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A B S T R A C T   

Determination of representative saturation functions for permeable reservoir sandstones requires consideration 
of mm-cm scale laminations and crossbedding common in these heterogeneous porous media. Modelling selected 
laminated sandstones from CO2CRC’s Otway International Test Centre in Victoria, Australia as bimodal com-
posites of different rock types, we analyse drainage relative permeability parallel and perpendicular to the 
laminae for a range of driving gradients. The results from these numeric drainage experiments are curve fit across 
a continuous range of flow rates between the capillary and viscous limits. Our analysis shows that laminae- 
related small, but spatially correlated grainsize and permeability variations give rise to flow-rate dependent 
drainage behaviour at the bed scale. The flow direction- and rate-dependent behaviour is captured by a new set 
of anisotropic extended saturation functions that are implemented and presented in a form that is suitable for 
compositional simulation in the system CO2–H2O–NaCl. For the first time, these new constitutive relationships 
permit an investigation of feedbacks between the reservoir-scale flow regime and bed-scale phase mobility. To 
illustrate the application of these functions in reservoir simulation, meter-scale plume spreading simulations are 
presented for a suite of ten homogenised fluvial-to-estuarine sandstones from the Otway facility.   

1. Introduction 

Relative permeability, krα(sw) and capillary pressure, Pc(sw), subse-
quently referred to as saturation functions, are fundamental constitutive 
relations underpinning reservoir simulation (Aziz and Settari, 1979). 
Although originally derived to interpret the results of slim tube experi-
ments with disturbed samples of reservoir sands (Muskat et al., 1937), 
today, saturation functions are also applied to predict the flow behav-
iour of heterogeneous rocks at different scales, including predictions of 
sweep and micro-displacement efficiency (Lake, 2010). The accuracy of 
such predictions is key for successful reservoir management and the 
design and performance assessment of CO2 geo-sequestration sites. 
However, the latter typically relies on hysteric models for homogeneous 
rocktypes (Spiteri et al., 2008) or results from special core analysis 
(SCAL) of cm-scale samples selected to represent only homogeneous 
rock types. This selection process implies a sampling bias against visibly 
non-uniform rocks although these might represent the volumetrically 
most important facies associations of the net-reservoir rocks at a specific 

site (Ringrose, 2008; Ringrose et al., 1996). 
In the awareness of continuum-scale heterogeneity, upscaling pro-

cedures have been developed to translate core-scale measurements to 
the field scale (Durlofsky, 2005; Jackson and Krevor, 2020). While most 
of these methods focus on finding meaningful averages for permeability, 
some also consider multiphase flow and SCAL derived curves. Both 
numerical (Coll et al., 2001; Jackson et al., 2018; Pickup and Sorbie, 
1996) and experimental studies (Manoorkar et al., 2021; Perrin and 
Benson, 2010; Reynolds and Krevor, 2015) show that continuum-scale 
heterogeneity has a major influence on multiphase flow. Lohne et al. 
(2006), Jonoud and Jackson (2008), and Boon and Benson (2021) have 
shown that fractional flows are not only functions of saturation but are 
also affected by local force balances such as the ratio of viscous and 
capillary forces in the rock volume of interest, see Fig. 1. This implies 
that upscaling makes saturation functions multi-variable anisotropic 
functions (Ekrann and Aasen, 2000; Odsæter et al., 2015). It is worth 
pointing out that this multi-variable nature of relative permeability 
functions was first observed in the context of gas condensate systems 
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(Mott et al., 1999,2000; Henderson et al., 1996, 1997,1999; and others). 
At high velocities near the well bore, the effective relative permeability 
of the gas phase increases with increasing velocity which has a positive 
effect on the well productivity. At the same time, at high velocity, in-
ertial (non-Darcy) flow effects reduce the effective gas relative perme-
ability (Mott et al., 2000). It is the counter balance of these two 
phenomena that determines the overall effect of this rate-dependency on 
the well productivity of gas condensate systems. At typical gas 
condensate well flow rates, flow-rate dependency leads to an improve-
ment in the well productivity (Nasriani et al., 2015). Although gas 
condensate are not the focus of this work, the above example highlights 
the broader need for a multi-variable framework for saturation 
functions. 

Most upscaling studies derive upscaled parameters for fixed ratios of 
capillary and viscous forces. Pickup et al. (2000) applied capillary limit 
(CL) conditions in their model of fluvio-aeolian sandstones and viscous 
limit approximations (VL) in their model of intertidal-to-deltaic sand-
stones. For laminated composite rock types, the upscaled relative 
permeability and upscaled capillary pressure in the VL and CL, can be 
calculated analytically, for both, the horizontal and vertical direction 
(Corey and Rathjens, 1956; Odsæter et al., 2015; Rabinovich et al., 
2016). For flow rates that fall in between, considering laminated 
structures, an analytical method to calculate upscaled multiphase flow 
parameters in the direction across the lamina exists (Dale et al., 1997). 
Recently, Boon and Benson (2021) presented a physics-based model to 
calculate flow-rate dependent multiphase flow parameters in the di-
rection parallel to lamina, while (Moreno et al., 2021) developed a 
model, based on a 1D semi-analytical solution for steady state and not 
restricted to a specific heterogeneity structure, for calculating rate 
dependent effective relative permeability curves. All these methods are 
based on the fractional flow approach and have the potential to form the 

basis for a more general approach to incorporate flow-rate dependent 
saturation functions into a reservoir simulator which is the focus of this 
work. 

The current study focuses on the functional form of relative perme-
ability and capillary pressure curves of laminated and cross-bedded 
composite sandstone, and the modelling of their variability in terms of 
constitutive relationships for reservoir simulation. Relative permeability 
was studied by means of physical and numeric steady-state drainage 
experiments conducted at a spectrum of flow velocities and for two flow 
directions: parallel and perpendicular to the laminae. Experimental 
measurements were curve-fitted using a single framework. These curves 
serve as a basis for a novel anisotropic rate-dependent relative perme-
ability/capillary pressure model that is implemented in a reservoir 
simulator and used in bed-scale CO2 plume spreading simulations the 
results of which are contrasted and compared as a proof of concept at the 
end of this article. 

2. Composite rock types 

The physical experiments and numeric sensitivity analysis were 
conducted on a suite of heterogeneous rock samples from the CRC-3 well 
at CO2CRC’s Otway International Test Centre in Victoria, Australia, 
where CO2 injection experiments were conducted from 2008 to 2020 
(Cook, 2014; Pevzner et al., 2020), see Table 1. The sedimentary het-
erogeneity observed in the rock samples consisted of planar bedding, 
massive bedding, and crossbedding. The thickness of the bedding layers 
is at the mm-cm scale, while the lateral extent of the layers depends on 
the depositional environment but is at least one order of magnitude 
larger than the thickness of the layer (Ringrose et al., 1993). 

The test facility lies within the Otway sedimentary basin that con-
tains volcanogenic CO2 accumulations in a predominantly siliciclastic 

Fig. 1. Laminated sandstone core from the Paaratte FM and the rate-dependent drainage behaviour obtained by combining experimental results with numerical and 
analytical models (Boon et al., 2021) Top left: porosity map. Top right: CO2 saturation distribution during drainage at steady state reached for a fractional flow of 
95% CO2 and 5% water. Bottom left: flow-rate dependent relative permeability. Bottom right: flow-rate dependent capillary pressure. Each colour indicates a 
different flow rate (6.67e-04 m/s, 6.67e-03 m/s, 6.67e-02 m/s, 6.67e-01 m/s). Each circle indicates a different fractional flow (fwr = 0.01, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 
0.8, 0.9). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Cretaceous to Quaternary sequence deposited in a fluvial – estuarine - 
deltaic environment (Geary and Reid, 1998; Mishra et al., 2019). 
Arguably, the best characterized interval within this sequence, is the 
Paaratte formation, logged and cored in several wells (Dance et al., 
2012; Lawrence et al., 2013), and target of several plume-spreading and 
geophysical monitoring experiments (e.g, Sharma et al., 2011; Paterson 
et al., 2013). The Paaratte formation consists of multiple fining-upward 
sedimentation cycles (parasequences) topped by shales acting as cap-
rocks. In the coarser intervals, sedimentary facies vary rapidly along 
strike. Elongated channel mouth-bar deposits constitute the most 
permeable geobodies. The sequence has a normal-to transtensional 
tectonic overprint manifest in many faults (e.g., Ziesch et al., 2017), and 
its original properties have been significantly altered by cementation. 
Where epigenic carbonate nodules formed and horizons were calcified, 
porosity and permeability were lost (Daniel et al., 2012). 

Using a combination of well logs and core samples, Mishra et al. 
(2019, 2020) characterized the lithological variability of the targeted 
Paaratte Parasequence 1 (PS1) aquifer in detail, from the centimeter to 

the hectometer scale. Air minipermeameter logs obtained on the drill 
core constrain the permeability variation in the PS1. These measure-
ments indicate a bimodal permeability distribution with maxima at 0.1 
mD (shale) and 1 D (sandstone), see Fig. 2. 

Although these extrema are relatively weakly defined (<30% of 
entire population), they fingerprint the laminated nature of the rocks 
that is seen clearly in hand specimen. Overall the PS1 is highly hetero-
geneous as is indicated by its Lorentz permeability index, see Fanchi 
(2010). Importantly, physical experiments we conducted (Boon et al., 
2021) together with the semi-analytical steady-state upscaling model 
presented in Boon and Benson (2021) show that the rate-dependency in 
horizontally laminated rock is highly dependent on the lateral extent of 
the lamina, with the system quickly moving towards the CL when the 
layers get longer. If the contrasts are larger than ~1.5 orders of 
magnitude, the less permeable laminations cease to contribute to the 
layer-parallel flow and the composite behaves like a highly anisotropic 
rock with a much-reduced total porosity (Huppler, 1970; Honarpour 
et al., 1995). The results presented here only consider rate-dependence 
during the drainage process. 

This article is organized into five sections. Starting with a description 
of the properties of the 10 composite rock types, followed by a 
description of the procedures used in the numeric sensitivity analysis 
conducted to determine rate-dependency and the curve-fitting of its 
results, and subsequently the implementation of the new functions and 
their integration into the Australian CO2 Geo-Sequestration Simulator 
(ACGSS) are described. The article proceeds with the description of the 
rate dependent saturation functions derived for composite rock types at 
Otway. Finally, application examples are used to illustrate the impact of 
the rate dependence determined for each rocktype on plume spreading 
beneath an impermeable cap rock. 

3. Methodology 

In the following, we describe 1) the properties of the 10 composite 
rock types, 2) the method employed for the numeric simulation to es-
timate the ensembled relative permeability, 3) the curve fitting of the 
results, 4) the use of the curve fits for the generation of new functions for 
compositional reservoir simulation, and 5) the input models used in this 
analysis. The curve fitting was performed to integrate results obtained 
for different flow rates and flow parallel to- and across the laminations in 
the rock samples. The second part of the methodology describes how we 
transformed these fits into novel anisotropic functions that employ the 
parameters flow direction and flow magnitude in addition to the con-
ventional parameter saturation to predict relative permeability and 
capillary pressure. 

3.1. Properties of the composite rock types 

The local steady-steady relative permeability and capillary pressure 
analysis performed in this study discerned 10 composite rocktypes 
mapped in the Paaratte Parasequence 1 (PS1) that lies within the Otway 
sedimentary basin in Victoria, Australia (see Mishra et al., 2020, 2019). 
The composite rocktypes comprise three sedimentary structures: the 
interface of two massively bedded rock types, planar bedding, and 
crossbedding (Table 1 & Fig. 3). Each of the composite domains is 0.05m 
thick and consists of two of the homogeneous rocktypes presented in 
Table 2. The lateral extent of the lamination is assumed to be on average 
0.3 m for the planar bedding and around 1 m for the larger bedforms. 

The porosity, permeability and capillary entry pressure values of the 
five homogeneous rock types are based on previous publications (Dance 
et al., 2019; Daniel, 2012; Daniel et al., 2012; Lawrence et al., 2013). 
Results from the MICP experiments (Daniel, 2012; Daniel et al., 2012) 
are used to calculate the equivalent height of the CO2 column before the 
intrusion of CO2 into the core sample will occur under buoyancy. Under 
this condition, buoyancy pressure becomes equal to the capillary entry 
pressure (Pe) (Kaldi et al., 2011), and the following expression can be 

Table 1 
Composition and sedimentary structures of composite rock types sampled from 
Otway well CRC-3 and modelled by Mishra et al.(2020), creating 2D input 
models for the numeric simulations used to establish the ensemble relative 
permeabilities reported here.  

Rock Type Composition Sedimentary 
Heterogeneity 

Abbreviation 
Used 

Coarse sandstone and fine sandstone 
(RT14) 

Cross bedding XFSst
CSst  

Mudstone and coarse sandstone (RT8) Planar bedding PMst
CSst  

Mudstone and fine sandstone (RT6) Planar bedding PMst
FSst  

Siltstone and coarse sandstone (RT12) Planar bedding PSlt
CSst  

Siltstone and fine sandstone (RT11) Planar bedding PSlt
FSst  

Mudstone and siltstone (RT4) Planar bedding PMst
Slt  

Carbonate-cemented sandstone and 
coarse sandstone (RT9) 

Massive bedding MCbSst
CSst  

Carbonate-cemented sandstone and 
fine sandstone (RT8) 

Massive bedding MCbSst
FSst  

Carbonate-cemented sandstone and 
siltstone (RT5) 

Massive bedding MCbSst
Slt  

Carbonate-cemented sandstone and 
mudstone (RT2) 

Massive bedding MCbSst
Mst   

Fig. 2. Bimodal permeability distribution of the laminated composite rocktypes 
in Paaratte Parasequence 1 as determined by mini-permeameter measurements 
on the split core, representing moving 2.5 cm averages; n = 726 samples, see 
also Dance et al. (2019). 
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used for the calculation of Pe values of each of the homogeneous rock 
types, 

Pe = Δρgh, (1)  

where, Δρ is the density difference between brine and supercritical CO2 
[kg/m3], g is the gravitational acceleration [m/s2], h is the height of CO2 
above the free water level [m]. The empirical VanGenuchten exponent m 
for each rock type was taken from the literature (Cheng et al., 2017; 
Hermanson and Kirste, 2013). The irreducible water saturation, Swr, 
values were calculated using the following empirical relation (Holtz, 
2002), 

swr = 5.159
(

log(k)
φ

)− 1.1559

(2)  

where, k is the intrinsic permeability [mD] and ∅ is the porosity [-]. The 
VanGenuchten Mualem-hybrid functions, given by 

krw =

⎧
⎨

⎩

0∀0 ≤ sw ≤ swr
̅̅̅̅̅
s∗w

√ [
1 −

((
1 − s∗w

)1/m
)m]2

∀swr < sw ≤ 1
(3)  

krnw =

{ 1∀0 ≤ sw ≤ swr
(
1 − s∗w

)2
(

1 −
(
s∗w
)2
)
∀swr < sw ≤ 1 (4)  

Pc = Pe

(
1 −

(
s∗w
)
− 1/m

)
1− m ∀swr < sw ≤ 1 (5)  

where, S∗
w = Sw − swr

1− Swr
, are used to describe the relative permeability and the 

capillary pressure functions for each of the homogeneous rocktypes. 
This work is part of a broader study where next to the impact of het-
erogeneity in transport, the impact of chemical heterogeneity on the 
migration and trapping of the CO2 plume is considered. To stay 
consistent, the same saturation functions were used in the different 
studies. The choice for the VanGenuchten hybrid functions was based on 
the capabilities of the reactive transport code TOUGHREACT (Xu et al., 
2008). The disadvantage of VanGenuchten type capillary pressure 

equations is that at Pc(Sw = 1) = 0, as such it does not form a capillary 
barrier. However, in this study the capillary barrier is taken into account 
by setting the relative permeability of the CO2 phase to zero until a 
critical CO2 saturation is reached. This is discussed in Section 3.3.2. 

3.2. Steady-state numeric analysis of relative permeability and capillary 
pressure 

To find flow-rate dependent relative permeability and capillary 
pressure, numerical flow experiments were carried out for pressure 
gradients applied in orthogonal directions; one in the horizontal (x-di-
rection) and the other one in the vertical (y-direction) direction at the 
scale of the rectangular quadrilateral elements (1 m by 0.05 m) of the 
high-resolution cross-sectional model (not shown). 

The relative permeability determination method used is akin to the 
Penn-State steady-state laboratory method for the determination of 
relative permeability (Osoba et al., 1951) which determines the pressure 
gradient of CO2 and water and the saturation of the sample following 
constant-rate co-injection of CO2 and water at a range of fractional 
flows. 

A commercial reservoir simulator, Eclipse-100, was used to upscale 
the flow behaviour seen in the core plugs to the domain target scale 
(Fig. 3). Eclipse-100 is a fully-implicit, three phase, three dimensional, 
general purpose oil and gas reservoir simulator which solves the black 
oil equations on corner-point grids. In the core-scale simulations, it was 
assumed that gravitational forces could be neglected as compared with 
both capillary and viscous forces (Pickup et al., 2000). However, instead 
of assuming a dominance of capillary over viscous forces, the numerical 
experiments were conducted to cover a range of plausible force bal-
ances. At very low total velocities (~meters per year), capillary 
spreading dominates over forced convection and the capillary limit (CL) 
is reached. A quasi-steady state saturation is attained where the capillary 
pressure becomes constant across the sample domain. In this case, the CL 
saturation distribution can be calculated from the inverse of the capil-
lary pressure function [sw = Pc(sw)] (e.g., Ekrann et al., 1996). The 
viscous limit (VL) case of high total velocity is often treated as synon-
ymous with viscous forces dominating over all other forces. The 

Fig. 3. Permeability and porosity maps of three composite rocktypes with different sedimentary structures Left: Carbonate-cemented sandstone and mudstone (RT2) 
containing massive bedding. Middle: Siltstone and fine sandstone (RT11) containing planar bedding. Right: Coarse sandstone and fine sandstone (RT14) containing 
crossbedding (Table 1). 

Table 2 
Rock properties of the five homogeneous rock types for the CO2CRC’s Otway Research Facility site. Pe is the capillary entry pressure [Pa], Swr is the irreducable water 
saturation, and m is the VanGenuchten parameter.  

Rock Type Abbreviation Porosity Permeability (mD) Pe (Pa) Swr m 

Coarse sandstone CSst 0.286 2534 750 0.104 0.7 
Fine sandstone FSst 0.28 365.5 1000 0.159 0.6 
Siltstone Slt 0.19 35.22 3000 0.180 0.5 
Mudstone Mst 0.176 1.750 5000 0.390 0.4 
Carbonate-cemented sandstone CbSst 0.176 1.560 10000 0.552 0.4  
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corresponding VL saturation distribution can be inferred under the 
assumption that fractional flow is constant along streamlines [sw =

fw(sw)]. This distribution is therefore entirely dependent on the frac-
tional flow at the inlet boundary. The most widely used inlet condition is 
constant fractional flow (Ekrann and Aasen, 2000). 

The determination of the flow-rate dependent horizontal and vertical 
flow parameters of the composite rocktypes of Table 1 involved numeric 
multiphase flow experiments using a similar approach as presented in 
Krause and Benson (2015). In this approach, CO2 is injected at a range of 
fractional flows and flow rates into a 2D domain initially fully saturated 
with brine. The model inlet is subjected to a constant rate boundary 
condition, while the outlet is maintained at a constant pressure. No-flow 
boundaries are applied at the top and bottom. To establish more realistic 
flow conditions at the inlet, a pillar of highly permeable cells, analogous 
to a porous plate used in a physical experiment, is inserted. This modi-
fication allows fluid phases to distribute and focus into the more 
permeable parts of the model, see schematic model in Fig. 4. Simulations 
are run, for each fractional flow, until the steady-state condition is 
reached. Now the upscaled pore-volume weighted capillary pressure 
and upscaled pore-volume weighted saturation are calculated. The 
effective relative permeability (keff

r ) is calculated inserting the 
phase-pressure gradient into the extended Darcy’s law. 

3.3. Curve-fitting procedure 

3.3.1. Relative permeability 
To capture the anisotropic and rate dependent behaviour, relative 

permeability curves for both wetting and non-wetting phases were fitted 
with Chierici’s exponential model (Chierici, 1984), 

keff
rwi

=

{
0∀0 ≤ sw ≤ swr

e− γw1i R
− γw2i
wi ∀swr < sw ≤ 1

(6)  

keff
rmwi

=

{
1∀0 ≤ sw ≤ swr

e− γnw1i R
− γnw2i
wi ∀swr < sw ≤ 1

(7)  

where Rwi = sw − swr
1− sw

, and γw1i
, γw2i

, γnw1i 
and γnw2i 

are coefficients fitted 
with the equation, 

γi =
ai

1 + bi|ui|
ci + di, (8)  

taking total velocity components (ui) as input parameters. Here, the 
subscript i is either the horizontal (i = x) or vertical direction (i = y). The 
coefficients in Eqs. (6) and (7) are all empirical coefficients determined 
by the nonlinear regression on the sets of numerical data points. Their 
values vary not only between wetting and non-wetting phases, but also 
between horizontal and vertical directions. All coefficient values for the 
rate-dependent composites can be found in the supporting information, 
as well as the root mean square error as function of velocity for all the 
curve fits of each of the rocktypes. 

Based on the flow dynamics observed in the numeric sensitivity 
analysis, the relative permeability for the horizontal (x) direction for the 
rock types with the massive bedding can be modelled using the CL so-
lution. The long characteristic lateral correlation length of the massive 
bedded rock types minimizes the transition saturation zone (rate 
dependent zone) near the inlet. Further downstream, the saturation 
distribution is controlled by capillary pressure (∇pc = 0) and conse-
quently does not change with flow-rate. (Ekrann and Aasen, 2000). For 
these massive bedded rock types, the capillary pressure curves as well as 
the relative permeability in the horizontal direction were calculated 
analytically (Boon and Benson, 2021; Corey and Rathjens, 1956; 
Odsæter et al., 2015; Rabinovich et al., 2016). Then, the VanGenuchten 
Mualem-hybrid model (Eqs. (3)–(5)) is employed to fit the effective 
saturation functions. 

3.3.2. Capillary pressure 
Since pressure is a scalar variable, capillary pressure must be 

isotropic. To capture the flow-rate dependent isotropic behaviour 
observed for the composites, the VanGenuchten curves were fitted to the 
capillary pressure determined during the horizontal numeric flow ex-
periments. The Van Genuchten Pc curves are used as follows  

where P0 is an empirical coefficient and Pcmax = 107 Pa is set as an upper 
limit on capillary pressure. Without this limit, Eq (9) gives infinite value 
at swr. Also, the applicability of the VanGenuchten formula is limited to 
saturations that are higher than swr by at least 0.01. Moreover, in 
compositional simulation it is expected that water evaporates into the 
CO2 phase leading to decreasing sw below swr. To deal with such satu-
ration states the following linear extension for Pc is used below swr +

0.01. To define a reasonable capillary pressure gradient over the whole 
saturation range, dPc

dsw 
for saturation range below swr + 0.01 is set to 

dPc
dsw

⃒
⃒
⃒
⃒
sw=swr+0.01

. Such definition assures the continuity of the capillary 

pressure gradient, which controls the capillary spreading, and avoid 
having zero gradient if the gradient is estimated using Eq (9) directly. 
The rate dependency is introduced into these curves via a flow velocity 
dependent P0 value as follows 

P0 =
a

1 + b|ux|
c + d (10) 

As stated previously, For the massive bedded rocktypes, which do not 

Fig. 4. Model setup for local steady-state analysis of relative permeability on 
the metre scale in the horizontal direction. The high permeability inlet region is 
shown in red. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Pc(sw) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

min
(

Pc(swr + 0.01) +
dPc

dsw

⃒
⃒
⃒
⃒

sw=swr+0.01
(sw − swr − 0.01), Pcmax

)

∀0 ≤ sw < swr + 0.01

P0

(
1 −

(
s∗w
)
− 1/m

)
1− m ∀swr + 0.01 ≤ sw ≤ 1

(9)   
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show the impact of flow-rate dependency in the horizontal direction, P0 

is taken as a constant. 

3.3.3. Capillary barrier 
Since capillary pressure is isotropic, the same capillary pressure 

curves will be used dependent on the flow rate in the horizontal direc-
tion, irrespective of the actual flow direction. However, for the flow 
across the layers (flow in y direction), the low permeable layers may 
form a capillary barrier. To take this into account, we create a barrier 
through the relative permeability of the non-wetting phase in the y di-
rection by setting the layer crossflow relative permeability of CO2 to 
zero for water saturations higher than the threshold saturation (swt). The 
lower bound of swt in the CL is swt CL , the saturation of the composite at 
the threshold capillary pressure. It is taken as the highest entry pressure 
of the composite components. The value of swt increases with 

⃒
⃒uy

⃒
⃒

reaching 1 at the VL (swt VL = 1). It is estimated as follows, 

swt =
swt CL

1 + b
⃒
⃒uy

⃒
⃒c , (11)  

where b and c are the parameters used earlier to estimate γnw1i
. The 

parameter, Rwy that was used to estimate keff
rmwy , is modifed to be rate- 

dependent as follows, 

Rwy =
sw − swr

swt − sw
, (12)  

while all the remaining calculations are exactly as explained previously. 
The flow chart shown in Fig. 5 visualizes the construction algorithm 

of the curve-fitted rate-dependent saturation functions of the composite 
rock types. In summary, the described approach rests on the following 
assumptions:  

• The anisotropic relative permeability can be obtained from the 
analysis of flows parallel and perpendicular to the laminations.  

• In the CL, the saturation in each sublayer is uniform and determined 
only by the capillary pressure curve for the ensemble.  

• In the VL, the fractional flow across the model is assumed to be 
uniform. In this case that may be common for highly permeable 
sandstones, the viscous drag that the flowing phases exert on one- 
another is ignored. Thus, capillary desaturation (Lake, 2010) at 
high flow rate is ignored.  

• Gravity effects on saturation are ignored.  
• Ensemble relative permeability changes instantaneously with flow 

rate (no scanning curves).  
• Only the relative permeability is considered as anisotropic, not 

capillary pressure.  
• A smooth, gradual transition of relative permeability between the 

viscous and capillary limit is assumed. 

3.4. Implementation of functions into reservoir simulators 

To the best knowledge of the authors, none of the commercial 
reservoir simulators supports rate-dependent relative permeability. To 
overcome this issue, the anisotropic, rate-dependent saturation func-
tions were implemented in the Australian CO2 geo-sequestration simu-
lator (ACGSS) that is based on the Complex Systems Modelling Platform 
(CSMP++, Matthäi et al., 2007) as well as the finite element-centered - 
finite volume simulator (FECFVM, Bazrafkan et al., 2014) for trial 
simulations in 2D, see further below. The FECFVM method uses un-
structured collocated finite element and finite volume meshes and an 
IMPES operator-splitting approach to solve the parabolic pressure 
equation with the FEM and the hyperbolic saturation-transport equation 
with the FVM. The following section describes the governing equations 
and their discretization including anisotropic relative permeability. 

3.5. Governing equations 

The two-phase flow equations solved in the illustrative model are 
derived by substitution of extended Darcy’s law (Muskat, 1938) into the 
continuity equation. Considering viscous, capillary, and gravitational 
forces, laminar creeping flow in the pore space is modelled by the system 
of equations 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

φ
∂sα

∂t
= ∇.

(
kGλG

α .∇(Pα − ραgD)
)

Pc = Pco2 − Pw

sco2 + sw = 1

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

∀(x∈Ω) ∩ (t> 0), (13)  

where G refers to geo-cellular scale, λ =
kG

r
μ is the mobility tensor, D is 

depth (positive downward) and x the space vector. Summation of CO2 
and water volumes generates a divergence free total velocity equation, 

∇.
∑

α

(
kGλG

α .∇(Pα − ραgD)
)
= 0 ∀(x ∈ Ω) ∩ (t > 0). (14) 

Eq (14) includes both Pco2 and Pw. To solve only for one pressure, the 
two most widely used simplification approaches are the global pressure- 
and the phase-pressure approach (Chen et al., 2006). Herein, the global 
pressure formulation has been adopted. 

Fig. 5. Flow chart of the construction of curve-fitted rate-dependent saturation 
functions based on numerical flow experiments. 
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Is the global pressure approach applicable to the problem of interest? 
- Global pressure, P, is defined in terms of Pco2 , Pc and the fractional flow 

of water 
(

fw = λw
λw+λco2

)

, 

P = Pco2 −

∫ (

fw
dPc

dsw

)

dsw (15) 

Although Eq. (15) reduces the strength of the coupling between 
pressure and saturation equations by eliminating Pc from the pressure 
equation, this definition is only suitable for scalar fractional flows (non- 
directional relative permeability). To reach to a similar form of the 
pressure equation in the presence of tensorial fractional flow, the global 
pressure gradient needs to be defined as follows 

∇P=∇Pco2 − fw.∇Pc. (16) 

This tensorial form of the fractional flow is defined as fα = λT
− 1

λα. 
Although the definition in Eq. (16) looks acceptable, it is important to 
test whether it satisfies the compatibility condition (equality of mixed 
derivatives) such that it can be considered a valid representation of a 
gradient field. Considering a diagonal fractional flow, the compatibility 
condition requires the reciprocity of the mixed derivatives as follows 

∂xyP= ∂yxP. (17) 

Simple mathematical manipulation shows that this equality is 
satisfied only if Eq (16) describes a general vector field as opposed to a 
gradient field. Therefore, the global pressure formulation cannot handle 

tensorial relative permeability unless λG is a scalar quantity. In our 

analysis, however, kG
r generated from the composites, is a diagonal 

tensor. In this case, kG
r can be approximated as a scalar quantity (kG

r ) as 
follows 

kG
r ∼ kG

rx

(
uG

x

)2

(
uG

x

)2
+
(

uG
y

)2 + kG
ry

(
uG

y

)2

(
uG

x

)2
+
(

uG
y

)2 . (18) 

Hence, the global pressure formulation can be applied in our IMPES 
scheme. However, equation (16) amounts to a treatment of only the 
diagonal components of the tensor and no further investigation of its 
accuracy is performed in this article. 

Back substitution of global pressure, capillary pressure and Eq (18) 
into Eq (14) yields the corresponding form of the pressure equation 

∇.
[
kG.(λT∇P − g(λco2 ρco2

+ λwρw)∇D )
]
= 0 ∀(x ∈ Ω) ∩ (t > 0).

(19) 

Equation (15) is solved for nodal pressure using the standard 
Galerkin FEM. However, saturation dependent parameters are taken 
from the previous time step as well as uG

T for the rate-dependent com-
posite rock types. This miniscule lag in time is accepted as the saturation 
change is limited to a user-defined threshold keeping the discretization 
error within an acceptable range (Bazrafkan et al., 2014). The linear 
system of the pressure equations is solved with the algebraic multigrid 
method SAMG (Stüben, 2007). After solving forP, the phases velocities 
at the finite-volume facets are reconstructed as 

uco2 = − kG λco2 .(∇P + fw∇Pc − ρco2
g∇D) uw 

= − kGλw.
(
∇P − fco2∇Pc − ρwg∇D

)
(20) 

In the FECFVM, saturation is discretised as piecewise constant on the 
finite elements and is calculated from the solution of the transport 
equation [Eq (14)]; total velocity uT is post-processed as the sum of the 
phase velocities and used to update the rate dependent saturation 
functions. 

4. Results 

In the previous section a workflow was presented that can be used to 
incorporate the impact that sub-grid scale laminae have on CO2 migra-
tion into larger scale systems. For this purpose the composite rocktypes 
of the Paaratte Fm at the Otway site were used. As guidance for the 
reader, the main steps of this workflow are presented in Fig. 6. The re-
sults of each step of the workflow will be discussed in detail in the 
subsequent sub-sections. 

4.1. Function coefficients and forms 

While no rate-dependency was observed for the massive bedded 
rocktypes for layer-horizontal flow, for layer-perpendicular flow sig-
nificant flow-rate dependence can be seen for RT5, RT7 and RT9. 
(Fig. 7). For RT2 which consists of layers of carbonate cemented sand-
stone and mudstone, the least amount of flow-rate dependency and 
anisotropy can be observed, i.e., the shape of the curves is the same for 
both flow directions. This is due to the similarity of the two rock-types in 
both dynamic and static parameters. The shape of the curves is very 
different for the vertical direction, compared to the horizontal direction 
for the cases where the members of the composite rocktypes have very 
different characteristics, such as RT9 which consists of layers of car-
bonate cemented sandstone and coarse sandstone. In these cases, the 
cross-over point between the relative permeability curves of the CO2 and 
water phase is very low indicating that there is a lot of apparent inter-
ference between the two fluids. 

All massive bedded rocktypes have a capillary pressure curve with a 
relatively low entry pressure, reflecting the large size of the pores within 
these sandstones that were not infilled by the carbonate cement. As 
shown in Fig. 7, their irreducible brine saturations are very high 
(>40%), reflecting the fact that the small pores are bypassed by the CO2 
phase. In the vertical direction, the increase in the contrast of the entry 
pressure between the two members of composites increases swt CL. This 
means that the carbonate-cemented sandstone works as a seal which 
prevents ingress of CO2 from the low entry pressure member. This is also 
reflected in a sharp decline of keff

rmwy with slight increase in sw above swr. 
For planar bedded and cross-bedded rocktypes, anisotropic flow-rate 

dependent behaviour is observed in the horizontal and vertical direction 
(Fig. 8). As for the massive bedded rocktypes, anisotropy and flow-rate 
dependence are most apparent in composite rocktypes with members 
with very different characteristics, such as RT8 which consists of coarse 
sandstone and mudstone laminations and RT12 which consists of coarse 
sandstone and siltstone. However, for the cross-bedded fine sandstone 
and coarse sandstone (RT14), the curves for both directions are very 
similar and not much flow-rate dependence is observed. Both the fine 
sandstone and coarse sandstone are very permeable and have a low 
capillary entry pressure making it easy for the CO2 to enter both mem-
bers. Furthermore, it can clearly be seen that the flow-rate dependent 
behaviour is much more apparent for flow in the vertical direction, i.e., 
there is a big difference between the CL and the VL curves. The cross- 
over point between the relative permeability curves of both members 
in the vertical direction decreases with decreasing flow rate, indicating 
an increased interference of the two fluid phases obstructing the flow. 

Low permeable layers can act as capillary barriers in the case of 
vertical flow. This has been considered by setting the relative perme-
ability of CO2 to zero for water saturations higher than the threshold 
saturation for layer crossflow (Fig. 9). The CO2 saturation below which 
this occurs decreases with increasing total velocity, reflecting the 
shifting balance between viscous and capillary forces. This phase 
mobilization is controlled by the difference in the capillary entry pres-
sures of the lamina of the composite rocktype. It follows that this 
behaviour is similar to capillary desaturation observed in experiments 
with sandstones, studying enhanced oil recovery (CDC curves of Lake, 
2010). Importantly, by contrast to single lithology rocktypes, whose 

M. Boon et al.                                                                                                                                                                                                                                   



Journal of Petroleum Science and Engineering 209 (2022) 109934

8

Fig. 6. The main steps of the workflow that was presented in Section 3 to incorporate the impact of sub-grid scale lamina on CO2 migration into larger scale systems. 
For this purpose the composite rocktypes of the Paaratte Fm were used. 
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interfaces with neighbouring lithologies coincide with potential dis-
continuities in capillary pressure, the abstraction of the composite types 
into ensembles means that the effect of multiple interfaces is averaged, 
turning entry pressure discontinuities into a sharp transition zone in the 
model with a thickness of the corresponding composite layer. This 
abstraction rationalises the modelling of capillary threshold behaviour 
via the relative permeability curves. 

When the flow regime moves from the CL to the VL, effective satu-
ration changes in addition to the fine scale saturation distribution. For 
flow in in the horizontal direction, the transition from the CL to the VL 
begins at a much higher velocity than in the vertical direction (Fig. 10). 
In addition to the flow-direction, this transition velocity depends on the 
strength of the capillary flux and, consequently, on the thickness of the 
laminations in the composite rocktype as it is a function of the gradient 
of the capillary pressure in the rock. The average capillary flux in RT2 
(carbonate-cemented sandstone-mudstone), is much weaker than in RT9 
(carbonate cemented sandstone-coarse sandstone) because capillary 
pressure differences are smaller. Therefore, the transition from the CL to 
the VL in the vertical direction occurs at lower flow velocities than for 

RT2. By contrast, the cross-bedded sandstone RT14 transitions from the 
VL to the CL at higher velocities because the layers are thin, and its 
effective permeability is high. An interesting observation is that for 
RT14 and flow in the horizontal direction, the increase in saturation 
with decreasing flow rate is not monotonic (Fig. 10). This will be 
revisited in the discussion. 

4.2. Plume spreading simulations with rate-dependent rocktypes 

The performance of the newly implemented ensemble saturation 
functions was evaluated in reservoir simulations with a single rocktype 
model, one by one, ascertaining robustness, consistency with the pre-
scribed end-point saturations, and for gaining a first impression how the 
curves manifest themselves in CO2 plume spreading patterns. The sim-
ulations were conducted with the FECFVM simulator (Bazrafkan et al., 
2014) and setup such that the petrophysical properties of each model 
represent the equivalent properties of the corresponding rock type 
including the composites. The runs simulate linear plume spreading in a 
cross section. For PT conditions like those used in the upscaling 

Fig. 7. Ensemble saturation functions for the rocktypes RT2, RT5, RT7, RT9. Drainage capillary pressure curves (left), ensemble relative permeabilities curves for 
flow in the horizontal direction in the CL (centre), flow-rate dependent ensemble relative permeabilities for flow in the vertical direction (right). The blue and red 
dashed lines represent the CL and VL cases, respectively. The colours indicate different flow rates ranging between 9.88e-09 m/s and 4.43e-03 m/s. The stars and 
crosses are the simulation results. The solid lines mark the results of the curve fits. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 8. Upscaled relative permeability (right and middle columns) and capillary pressure curves (left column) for anisotropic rate-dependent planar bedded and 
cross-bedded rock types. Blue and red dashed lines mark CL and VL. The colours indicate different flow rates. For the planar bedded rocktypes the flow rates ranged 
between 2.22e-06 m/s and 8.88e-03 m/s, and 1.74e-09 and 1.74e-03, for the horizontal and vertical direction, respectively. For the cross bedded rocktype 14 the flow 
rates ranged between 1.33e-06 m/s and 2.67e-02 m/s, and 6.72e-07 m/s and 2.68e-03 m/s, for the horizontal and vertical direction, respectively. Stars and crosses 
mark simulation results while solid lines are the curve fits. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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computations, supercritical CO2 was injected through a highly perme-
able vertical well on the left endowed with linear flow laws, observing 
how it enters through the sandface and spreads in the rocktype. Different 
injection rates were applied to trigger flow behaviour between the 
capillary and viscous limits (Fig. 11). Since these are 2D simulations, the 
force balances do not vary with increasing distance from the injector. 

For the results shown in Fig. 11, the injection flux through the well 

was fixed at 10− 5 m
3
/s

m2 for all rocktypes while the right boundary was kept 
at a fixed pressure fluid static pressure. Immediate gravity segregation 
occurs in the well before the CO2 enters the formation. The free CO2- 
water level in the well reflects the injection rate and the ease at which 
the supercritical carbon dioxide can enter the formation (cf., Paterson 
et al., 2016). The chosen injection rate leads to a viscous to gravitational 

force balance described by,
(

Ngrav =
kygΔρ

μCO2uTx

)

with implications for the 

areal sweep. It can be seen, however that although RT7 and RT9 have 
the same Ngrav, they show a very different areal sweep. This reveals the 
non-intuitive impact of the flow regime on the sweep when it is allowed 
to feedback into the saturation functions. 

5. Discussion 

Relative permeability and capillary pressure in homogeneous 

Fig. 9. Capillary barrier created by setting CO2 relative permeability to zero for 
Sw > Swt. This threshold saturation increases with flow-velocity. Blue and red 
dashed lines mark CL and VL. Rainbow coloured lines indicate flow rate ranging 
between 9.88e-08 m/s (blue) to 2.00e-03 m/s (red). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 10. Normalized saturation (Sw*) at a fractional flow of 50% water and 50% CO2 plotted as a function of log10 (velocity)(m/s) for flow in the vertical direction 
(left) and horizontal direction (right) for each of the different rocktypes. The markers indicate simulation results. When Sw* = 0 the CL is reached, when Sw* = 1 the 
VL is reached. 

Fig. 11. CO2 saturation distribution at the time of the breakthrough. Injection through vertical well on left. Force balances reported in terms of gravity number at 
bottom right of each model. 
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rocktypes are not flow-rate dependent. The flow-rate dependent 
behaviour arises in laminated composite rocks because of the interaction 
between the rocktypes of the composite. This has been observed during 
physical experiments by several researchers (Manoorkar et al., 2021; 
Perrin and Benson, 2010; Reynolds and Krevor, 2015) including our own 
experiments using rock-cores of the Paraatte Fm (Boon et al., 2021). 
These experimental observations are the motivation for this work. The 
physical experiments showed that for flow parallel to the bedding layers, 
the relative permeability of the CO2 phase increases with decreasing 
flow rate, while the water relative permeability decreases (Fig. 1). The 
opposite was observed for flow perpendicular to the bedding layers. The 
same behaviour can be seen from our numerical experiments in Figs. 7 
and 8, confirming that the presented model captures the experimentally 
observed flow behaviour for laminated systems. 

Each rocktype of the composite has its own capillary pressure - 
saturation relationship. Consequently, capillary gradients can exist be-
tween the different rocktypes resulting in a capillary induced flux of 
water into the low permeable layer and CO2 into the high permeable 
layer until the system reaches capillary equilibrium. The transition from 
the CL to the VL is dependent on the thickness and spacing of the lam-
inations because of the 1/L2 scaling of nonlinear capillary diffusion (e.g., 
Sedaghat and Azizmohammadi, 2018). A qualitative estimate when rate 
dependence begins, may be obtained from the plot of Pc versus the 

nonlinear 
⃒
⃒
⃒
⃒
dPc
dsw

⃒
⃒
⃒
⃒ of the component rocktypes (Fig. 12). The coarse sand-

stone has the steepest capillary pressure – saturation derivative at any 
capillary pressure as compared with the other members rocktypes. 
Therefore, composites that contain this coarse sandstone (RT8, RT9, 
RT12 and RT14) transition at higher velocities. 

However, the impact of this capillary heterogeneity on the relative 
permeability is also dependent on the sedimentary structure, as well as 
the flow-direction. In this work flow-rate dependent relative perme-
ability and capillary pressure have been analysed for three different 
sedimentary structures, the massive bedding, planar bedding, and cross- 
bedding, and for flow in the horizontal and vertical direction. The 
massive bedded rocktypes are characterized with relatively thick and 
long lateral extending layers. For flow parallel to these bedding layers, 
the capillary flux is perpendicular to the flow-direction and capillary 
equilibrium will be reached after only a short distance along the layer. 
Furthermore, CO2 will flow preferentially in the high permeable layers 
and water through the low permeable layers which limits the interfer-
ence of flow by the other phase. For flow perpendicular to the bedding 
layers, the capillary flux is parallel to the flow-direction, and even for 
relatively low flow-rates the system is pushed out of capillary equilib-
rium. In this case, both phases have to flow through each of the layers 
which enhances their interference. This is reflected in the low cross-over 
points of the water and CO2 relative permeability curves. Similar 

behaviour is observed for the planar bedded rocktypes, however, the 
lateral extend of the layers is shorter than the length of the composite. As 
a result, flow-rate dependent behaviour will also be observed for the 
horizontal direction. The cross-bedded rocktype of this work consisted 
of the fine and coarse sandstone rocktypes. Due to the high permeability 
of these rocktypes quite similar flow behaviour is observed for both flow 
directions which makes it difficult to determine the impact of the sedi-
mentary structure. 

The anisotropy encountered in the equivalent relative permeability 
found for the composite rocktypes is widely recognized since the work of 
Corey and Rathjens (1956); however, to the best of our knowledge all 
previous studies only investigated limit values (CL or VL. e.g., Pickup 
et al., 2000) while actual flow conditions may lie between the two limits 
(e.g., Lohne et al., 2006). This is less involved than the approach taken 
herein because choosing the limit values ascertains the uniqueness of the 
saturation distribution. The current analysis moves a step further by 
considering the full spectrum of potential flow regimes. This is impor-
tant because the ubiquitous heterogeneity imposed on highly permeable 
sandstone formations by internal bedforms leads to localised flow and 
widely varying force balances during CO2 injection (Matthai and Bur-
ney, 2018). That this is also true in the far-field of the well is illustrated 
in 3D in a companion paper (Shao et al., in review in IJGGC). Our new 
formulation permits – for the first time - to investigate the implications 
of such feedbacks between the regional flow regime and the local 
saturation distributions with a compositional reservoir simulator. 

Our new method delivers a new set of constitutive relationships that 
are continuous, explicit functions in saturation, flow direction and phase 
velocity magnitude. Achieving an acceptable match between of the 
numerical simulation results was not an easy task because of the 
multivariate nature of the problem. The curve fitting faced two major 
challenges: 1) formulating the fitting functions, and 2) estimating the 
best fit coefficients for each rock type. The presented strategy selected 
two fitting functions; Chierici and the well known VanGenuchten, the 
coefficients of which were made rate dependent. The Chierici formula-
tion which is given by Equations (6) and (7) was first proposed by 
Chierici (1984) for gas/oil drainage and water/oil imbibition relative 
permeability curves. Recently, these functions have been used for the 
CO2-water system by several authors (Jackson et al., 2018; Benham 
et al., 2021; Wenck et al., 2021). The parameters can be adjusted to 
control the shape and curvature of the relative permeability function 
and therefore provide more flexibility than standard Corey type of 
equations to fit the data points that were obtained with the numerical 

Fig. 12. Pc vs. 
⃒
⃒
⃒
⃒
dPc
dsw

⃒
⃒
⃒
⃒ for the constituent rock types of the composites.  

Fig. 13. The scaling of fitting parameter ϒw1 of the Chierici formulation for the 
relative permeability of the water phase (Eq. (6)) for rocktype 6 (RT6) in the 
transition zone between the CL and VL. The stars show the best fit ϒw1 
parameter for the relative permeability curves obtained from the numerical 
coreflood tests for a range of velocities between the VL and the CL, while the 
solid line shows the ϒ w1 obtained with Eq. (8) as a function of velocity. 
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core-flood tests. Eq. (8) is a form of the logistic function and is used to 
scale the fitting parameters in the transition zone from the viscous limit 
(VL) to the capillary limit (CL), as can be seen for parameter ϒw1 of RT6 
in Fig. 13 below. 

The main objective of this approach was to simplify implementation 
and be able to quickly test accuracy and consistency. There are, how-
ever, some important issues that need to be resolved in the future: 

1) By contrast with the assumption made in classical relative perme-
ability analysis, saturation is non-uniform in heterogeneous porous 
media. Moreover, the displacement patterns observed and therefore 
also the relative permeability curves obtained vary with fluid vis-
cosity. Here we only considered fixed viscosity values for water and 
supercritical CO2 modelled for the specific injection conditions at 
Otway (Paterson et al., 2016). Furthermore, dependent on the 
mobility ratio, displacement is either stable or unstable. The latter 
manifests in coarsening instabilities producing different saturation 
patterns which are not captured by the current “steady state” relative 
permeability analysis (Berg and Ott, 2012). This issue needs to be 
addressed because it is impractical to carry out additional sensitivity 
analyses to constrain the effects of fluid properties and under what 
circumstances such heterogeneity-induced fingering during unstable 
displacement (Lake, 2010) should or can be adequately captured by 
adjusting relative permeability. Instead, these should be emergent 
properties of the reservoir simulation. 

2) The behaviour of the anisotropic rate-dependent relative perme-
ability functions is informed only by experiments conducted for two 
different flow directions. This separation between the two different 
directions may create inconsistency in the fine scale saturation dis-
tribution if the flow is oblique. Eq (18) weighs the effective relative 
permeability based on the contribution of each direction to the flow. 
Although this approximation is necessary, it means that kG

rx and kG
ry 

values could be generated from two different fine scale saturation 
distributions. This issue will be studied in the future.  

3) The determined equivalent parameters are scale dependent. The 
scale investigated in this study is 5 cm in the vertical and 1 m in the 
horizontal direction and was chosen to account for observed differ-
ences in correlation length. In addition, the upscaling setup, the 
resolution and regular discretization of the flow models used, their 
2D nature, and the linearization of the flow physics by the simulator 
will have an impact although we tried to control these factors by 
application of best modelling practices. 

6. Conclusions 

This study used numeric multiphase flow simulation to obtain the 
equivalent CO2 drainage relative permeability and capillary pressure of 
ten laminated composite sandstones sampled from the fluvio-estuarine 
Paaratte formation at CO2CRC’s Otway International Test Centre in 

Victoria, Australia. Flows parallel and perpendicular to the laminae 
were analysed using an experimental setup and procedure akin to the 
Penn-State method, where fluids are administered at specific rates and 
fractional flows through a high-permeability inflow region, and “steady- 
state” relative permeabilities are extracted when saturation stabilises. 

Curve-fitting of the results required different functions for cross- 
laminar versus laminae-parallel flows indicating a strong directional 
dependence of relative permeability. Six of the analysed samples also 
feature rate dependence in both directions while the remaining ones are 
rate-dependent only in the vertical direction. The transition velocity 
between these limits is 1.5–3 orders of magnitude wide. Drawing on 
Chierici’s method, we can obtain curve fits of relative permeability for 
all the analysed samples. 

The curve fits constrain a new set of anisotropic functions that 
describe relative permeability and capillary pressure as a function of 
brine saturation, flow direction and flow rate. To make these functions 
suitable for compositional simulation, they were regularised and 
extended beyond rate-dependent saturation end points so that they can 
now be applied to the compositional simulation in the CO2–H2O–NaCl 
system. For the first time, these new functions permit an investigation of 
feedbacks between the reservoir-scale flow regime and bed-scale phase 
mobility. To illustrate such applications to reservoir simulation, and to 
demonstrate the robustness of the new approach, meter-scale plume 
spreading simulations were conducted for the suite of thus homogenised 
fluvial-to-estuarine sandstones from Otway. 
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Nomenclature 

Latin letters 
D Depth (L) 
f Fractional flow 
g Gravitational acceleration (LT− 2) 
h Height above free water level (L) 

k and kGPermeability and permeability tensor at geo-cellular scale (L2) 
krw and krnw Wetting phase relative permeability and non-wetting phase relative permeability 
m The empirical VanGenuchten exponent 
Ngrav Gravity number 
n Normal unit vector 
P, Pc and Pe Pressure, capillary pressure, and capillary entry pressure (ML− 1T− 2) 
swr, swt and swt CL Brine saturation, threshold brine saturation and threshold brine saturation at CL 

M. Boon et al.                                                                                                                                                                                                                                   



Journal of Petroleum Science and Engineering 209 (2022) 109934

14

t Time (T) 
u Velocity vector (LT− 1) 
x Space vector (L)  

Greek letters 
φ Porosity 
ρ Density (ML− 3) 
μ Dynamic viscosity (ML− 1T− 1) 
λ and λT Mobility and total mobility (M− 1LT) 
Ω Computational space domain 
α Phase (brine or CO2) 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.petrol.2021.109934. 

Appendix A 

This appendix summarizes the root mean square (rms) error for all the curve fittings as shown in Fig. A1.

Fig. A1. The mean square error plotted as a function of velocity for all curve fits.  
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