invading CO2 phase 
successfully. 

1 .1  Rothman-Keller lattice Boltzmann method and outflow 
boundary condition  

To impose density and viscosity ratio for two-phase fluids flow 
simulation by LBM, we implement the modified Rothman-
Keller (RK) LBM with multi-relaxation time for enhancing 
numerical stability (Reis and Phillips 2007, Liu et al. 2015). 
The RK model conventionally assigns two fluids to red and 
blue fluids. In this study, red and blue fluids are brine and CO2 
respectively. The pressure is linearly proportional to the density 
based on ideal gasses law in the RK-LBM. At the outflow 
boundary, the two pressures for red and blue fluids are 
unknown values after particles propagation step. To realize 
unartificial outflow of mixed fluids with desired outlet pressure 
condition, we need to obtain the pressure (or density) of each 

fluid by the one equation because the sum of red and blue fluid 
pressures is already fixed as the desired outlet pressure.   

The volumetric fraction of k fluid near the outlet boundary is 
defined by Eq. 1.  
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Where the over-bar is the property of the pure fluid.  
To impose outflow of mixed fluids at outlet boundary, we 

apply the linear convective equation to the volumetric fraction 
of the k-fluid as Eq. 2. 
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Where dimensionless convective velocity Λ is selected by 

maximum value between mean velocity and local fluid velocity 
toward a normal outer direction on the boundary plane.  

The unknown density of the k-fluid is computed by Eq. 3.  
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Where 
,k out

  is the desired outlet density of the k-fluid in 

pure phase. 

 

1 .2  CO2 drainage modeling 

To simulate CO2 drainage modeling by the RK-LBM, we 
impose fluid properties of brine and liquid CO2 (LCO2) as 
shown in Table 1. In contrast incorrect fluid properties of 
previous studies for CO2 modeling, this study has applied 
realistic densities, viscosities and interface tension 
corresponding to brine and LCO2 (Jiang and Tsuji 2016, Liu et 
al. 2014, Yamabe et al. 2015). 

The simulation domain consists of inlet zone (left part) and 
porous zone (right part) as shown in figure 1. The size and the 
resolution of the domain are 12.563mm×29.597mm and 
0.0085mm per lattice respectively. The porous zone is patterned 
by regular hexagonal particle assembly with slight perturbation. 
The particle radius and the mean gap between each nearest 
particle are 400μm and 120μm respectively. The contact angle 
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is set to 66◦. The injection LCO2 flow rate is 34.9mm2/s in this 
study.  
 
Table 1. Physical fluid properties and corresponding LB parameters for 
this study. 

 
Brine Carbon dioxide (liquid) 

Physical LBM Physical LBM 

Dynamic viscosity 7.1×10-4 Pa·s 0.005 6.2×10-5 Pa·s 4.36×10-4 

Density 1000.93 kg/m3 1 701 0.6983 

Interfacial tension   15.6 mN/m 0.0066 

*The properties are referred from Zheng et al., (2017). 

 
In the first, one simulation is performed without 

compensation of capillary pressure for outlet boundary pressure. 
Therefore, both outlet pressures of brine and CO2 are equal in 
the first simulation. The Fig. 1(a) is final configuration of the 
first simulation and shows low saturation of non-wetting phase 
fluid (CO2) near the outlet boundary, referred to capillary end 
effects, as shown in Fig. 1(a). The capillary end effect is caused 
by the release of excess non-wetting phase fluid pressure at 
outlet boundary as a leaky balloon.  

     
(a) 

 
(b) 

 
Figure 1. (a) Configuration of invading CO2 (yellow) and displaced 
brine (blue) in micromodel at equilibrium state without compensation 
of outlet pressures corresponding to capillary pressure. (b) The injection 
pressure and the CO2 saturation evolutions with time. 

 
The injection pressure rapidly increased after starting 

infiltration as shown in Fig. 1(a). The CO2 saturation gradually 
decreased until breakthrough time due to replacing embedded 
brine by invading CO2 which is less viscous. After 
breakthrough, pressure rapidly decreases, and CO2 phase near 
the outlet boundary is shrunk in an instant. 

The CO2 saturation in Fig. 1(b) is computed in the porous 
zone and piecewise linearly increases after infiltration time. 

To determine the compensation pressure, we extract phase 
interface between invading CO2 connected from the inlet 
boundary and brine connected from the outlet boundary. By 
volume and time averaging of the interface curvature, we have 
obtained mean interface curvature until breakthrough. Then, the 
compensation pressure is 107.45Pa obtained from the Young-
Laplace equation.  
The second simulation is performed as first simulation 
condition with the compensation pressure as shown in Fig. 2(a). 
Fig. 2(a) shows more high and uniform CO2 distribution than 
Fig. 1(a).  

Fig 2.(b) also shows that the rapid decreasing of injection 
pressure is removed and the CO2 saturation is higher than the 
first simulation. Therefore, the compensation pressure method 
has successfully reduced the capillary end effect.  
 
(a) 

 

(b) 

 

Figure 2. (a) Configuration of invading CO2 (yellow) and displaced 

brine (blue) in micromodel at equilibrium state with compensation of 

outlet pressures corresponding to capillary pressure. (b) The injection 

pressure and the CO2 saturation evolutions with time. 

2  CONCLUSION 

In this study, we perform CO2 drainage modeling in geological 
microfluidic chip geometry by RK-LBM. The simulation is 
addressed by using realistic fluid properties and advanced 
outflow boundary condition. We show that the CO2 
configuration, injection pressure, and saturation are affected by 
capillary end effect. By compensation pressure obtained from 
phase interface curvature before breakthrough time, we have 
successfully reduced the capillary end effect. 
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