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Abstract  1 

In the application of two-phase flow in porous media within the context of CO2 sequestration, 2 

a non-wetting phase is used to displace a wetting phase residing in-situ to the maximum extent 3 

through a network of pore conduits. The storage performance of this physical process can be 4 

assessed through numerical simulations where transport properties are usually described 5 

using the Brooks & Corey (BC) or van Genuchten (vG) model. The empirical constant, namely 6 

the pore geometry index, is a primary parameter in both of these models and experimental 7 

evidence shows a variation in the value of this empirical constant. It is, therefore, essential to 8 

cast this empirical constant into a ternary diagram for all types of clastic porous media to 9 

demarcate the efficiency of two-phase flow processes in terms of the pore geometry index 10 

(PGI). In doing so, this approach can be used as a tool for designing more efficient processes, 11 

as well as for the normative characterisation of two-phase flow, taking into consideration the 12 

predominance of capillary pressure or relative permeability effects. This concept is based on 13 

the existence of a PGI estimation for clastic sediments, for which the value for 12 sediment 14 

mixtures fall between 1.01 and 3.00. Statistical data obtained from soil physics is used for 15 

developing and validating numerical models where a good match is observed in numerical 16 

simulations. In this context, a new methodology for the effective characterisation of PGI for 17 

different clastic rocks is proposed. This paper presents theoretical observations and 18 

continuum-scale numerical simulation results of a PGI characterisation for the prediction of 19 

the hydraulic properties of clastic reservoir rocks. The effect of key parameters in the vG 20 

empirical model, such as the pressure strength coefficient and the PGI, is incorporated into 21 

the simulation analysis. In particular, the model is used to investigate the effects of parameter 22 

representation on CO2 storage performance in a saline aquifer. Subsequent analysis shows 23 

that the PGI is a very important parameter for defining the flow characteristics of simulation 24 

models. It can also be flexibly changed for each rock type and this approach may thus be 25 

practical when simulating the evolution of CO2 plume in reservoirs with sedimentary 26 

heterogeneities, such as intra-aquifer aquitard layers or graded beds. The use of the realistic 27 

PGI boundaries promises a more precise description of the hydraulic behaviour in sandstones 28 

and shale when using either the BC or vG model. 29 

 

Keywords: CO2 sequestration; Two-phase flow in porous media; Pore geometry index; 30 

Numerical simulation, Relative permeability; Capillary pressure 31 
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1 Introduction  32 

Reservoir modelling is a decisive tool for predicting CO2 storage performance as it provides 33 

insight into the dominant processes of multi-phase fluid flow in a subsurface geologic media. 34 

It improves the understanding of fluid/rock interaction at different spatial and temporal scales, 35 

allowing accurate quantification of sequestration capacity and formation integrity, provided the 36 

geological data is not limiting. Sedimentary heterogeneities, primarily influenced by the 37 

geometry of depositional facies that control permeability structure, can be a limiting factor on 38 

characteristic hydraulic data of a storage unit. A scarcity of data on hydraulic properties, such 39 

as relative permeability [kr] and capillary pressure [Pc] provide a challenge to dynamic flow 40 

modelling. Such scarcity is attributed to the site-specificity and tedious experimental validation 41 

of the kr and Pc functions. Consequently, empirical models such as those proposed by Brooks 42 

and Corey (1964) and van Genuchten (1980) play an integral role in the description of kr and 43 

Pc functions for geological formations. In view of the spatial variability factor associated with 44 

reservoir-scale investigations, these empirical models provide a viable means to characterise 45 

“capillary pressure - relative permeability - wetting saturation” (Pc – kr – Sw) relations which 46 

aids in the accuracy of numerical solution to multi-phase fluid flow in porous media. Oostrom 47 

et al. (2016) conducted a comparative study on the performance of empirical models employed 48 

for CO2 geo-storage and identified van Genuchten-Mualem-Corey (vG-MC) and Brooks-49 

Corey-variable-Corey (BC-vC) models as the most suitable for scCO2 injection simulations: 50 

𝑆𝑒𝑤 =  
𝑆𝑤− 𝑆𝑤𝑟

𝑆𝑤,𝑚𝑎𝑥 − 𝑆𝑤𝑟 − 𝑆𝑛𝑟
      (1) 51 

vG-MC:  𝑃𝑐 = 𝑃𝑔[(𝑆𝑒𝑤)−1 𝑚⁄ − 1]
1 𝑛⁄

     (2) 52 

  𝑘𝑟𝑤 =  (𝑆𝑒𝑤)0.5  [1 −  (1 − (𝑆𝑒𝑤)
1

𝑚⁄ )
𝑚

]
2

   (3) 53 

  𝑘𝑟𝑛 =  𝑘𝑟𝑛
0  ∙ (1 − 𝑆𝑒𝑤)2(1 − 𝑆𝑒𝑤

2 )     (4) 54 

BC-vC:  𝑃𝑐 =  𝑃𝑒 (𝑆𝑒𝑤)−
1

λ      (5) 55 

  𝑘𝑟𝑤 = (𝑆𝑒𝑤)𝑋       (6) 56 

𝑘𝑟𝑛 = 𝑘𝑟𝑛
0  ∙ (1 − 𝑆𝑒𝑤)2. [1 − (𝑆𝑒𝑤)𝑌]    (7) 57 

where Sew is the effective wetting saturation, Sw is the wetting saturation, and Swr is the residual 58 

wetting saturation. The parameters, Sw,max (the maximum wetting saturation) and Snr (the 59 

residual non-wetting saturation) are determined by the flow dynamics. For the primary 60 

drainage (drying) curve, Snr = 0 and Sw,max is usually assumed as 1 for a wetting system, while 61 

for the primary imbibition (wetting) curve, Snr = Snr,max; and Sw,max ≠ 1. Pe is the capillary entry 62 

pressure,  𝑘𝑟𝑛
0  is the end-point relative permeability to the non-wetting phase, and Pg is the 63 

strength coefficient expressed as the inverse of the pressure scaling parameter, α. The 64 
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variables, λ, n, and m are fitting parameters known as the pore size/geometry index while X 65 

and Y are known as Corey exponents for the wetting and non-wetting phase, respectively.  66 

Justifications for the wide utilisation of these geometry-based empirical models include the 67 

relative ease of their implementation in numerical simulators in the absence of site-specific Pc 68 

– kr – Sw data, as well as the relative fit of experimentally determined Pc – kr – Sw curves to the 69 

BC-vC model through λ, X and Y e.g. Perrin and Benson (2010), Bachu (2013), and Krevor et 70 

al. (2012). The use of the BC-vC rather than vG-MC for this purpose is mainly due to the 71 

inclusion on the capillary entry pressure in the former. Nevertheless, the latter approach has 72 

been increasingly adopted in the numerical modelling of subsurface scCO2 and brine transport 73 

during the last decade (Birkholzer et al., 2015; Doughty, 2010; Liu et al., 2011; Middleton et 74 

al., 2012; Okwen et al., 2011; Pruess and Nordbotten, 2011; Yamamoto and Doughty, 2011; 75 

Zhou et al., 2010). Most of these studies, however, utilised the van Genuchten model within 76 

simplified parametric descriptions of the pore geometry index [n] and the strength coefficient 77 

[Pg], which may require revising. The first important consideration is the description of n [where 78 

n = 1/(1-m)], which usually includes a generic value of n ≈ 2.0 for sandstone aquifer and even 79 

shale aquitard (see Birkholzer et al., 2009; Espinet et al., 2013; and Gor et al., 2013). This 80 

assumption may not be ideal practice in geological CO2 sequestration (GCS) since the 81 

variability in the pore size index normally provides a reasonable fit to available experimental 82 

data (Doughty et al., 2008). Secondly, the strength coefficient Pg (where 𝑃𝑔 = 1 𝛼⁄ ) in the vG-83 

MC model has been referred to as the capillary entry pressure [Pe] in studies by Zhou et al. 84 

(2008) and Mathias et al. (2013). This is inconsistent with van Genuchten’s (1980) description 85 

of the pressure scaling parameter at the maximum pore throat radius [Rmax] which is larger 86 

than the capillary entry pressure i.e. αPe < 1. According to van Genuchten (1980), an inflection 87 

point on the capillary pressure curve is usually required in order to determine the value for the 88 

model’s pressure scaling parameter [𝛼]. Hence an assumption of αPe = 1 usually results in a 89 

wide discrepancy between the BC’s and vG’s description of the flow model. Nevertheless, the 90 

introduction of capillary entry pressure is generally advisable when using the Mualem model 91 

(as is the case with vG-MC) irrespective of the parameter function used to describe the 92 

effective wetting saturation (Ippisch et al., 2006). The crucial point in applying Mualem’s model 93 

is the correct evaluation of the integral:  94 

∫
1

𝑃𝑐(𝑆𝑤)
𝑑𝑆𝑤 = − ∫

1

𝑃𝑐(𝑆𝑤)
∙

𝑑𝑆

𝑑𝑃𝑐
∙ 𝑑𝑃𝑐

∞

𝑃𝑐(𝑆𝑒𝑤)

𝑆𝑒𝑤

0
    (8) 95 

If a capillary entry pressure value is not introduced in the parameterisation of the capillary 96 

pressure curve then a decrease in the absolute value of the derivative of the capillary pressure 97 

curve |
𝑑𝑆

𝑑𝑃𝑐
| must be faster than the increase of 

1

𝑃𝑐
 for 𝑃𝑐 → 0. These conditions are general and 98 

independent of the specific model used for the capillary pressure curve. Thus, the absence of 99 
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the capillary entry pressure in the vG model imposes a constraint of n ≥ 1.88 when it is coupled 100 

to the Mualem model (Fuentes et al., 1992). However, fine-textured sediments may exhibit n-101 

values in the range of 1 < n < 2 (e.g. Carsel and Parrish, 1988), therefore, the introduction of 102 

a capillary entry pressure in the vG model is obligatory if n < 2 (Ippisch et al., 2006). It becomes 103 

advisable to introduce some sort of parameter equivalence between the van Genutchten and 104 

Brooks-Corey equations when describing the hydraulic properties of sedimentary formations 105 

using vG model. This helps to quantify the capillary entry pressure during vG computations.  106 

To the best of our knowledge, no numerical study has been conducted to determine whether 107 

the constancy of the pore geometry parameter in a field introduces a bias in the predicted CO2 108 

storage performance. Besides, little information exists on the effect of using different values 109 

for n to represent different rock lithologies in a reservoir/seal system. To begin addressing 110 

these issues this study applies linear parameter estimation techniques to fit vG’s pore 111 

geometry parameter [n] in soil hydraulic behaviour to the rock hydraulic behaviour. This 112 

approach is implemented by comparing the different heterogeneous pore systems of sand and 113 

clay and their consolidated counterparts, sandstone and claystone, assuming the same level 114 

of consolidation, no cementation, and the percentage composition of clastic sediments are 115 

approximal in both porous media. This should avoid discrepancies in the systematic behaviour 116 

of predicted relative permeabilities in soils and rocks. Of particular interest is information on 117 

improving the predicted values of relative permeability that do not require prolonged 118 

experimental measurements for validation purposes. Rather than focus on all sedimentary 119 

rock types that are suitable for GCS, this paper only highlights siliciclastic rocks which have 120 

defined grain-size categories. Once estimated, the optimised model parameters will be used 121 

to investigate the relationships between sedimentary heterogeneities in siliciclastic rocks and 122 

CO2 storage performance in aquifers. Since the Pc – kr – Sw relationship is expressed in the 123 

form of analytical functions facilitating their inclusion into numerical simulation models, it 124 

should enable a rapid comparison of the hydraulic properties of different siliciclastic rocks.  125 

The specific purpose of this study is to characterise the pore geometry index of the vG-MC 126 

model to siliciclastic rock formations. This study adopts a of clastic rock classification based 127 

on particle size and chosen sediment structures (Potter et al., 1980; Stow, 1981). Herein, 128 

principles and methods used in soil mechanics are applied, utilising a limited set of predictors 129 

that focus mainly on grain size distribution. The contribution of other effects such as the 130 

wettability of the porous medium, fluid viscosity and the interfacial tension between the fluids 131 

in contact is not considered in the parameterisation scheme.  132 
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2 Description of pore geometry index, n, in vG model for siliciclastic rocks 133 

Volumetrically, siliciclastic rocks are the dominant sedimentary formations for GCS (Boggs, 134 

2009). To describe the pore geometry index in van Genuchten model for clastic rocks, it is 135 

important to first define such rocks. Clasts or rock fragments vary in size from fine clay and 136 

silt, through sand, to coarse-grained pebble, cobble and boulder. Sand clasts are defined by 137 

the United States Department of Agriculture (USDA, 1987) and the British Standards 138 

Institution (BSI, 1990) as having a diameter from 0.06 to 2.00 mm. Silt clasts are 0.06 to 0.002 139 

mm, while clay is ≤ 0.002 mm. Using the Wentworth (1922) Scale, the terms very coarse 140 

sandstone, coarse sandstone, medium sandstone, fine sandstone, and very fine sandstone 141 

are used for psammites (Table 1). However, some fine-grained sedimentary rocks are not as 142 

precisely defined, while the classification of shale is more ambiguous (Flemming, 2000; 143 

Macquaker and Adams, 2003; Picard, 1971; Potter et al., 2005). Shale has been regarded as 144 

mudrocks that show fissility, i.e. a strong tendency to split or break (Ingram, 1953). Mudrocks 145 

exhibit a much wider grain size distribution than sandstones, with grain diameters typically 146 

ranging over three orders of magnitude, and include both silts and clays (Aplin et al., 1999; 147 

Dewhurst et al., 1998). 148 

Geological size 

(mm) 

Sediment 

Texture 

General term for Consolidated 

Rock 

2.0 - 1.0 
Very coarse 

sand 

Sandstone 
1.0 - 0.5 Coarse sand 

0.5 - 0.25 Medium sand 

0.25 - 0.125 Fine sand 

0.125 - 0.0625 Very fine sand 

0.0625 - 0.0313 Coarse silt 

Siltstone Mudrock 

(Shale) 

0.0313 - 0.0156 Medium silt 

0.0156 - 0.0078 Fine silt 

0.0078 - 0.0039 Very fine silt 

< 0.0039 Clay Claystone 

Table 1: The Wentworth scale for clastic sediments (Wentworth, 1922) 149 

Siliciclastic rocks can be classified using the soil textural triangle developed by the US 150 

Department of Agriculture (USDA, 1987) and the recommended ternary diagram for naming 151 

clasts (Shepard, 1954) as shown in Fig. 1. This classification scheme can be further sub-152 

divided into muddy sand and sandy mud (Fig. 2) and is used to define siliciclastic rocks (Table 153 

2). 154 
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 155 
Fig. 1: Correlation between USDA (1987) soil texture triangle and recommended conceptual 156 

scheme for the nomenclature of mixed clastic sediments. NB: See Appendix A, Fig A1 for 157 

seperate triangles. 158 

 159 
Fig. 2: Sub-division of the sand silt-clay triangle in Fig. 1 160 

Recommended 
nomenclature 

for clastic 
sediments 

(from Shepard 
1954) 

Equivalent 
textural 

classification 
(from USDA 

1987) 

Sedimentary composition 
(adopted from USDA 1987) 

Proposed 
terminology 
for clastic 
rock in this 

study 

General 
term for 

sedimentary 
rock in 

literature 

% 
Sand 

% Silt % Clay 

Sand Sand ≥ 85 Silt + 1.5Clay ≤ 15 
Coarse- 
textured 

Sandstone 
Sandstone 
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Loamy Sand 70 - 85 Silt + 2Clay ≤ 30 
Medium- 
textured 

Sandstone 

Silty Sand  Sandy Loam ≥ 50 
Silt + 
2Clay 
> 30 

≤ 20 

Fine-
textured or 

Silty 
Sandstone 

Sandstone 

Clayey Sand  
Sandy Clay 

Loam 
≥ 45 < 28 20 - 35 

Very Fine-
textured or 

Clayey 
Sandstone 

Sandstone 

Sandy Silt  Silt Loam  ≥ 50 < 27 

Coarse-
textured or 

Sandy 
Siltstone 

Sandstone 

Silt Silt  ≥ 80 < 12 Siltstone Mudrock 

Clayey Silt  
Silty Clay 

Loam 
< 20  

27 ≤ Clay 
≥ 40 

Clayey 
Siltstone or 

Silty 
Mudstone 

Mudrock 

Muddy Sand* 

Sandy Clay 
Loam + Loam 
+ Clay Loam 

+ Clay 

≥ 50* Clay + 2Silt ≥ 40* 
Muddy 

Sandstone* 
Sandstone 

Sandy Mud* 
Silt Loam + 

Loam + Clay 
Loam + Clay 

20 – 
45* 

Clay + Silt ≥ 40* Mudstone*  Mudrock 

Sandy Clay Sandy Clay ≥ 45  ≥ 35 
Sandy 

Claystone 
Mudrock 

Silty Clay Silty Clay  ≥ 40 ≥ 40 
Silty 

Claystone  
Mudrock 

Clay Clay < 45 < 40 ≥ 40 Claystone Mudrock 

*Nomenclature and sedimentary composition suggested in this study 

Table 2: Naming convention proposed for siliciclastic rocks 161 

Carsel and Parrish (1988) estimated, through statistical analysis of a sample size between 46 162 

and 1183, the spatial representation of van Genuchten’s (1980) pore geometry parameter [n] 163 

in all twelve of the USDA’s soil textural classes. The application of this data provides a basis 164 

upon which associated pore geometry index for the siliciclastic rocks, as defined in Table 2 165 

are referred to in this study. Estimated vG n-values are extapolated for the siliciclastic rocks 166 

and shown in Table 3. This is based on the applicability of the van Genuchten model in both 167 

soil and rock mechanics. Fundamental to this approach, however, is the need to establish 168 

good approximations to empirical distributions for n-values for each siliciclastic rock in Table 169 

3. In this regard, a senstivity analysis on n-values ranging from 1.01 to 3.00 is described in 170 

Section 4. 171 
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Siliciclastic rock 
Pore-geometry parameter, n 

(from Carsel and Parrish, 
1988) 

Textural classification 
adopted for siliclastic rocks in 

this study 

Coarse Sandstone 2.68 
Very coarse 

Sandstone 2.28 

Silty Sandstone 1.89 

Coarse Muddy Sandstone 1.56 

Clayey Sandstone 1.48 

Sandy Siltstone 1.41 

Medium Siltstone 1.37 

Mudstone 1.31 

Clayey Siltstone or Silty 
Mudstone 

1.23 
Fine 

Sandy Claystone 1.23 

Silty Claystone  1.09 
Very fine 

Claystone 1.09 

Table 3: Descriptive n-values in van Genuchten model for clastic rocks 172 

3 Parameter equivalence between BC and vG models  173 

In the vG Pc model (Eqn. 2), the pressure scaling parameter, 𝛼 (where 𝛼 = 1 𝑃𝑔⁄ ) the pore 174 

geometry index, n, the maximum wetting saturation, Sw,max, and the residual wetting saturation, 175 

Swr, are independent parameters that can be estimated from experimental Pc – Sw data. It is 176 

convenient to express Sw,max = 1 and assume that Swr (the water content where Sew equals 177 

zero) is a well-defined parameter in GCS of water-wet systems. Theoretical descriptions of 𝛼 178 

in literature are usually through a parameter equivalence between BC and vG, which describes 179 

an empirical relationship between the capillary entry pressure [Pe] in BC models and the 180 

pressure-scaling parameter [𝛼] in vG models. Van Genuchten (1980) suggested that for large 181 

capillary pressure values, which will be the case in fine-textured sediments, the classical vG 182 

model reduces to the BC model where λ = mn. In an attempt to account for all sediment 183 

textures, i.e. from coarse to fine grained, Ippisch et al. (2006) modified the van Genutchen 184 

model to directly incorporate a capillary entry pressure value by introducing a parameter, Sc 185 

(where Sc, the saturation at cut-off point, = [1 +  (𝛼𝑃𝑒)𝑛]−𝑚]) but this term is restricted to fluid 186 

models where 𝛼𝑃𝑒 ≫ 1. Vogel and Cislerova’s (1988) proposition for deriving a van Genuchten 187 

model including a capillary entry pressure introduced an arbitrary parameter, Sm (where Sm ≥ 188 

Sw,max). However, this arbitrary parameter makes the author’s theorem unsuitable in describing 189 

completely water wet systems and should only be considered as an additional fitting parameter 190 

that may enable a more precise description of kr and Pc functions near saturation, especially 191 

for n < 2 (Vogel et al., 2000). Li et al. (2013) described a vG-type Pc model (Eqn. 9) with the 192 
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inclusion of a “threshold” non-wetting phase saturation, Snt, which defines the width of the 193 

entry-slope region in the vG model (Fig. 3).  194 

 195 

Fig. 3: Description of Pc – Sw curves for vG and BC analytical models 196 

𝑃𝑐 =  𝑃𝑒 (
𝑆𝑤−𝑆𝑤𝑟

1−𝑆𝑤𝑟
)

−
1

𝜆
   if Swr ≤ Sw ≤ 1 – Snt    (9a) 197 

𝑃𝑐 =
𝑃𝑒

𝑆𝑛𝑡
(

1−𝑆𝑛𝑡−𝑆𝑤𝑟

1− 𝑆𝑤𝑟
)

−
1

𝜆 (1 − 𝑆𝑤)     if 1 – Snt < Sw ≤ 1  (9b) 198 

Eqn. 9, however, does not reflect the original van Genuchten model and is theoretically a 199 

replica of the BC model where an exception is made for the capillary pressure at a wetting 200 

saturation of unity to be equivalent to zero, i.e. Pc(Swr=1) = 0. Morel-Seytoux et al. (1996) 201 

suggested a parameter equivalence between Brooks-Corey and van Genuchten by 202 

introducing the following mathematical expressions for coupled Mualem formulations (Eqn. 203 

10). Its applicability is, however, limited as it is based on a fully defined value for the pore 204 

scaling parameter [𝛼] and fails to identify a relationship between the pore size index of Brooks-205 

Corey model, λ and van Genuchten model, n. 206 

𝑃𝑒 =  (
1

𝛼
)

(𝑝+3)

2𝑝(𝑝−1)
(

147+8.1𝑝+0.092𝑝2

55.6+7.4𝑝+ 𝑝2 )  where  𝑝 = 1 + (2 𝑚⁄ ).  (10) 207 

Lenhard et al. (1989) identified this relationship in the authors’ mathematical expressions for 208 

parameter equivalence between Brooks-Corey and van Genuchten for Pc > Pe: 209 

λ =
𝑚

1−𝑚
(1 − 𝑍

1

𝑚)      (11) 210 

where Z represents the match-point effective wetting saturation, i.e. midway between the 211 

saturated wetting fluid saturation and irreducible saturation, and equals 0.5. In this study, Eqn. 212 

11 agrees with van Genuchten’s (1980) summation that λ is equivalent to the product of m 213 

and n for fine-textured sediments. This is seen in Table 3 for λ-values of fine and very fine 214 

siliciclastic rocks, correct to one decimal place. Therefore, the parameter equivalence for BC 215 

and vG employed herein is described by:  216 

𝛼 =
(𝑆𝑒𝑤)

1
λ

𝑃𝑒
∙ [(𝑆𝑒𝑤)−1 𝑚⁄ − 1]

1−𝑚
     (12) 217 

where λ is computed from Eqn. 11. 218 
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4 Pore Geometry Index, n, sensitivity study for CO2 geo-sequestration 219 

A sensitivity analysis is presented here to distinguish between the values for n (i.e. n-values) 220 

that have the same significance on in-situ CO2 plume shape and overall assessment of CO2 221 

geo-storage. Using the vG-MC model, hysteretic Pc – kr – Sw curves are computed for n-values 222 

ranging from 1.01 to 3.00, with an increment of 0.01, to account for each value of n listed in 223 

Table 3. The approach taken in this study requires a realistic characterisation of parameter 224 

uncertainty, therefore, the residual wetting saturation [Swr] is held constant for all values of n. 225 

This indicates a constant relative permeability to the non-wetting phase [krCO2] in the sensitivity 226 

study thus accounting for the role of the pore geometry index in CO2 storage performance. To 227 

make the sensitivity analysis computationally tractable, the system model assumes a 200m-228 

thick isotropic saline aquifer with axisymmetric geometry of 1km in radial length and an 229 

incompressible siliciclastic rock with homogeneous rock properties. The reservoir is initially 230 

fully saturated with brine and no-flow conditions are assumed across the lateral and vertical 231 

boundaries of the domain. A black oil simulator, ECLIPSE 100 (E100), is used to simulate the 232 

injection of supercritical CO2 (scCO2) through a single injection well into the reservoir under 233 

isothermal conditions. The well is situated at the leftmost boundary (r = 0), perforated across 234 

the bottom half of the permeable reservoir, and scCO2 is injected for 10 years at a constant 235 

rate of 0.3 Mt/year. The radius of the domain and injection rate of CO2 are chosen so that the 236 

gas saturation front is far from the boundary and there is negligible effect of these parameters 237 

on the motion of the saturation front during the injection period. Irreducible CO2 saturation for 238 

drainage and imbibition are assumed to be 0 and 0.412, respectively. Other parameters used 239 

in the simulation are summarised in Table 4.  240 

Parameter Value 

Porosity 0.14 

Permeability 50 mD 

Initial pressure 10,000 KPa 

Temperature 33°C 

Brine salinity 300,000 ppm 

Capillary entry pressure 1.622 KPa 

Maximum brine saturation 1.0 

Residual brine saturation 0.3 

End-point relative permeability to brine 1.0 

End-point relative permeability to CO2 0.623 

Table 4: Parameters used for the E100 simulations 241 

In accounting for both parameter uncertainty and the role of the parameter [n] in the model, n-242 

values are ranked based on four criteria: (i) the shape of the plume, (ii) the maximum radial 243 

extension of the plume at the base of the reservoir model, (iii), the mobile gas fraction, and 244 
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(iv) the percentage volume of residual CO2 saturation, at the end of scCO2 injection. This is 245 

described in Section 4.1. Although residual trapping mostly occurs after CO2 injection stops 246 

owing to flow reversal where the wetting fluid imbibes into the CO2 plume. However, residual 247 

saturation can also occur during CO2 injection and this can be calculated when imbibition 248 

curves are introduced in the forward modelling exercise. At the onset of CO2 injection, the 249 

movement of CO2 plume as a gravity current in the reservoir will gradually lead to up-dip 250 

deceleration and subsequent isolation and immobilization of CO2 bubbles in pore spaces. This 251 

isolation is regarded, in literature, as “snap-off” of CO2 plume in the trailing edge. Dullien 252 

(1991) attributed this “snap-off” to wettability and capillary effects in the porous media.   253 

4.1 Parameter sensitivity analysis 254 

A MATLAB code coupled to ECLIPSE (see Appendix A, Algorithm A1) was employed to 255 

compute Pc – kr – Sw relations, using the vG model, and generate 200 realisations for reservoir 256 

simulation using the pore geometry spectrum n=1.10:0.01:3.00 (i.e. n varies from 1.10 to 3.00 257 

with incremental intervals of 0.01). Numerical simulations of CO2 injection for 1.01 ≤ n ≤ 1.09 258 

were truncated due to the extremely steep Pc – Sw curve for these n-values, thus hindering 259 

CO2 injection in the domain. Nevertheless, CO2 injection was initiated for all other n-values 260 

and the simulation results of injected CO2 with time showed a linear and constant relationship 261 

for all n-values. This culminated in a total injected CO2 of 3Mt in each sensitivity case for 1.10 262 

≤ n ≤ 3.00 at the end of simulation. This was expected since the total injected CO2 is highly 263 

sensitive to the end-point relative permeability to CO2 (Yoshida et al., 2016), which was held 264 

constant for all n-values in the study. Table 5 and Fig. 4 illustrate the sensitivity to n-values 265 

according to criteria III and IV, respectively. It can be seen that the ranking of the pore 266 

geometry index is consistent with descriptive values in Table 3. Values in Fig. 4 are 267 

characterised based on a 0.3 percentage increase for very coarse-, coarse- and medium-268 

textured siliciclastic rocks, and a 1- and 2-percentage increase for fine and very-fine textured 269 

siliciclastic rocks, respectively (see Table 3). This is based on inductive inference from failed 270 

simulation runs for n-values between 1.01 and 1.09, suggesting that the alignment of n-values 271 

situated at the lower end of the spectrum, n=1.10:0.01:3.00, results in a steeper curve for the 272 

illustration of the computed residual CO2 saturation described in Fig. 4. Table 5, which shows 273 

the average range with an increment value of 6 x 10-5 for mobile CO2 saturation in the domain, 274 

supports this approach and validates the distribution of n-values obtained from Carsel and 275 

Parrish (1988) for various siliciclastic rocks in Table 3.  276 
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 277 
Fig. 4: Percentage volume of residual CO2 at the end of simulation. NB: Data outcalls show 278 

the value for n and correponding percentage of residual CO2 saturation while the n-values 279 

outside the ring indicate the range of values analysed. 280 

Average field gas 

saturation range 

Pore geometry 

index, n 
Siliciclastic rock 

0.02664 – 0.02655 3.00 – 2.37 Coarse sandstone 

0.02654 – 0.02645 2.36 – 1.93 Sandstone 

0.02644 – 0.02635 1.92 – 1.70 Silty Sandstone 

0.02634 – 0.02625 1.69 – 1.56 Muddy Sandstone 

0.02624 – 0.02615 1.55 – 1.45 Clayey Sandstone 

0.02614 – 0.02605 1.44 – 1.38 Sandy Siltstone 

0.02604 – 0.02595 1.37 – 1.32 Siltstone 

0.02594 – 0.02585 1.31 – 1.28 Mudstone 

0.02584 – 0.02575 1.27 – 1.24 Silty Mudstone 

0.02574 – 0.02565 1.23 – 1.21 Sandy Claystone 

0.02564 – 0.02555 1.20 – 1.19 Silty Claystone  

0.02554 – 0.02500 1.18 – 1.10 Claystone 

Table 5: Characterisation of the average gas stauration range to the pore geometry 281 

parameter range 282 
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Fig. 5 depicts the effective saturation distribution for representative examples from the range 283 

for n-values identified in Table 5. A similarity in the shape of CO2 plume at the end of injection 284 

is observed for pairs of n that correspond to the same siliciclastic rock. Red ticks at the 285 

domains’ horizontal boundaries in Fig. 5 illustrate plume edges at these boundaries for the 286 

defined n-value. The change in the shape of the CO2 plume is attributed to the correlated 287 

structure of the rock matrix, which is described by the pore geometry parameter [n]. Smaller 288 

values for n increases the capillary resistance to buoyant migration of CO2 plume, resulting in 289 

the preferentially lateral migration in the bottom of the modelled domain for lower n-values 290 

(Fig. 5). Through the same capillary resistance, the rate of snap-off of CO2 ganglia at the 291 

trailing end of the plume, i.e. the residual trapping of CO2, also increases, resulting in the lower 292 

degree of mobile gas saturation within the domain. 293 

An assessment of the plume tip sensitivity was achieved through quantifying the total gas 294 

saturation at the end of CO2 injection, for each n-value, in grid blocks at designated intervals 295 

on the bottom horizontal boundary (Table 6). The evaluation was implemented for only the 296 

bottom boundary due to larger variation in lateral plume migration at the base of the domain 297 

as observed in Fig. 5. To check the viability of n-values ranging from 1.01 to 1.09 in the 298 

description of hydraulic properties, a sensitivity study was conduction for this range using a 299 

constant Pc – Sw relationship. Other reservoir parameters described in Section 4 remain 300 

applicable within varying kr – Sw relations based on the n-spectrum 1.01:0.01:1.10. Results 301 

show that CO2 plume shapes correspond to n = 1.11 in Fig. 5, and the lateral migration of the 302 

plume goes beyond the radial distance of 500 m in the domain at the end of a 10-year CO2 303 

injection period (Fig. 6). It can be seen that data in Table 6 are similar to the range of n-values 304 

for different siliciclastic rocks presented in Fig. 4 and Table 5. This, in combination with Fig. 6, 305 

validates the representative n-values adopted for this study (see Table 3). 306 

Radial distance along 

bottom boundary (m) 

Highest n-value showing 

CO2 saturation 

50 3.00 

75 2.33 

100 1.98 

150 1.67 

200 1.53 

250 1.43 

300 1.35 

350 1.28 

400 1.22 

450 1.16 

500 1.12 

Table 6: Correlation of CO2 plume edge along the the base of the modelled domain for n-307 

values 308 
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 309 
Fig. 5: The shape of CO2 plume for representative examples of n at the end of simulation 310 
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 311 
Fig. 6: CO2 plume shape at the end of simulation for sensitivity study in the validity of n-312 

values between 1.01 – 1.09 for describing hydraulic properties of siliciclastic rocks 313 

5 Characterising empirical functions in vG-MC for CO2 storage 314 

The aquifer model used in this section is a three-dimensional (3D) isothermal and 315 

homogeneous domain (Fig. 7) discretised into 80 x 80 x 72 cells (460, 800 grid cells in total) 316 

and has dimensions of 2000 m x 2000 m x 220 m, which is comprised of a 10 m- and 210 m-317 

thick caprock and reservoir formation, respectively. CO2 injection was simulated using one 318 

vertical well centrally located in the model and perforated across layers 56 to 70 319 

(approximately 60 m). The injector was set to operate at a target flow rate of 149,500 sm3/day 320 

subject to a maximum bottom-hole pressure (BHP) of 23.62 MPa. This was specified to ensure 321 

that the hydrostatic pressure gradient in the model does not exceed the fracture pressure 322 

gradient, which was assumed to be 75% of the lithostatic pressure gradient. This and other 323 

petrophysical properties assumed for the flow simulation model are described in Table 7. 324 

Simulations were carried out using the compositional module of ECLIPSE (E300). In this 325 

section we address the relative impact of the pore geometry parameter [n], the residual wetting 326 

saturation [Swr], the maximum non-wetting residual saturation [Snrmax], and the description of 327 

Pc-curve on CO2 storage in a homogeneous saline aquifer.  328 
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 329 

Fig. 7: Illustration of the 3D matrix aquifer model showing the caprock and reservoir 330 

formation. 331 

Parameter Value in Caprock Value in Reservoir 

Porosity 0.04 0.14 

Permeability (mD) 6.30 x 10-3 150 

Capillary entry pressure (KPa) 172 1.622 

Residual brine saturation 0.61 0.3 

End-point relative permeability to CO2 0.121 0.623 

Maximum brine saturation 1.0 

End-point relative permeability to brine 1.0 

Temperature (°C) 33 

Brine salinity (ppm) 300,000 

Hydrostatic pressure gradient (KPa/m) 12.15 

Fracture pressure gradient (KPa/m) 16.97 

Table 7: Petrophysical properties used for the E300 simulations 332 

5.1 Descriptions of Pc-curve: vG (for Pg ≠ Pe & Pg = Pe) vs BC 333 

This section analyses the relative impact of the parametric description of capillary entry 334 

pressure in the vG model on flow simulation in a scCO2/brine system. Here, Brooks-Corey 335 

description for capillary pressure is defined as the benchmark empirical model, idenitifed as 336 

BC, while two variations of vG’s Pc – Sw model are based on the following descriptions: i) the 337 

strength coefficient [Pg] is equivalent to the capillary entry pressure [Pe], where the model is 338 

identified as vG (Pg = Pe), and ii) the strength coefficient is not equal to the capillary entry 339 

pressure but a derivative of the parameter equivalence between BC and vG shown in Eqn. 340 

12, where the model is identified as vG (Pg ≠ Pe). The value for capillary entry pressure [Pe] 341 

used for the reservoir is specified in Table 7 i.e. 1.62 KPa. Description of the relative 342 

permeability functions are based on the Mualem-Corey model (Eqn. 3 & 4) coupled to all three 343 

Pc – Sw models identified herein. These capillary pressure curves are illustrated in Fig. 8. 344 
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 345 

Fig. 8: Brooks-Corey (BC) and van Genuchten (vG) capillary pressure curves for (i) drainage 346 

and (ii) imbibition in the sandstone reservoir 347 

During flow simulation, CO2 injection rate is seen to be constant across all three cases until 348 

the seventh year of injection when it reaches the formation’s limiting pressure and reduces 349 

drastically for each case. The reduction rate vary across the cases with BC showing the 350 

highest and vG (Pg = Pe) the lowest, thus influencing the cumulative CO2 injected in each 351 

case (Fig. 9). The trend is attributed to the entry and exit point of the Pc drainage plot (Fig. 8i), 352 

where exit points for BC and vG (Pg ≠ Pe) are similar and greater than the exit point for vG 353 

(Pg = Pe). This translates to higher resistance to drainage flow for the former over the latter. 354 

Hence the constrast in CO2 injection rate post-decline between BC and vG (Pg ≠ Pe) can be 355 

ascribed to their varying entry points on the Pc-curve.   356 

 357 
Fig. 9: Illustration of CO2 injection rate and total CO2 injection during flow simulation. 358 

Although the vG (Pg ≠ Pe) and BC models are not entirely identical in terms of simulating the 359 

total CO2 injected, the vG (Pg ≠ Pe) model exhibits a closer match to the BC model with an 360 

increase of 0.12% compared to 0.5% in the vG (Pg = Pe) model. In the seventh year of CO2 361 

injection where the cumulative gas injected is the same for all cases, the degree of primary 362 

trapping mechanisms also shows a close similarity between the BC and vG (Pg ≠ Pe) models 363 

(Fig. 10). The percentage of structurally trapped CO2 (i.e. mobile CO2) is slightly higher for the 364 

BC model than the vG (Pg ≠ Pe) model because of the entry point on the Pc-curve which is 365 
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higher for the former (Fig. 8i). This impedes the bouyant migration of CO2 plume in the BC 366 

model more than in the vG (Pg ≠ Pe) model (Fig. 10b). However, for residual trapping trapping, 367 

the identical Pc imbibition curves for the vG (Pg ≠ Pe) and BC models corresponds to the 368 

equivalent percentage of residually trapped CO2 in the seventh year of gas injection. The lower 369 

entry and exit points on the Pc imbibition curve for the vG (Pg = Pe) model results in additional 370 

capillary trapping of CO2 (Fig. 10c) because more water readily imbibes into the pore matrix 371 

at lower capillary pressures. Fig. 10 indicates that the BC and vG (Pg ≠ Pe) models show an 372 

equal amount of residually trapped CO2, which vary from the vG (Pg = Pe) model by 373 

approximately 2% of the total injected volume by the seventh year. This demonstrates a 374 

greater percentage error in CO2 injection rate when the capillary entry pressure in vG is 375 

assumed to be the strength coefficient. 376 

 377 
Fig. 10: Illustration of (a) the total volume of CO2 sequestered in the 7th year of CO2 injection 378 

by (b) structural, and (c) capillary trapping mechanisms. 379 

 

5.2 CO2 storage performance: n vs Swr vs Snrmax 380 

This section highlights the relative importance of the pore geometry parameter, n, the residual 381 

wetting saturation [Swr] and the maximum non-wetting residual saturation [Snrmax] during the 382 

predictive analysis of CO2 sequestration. The study is initialised with the vG-MC model where 383 

vG (Pg ≠ Pe) is identified as the base case, CASE 0. Different variations of relative permeability 384 

and capillary pressure based on assumed values for n, Swr, and Snrmax (as identified in Table 385 
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2) are computed using the vG-MC model and defined as CASE 1, 2, 3, X, Y & Z. In order to 386 

curb the mitigating effect of relative permeability on CO2 injection, these kr and Pc functions 387 

were imputed in the top-half of the reservoir formation, high above the well perforations, while 388 

the bottom-half of the reservoir had a constant kr and Pc functions for all cases. Table 8 and 389 

Fig. 11 describe the design of the sensitivity study in this regard, where Swr and Snrmax values 390 

vary from 0.3 to 0.6, while n values vary from 1.56 to 2.67. 391 

CASE ID (n-
value) 

SUB-CASE 
(Description) 

CASE 0 (n=2.67) 
- 

(Swr = 0.30; Snrmax = 0.30) 

CASE 1 (n=2.28) 
A 

 (Pc – Sw – kr  curves 
computed with 

representative n-
value; Swr = 0.30; 

Snrmax = 0.30) 

B 
(kr – Sw curve 
computed with 

representative n-
value; Pc – Sw curve 
the same as BASE’s; 
Swr = 0.30; Snrmax = 

0.30) 

C 
(Pc – Sw curve 
computed with 

representative n-
value; kr – Sw curve 

the same as BASE’s; 
Swr = 0.30; Snrmax = 

0.30) 

CASE 2 (n=1.89) 

CASE 3 (n=1.56) 

CASE X (n=2.67; 
Vary Swr & Snrmax) 

 

1  
(Swr = 0.35, Snrmax = 

0.35) 

2 
(Swr = 0.40, Snrmax = 

0.40) 

3 
(Swr = 0.45, Snrmax = 

0.45) 

CASE Y (n=2.67; 
Constant Swr) 

1  
(Swr = 0.30, Snrmax = 

0.40) 

2 
(Swr = 0.30, Snrmax = 

0.50) 

3 
(Swr = 0.30, Snrmax = 

0.60) 

CASE Z (n=2.67; 
Constant Snrmax) 

1  
(Swr = 0.40, Snrmax = 

0.30) 

2 
(Swr = 0.50, Snrmax = 

0.30) 

3 
(Swr = 0.60, Snrmax = 

0.30) 

Table 8: Sensitivity study design for addressing the relative impact of n, Swr, and Snrmax in 392 

CO2 storage performance 393 

 394 
Fig. 11: Description of segments in the reservoir for variations according to Table 8. 395 
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 396 
Fig. 12: Pc – Sw – kr curves (a) drainage and (b) imbibition in all descriptions of CASEs 0, 1, 2 397 

& 3 398 

Fig. 12 shows the Pc – Sw – kr relationship computed for CASE 0, 1, 2 & 3. From the vG-MC 399 

model (Eqns. 2 – 4) we know that pore geometry parameter has no effect on the relative 400 

permeability to the non-wetting phase, hence a single representative curve exists for all cases 401 

in Fig. 12. Nevertheless, n has a considerable effect on the relative permeability to the wetting 402 

phase and the capillary pressure. Conversely, Swr and Snrmax are seen to be significant in both 403 

functions of the relative permeability, i.e. krw and krn, where Swr mainly influences the drainage 404 

curve and Snrmax influences the imbibition curve (Fig. 13). Fig. 14 – 19 illustrate the degree of 405 

mobile and immobile CO2 saturation at the end of a 10-year flow simulation, quantified as 406 

structurally trapped and residually trapped CO2 respectively. 407 

5.2.1 Analysis of Swr 408 

The impact of variation in values of the residual wetting saturation [Swr] are described by CASE 409 

Z and illustrated in Fig. 14. Here the quantity of structurally trapped CO2 at the end of 410 

simulation is highest in the base case (CASE 0) and progressively decreases in CASE Z from 411 

1 to 3 (Fig. 14a). The reverse is the case for the residual trapping of the CO2 plume in Fig. 412 

14b, where the rate of CO2 immobilisation in the rock matrix is seen to be directly proportional 413 

to Swr. The higher the Swr, the lower the measure of continuously mobile saturation of CO2 that 414 

is available to be structurally trapped by flow barriers in the reservoir model. This is because 415 

increasing the Swr increases the wettability of the rock matrix, i.e. its affinity to the wetting fluid. 416 

This feature is portrayed in the kr – Sw drainage curves where the intercept of both functions 417 

shift to the higher end of the wetting saturation as Swr increases (Fig. 13a-iii). Consequently, 418 

the displacement efficiency of the wetting phase by the invading CO2 diminishes. 419 
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 420 
Fig. 13: kr – Sw  curves for (a) drainage and (b) imbibition in all descriptions of CASE 0 vs i) 421 

CASE X, ii) CASE Y, and iii) CASE Z. 422 

 423 

Fig. 14: Quantity of CO2 sequestered by (a) structural, and (b) residual trapping mechanisms 424 

at the end of gas injection for the base case and all descriptions of CASE Z. 425 
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5.2.2 Analysis of Snrmax 426 

The impact of variation in values of the maximum residual non-wetting saturation [Snrmax] are 427 

described by CASE Y and illustrated in Fig. 15. Here the quantity of structurally trapped CO2 428 

decreases as the value of Snrmax increases. This is mainly attributed to the capillary trapping 429 

efficiency, defined by the imbibition curves in Fig. 13b-ii, which increases with increasing Snrmax 430 

thereby inducing the immobilisation of more CO2 particles. This invariably results in the higher 431 

quantity of mobile CO2 for the smallest value of Snrmax, i.e. CASE 0 (Fig. 15a), irrespective of 432 

the single kr – Sw drainage curve defined for CASE 0, Y1, Y2 & Y3 (Fig. 13a-ii). 433 

 434 

Fig. 15: Quantity of CO2 sequestered by (a) structural, and (b) residual trapping mechanisms 435 

at the end of gas injection for the base case and all descriptions of CASE Y. 436 

When both values of Swr and Snrmax are increased simultaneously, as portrayed by CASE X in 437 

Table 8, the progressive decrease in the quantity of CO2 structural trapped (see Fig. 16a) is 438 

accredited to the increasing Swr, while the increase in the residual trapping of CO2 (see Fig. 439 

16b) is mainly a function of the increasing Snrmax.  440 

 441 

Fig. 16: Quantity of CO2 sequestered by (a) structural, and (b) residual trapping mechanisms 442 

at the end of gas injection for the base case and all descriptions of CASE X 443 

The Swr can be said to work in tandem with the Snrmax. Fig. 17 elaborates on this using a 444 

comparison of the mass of mobile CO2 saturation quantified at the end of simulation for the 445 

base case and representative cases for X, Y, & Z that aids the comparability, namely: CASE 446 

X2, Y1 & Z1. Using the base case, CASE 0, as a reference point in Fig. 17, the disparity in the 447 

mass of structurally trapped CO2 at the end of simulation is highest in CASE X2 due to the 448 
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simultaneous changes in Swr and Snrmax. Additionally, Swr is seen to have a higher impact on 449 

the structural trapping of CO2 than Snrmax through a higher percentage change between CASE 450 

0 and CASE Z1 than between CASE 0 and CASE Y1. 451 

 452 

Fig. 17: Quantity of CO2 in mobile gas phase at the end of gas injection for CASE 0, CASE 453 

X2, CASE Y1 and CASE Z1. NB: Using the base case as a reference point, the values 454 

highlighted in red show the percentage change in mass of structurally trapped CO2 at the 455 

end of a 10-year CO2 injection period. 456 

5.2.3 Analysis of n 457 

All descriptions of CASE 1, 2, & 3 describe the impact of variation in values for the pore 458 

geometry index [n]. In the sub-categories: A, B, & C, the variance in n was defined by the Pc 459 

– Sw – kr, kr – Sw, and Pc – Sw curves, respectively. This means that for cases defined by A, 460 

the variability in n-values was incorporated into the kr – Sw, and Pc – Sw curves. Cases defined 461 

by B had variance in n-values only incorporated into the kr – Sw curves, while the difference in 462 

n-values was only incorporated into the Pc – Sw curves of cases defined by C. Consequently, 463 

cases B were modelled with the same Pc – Sw curve of the base case, which has the highest 464 

value for n, while C cases were modelled with the same kr – Sw curves as the base case. 465 

Otherwise both the magnitude of capillary pressure and wetting saturation at the intercept of 466 

the kr – Sw curves are lowest in the base case, CASE 0, and increases progressively from 467 

CASE 1 to CASE 3 (Fig. 12). This change in the shape of the relative permeability and capillary 468 

pressure curve, as a function of n, is attributed to the description of n-values in the van 469 

Genuchten model for clastic rocks, where higher values denote coarser-grained clasts (see 470 

Table 3). Thus coarser-grained clastic rocks, in comparison to their finer-grained counterparts, 471 

will possess a lower force of resistance to the buoyant migration of CO2 plume and a higher 472 

relative permeability to the invading non-wetting gas. Likewise, the finer-grained clastic rocks, 473 

in comparison to their coarser-grained counterparts, will increase the capillary trapping 474 

efficiency of the rock matrix while also reducing the relative permeability to the CO2 plume. 475 
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This explains why the mass of structurally trapped CO2 decreases and the residual trapping 476 

efficiency increases with decreasing n, as illustrated in Fig. 18. 477 

 478 
Fig. 18: Quantity of CO2 sequestered by (a) structural, and (b) residual trapping mechanisms 479 

at the end of gas injection for all descriptions of CASE 0, 1, 2, & 3. 480 

The sub-categories of CASE 1, 2 & 3, i.e. A, B & C, also show variation in the degree of mobile 481 

and immobile CO2 at the end of simulation. The mass of structural trapped CO2 is greatest in 482 

sub-categorised cases of C and smallest in A. For C-cases, the relative permeability functions 483 

lead to a higher rate of CO2 mobility, which creates a preferential flow pathway that evades 484 

the fine-grained sedimentation within the rock fabric. These fine-grained sediments serve as 485 

possible snap-off regions in the porous media. In B-cases the transport properties of in-situ 486 

fluids imitate movement through the fine-grained sediments even though the resistant force to 487 

plume migration, i.e. capillary pressure functions, is lower here than in C. Hence, the slower 488 

moving CO2 plume results in a lesser amount of structurally trapped CO2 due to a higher 489 

degree of residual trapping within regions of finer-grained sedimentation. The mobility of CO2 490 

is lowest in A-cases because the flow transport properties and resistant force imitate 491 

percolation through fine-grained sedimentation. The higher resistant force acting on slower 492 

moving CO2 plume results in a greater resident time of the non-wetting fluid in the constricted 493 

rock matrix. This increases the rate of CO2 ganglia that is isolated from the migrating plume, 494 

thus making residual trapping highest for sub-categorised cases of A. 495 

5.2.4 The relative impact of n, Swr and Snrmax on the CO2 storage performance 496 

Quantifying the degree of structural trapping at the end of the flow simulation show that a 497 

variance in the pore geometry parameter [n] has a higher impact on CO2 storage performance 498 

than a variance in the residual wetting saturation [Swr] and the maximum residual non-wetting 499 

saturation [Snrmax]. This is illustrated in Fig. 19 where the bars indicating the amount of mobile 500 

CO2 for cases with different n show greater variance from the base case than those for cases 501 

with different Swr and Snrmax. This is because the pore geometry of the rock essentially dictates 502 

the degree of residual wetting saturation and the maximum residual non-wetting saturation 503 

that could exist within its porous fabric. This accentuates the importance of the pore geometry 504 

parameter in subsurface flow simulation and the relevance of the concept of assigning different 505 
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values of n to different sedimentary rocks. To verify this assertion, Section 5.3 considers the 506 

influence of n in an aquitard on flow performance during CO2 sequestration. 507 

 508 

Fig. 19: Computing the impact of  n, Swr and Snrmax on the mass of mobile CO2 in gas phase 509 

at the end of a 10-year CO2 injection period 510 

5.3 Effect of n description in shale aquitard 511 

Here we consider the same injection scheme for two variations of the base case. The first, 512 

CASE 0, as defined in the previous section and the second CASE V, which varies from CASE 513 

0 through the description of the Pc – Sw – kr relationship in the caprock, where n = 1.56. The 514 

CO2 injection rate and all other petrophysical parameters shown in Table 7 remain the same. 515 

Flow simulation is initialised for ten years of gas injection and an additional 40 years post gas 516 

injection. Fig. 20 depicts the quantity of CO2 in the caprock at the end of the simulation, where 517 

the cumulative gas injection is equivalent for both cases. Results show a larger quantity of 518 

CO2 in the caprock for CASE V, which indicates a higher relative permeability to the non-519 

wetting CO2 in CASE V in comparison to CASE 0. This is evident in the pressurisation of the 520 

caprock as illustrated in Fig. 21 where pressure magnitude around the injection well is greater 521 

for CASE V and transmits to the top of the caprock in the said case unlike CASE 0. Hence, for 522 

multiphase flow modelling in CO2/brine/rock systems the pore geometry parameter [n] can 523 

influence the degree of trapping mechanisms and the pore pressure profile in the aquifer and 524 

the aquitard. This augments the importance of the parametric description of pore geometry 525 

index in CO2/brine flow simulation that use empirical correlations such as the Brooks-Corey or 526 

the van Genuchten model to compute the Pc – kr – Sw relationships. 527 
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 528 
Fig. 20: Quantity of CO2 in caprock at the end of a 10-year flow simulation 529 

 530 
Fig. 21: Comparison of caprock pressurisation in CASE 0 and CASE V 531 

 

6 Concluding remarks 532 

In reservoir simulation studies, geologial heterogeneities are usually described by variations 533 

in permeability and porosity distribution, while variability in relative permeability [kr] and 534 

capillary pressure [Pc] functions are easily overlooked e.g. Ambrose et al. (2008), Doughty 535 

and Preuss (2004). However, the choices of kr and Pc functions are very important in 536 

experimental and numerical observations of CO2 injection in a porous media with sedimentary 537 
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heterogeneities (Gershenzon et al., 2016; Sakaki et al., 2013). Due to the lack of experimental 538 

data for these functions, mainly because they are highly site specific and experimental 539 

validation is time consuming, emprical models such as Brooks-Corey (BC) and van Genuchten 540 

(vG) that describe kr and Pc as a function of the wetting saturation [Sw] are used in the dynamic 541 

flow modelling of CO2 geo-sequestration. For Pc – Sw curves, the BC model accounts for a 542 

non-zero capillary entry pressure while the vG model connects the entry slope of the curve to 543 

a capillary pressure of zero and fails to account for the entry capillary pressure. Capillary entry 544 

pressure is governed by the rock’s wettability, the largest pore throat radius of the rock matrix, 545 

and the interfacial tension acting between the in-situ fluids and rock surface, making it an 546 

essential parameter in the derivation of Pc – Sw curves. In this paper, the relationship adopted 547 

for the equivalence of Pc – Sw curves in both models is described. The study is then extended 548 

to define the pore geometry parameter [n] in the vG model for different siliciclastic rocks. A 549 

quantitative methodology is presented to compare the contribution of 200 n-values, ranging 550 

from 1.01 to 3.00 with an increment of 0.01, on the uncertainty of CO2 plume evolution in a 551 

homogeneous saline aquifer. The methodology accounts for both the degree of uncertainty in 552 

each value and the application of a representative parametric value for a range of n. Four 553 

ranking criteria were outlined when comparing parameter roles in the uncertainty of CO2 plume 554 

evolution at the end of a 10-year scCO2 injection period:  555 

i. The shape of CO2 plume. 556 

ii. Plume edge at the bottom of the modelled domain. 557 

iii. Fraction of mobile CO2 saturation. 558 

iv. Percentage volume of residual CO2. 559 

According to all four criteria, the pore geometry index clearly influences the uncertainty in the 560 

migration and trapping behaviour of the CO2 plume. Results show that the parameterisation 561 

scheme for n-values described by Carsel and Parrish (1988) in soil physics can be applicable 562 

in rock physics. Furthermore, the primary parameters of the van Genutchen model, i.e the 563 

pore gemetry index [n], the residual wetting saturation [Swr] and the maximum residual non-564 

wetting saturation [Snrmax], are individually characterised to identify their relative impact on 565 

predictive analyis of CO2 storage. Low values in n, Swr and Snrmax lead to increased gas 566 

migration while high values lead to increased immobilisation of the CO2 plume. Among the 567 

three parameters within the parameter range investigated in this work, n is identified as the 568 

most significant element in the simulation and analysis of CO2/brine flow in subsurface storage 569 

media, hence the significance of assigning defined values of n to different sedimentary rocks. 570 

This is because the pore geometry index dictates the degree of Swr and Snrmax that can exist 571 

in the a rock’s matrix. In realistic geological settings, the highly compacted pore geometry of 572 

finer-grained rocks will, most likely, restrict fluid perolation and increase in-situ fluid retention 573 

to a higher degree than the less compacted pore geometry of coarser-grained rocks.  574 
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Using the same n value when computing the Pc – kr – Sw relationship for siliciclastic rocks that 575 

make up the storage formation, such as sandstones, and those that make up the sealing 576 

formation, such as mudstones, can curb the accuracy in the forward modelling of CO2 storage 577 

performance. In the absence of site-specific data on capillary pressure, relative permeability 578 

and pore geometry distribution, the study proposes a parameterisation scheme for the pore 579 

geometry index that can serve as a tool for modelling hydraulic heterogeneities in clastic 580 

formations. For the sake of a comprehensive demonstration, this methodology has been 581 

applied to flow simulation through stratigraphic heterogeneities such as graded bedding in the 582 

reservoir (Onoja and Shariatipour, 2018) and transitional lithologies in the seal (Onoja et al., 583 

2019). The authors observed that the exclusion of relative permeability and capillary 584 

heterogeneities in the dynamic modelling of CO2 sequestration can underestimate the storage 585 

performance of the reservoir and the seal. This methodology can be adapted for history-586 

matching CO2 distribution in large scale storage projects, such as the Sleipner gas project in 587 

Norway which injects CO2 into the Utsira Sand Formation with interbedded mudstones (Arts 588 

et al., 2004). Using the theoretical approach of this parameterisation scheme to describe the 589 

kr and Pc functions for the varying clastic units in this formation could improve the 590 

understanding of plume migration pattern in Sleipner’s Benchmark Model (Singh et al., 2010). 591 

Addtionally, petrographic data obtained from the lithological information from boreholes that 592 

are used to develop the structural and lithological model for pilot CO2 storage demonstration 593 

projects can also be used to describe the Pc and kr functions using this parameterisation 594 

scheme. 595 
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Appendix A. 601 

i=1; 

SOF2d =zeros(15,2,200); 

SGFNd =zeros(15,3,200); 

SOF2i =zeros(13,2,200); 

SGFNi =zeros(13,3,200); 

for n=1.01:0.01:3; 

     

%DRAINAGE 

 jd=1; 

  

 for sw=0.3:0.05:1; 

 m=1-1/n; 

 lan=m/(1-m)*(1-0.5^(1/m)); 

 sew=(sw-0.3)/(1-0.3); 

 pc(jd)=0.01622/sew^(1/lan); 

 krw(jd)=sew^0.5*(1-(1-sew^(1/m))^m)^2; 

 krg(jd)=0.623*(1-sew)^2*(1-sew^2); 

 sw(jd)=sw; 

      

 SOF2d (jd,1,i)=sw(jd); 

 SOF2d (jd,2,i)=krw(jd); 

 SGFNd (16-jd,1,i)=1-sw(jd); 

 SGFNd (16-jd,2,i)=krg(jd); 

 SGFNd (16-jd,3,i)=pc(jd); 

  

 jd=jd+1; 

 

end 

 

%IMBIBITION 

 ji=1; 

  

 for sw=0.3:0.024:0.588; 

 m=1-1/n; 

 lan=m/(1-m)*(1-0.5^(1/m)); 

 sew=(sw-0.3)/(0.588-0.3); 

 pc(ji)=0.01622/sew^(1/lan); 

 krw(ji)=sew^0.5*(1-(1-sew^(1/m))^m)^2; 

 krg(ji)=0.623*(1-sew)^2*(1-sew^2); 

 sw(ji)=sw; 

     

 SOF2i (ji,1,i)=sw(ji); 

 SOF2i (ji,2,i)=krw(ji); 

 SGFNi (14-ji,1,i)=1-sw(ji); 

 SGFNi (14-ji,2,i)=krg(ji); 

 SGFNi (14-ji,3,i)=pc(ji); 

  

 ji=ji+1; 

 

end 

%% …CONTINUATION 

%% print_file 

cd file_location; 

fid=fopen('kr.inc','w'); 

     

fprintf(fid,'SGFN \n'); 

 

SGFNd_T=transpose(SGFNd(:,:,i)); 

fprintf(fid,'%f %f %f\r\n',SGFNd_T); 

fprintf(fid,'\n/'); 

fprintf(fid,'\n'); 

 

SGFNi_T=transpose(SGFNi(:,:,i)); 

fprintf(fid,'%f %f %f\r\n',SGFNi_T); 

fprintf(fid,'\n/'); 

fprintf(fid,'\n');     

fprintf(fid,'SOF2 \n'); 

 

SOFTd_T=transpose(SOF2d(:,:,i)); 

fprintf(fid,'%f %f\r\n',SOFTd_T); 

fprintf(fid,'\n/'); 

fprintf(fid,'\n'); 

SOFTi_T=transpose(SOF2i(:,:,i)); 

fprintf(fid,'%f %f\r\n',SOFTi_T); 

fprintf(fid,'\n/'); 

fclose(fid); 

     

%% RUN 

nn=num2str(n);     

foldername=['n_' nn '.data']; 

mkdir(foldername) 

copyfile('BASE.data',foldername) 

copyfile('MULTPV.inc',foldername) 

copyfile('PROPS_FLUID.INC',foldername) 

copyfile('summary.inc',foldername) 

copyfile('TRANX.inc',foldername) 

copyfile('TRANZ.inc',foldername) 

copyfile('kr.inc',foldername) 

copyfile('$eclipse.bat',foldername) 

cd(['./' foldername]) 

movefile('BASE.data',foldername) 

input_file=foldername; 

[~, fName, ext] = 

fileparts(input_file); 

aaa=['$eclipse.bat ' fName]; 

system(aaa); 

     

i=i+1; 

 

end 

Algorithm A1: MATLAB-code used to compute Pc – kr – Sw data and initialise reservoir 602 
simulation in E100 603 
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 604 

Fig. A1: Ternary diagram of (a) the recommended conceptual scheme for the nomenclature 605 
of mixed clastic sediments, and (b) USDA’s soil textural classification. 606 
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