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Results of simulating dynamic properties 

on 36 cores from the Precipice Sandstone, 

including computation of capillary 

pressure, drainage and imbibition relative 

permeability, and initial-residual trapping 

curves for the CO2:brine system at contact 

angles of 20°, 40° and 60°. 

 

 A final report on the correlation of image-

based modelling to experimental flooding 

data, which includes time and cost 

analysis comparing conventional 

CO2:brine flooding to image-based 

modelling.  

The image-based, dynamic modelling 

results outlined in Section 1 of this 

milestone report were compared to the 

core-flooding results from the special 

core analyses undertaken by the 

University of New South Wales School of 

Petroleum Engineering EOR/EGR 

Laboratory as part of Sub-Project 1.3 and 

the core-flooding and imaging results 

from the Sub-Project 3.3 Report 

(Saadatfar et al., 2015). 

MILESTONE 4.4 OUTPUTS 

1 Overview 

The goal of ANLEC 0128 Sub-Project 4 was to 

develop a suitable alternative, or at least a valuable 

complement, to laboratory core-flooding using 

imaging and modelling. This has been achieved 

with the development and implementation of 

pore-network based modelling methods with 

improved accuracy that provide estimates of the 

ability aquifer to trap CO2 within individual pores, a 

storage mechanism that is important for the 

successful long-term storage of CO2. 

Sub-Project 4.4 is reported here and completes 

ANLEC Project 0128 Sub-Project 4. It brings to a 

close a series of investigations into two-phase flow 

modelling and builds on the technology review of 

current two-phase flow modelling that was 

presented in Milestone Report 4.2 and on the new 

methods, results and comparisons described in 

Milestone Report 4.3.  

Specifically, Section 1 of this report for Sub-Project 

4.4 presents the results of two-phase flow 

modelling of dynamic properties for selected West 

Wandoan (Surat Basin) samples (see Figure 1 

Shaded boxes show which samples were 

examined under ANLEC Project 0128 Sub-Projects 

1, 2, 3, 4 and 6. The samples marked under Sub-

Project 4 (Dynamic Modelling) are the focus of 

this report.  

). It also provides a quantitative comparison 

(Section 2) between the results and the logistics 

(time and cost inputs) of image-based modelling 

and conventional laboratory core-flooding. The comparison utilizes the Special Core Analysis (SCAL) 

results from Sub-Project 1.3 and the core-flooding and imaging results from Sub-Project 3.3. 
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1.1 Findings from Sub-Project 4.2 

ANLEC Project 0128 Sub-Project 4.2 assessed and reviewed the reliability of current-two phase flow 

modelling for CO2:brine systems through calibration with experimental data. Specifically, an initial 

calibration was performed using the experimental results for samples P7 (described as fluvial 

channel fill; medium to very coarse sandstone from the Precipice Unit) and P11 (a medium to coarse 

sandstone from the Precipice Unit), which are two of the 

six samples initially examined using SCAL from Sub-Project 

1.3 and a small subset of the 57 reservoir and seal rock 

samples imaged by FEI Lithicon in Sub-Project 2.6. 

Based on the results of those comparisons (Figure 2), the 

Milestone 4.2 report (included in Attachment A) 

concluded that there is “tolerable agreement between the 

experimental and modelling results…” with some “notable 

discrepancies” (p. 54). Discrepancies in drainage endpoints 

could be confidently attributed to the ability of the 

modelling to “attain much higher capillary pressures” than 

the experimental results, which cannot achieve low wetting-phase saturations at low mobility ratios. 

Flow-rate effects were also relevant to the differences observed between modelled and measured 

results; these were relatively higher in the modelling and therefore led to lower CO2 relative 

permeability (Sheppard and Palamara, 2014: 55). However, other discrepancies remained, and while 

these were provisionally attributed to differences in scale and sample heterogeneity (particularly for 

sample P7), these conclusions were qualitative at best. In this final report we make a more detailed 

explanation of the effect of laminations on relative permeability and endpoints obtained from SCAL. 

Sub-Project 4.2 therefore highlighted the importance of understanding heterogeneity, particularly at 

the millimetre to centimetre scale where the lithological characteristics of the core samples (such as 

grain size and distribution) are relevant, and subsequently demonstrated the need for due 

consideration of upscaling (Sub-Project 6). It also indicated that for sufficiently slow flow in far-from-

wellbore conditions that “quasi-static pore-network modelling is a suitable modelling tool for 

simulating two-phase flow processes involving supercritical CO2” thereby prompting the use of such 

percolation-based models throughout Sub-Project 4. In particular, the high computational efficiency 

of these pore-network models relative to direct Navier-Stokes solvers enables them to explore 

heterogeneity and study sensitivity to contact angle and initial conditions without incurring 

prohibitive computational expense. 

“While there is, overall, a 

tolerable agreement 

between the experimental 

and modelling results, 

there are some notable 

discrepancies”  

Milestone Report 4.2, p. 54 
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Figure 1 Shaded boxes show which samples were examined under ANLEC Project 0128 Sub-
Projects 1, 2, 3, 4 and 6. The samples marked under Sub-Project 4 (Dynamic Modelling) are the 
focus of this report.  
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Table 1 Performance of quasi-static pore-network modelling and direct solution of the Navier-Stokes equations in 
various categories. Each category is rated out of five. A large number of free parameters (as for the pore-network 

model) is considered a weakness. 

 Quasi-static  

Pore-network model 

Direct  

Navier-Stokes solver 

Computational efficiency ★★★★★ ★ 

Number of free parameters  ★ ★★★★ 

Flow rate/Mobility ratio - ★★★★ 

Complex Geometries ★★ ★★★★ 

Heterogeneity ★★★ ★ 

Capillary-dominated flow ★★★★ ★★ 

Wetting films ★★★ ★★ 
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Figure 2 Results for sample P7. Showing the location of the sub-plug used for (b) digital imaging and (c) a 
comparison of drainage relative permeability by PNM simulation on the sub-plug and experimental SCAL 

performed on the upper section of the plug. Discrepancies between experiment and modelling are discussed 
later in the document. 
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Figure 3 Results for sample P11. Showing the location of the sub-plug used for (b) digital imaging and (c) a 
comparison of drainage relative permeability by PNM simulation on the sub-plug and experimental SCAL 

performed on the upper portion of the plug.  
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1.2 Findings from Sub-Project 4.3 

ANLEC Sub-Project 4.3 was geared towards three outputs: 

 

 

 

 

 

As reported in Milestone Report 4.3 (included in Attachment B), output one reasserted the findings 

from Sub-Project 4.2: that percolation-based network models are well suited to the heterogeneous 

sandstones from the Surat Project, as shown in Table 1 (Milestone Report 4.3 [Sheppard and 

Palamara, 2015: 5]). However, in order for such models to be accurate for water flooding (imbibition) 

it was necessary to introduce a new, more geometrically accurate model for piston-type pore filling 

that takes into account the radius of pore throats and the angle between pore throats entering a 

pore body. Correctly accounting for these aspects of the geometry enables the models to capture 

dependence on contact angle. 

The suitability of the network modelling approach was tested using sample of Berea sandstone 

provided by ANLEC R&D (see Figure 4 and Figure 5); Berea sandstone is the most widely used 

outcrop rock in the core analysis and geosequestration community as a representative analogue. The 

results (presented in Milestone 4.3 report, p. 43-49) provided valuable insights into contact angle for 

the scCO2:brine system, the effect of flow rate and for establishing the model validity.  

 

  

1 

A report on the reliability 
of current two-phase flow 
modelling via calibration 

with experimental data on 
Surat Basin plugs. 

2 

A technical review of 
wettability states in 

CO2:brine flooding in 
sandstone reservoirs. 

3 

The generation of 3D 
pore-network 

representations from 3D 
images of Surat Basin 

samples. 
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Figure 4 Berea Sandstone core plug (38 mm) showing two 5 mm sub plugs. 

 
 

 

Figure 5 Images from high-resolution 3D tomograms of the Berea sandstone: a) in native state; b) in saturated 
state; and c) map of connected porosity with darkening shades of grey associated with increasing levels of 

porosity. Calculated petrophysical properties for the Berea sample (based on digital core analysis) are: φ = 0.213, 
kx,y (D) = 0.3-1.1, kz (D) = 0.5-1.2, m = 1.83 (from Milestone Report 2.2, p. 11, 14). 
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Specifically, the calibration based on the Berea sandstone indicated that: 

 

 Pore-network modelling agrees well with experiment for flow rates less than about 5 

metres/day; this, then, is the true capillary-dominated regime for the supercritical CO2:brine 

system. 

 Experimental trapping curves (Figure 6) are well matched by network modelling for a water-

advancing contact angle between 20° and 40°.  

 For Surat basin conditions, the CO2 residual trapping capacity of Berea is around 30%, 

assuming high capillary pressures are reached during the CO2 injection. 

 Core-flooding experiments are fundamentally limited to low capillary pressure. 

 The new, percolation-based pore-network model (PNM) provides good agreement to 

literature Pc, kr and trapping curves without fitting parameters. 

 

One particularly notable insight from the Berea 

modelling work relates to flow rates and relative 

permeability. The standard wisdom is that 

increased flow rate increases relative permeability 

due to reduction in capillary fingering, as is the 

case of brine relative permeability in the CO2:brine 

system. However, a moderate increase in flow 

rate is likely to result in a decrease in the CO2 

relative permeability, since it will result in 

increased hydraulic coupling between the CO2 and 

the far more viscous brine. This is, in fact, 

completely consistent with the experimental and 

modelling results of this project, which show that 

the experimental flow rates were slightly outside 

the capillary dominated regime (see Figure 7). 

This effect (that is, that of flow rate on relative 

permeability) was described in sections 6.1 and 

6.2 (p. 34 and 35) of Milestone Report 4.2 (see the 

accompanying textbox). 

 

  

“At sufficiently high flow rates the mobility ratio 

can have a dramatic effect on the resulting 

displacement patterns (Lenormand et al., 1988). 

However, at low flow rates (again, capillary 

number Ca < 10-6), mobility ratio will have little 

or no effect on the relative permeability of 

either fluid phase because each fluid flows in 

separate pathways, and the two streams do not 

influence each other. At higher capillary 

numbers, there is hydraulic coupling between 

wetting phase flowing in thick films and the non-

wetting phase flowing in the central portion of 

the pores, particularly at lower wetting phase 

saturations. This results in an effective viscosity 

for the non-wetting phase that is influenced by 

the wetting phase viscosity, so that the relative 

permeability of the non-wetting phase 

decreases with decreasing mobility ratio. The 

wetting phase relative permeability is not 

affected by the mobility ratio to the same extent 

since it has extensive contact with the immobile 

rock surface. The magnitude of these changes 

will depend on both the rock structure and the 

wettability conditions.” 

 

Milestone Report 4.2, p. 35 
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Figure 6 Berea initial-residual trapping curves: pore-network modelling results from this study in comparison with 
literature. The data best match experiments with a water-advancing contact angle of between 20 and 40°.  
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Figure 7 Drainage relative permeability for Berea Sandstone, showing the results of the pore-network modelling 
from this study, the SCAL results from Sub-Project 1, the results of Perrin et al. (2009) and of Berg et al. (2013). 
Arrows A and B show the effect of increasing flow rate on water and CO2 relative permeability respectively. The 
effect of flow rate on CO2 relative permeability (arrow B) is the reverse of the effect for oil:water systems. The 

literature and UNSW curves also show how core-flooding does not achieve realistic drainage endpoint 
saturations, with the obtained values being strongly rate-dependent; this is due to capillary pressure limitations 

as discussed in Section 2.3.1 
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Output two from milestone 4.3 involved statistical analyses of published contact angles for CO2 and 

brine on quartz and highlighted the uncertainties that prevail in laboratory-based measurements of 

wettability. An integrative analysis of published data was performed. The effect of hysteresis was 

unclear due to small samples sizes, though there is a strong suggestion that advancing contact angles 

are greater than receding contact angles. A mixed-effects regression model tentatively yields an 

estimate of an increase in contact angle of about 13° for advancing conditions for CO2 on quartz 

compared to receding conditions (with constant temperature, pressure and salinity). As outlined in 

the Milestone Report 4.3 report and in Palamara et al. (2015), inconsistent experimental conditions 

behind published measurements of CO2 contact angles on quartz have meant that there is not, as 

yet, a consistent understanding of what contact angles could be expected for the quartz surfaces. 

Nevertheless, an estimate of contact angles is required for the Precipice Sandstone to allow the 

dynamic modelling performed in (this) sub-project 4.4.  

 

The Surat basin flooding data from ANLEC Sub-Project 1, and particularly the water relative 

permeability curves, provide evidence for a strongly water wet system. After modelling, it was 

evident that a contact angle of less than 40° was required to allow the modelled results to match the 

experimental data for both Berea sandstone and Precipice sandstone (as outlined at dot point 3c in 

Section 4). 

 

This is in accordance with the above core-flooding data and from visual inspection of fluid interfaces 

captured by x-ray micro-CT images of Precipice Sandstone during core-flooding for Sub-Project 3.3. It 

is also in accordance with the ad hoc prediction derived in the Milestone 4.3 report as a guide. That 

is, our earlier statistical modelling suggests for under reservoir conditions contact angles for the 

Precipice Sandstone (averaged over both advancing and receding conditions) should be around 33° 

(Palamara et al., 2015).  

 

This, then is our best-informed estimate for contact angles with the West Wandoan samples, and 

within reasonable error bounds is in accordance with results from recent published studies (for 

example, Al-Yaseri et al., 2015a, b). 

 

A review of residual saturation measurements for supercritical CO2 from core-flooding experiments 

in sandstone cores found values of around 20% to 24% (see Table 6 of the Milestone 4.3 report; p. 

37, repeated here as Table 2), which is very strong indirect evidence of water-wet conditions in 
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reservoir conditions and concur with the statistical estimates from the aforementioned integrative 

analysis (Sheppard and Palamara, 2015: 39).  

 

The third, and main, output of Sub-Project 4.3 featured percolation-based (quasi-static) pore-

network modelling to nine samples of Precipice Sandstone from the Surat Basin Project (samples P6, 

P7, P10, P11, P12, P13, P14, P15, P19). As described above, the pore-network modelling presented in 

Sub-Project 4.3 employed a new network model for imbibition (water invasion) that is more 

geometrically accurate (see Appendix A from Milestone Report 4.3) and that successfully captures 

the two-phase flow properties of the CO2:brine system in Berea sandstone (including capillary 

pressure, drainage relative permeability and CO2 residual trapping) without the use of any fitting 

parameters (Milestone 4.3 Report, p. 73). Experimental data shows the onset of flow-rate effects 

occurs at capillary numbers of about 10-6, which for Surat basin conditions corresponds to flow 

velocities of roughly 5 metres/day; the percolation based model will only be valid for flow rates up to 

this speed. 

Table 2 Published core-flood studies of residual trapping in CO2 and brine 

Study Solids Fluids Results  
(residual sCO2 saturation) 

Chaudhary et al. 
(2013) 

[1] Borosilicate glass beads  
(water-wet, Ø 37%)  
[2] Angular borosilicate glass  
(water-wet, Ø 33%)  
[3] Teflon beads (CO2-wet, Ø 39%) 

[1] Brine (1 wt% NaBr) [2] 
Supercritical CO2 

15% to 20% after secondary 
flooding on glass, 2% after 
secondary flooding on Teflon 

Krevor et al. 
(2012) 

[1] Berea sandstone (Ø 22.1%)  
[2] Paaratte sandstone (Ø 28.3%)  
[3] Mt Simon sandstone (Ø 24.4%)  
[4] Tuscaloosa sandstone (Ø 23.6%) 

[1] Water [2] CO2 15% to 20% at 90% CO2 
fractional flow, depending on 
lithology 

Akbarabadi and 
Piri (2011) 

[1] Berea sandstone (water-wet)  
[2] Nugget sandstone (water-wet, from 
Wyoming) 

[1] Brine (10 wt% NaCI, 5 wt% 
NaCl, 0.5% wt% CaCl2)  
[2] Gas CO2 [3] Supercritical CO2 

20% and 32% depending on 
lithology 

Iglauer et al. 
(2011) 

[1] Doddington sandstone (Ø 20.7%) [1] Brine [2] Supercritical CO2 25% 

Knackstedt et 
al. (2010) 

[1] Otway (Waarre) sandstone  
 

[1] CsI brine [2] n-hexane 
(supercritical CO2 analogue) 

30% 

Evans (2012) [1] Berea sandstone (Ø 21%, k = 165 mD) 
[2] Waarre-C Sandstone (Ø 21%, k = 2 D) 
[3] Pinjarra-1 Sandstone (Ø 16.5, k = 1.6 
mD) 

[1] Brine [2] CO2 [Berea] 20.45% 
[Waarre-C] 51% 
[Pinjarra] 37.1%  
 

Li et al. 2015 [1] Berea sandstones (Ø 21%, k = 159 mD) 
[2] Berea sandstones (Ø 21%, k = 612 mD) 

[1] CO2 [2] Brine (8% wt NaI, 10% 
wt NaI) 

11.5% to 31% 

Saadatfar et al. 
(2015) 

[1] Precipice Sandstone (Ø 18%, 21%, 23%) [1] Brine (0.15 M KCl + 0.3 M NaI) 
[2] Supercritical CO2 

25% to 31% 

Pentland et al. 
(2011b) 

[1] Berea Sandstone (Ø 22%) [1] Brine (5% wt NaCl, 1% wt KCl) 
[2] CO2 

37% 

Pentland et al. 
(2011a) 

[1] Berea Sandstone  [1] Brine (5% wt NaCl, 1% wt KCl) 
[2] CO2 

35% 

Suekane et al. 
(2008) 

[1] Berea Sandstone  25% to 28% 
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Within this regime it was possible to conclude that the capillary trapping characteristics of the 

Precipice sandstone from West Wandoan are very similar to those of Berea, with a total trapping 

capacity of around 30%. This is supported by the microstructural measures obtained from the pore 

network extraction, particularly pore/throat aspect ratio and pore coordination number, which have 

been shown to be relevant for capillary trapping. The similarity between Precipice and Berea is 

somewhat surprising despite the Precipice being somewhat less well consolidated, which is normally 

suggestive of lower trapping capacity. It should be stressed, however, that these results indicate flow 

within laminations – for the aquifer trapping capacity it is necessary to consider larger scale 

migration patterns, with, for example, lamination scale modelling. 

 

Another question in this milestone was the comparison with SCAL data. The SCAL data was 

conducted in the vertical direction, that is, across laminations, on plugs about 10 times longer than 

the sub-volumes used for the network modelling studies (50 mm vs 5 mm). Cross-lamination flow is 

an interesting case and the results from the nine Precipice samples showed a mixed agreement 

between experimental and model relative permeability (reported in Milestone Report 4.3). When 

there was a significant difference it was a lower water 

relative permeability in experimental data; these 

discrepancies could not be attributed to higher flow rate 

or to intermediate wet conditions. In the Milestone 4.3 

report these discrepancies were attributed to 

heterogeneity. However, this explanation was favoured 

largely because other possible explanations had been 

eliminated. In this current report we present a more 

convincing explanation of the discrepancy between 

modelling and SCAL experiment.  

 

Milestone 4.3 also made a comparison of trapping between the new modelling predictions and 

imaging results from ANLEC Sub-Project 3.3 (Saadatfar et al., 2015: 63). For this comparison, the 

modelling was performed at three different contact angle ranges (20° to 25°, 40° to 45° and 60° to 

65°; repeated here in Figure 8). Combining results from the earlier Berea study with trapping results 

and from visual inspection of the images obtained for Sub-Project 3.3, it was possible to conclude 

that “the “CO2:brine system in the Precipice sandstone can be considered strongly water-wet, with 

both the advancing and receding contact angle almost certainly less than 40°” (Sheppard and 

Palamara, 2015: 51, 73). 

“An increase in contact angle 

from 20° to 40° reduces residual 

trapping by approximately 25% 

(from ~40% to ~30%), while at 

60° the trapping capacity is 

reduced by half.”  

(Milestone Report 4.3, p. 73) 
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Figure 8 Comparison of trapping results between trapping curves computed on sample P12 from milestone 4.3, 
with trapping results from direct imaging of in-situ flooding on 5 mm sub-plugs from samples P12, P17, P20 from 
ANLEC Sub-Project 3.3 (Saadatfar et al., 2015). The computed values include horizontal and vertical directions for 
two sub-volumes and for three different advancing contact angle ranges (20° to 25°, 40° to 45° and 60° to 65°). 
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2 Modelling of dynamic properties: two-phase flow 

For this project, modelling of two-phase flow 

is performed using percolation based pore-

network models. The reasons behind this 

choice, along with extensive analysis of the 

advantages and limitations of percolation 

based network modelling, can be found in 

section 5 and 6 of the Milestone 4.2 and 

section 3 and 4 of the Milestone 4.3 reports. 

To create a pore network that is 

representative of a rock’s pore space one 

must first obtain a μCT image that captures 

both the main flow channels as well as the finer 

structure in which the wetting menisci will 

reside (Sheppard et al. 2005, 2006). 

The technique described in Bakke and Oren (1997) is used to extract a pore network from a 3D μCT 

image that captures the essential structure of the rock sample. This network contains a node (vertex) 

for each pore body and a link (edge) for each pore throat. Many geometric parameters (for example, 

radius, volume, shape factors) are extracted for each pore body and pore throat during this process, 

enabling one to estimate the hydraulic conductivity of each pore space element, from which the 

permeability of the rock space can be computed. Many topological and geometric characteristics of 

the pore space can also be computed from the pore network, such as those presented in Table 3. 

The geometric characterization also enables one to derive relationships between capillary pressure 

and saturation, and to estimate hydraulic conductivity of each pore space element at partial 

saturation. Of critical importance for the modelling of drainage and imbibition processes, as required 

for modelling the dynamics of saturation changes in the CO2:brine system, is determining the 

threshold capillary pressure values at which the occupancy of a pore element will change suddenly 

(for example, Haines jumps during drainage and throat snap-off during imbibition). Models for 

thresholds during drainage are relative straightforward and have been accepted in the literature for 

more than a decade (Oren and Bakke, 2003). Imbibition presents a much greater challenge, and a 

new pore-filling algorithm for imbibition has been developed, in part for this project, that enables 

variation in contact angle to be correctly modelled for the first time (see Appendix A of Milestone 

Report 4.3). 

Figure 9 Representation of a pore network, extracted from 
sample P11, showing a sphere for each pore body and a 

tube for each pore throat in the rock sample. This is from a 
smaller subset to allow easier visualisation. 
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2.1.1 Interfacial Tension 

A value of 35 mN/m was chosen for the interfacial tension as being appropriate for the conditions in 

the injection aquifer. As discussed in Milestone 4.2, this value is weakly dependent on pressure, 

temperature and brine salinity, and in addition it plays a relatively small role in two-phase flow 

dynamics, have essentially no effect on relative permeability. Contact angle is a far more critical 

parameter that will have a dramatic effect on relative permeability and trapping. Since the effective 

contact angle in a given pore space can vary due to surface roughness and chemical variation, it is 

standard practice in network modelling to randomly allocate a somewhat different contact angle to 

each pore. This is done by setting the contact angle in each pore element to a value sampled at 

random from a distribution of possible contact angles.  

2.1.2 Contact Angle 

Consistent with conclusions from Milestone 4.3, the drainage simulations use a uniform distribution 

of contact angles in the range 0° to 25°. For imbibition (water flooding), three different narrow 

ranges for the contact angle were chosen: 20° to 25°, 40° to 45° and 60° to 65°. These ranges fall 

within the scope of the contact angles reported in the literature for CO2 on quartz surfaces, as shown 

in Figure 10, and encompass the tentatively predicted value of 33° from Palamara et al. (2015: 522) 

that neglects the potential presence of trace minerals but accounts for thermo-physical conditions 

for the Precipice (that is, 60°C, 12 MPa, 0.01 mol/L salinity). We also note that, as shown in Section 4 

(3c), the modelling results presented here required contact angles below 40° in order to match 

experimentally observed data.  

 

This contact angle range is slightly lower than  Al-Yaseri et al. (2015a), who found an advancing 

contact angle of 47° for CO2 on quartz in a higher salinity brine (0.09 mol/L) at 13 MPa, and 60°C. 

However, within uncertainty,  this is in agreement with the more recent results of Al-Yaseri et al. 

(2015b), which consider the lower salinity situation and report advancing contact angles of up to 50° 

at storage conditions compared with 0° at ambient conditions. These important recent studies show 

that contact angle appears to be quite sensitive to many environmental conditions, including 

pressure, temperature, mineralogy and brine salinity.  Indeed, brine salinity is one of the main 

factors contributing to changes in contact angle in reservoir conditions, as shown in their Figures 6 

and 7 (for reservoir conditions of 10 MPa and 50°C and 70°C respectively). For a low NaCl brine 

situation, such as what is encountered in the Precipice Sandstone (0.01 mol/L is a reasonable 

estimate), Al-Yaseri et al. (2015b) show advancing contact angles between 30° and 34° (their Figure 

6), which conform with the range predicted in Palamara et al. (2015) (even after considering the 10° 
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temperature difference between the two studies) and also conform to what was used in the 

modelling in this report.   

It is important to mention, that it is primarily the imbibition process that is sensitive to contact angle; 

the drainage contact angle in the modelling process will scale the capillary pressure but not affect 

the dynamics of the fluid displacement. The change in contact angle and capillary pressure results 

only in localised changes in the wetting phase configurations that are completely reversible within 

the model and therefore do not persist into the subsequent imbibition.  This is because, during 

drainage, the invading non-wetting phase will always invade that largest accessible pore-throat, 

independent of the contact angle, as long it remains the 'non-wetting' phase. Therefore trapping 

values, at the end of imbibition are entirely insensitive to the contact angle chosen during drainage.   

While the recent studies referred to above do not change our work - largely due to the low salinity 

conditions of the aquifer - we recognise the importance of this work quantifying contact angles, since 

many rocks with more complex mineralogy and different environmental conditions may indeed have 

higher contact angles, and this may significantly impact CO2 storage. 

2.1.3 Solubility 

It should be stressed that the model assumes complete immiscibility of the fluid phases. That is, it 

assumes that the fluids do not dissolve in one another to any degree, nor do they react with the 

rock. Solubility at the pore scale is an important issue for experiments and has been a constant issue 

for the experiments carried out in Sub-Project 3. Changes in temperature or pressure affect the 

equation of state, and cause dissolution of small bubbles on a time scale of hours. There is some 

discussion of this issue in the Milestone 3.3 report. However, in this modelling work we have chosen 

to focus on pore-scale processes in far-from wellbore conditions where the fluids are relatively well 

equilibrated and the timescales for dissolution of the fluid phases are longer than those for residual 

trapping. However, on larger scales the timescales for these processes will often overlap, so future 

studies considering the upscaling of these results will need to consider solubility trapping.  

While there are, in principle, free parameters involved in 

the extraction of a representative pore network and the 

construction of a pore-scale model using that network, 

appropriate values for these parameters were finalised 

some years ago and are no longer varied in any way. 

Therefore, we stress that the network modelling work 

presented here involves no fitting parameters of any kind 

and we make explicit our choice of physical parameters. 

"…the network modelling 

work presented here involves 

no fitting parameters of any 

kind and we make explicit 

our choice of physical 

parameters.” 
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Table 3 Pore morphology descriptors determined from network extraction. Two sets of values are reported for 
each sample, corresponding to the two non-overlapping sub-volumes of 10003 voxels (around 5 x 5 x 5 mm) that 
were analysed for each sample. Due to heterogeneity at this length scale, the results for these adjacent volumes 

can be very different from each other.  

Sub-Plug 
 

(%) 

Perm.  
(xy) 
(mD) 

Perm.  
(z) 
(mD) 

No. of 
pores 

No. of 
throats 

Mean 
Pore  
co-
ord. 

Mean 
Pore 

radius 
(μm) 

Mean 
Throat 
radius 
(μm) 

BEREA 19.8 180 172 49180 89087 3.58 12.85 7.77 

P6 
19.3 
20.6 

252 
715 

29 
16 

41916 
43685 

65089 
66580 

3.05 
3.0 

27.62 
28.39 

17.38 
18.4 

P7 
21.0 
19.5 

1166 
785 

161 
355 

33787 
47737 

53512 
76114 

3.12 
3.14 

31.03 
26.77 

20.32 
17.19 

P10 
19.7 2410 2063 51316 97476 3.76 30.71 19.0 

   36001 64683 3.55 29.91 18.91 

P11 
21.1 
21.1 

2463 
2057 

1572 
1435 

34227 
30020 

66850 
57019 

3.86 
3.76 

23.43 
24.36 

14.43 
14.78 

P12 
18.0 
20.5 

1205 
 

287 
2299 

33430 
41143 

52332 
79795 

3.09 
3.83 

29.09 
32.16 

19.52 
22.15 

P13 
18.8 
19.5 

1214 
1310 

848 
745 

60766 
68907 

111042 
126480 

3.61 
3.63 

27.2 
27.53 

16.4 
16.44 

P14 
23.1 
22.6 

1034 
876 

1041 
818 

30603 
30673 

59583 
59016 

3.84 
3.8 

14.68 
14.6 

9.44 
9.42 

P15 
21.5 
21.2 

2726 
3255 

1417 
2004 

27823 
23697 

60525 
47123 

4.31 
3.93 

17.67 
19.11 

10.94 
11.96 

P19 
12.7 
19.0 

1302 
3411 

25 
1285 

31553 
37280 

56886 
73426 

3.56 
3.89 

18.1 
20.8 

11.08 
12.98 

P20 
41.79 6988 - 14586 35856 4.86 27.1 21.75 

   14535 39848 5.42 29.89 22.77 

P22 
19.08 150 103 65096 106692 3.24 14.75 9.18 

19.10 140 88 62868 102406 3.22 14.75 9.21 

P24 
16.92 2653 131 12696 17176 2.64 29.54 20.47 

18.18 1778 1302 12531 18434 2.89 31.31 21.53 

P28 
12.36 1060 240 25302 43995 3.43 18.65 12.03 

10.69 2240 2088 21823 39500 3.58 17.09 11.51 

P29 
21.80 3055 2527 30000 55506 3.65 17.67 11.78 

21.30 1759 1673 32298 61030 3.74 17.89 11.54 

P30 
19.0 2123 - 32038 60273 3.73 15.06 9.93 

22.33 7215 4761 23377 46351 3.92 16.34 10.91 

P31 
18.53 3727 2128 29976 53699 3.53 29.49 18.72 

18.77 3357 1807 31313 56775 3.58 29.47 18.68 

P32 
19.78 1430 1330 47656 87636 3.63 27.59 17.79 

19.50 2390 1812 34401 62436 3.58 29.19 19.3 

P33 
21.41 686 752 90996 184525 4.02 13.47 8.01 

21.84 1013 1236 - - - - - 
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Table 2 Continued 

Sub-Plug 
 

(%) 

Perm.  
(xy) 
(mD) 

Perm.  
(z) 
(mD) 

No. of 
pores 

No. of 
throats 

Mean 
Pore  
co-
ord. 

Mean 
Pore 

radius 
(μm) 

Mean 
Throat 
radius 
(μm) 

PU2 
19.22 45 0 48505 65283 2.64 17.31 11.45 

21.82 176 90 52052 80046 3.03 18.52 11.92 

PU5 
09.10 1 - 57835 69386 2.37 16.97 11.01 

13.32 112 35 71202 106637 2.96 18.24 11.63 

PU7 
24.98 7566 7518 17406 34249 3.87 29.92 20.04 

21.74 865 598 38393 65605 3.37 21.56 14.25 

PU10 
24.88 3139 3146 19720 35495 3.54 27.38 18.71 

23.28 2129 969 31988 56003 3.45 24.52 16.26 

PU11 
19.83 2463 1571 35401 63695 3.55 21.91 14.72 

19.88 2057 1435 35598 58746 3.25 20.05 13.62 

PU12 
13.59 4 - 26771 37228 2.74 18.45 12.49 

18.45 356 10 37987 56839 2.95 21.16 14.02 

PU13 
22.54 586 254 34955 60229 3.4 22.22 14.28 

23.66 486 43 41199 70297 3.37 21.84 13.99 

PU14 
23.07 1877 130 25102 57599 4.53 23.43 16.67 

24.27 1205 2067 35335 105414 5.92 19.94 14.29 

PU15 
21.39 2344 73 35654 58693 3.25 20.72 14.09 

20.04 1358 3 40126 64389 3.17 20.78 14.13 

PU16 
20.09 827 439 30832 49250 3.14 22.87 15.11 

22.56 3198 1589 28224 48830 3.41 23.53 15.67 
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Figure 10. Published contact angles, separated by measurement technique, at varying pressure.  
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2.2 Simulations performed 

The percolation-based pore-network modelling of two-phase drainage and imbibition was performed 

following the methodology described in Oren and Bakke (2003), with modifications as described in 

Appendix A of Milestone report 4.3 and parameters as described above. The simulations mimic the 

effect of closed boundary conditions on the side of the core and a capillary barrier, equivalent to that 

used in porous-plate capillary-pressure experiments, at the outlet that allows capillary pressure to 

rise without any non-wetting fluid exiting the sample. This is essentially equivalent to a porous-plate 

type capillary-pressure experiment, with the advantage that relative permeability can be computed 

at regular intervals since the spatial distribution of the two fluids through the pore space is known. 

The simulations consisted of primary drainage followed by secondary imbibition, which commenced 

from the drainage endpoint. For computing trapping curves, the drainage simulation was stopped at 

a predetermined water saturation. At regular points the relative permeability for each fluid phase 

was computed by allocating a fluid conductance to each pore element then solving Darcy’s equation 

across every network link while conserving fluid volume at each network node.  

During drainage the brine is assumed to connect throughout the network at all times. The drainage 

process can, in principle, continue to infinite capillary pressure and zero brine saturation. However 

the simulations are only worthwhile down to a certain water saturation; below this point the 

assumptions of crevice geometry govern the shape of the curves. In addition, the network model 

assumes that any ‘microporosity’ (that is, sub-resolution porosity identified by tomographic image 

analysis) remains filled by water at all times. We emphasise that any image-based method will fail at 

sufficiently low wetting-phase saturation since at low saturation the wetting phase is driven to the 

smallest features of the pore space. 
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2.3 Comparison of numerical modelling and SCAL 

In ANLEC project 0128 the dynamics of two-phase flow within Precipice core samples has been 

explored in three ways: 

1. Traditional SCAL core flooding on 25 mm core plugs (Sub-Project 1) 

2. X-ray micro-CT imaging of core flooding on 6 mm sub-plugs(Sub-Project 3) 

3. Image-based pore-network modelling (PNM) on sub plugs (Sub-Project 4; this report) 

Each of these approaches has its own advantages and challenges that are summarised below 

2.3.1 Traditional SCAL 

A number of ongoing challenges have been identified and reported in core-flooding experiments 

such as those performed during SCAL procedures. Many of these are outlined in the review by 

Benson et al. (2013) and include: 

 The need to use high flow rates to avoid capillary end-effects, in contrast to conditions far 

from wellbore where the flow rates are low. Capillary end-effects are “[t]he most common 

source of problems encountered in core flooding tests…” (Benson, et al. 2013: 29). The 

capillary end effect, which results from the condition of zero capillary pressure at the outlet, 

can be reduced by running experiments at higher flow rates.  The mechanism for this can be 

understood as follows: the low capillary pressure leads to higher wetting-phase saturation 

near the outlet.  In this region, the wetting-phase relative permeability is elevated and the 

non-wetting phase relative permeability is reduced. Therefore, travelling back along the core 

from the outlet, the non-wetting-phase pressure rises more quickly than the wetting-phase 

pressure, until the non-wetting-phase saturation and capillary pressure reach their 'steady 

state' values.  Since all pressure gradients are proportional to flow rate (Darcy's law), the 

distance from the outlet at which equilibrium is reached will be inversely proportional to the 

flow rate. 

 The inability to achieve high capillary pressures for unfavourable mobility ratios such as 

CO2:brine, which is expected to be a common phenomenon among core-flooding studies 

(Krevor et al., 2012: 1, 13). 

 Steady state methods are very slow due to the need to wait for equilibration for every new 

data point. Unsteady state methods are faster but relative permeability curves can only be 

extracted by history matching the experimental data, and this interpretation can be 

questionable, particularly for heterogeneous samples. 

 Differences between two-phase core flooding methods for relative permeability, which have 

no capillary barrier and are conducted at high flow rates to minimise capillary end effects, 
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and the porous plate method for capillary pressure, which is conducted very slowly and with 

quite different boundary conditions. 

 An inability to deal with heterogeneity due to a lack of knowledge about the heterogeneity 

within a particular sample and its effect on flow. As Müller (2011: 371) indicates, 

heterogeneity is particularly problematic because (a) it is ubiquitous in natural samples and 

(b) interpretation tools cannot compensate for these effects. Conducting experiments inside 

medical CT scanners (that is, combining core-flooding with imaging) is a powerful but 

expensive method that can resolve this issue. This does not provide pore-scale information 

but rather enables core-scale heterogeneity to be mapped (Benson et al., 2013: 26).  

In Sub-Project 1, core flooding was performed with the flow direction perpendicular to the 

laminations. This is an unconventional approach and has its shortcomings. However flooding parallel 

to the laminations would have had its own drawbacks since it is unknown whether the flow has 

proceeded preferentially along certain laminations while bypassing others. Regardless of the flow 

direction, heterogeneity presents a major difficulty for SCAL.  

2.3.2 Direct pore-scale imaging of core-flooding 

Imaging the displacement processes occurring at the pore scale during a flooding experiment, would 

add enormously to the value of the experiment since the measured flow properties could be related 

to pore-scale causes such as pore microstructure or fluid wettability. This pore-scale imaging of the 

scCO2:brine system within the pore system of Precipice sandstone has been the focus of Sub-

Project 3. 

However, imaging-based studies of core-flooding introduce a further set of technical difficulties. For 

example:. This work and others have identified the following “technical difficulties” for image-based 

flooding, in addition to the difficulties of standard SCAL: 

(1) Micro-CT imaging of CO2 flooding under reservoir pressure undertaken by Silin et al. (2011: 496, 

512-3) at the Lawrence Berkeley National Laboratory struggled to achieve significant contrast 

between the pore-fluids (supercritical CO2 and water) and solid grains, largely because the 

density of the solid material is much greater than the fluids. The difficulty in distinguishing pore-

fluids from grains required imaging configurations that resulted in CT images with “significant 

noise”. The noise in the images precluded visual analysis and instead required the development 

of customized segmentation algorithms for the extraction of pore spaces. Fortunately the ANU 

group is experienced in the selection of contrast agents and a pioneer in tomographic image 

formation and image analysis, so this was a relatively minor difficulty for Sub-Project 4. 



The Australian National University | 27 

The various challenges associated with 

core-flooding experiments can be 

conceptually categorised into:  

Difficulties with sampling, including the 

“sensitivity to coring, core preservation, 

handling and preparation procedures” 

(Knackstedt, 2013). This is evident, for 

example, in the uncertainties around 

permeability measurements in Evans 

(2012), potentially attributed to physical 

compaction. Specifically, a “… degree of 

formation damage before the 

commencement of and during the flooding 

experiment” (p. 65). Gradual but 

irreversible physical compaction (“creep”) 

is also cited by Saeedi et al. (2011: 82) as a 

likely cause of differences in results at 

different pressures. 

Difficulties with flooding, including 

bypassing of pores as observed by Silin et 

al. (2011) whereby “a big portion of the 

pore space was entirely bypassed by the 

injected CO2” and incomplete flooding due 

to the development of bubbles during 

heating (as observed by Saadatfar et al., 

2015: 15). 

Difficulties associated with imaging, 

particularly with noise and the subsequent 

challenges in identifying individual pixels 

and phases (see, for example, Niu et al, 

2015: 20 and Silin et al., 2011: 496).  

CHALLENGES IN IMAGING CORE-
FLOODING EXPERIMENTS 

(2) The sandstone sample used by Silin et al. (2011) from 

the Frio Pilot Project was susceptible to damage and 

breakage during core flooding; this problem is not 

unique to image-based analyses though, and also 

occurs in core-flooding experiments undertaken with 

SCAL (Müller, 2011: 371), although larger samples are 

more robust. Sample breakage was a significant 

problem for Sub-Project 3, with at least two samples 

breaking once pressure was applied.  

(3) Small features (such as small pores and crevices) are 

only captured in the output if sufficiently small 

samples are used relative to the feature sizes in the 

pore system. Small samples present a great many 

challenges for core flooding, not the least of which is 

the very small volume (tens of microlitres) in the pore 

system of such samples, so that such experiments 

come into the domain of microfluidics. For Milestone 

4.2, good resolution was obtained by using small (5 

mm) samples and imaging at 20003 voxel resolution, 

but the small sample sizes posed challenges 

throughout. 

(4) CO2 bypassing occurs in many studies, whereby “a big 

portion of the pore space was entirely bypassed by 

the injected CO2”, possibly from heterogeneities in 

the rock material (Silin et al., 2011: 513). As described 

above, such channelling and bypassing is a problem 

for traditional SCAL experiments also (see, for 

example, Bachu and Bennion, 2008: 1718). This problem is potentially particularly severe for 

small plugs where boundary or side-wall effects can dominate the entire sample. These problems 

are mitigated by imaging so that analysis can be restricted to unaffected regions or take into 

account core heterogeneity. 

(5) There is some evidence exposure to synchrotron x-ray radiation can influence contact angle, at 

least in three-phase flow in spreading systems, as found by Brown et al., (2014: 171, 178): 

“wettability alteration is significant when oil-solid contact is combined with x-ray exposure, and 
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is not reversed with a conventional cleaning procedure.” (p. 171). While there is no evidence of 

contact variation in the scCO2:brine system when subject to laboratory based x-ray sources as 

used in this study, the possibility of such effects must always be considered. 

Due to these challenges, along with the standard suite of difficulties associated with core flooding 

with supercritical CO2, the imaging undertaken in Sub-Project 3.3 of this project has proved time 

consuming and has not yet delivered statistically significant results. Nevertheless, these experiments 

form an important supplement for other data collected in this project and can be used as a basis of 

comparison and validation of the pore-network modelling Sub-Project 4.  

Full details of the experimental parameters are listed in the Milestone 3.3 report for ANLEC Project 

0128 (Saadatfar et al., 2015). In brief, pore pressures of 1,350 psi and temperatures of 55°C were 

used for the supercritical CO2 trapping experiments in which eight plugs where flooded inside the 

μCT instrument at the Australian National University. Importantly, experimental problems meant 

that usable trapping results were obtained for only three of the eight samples: P12, P17 and P20. The 

experimental problems (outlined in the Milestone 3.3 Report) included: 

1. Incomplete saturation, occurring mostly in the form of trapped bubbles that developed during 

heating of the sub-plug after brine saturation (Figure 11); 

2. Fracturing, which occurred in two samples (P12 and P14) “[d]espite a careful choice of the 

pressure setting in order to maintain the lowest possible axial pressure” (Saadatfar et al., 

2015: 16). In P14 the fracturing involved an element of continuous creep; 

3. Blockage and reduced flow, evident in samples P29 and P30 and largely unexplained; 

4. Image inconsistencies due to “the erratic and unpredictable movement of the sample and the 

[high pressure chamber] during the image acquisition” (Saadatfar et al., 2015: 18). 

 

The challenges associated with the imaging component of core-flooding are further highlighted in 

the work of Herring et al. (2015: 95), who indicate that “Because of their dependence on very 

small features, image-derived connectivity metrics may be sensitive to various image quality 

parameters, for example: noise levels, data resolution, the type of filters applied to the data, 

Due to these technical difficulties, along with an initial delay in the supply of core material, 

ANLEC Sub-Project 3 is ongoing and complete results were not available at the time of 

writing this report. Comparison between directly-image core flooding and modelling 

results will therefore form part of the final report for Sub-Project 3. 
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segmentation method, and segmentation threshold values.” Like Silin et al. (2011), Herring et al. 

(2015: 95-96) found that a “minimal level of noise removal” is required to provide consistent 

calculations and that “data processing schemes” such as filters and threshold detection methods 

including segmentation thresholds can have a “significant” effect on some of the calculations, 

particularly in images with the most non-wetting phase present. As described in Sub-Projects 2 

and 3, a range of sophisticated algorithms for image processing and image registration have been 

applied to the images in this study, using the Mango software toolkit developed at ANU. Due to 

the advances in both imaging and image processing, the quality of the data quality from this study 

can be expected to be significantly higher than that of Silin et al. (2011). 

 

When challenges are overcome, the process of 3D imaging of core-flooding can yield valuable 

insights into CO2 storage, and particularly trapping mechanisms. The work of Andrew et al. (2013) 

demonstrates that, through a process of imaging, filtering and then segmenting (using a seeded 

watershed algorithm that overcomes the misidentification associated with grey-scale 

segmentation) the average saturation and 3D distribution of trapped CO2 (including ganglia 

analysis) could be readily identified. Similarly, novel work by Iglauer et al. (2011) using a high-

pressure, elevated-temperature micro flow cell for imaging and core-flooding provided valuable 

insights into trapping capabilities in sandstone, as well as an indication of snap-off mechanisms 

and the nature of trapped supercritical CO2 clusters. In both these studies, the experimental setup 

was of the porous-plate type, with a semi-permeable membranes were used to provide a capillary 

barrier at one end of the core plug.  This eliminates most issues of fluid bypassing seen by Silin et 

al  but rules out the possibility to conduct fractional flow core-flooding. 
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Figure 11. Partial saturation during core-flooding. Top: Fully saturated sandstone at an elevated pore pressure 
(9.3 MPa) and room temperature. Bottom: The same image after increasing the temperature to ≈50ᵒC. Note the 

appearance of air/gas bubbles (shown in black). From Saadatfar et al. (2015: 15). 
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2.3.3 Image-based modelling 

Image-based modelling, in which static images that capture the pore system geometry are used for 

the extraction of representative pore networks in the workflow described in Section 2. These studies 

have a complementary set of challenges to the previously described methods; these challenges were 

described in Milestone Report 4.2 (Chapter 4 and Section 5.6) and include:  

 Image segmentation (that is, “the procession of converting [an image] in which the different 

phases are represented by range of grey-scale values to one in which they are each assigned 

a single integer values”, each one corresponding to a different discrete phase or material 

(Brown et al., 2014: p. 172). For complicated samples and/or limited image resolution, the 

uncertainty associated with image segmentation can be very high. 

 image resolution and sample size – for images with 2000 voxels across, the voxel size is 

limited to being 2000 times smaller than the imaging field of view, for a 5 mm sample the 

voxel size is limited to 2.5 microns. Any pore system features smaller than two or three 

voxels will be unresolved and cannot therefore be directly accounted for in the modelling. 

Including sub-resolution features into modelling is an upscaling process. 

 difficulties of low permeability samples where very high resolution is required to capture the 

main flow pathways in the pore system, obliging the use of very small samples (due to the 

trade-off between resolution and field of view mentioned above), which are generally 

unrepresentative.  

 As described in the Milestone 4.2 report, modelling of two-phase fluid displacements at the 

pore-scale is extremely difficult and demands choices between computationally expensive 

simulation methods and network methods, with both methods having significant limitations. 

Direct simulation of the Navier-Stokes equations for multiple fluid components would have 

consumed millions of CPU hours and was not feasible for this project. 

 

Fortunately, none of these limitations are insurmountable for the Precipice sandstone from the Wes-

Wandoan well, so that reliable image-based modelling of two-phase properties has been achieved 

using percolation-based pore network models. As is discussed in the following section (Section 2.4), 

as well as having a complementary set of limitations such modelling offers a complementary set of 

advantages and is therefore an extremely valuable adjunct to laboratory SCAL. 
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2.3.4 Modelling versus Experiment: comparative analysis of time, cost and benefit 

Appendix E shows a detailed cost breakdown for RCA and SCAL work (provided by Weatherford) as 

well as pricing for Digital Core Analysis (DCA) provided by FEI Australia. It can be seen that the 

overall cost of laboratory SCAL and DCA is remarkably similar. However, the timing is very 

different, with SCAL having a 12-month turnaround time compared to 3-months for DCA, with 

preliminary DCA results available within weeks in cases where a rapid turnaround is required. 

RCA alone is far cheaper than both SCAL and DCA and so if only static properties are of interest, it is 

not likely to be worthwhile performing DCA. However, for the geological sequestration of CO2, where 

supercritical fluid is injected into a water-filled aquifer, such static information is of very limited 

value.  

As this Sub-Project has revealed, DCA can provide a far higher level of understanding of one’s SCAL 

results. So, aside from the advantage of rapid turnaround, there are many reasons for 

complementing laboratory analysis with DCA, that are described below. 

2.3.5 Complementary Shortcomings 

As was discussed in Section Comparison of numerical modelling and SCAL, the shortcomings of 

laboratory SCAL are entirely different to the shortcomings of image-based modelling. Therefore, as 

long as an appropriate reconciliation can be made between modelling and experimental results, then 

DCA can provide a powerful complement to SCAL, often providing information in precisely those 

places where experiment was less helpful. 

This has been particularly powerful within this study. The differences between modelling and 

experiment have been able to be ascribed to flow rate, experimental limitations and to sample size / 

heterogeneity, with a high level of confidence. As a consequence, the validity of the modelling has 

been established, so it can then tell us about circumstances inaccessible to experiment: 

 low flow rate conditions, as appropriate far-from-wellbore, where the water relative 

permeability is lower and the CO2 relative permeability is higher, 

 high capillary pressures and corresponding high CO2 saturations, as can be expected in the 

aquifer, 

 the effect of contact angle on trapping.  

2.3.6 Sensitivity Analyses 

It should be emphasised that the cost breakdown for DCA and SCAL are very different, even though 

the final price is similar. With DCA the major expense lies in creating and segmenting very large, high 

quality 3D images. Once the image has been acquired and segmented, then the marginal cost of 
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performing percolation-type modelling is very low, enabling one to explore the effect of various 

parameters. 

The power of this is shown in Figure 6 where we are able to explore the effect of contact angle on 

trapping efficiency. This figure is the result of dozens of simulated floods, with each data point 

representing a drainage followed by an imbibition. This large number of floods has been performed 

for every sample from the Precipice sandstone (see Appendices B, C and D), equating to over 1000 

simulated floods, something that is effectively impossible in a laboratory program. 

2.3.7 Relating properties to microstructure 

In SCAL one merely obtains a point or a curve for a sample, and it can be very difficult to interpret 

the result, particular if it is significantly different from results from plugs believed to be similar. In 

practice, such data points are often discarded; without an understanding of the cause of such 

outliers there is no effective means to include them in aquifer-scale modelling. 

An image-based approach enables one to collect a great deal of information on why a particular 

sample gives the results it does. For example, one can characterise a great many morphological 

measures (see Table 3) 

In addition, the combination of imaging and modelling enables a quantitative interpretation of the 

effects of heterogeneity that is simply only available because the imaging provides 3D mapping of 

structure. In this project, we have taken some steps in this direction and we outline a more concrete 

pathway for quantifying heterogeneity and its effects in Section 2.4.4. 
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2.4 Comparison of Modelling and Experimental Results for Precipice 
Samples 

Detailed comparisons are presented in tables and in the Appendices of this document. Before 

presenting this data we outline the effects of various mechanisms and their effect on data 

reconciliation. 

2.4.1 Contact angle 

The effect of increasing contact angle is to increase the water relative permeability. In particular, a 

steep drop in water relative permeability at high water saturations implies that the first effect of 

drainage is to displace water from the centre of pore bodies along the main flow pathways which is 

only expected to occur in a strongly water-wet system. Experimental results show very low 

permeability to water, strongly suggestive of strongly wetting conditions. The modelling should be 

able to match experimental results in this regard through the selection of an appropriate contact 

angle. 

2.4.2 Flow rate 

The SCAL experiments were conducted at flow rates higher than the earlier established threshold of 

5m/day at which the flow rate has an effect. We would therefore not expect the PNM to match 

experiment precisely since percolation-based PNM is limited to capillary dominated flow. Figure 7 

shows relative permeability data in which the effect of flow rate on Berea relative permeabilities is 

clear. For the scCO2:brine system the brine relative permeability should be increased with flow rate 

but the low-viscosity supercritical phase may result in a decrease (Milestone Report 4.2, p. 14, 57). 

As expected, SCAL relative permeability for Berea is seen to be significantly higher for water than 

PNM, with slower experiments matching the PNM data well.  

2.4.3 Capillary pressure limitations 

As pointed out in milestone 4.2., we do not expect agreement between network modelling and SCAL 

with regard to drainage endpoint since SCAL experiments cannot attain high capillary pressures and 

are therefore limited to rather high water saturations. This limitation is an artefact of the experiment 

and not relevant for subsurface conditions where high capillary pressures should be attainable. 

2.4.4 Heterogeneity and sample size 

Recent work for this project on reconciling the experimental and modelling results has significantly 

enhanced our understanding of flow in the Precipice sandstone by comparison with previous 

milestone reports. In particular, a convincing interpretation has now been made for the UNSW SCAL 

results, adding to the conclusions mentioned above. 
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Consider Figure 12, which brings together all the UNSW SCAL results for the PU series of Precipice 

sandstone, and compares them with the Berea sandstone results from the same laboratory. This 

figure shows that the vertical water relative permeability is far lower in the Precipice sandstone 

plugs than for Berea. The CO2 relative permeability also somewhat lower, and the drainage endpoint 

water saturations significantly higher. As explained above, these differences cannot be explained by 

flow rate or boundary conditions (as they were the same for all experiments) or wettability (since 

this would have the opposite effect on the water relative permeability). Heterogeneity, however, is 

likely to have the influence shown in the arrows on Figure 12. 

Heterogeneity (Alemu et al., 2013: 236) is, along with wettability and flow direction, a major source 

of uncertainty in laboratory-based measurements of relative permeability, and one that “can exert a 

large influence on brine displacement efficiency” (Perrin and Benson, 2010: 94, 108), particularly 

when the displacement efficiency is limited by the heterogeneity in which case the residual brine 

saturation remains high (Perrin and Benson, 2010: 106; Wei et al., 2014: 403). This was observed in 

the CO2 flooding and modelling experiments of Wei et al. (2014), where sub-core scale heterogeneity 

“significantly affected CO2 migration” (p. 408), preventing the brine in low-porosity areas from being 

displaced. It is worth noting, however, that Shi et al. (2011) found that “the influence of the porosity 

heterogeneity on the mean CO2 saturation profiles along the core became gradually diminished as 

the injection rate was increased … to 3cm3/min” (p. 85). 

Ideally a quantitative comparison between the network modelling and SCAL would be made. 

However, this would involve first identifying the exact portion of the 25 mm plugs that was used for 

SCAL. Inclusion or exclusion of one cemented band could result in dramatic differences. Secondly, 

this would involve some upscaling procedure so that relative permeability could be inferred 

throughout the 25 mm core, even in regions where the scan of the whole plug has insufficient 

resolution to capture the full pore space geometry. This process is the subject of ongoing work in 

Sub-Project 6 and is reported elsewhere. Additionally we note that a quantitative comparison 

between PNM and unsteady-state SCAL experiments of this type would always be challenging due to 

the higher flow rate used in the SCAL experiments and the somewhat different boundary conditions 

between core flooding and the numerical modelling which uses an 'virtual' capillary barrier. 

Therefore we perform a reconciliation of the data to identify any inconsistencies in our model. One 

simple test is to check whether there appears to be a correlation between the apparent level of 

heterogeneity in a sample and the experimental relative permeability curve. In Figure 12, the labels 

show that PU2 has the highest water relative permeability and PU10 the lowest.  
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Figure 13 shows slices images through the 25 mm core plugs of these two samples, from which it can 

be seen that PU2 is indeed far more homogeneous than PU10, at least from visual inspection. We 

expect that visual inspection of grain fabric should be a good measure of heterogeneity since it is 

variation in pore size, and thus in local capillary pressure curves, which will impact relative 

permeability curves and trapping capacity. 

 

 
 

 

Figure 12 A comparison of PU series SCAL drainage relative permeability (unsteady state) of Precipice PU series 
plugs, plotted against Berea. Berea shows quite different behaviour despite similar experimental conditions and 

similar pore morphology. As we describe below, heterogeneity seems to be a good explanation for this 
behaviour. Arrows A, B and C show the expected effect of increasing heterogeneity on water relative 

permeability, CO2 relative permeability and end-point saturation respectively. Amongst the Precipice samples, 
PU2 has the highest water relative permeability and PU10 the lowest, suggesting that PU2 may have lower levels 

of heterogeneity in the 25 mm core plug used for SCAL. 
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Figure 13 Slice images from tomograms of samples PU2 (left) and PU10 (right). The SCAL was performed on the 
upper region of both images. The high level of heterogeneity and better sorting of PU2 is apparent, in support of 
the hypothesis that heterogeneity on the plug scale is the primary cause of the difference in relative permeability 

observed in SCAL experiments and shown Figure 12. 
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2.5 Detailed results 

In this study the detailed results are largely in the appendices, due to the amount of data. For images 

showing the samples, the reader is referred to the Milestone 2.9 report. 

2.5.1 Morphological measures 

The results of the morphological characterisation is shown in Table 3, while plots of pore and throat 

radii are shown in Appendix A: Pore and Throat radius distributions. We see that the Precipice 

sandstones generally have a range of pore and throat sizes significantly larger than Berea sandstone, 

reflecting the generally larger grains. There is a significant variation in pore and throat size between 

samples (for example, for P22, P30, P33 most throats are 5-10 microns, whereas P10, P24, PU7 have 

many throats larger than 40 microns) but also within samples, with samples such as P24 and PU10 

showing a broad and heavily overlapping distribution of pore and throat sizes. Again it is expected 

that the variation in pore and throat sizes is largely a reflection of the grain sizes in each sample.  

Despite the large variation in properties in Table 2 it can be seen that the aspect ratio between 

average pore size and average throat size (around 1.6) is very similar to Berea. Also, the average pore 

coordination numbers (the number of pore throats that connect to each pore body) for many 

precipice samples is very close to the value of 3.5 for Berea. This shows that overall, from the 

perspective of pore system connectivity, the level of consolidation/cementation is similar for the 

Precipice samples and for Berea. There is, however, significant variation in the Precipice samples, 

with some samples, such as P24, PU5 and PU12, showing a lower coordination number while others 

(P15, P20 and PU14) show much higher coordination numbers. 

2.5.2 Comparison with DCA and RCA static properties 

A physical description of the samples in this study is shown in Table 4. Porosity and permeability 

values from RCA, SCAL, DCA and pore-network modelling (PNM) are shown in Table 5. This data is 

largely from Sub-project 2.9. Porosity is systematically underestimated by the digital core analysis. 

The agreement in permeability is poor, with the digital results frequently being dramatically higher 

than the experimental data, which was acquired for plugs cored perpendicular to the laminations. 

The difference can readily be attributed to the different sample size (50 x 25 mm for experiment, 5 x 

5 mm for simulation), and the fact that the presence and thickness of low-permeability bands on the 

flow path is the primary influence on permeability in the vertical direction. In some samples (PU2 

and PU5) there was insufficient resolution to compute permeability on the images since the 

connecting pore throats were not resolved. 

 



The Australian National University | 39 

2.5.3 Capillary Pressure 

Drainage and imbibition capillary pressure is shown in Appendix B: Capillary Pressure Curves. An 

interfacial tension of 35 dyn/cm was assumed for these simulations and a contact angle of 40°. 

Largely speaking, the absolute values here will correlate closely to the throat size distributions 

reported in Appendix A. Data is shown for vertical and horizontal direction and for the two cubic sub-

volumes drawn from the sub-plug. The drainage endpoint saturation depends only on the fraction of 

microporosity reported from the image analysis; therefore this value will be the same for the vertical 

and horizontal directions.  

2.5.4 Relative permeability and comparison with SCAL 

Drainage relative permeability curves are shown in Appendix C: Drainage Relative Permeability 

Curves. These data show a comparison between UNSW SCAL experiments (Sub-project 1) and the 

network modelling results of this work. For the most homogeneous samples (for example, P22) there 

is excellent agreement, while for many samples there are dramatically different results between the 

different sub-volumes used for the simulations and for the different flow directions. Overall, the very 

steep decline in experimental relative permeability curves is strongly suggestive that the system is 

strongly water wet throughout, with advancing contact angles of 40° or less. Note, the network 

modelling process only requires contact angle and interfacial tension as specified parameters. We 

note that while this choice is specific to the conditions in the Precipice formation, it is not making 

any particular assumptions about environmental factors (pressure, temperature, salinity), surface 

roughness or surface material.  

As explained above, reconciliation of these two data sets requires taking into account (a) the 

experimental limitations with regard to capillary pressure, (b) the effect of flow rate to increase 

water relative permeability while reducing CO2 relative permeability, and the effect of laminations 

that reduce water and CO2 relative permeability, and which exert a stronger effect on the 

experimental data where the flow path sees a bigger variation in pore size. 

In consequence, for the more homogeneous samples the high experimental flow rate can overcome 

the effect of heterogeneity, so that the experimental water relative permeability may be higher than 

the modelled values (for example, P7, P22, PU2). However, for all samples we expect the CO2 relative 

permeability to be lower for the experiment than for simulation, since both flow rate and 

heterogeneity will lower the CO2 curve. For one sample, namely P14, the experimental CO2 curve 

was equal or higher than the modelling result, due to the experimental value being far higher than all 

the others. At this stage we have no clear explanation for this, except to note that P14 is a 

homogeneous sample of rather low permeability, which has perhaps minimised both factors that 

reduce CO2 relative permeability. 
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For the great majority of samples there is a high degree of heterogeneity and the experimental 

relative permeability curves are substantially lower than the computed values. 

2.5.5 Trapping curves 

Trapping curves for the Precipice samples are shown in Appendix D: Initial-Residual Trapping Curves. 

In this case no comparison with experiment is possible for the Precipice sandstone, so this data is 

entirely derived from 5 x 5 x 5 mm cubic sub-volumes extracted from each sub-plug. For all samples, 

data is shown for water advancing contact angles of 20-25°, 40-45° and 60-65°. In all cases the 

contact angle has a significant effect, with 40° showing lower residually trapped CO2 (roughly 25%) 

by comparison with 20°, while 60° showing a reduction by, on average, 50%. Samples with stronger 

heterogeneity showed a reduced sensitivity to contact angle for flooding perpendicular to the 

laminations (that is, vertical flow direction). 

Data is also shown for different subvolumes and for different orientations. For the more 

homogeneous samples the results are very similar for all subvolumes and for vertical and horizontal 

directions. However, for the more heterogeneous samples the two subvolumes can differ from one 

another, and the level of trapping in the vertical direction can be dramatically enhanced, even for 40° 

contact angle (see, for example, P12, P19 and PU5).  

Overall, taking the best guess contact angle of 40° gives trapping in the range 25-30% for horizontal 

flow and 30-50% for vertical flow, with the vertical trapping enhanced when the sub-volume covered 

by the model included a lamination boundary. Substantially enhanced trapping could be expected in 

vertical flow on larger scales, however the extent that this lamination trapping could enhance 

trapping will depend on the geometry, uniformity and connectivity of laminations in the horizontal 

direction on the metre scale and above. 
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Table 4 Description of the samples considered in this study, including the results of routine core analysis 
 (from Milestone Report 1.2, p. 9, 11-12) 

Plug 
No. 

Depth 
(mKB) Description 

Porosity 
Helium  
(%) 

Perm. 
(mD)  

UNSW SCAL 

Ambient  
Perm.(mD)  
WTD RCA 

P6 1176.00 Fluvial channel fill, medium to coarse sandstone 24.3 365 487 

P7 1178.23 Fluvial channel fill, medium to very coarse sandstone 20.4 107 194 

P10 1184.00 Fluvial channel fill, medium to very coarse sandstone 26.0 1165 2039 

P11 1186.00 Fluvial channel fill, medium to coarse sandstone 24.4 1266 2181 

P12 1188.00 Fluvial channel fill, medium to coarse sandstone 24.6 1386 2714 

P13 1190.20 Proximal floodplain (levee), medium to coarse sandstone 23.8 821 1593 

P14 1192.00 Proximal floodplain (levee), fine to medium sandstone 23.4 165 347 

P15 1194.00 Proximal floodplain, medium to very coarse sandstone 24.7 308 2040 

P19 1204.00 Fluvial channel fill, medium to very coarse sandstone 17.9 57.5 126 

P20 1206.00 Fluvial channel fill, medium to coarse sandstone 24.8 1285 2644 

P22 1210.00 Proximal floodplain, fine sandstone 24.0 95 238 

P24 1214.00 Proximal floodplain, fine sandstone with silty laminae 16.8 200 416 

P28 1224.90 Fluvial channel fill, medium to coarse sandstone 25.8 2153 4141 

P29 1227.00 Fluvial channel fill, medium sandstone 23.7 334 988 

P30 1229.10 Fluvial channel fill, fine to medium sandstone 26.2 2939 5895 

P31 1231.00 Fluvial channel fill, medium to coarse sandstone 23.2 707 2154 

P32 1233.10 Fluvial channel fill, fine to coarse sandstone 24.1 1157 1680 

P33 1235.00 Fluvial channel fill, fine to medium sandstone 25.3 439 1001 

PU2 1163.90 Fine to medium sandstone 23.7 868 959 

PU5 1174.40 Fine to medium sandstone with silty laminae 23.7 61 69 

PU7 1195.39 Fine to coarse sandstone 24.6 1626 3137 

PU10 1216.31 Fine to coarse sandstone 24.2 600 597 

PU12 1216.81 Fine to medium sandstone 24.9 570 639 

PU13 1217.07 Fine to coarse sandstone 23.9 856 1377 

PU14 1217.32 Fine to coarse sandstone 25.4 605 628 

PU15 1217.64 Fine to coarse sandstone 24.9 833 1686 

PU16 1217.81 Fine to coarse sandstone 
- - 517 
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Table 5 Porosity and permeability for the samples in this study, derived from 4 different methods. 

 

UNSW EOR Lab 
 SCAL  

(Milestone Report 
1.4; Table 4, p. 

18-19) 

Weatherford Labs 
Routine Core 

Analysis 
(Milestone Report 

1.4;  
Table 3, p. 11-12) 

Digital Core Analysis  
(Milestone Report 2.9; 
Table 7, p. 86 and Table 

10, p. 122) 

Pore Network Modelling 
Subsets 1 & 2 

Plug 
No. 

 
 (%) 

Perm.  
(mD) 

 Helium 
(%) 

Ambient 
Perm. 
(mD) 

 
(%) 

Perm. 
(xy) 
(mD) 

Perm. 
(z) 
(mD) 

 
(%) 

Perm. 
(xy) 
(mD) 

Perm. 
(z)  
(mD) 

P6 24.3 365 22.5 487 21.7 1000 30 
19.3 
20.6 

252 
715 

29 
16 

P7 20.4 107 18.6 194 21.5 1900 900 
21.0 
19.5 

1166 
785 

161 
355 

P10 26.0 1165 23.7 2039 19.6 5800 3000 
19.7 
19.7 

2410 
2063 
2000 

P11 24.4 1266 22.9 2181 21.0 2700 2300 
21.1 
21.1 

2463 
2057 

1572 
1435 

P12 24.6 1386 22.6 2714 20.4 5800 370 
18.0 
20.5 

1205 
- 

287 
2299 

P13 23.8 821 22.1 1593 18.7 2300 700 
18.8 
19.5 

1214 
1310 

848 
745 

P14 23.4 165 21.9 347 22.6 1800 1200 
23.1 
22.6 

1034 
876 

1041 
818 

P15 24.7 308 21.9 2040 19.0 11200 2600 
21.5 
21.2 

2726 
3255 

1417 
2004 

P19 17.9 57.5 17.3 126 15.9 3400 140 
12.7 
19.0 

1302 
3411 

25 
1285 

P20 24.8 1285 23.0 2644 21.7 11400 3900 
21.1 8550 5600 
22.1 9402 9353 

P22 - - 22.2 238 19.0 140 100 
19.08 
19.10 

150 
140 

103 
88 

P24 - - 17.2 416 17.6 5600 500 
16.92 
18.18 

2653 
1778 

131 
1302 

P28 25.8 2153 23.7 4141 19.0 1600 300 
12.36 
10.69 

1060 
2240 

240 
2088 

P29 23.7 334 22.1 988 21.7 6700 3400 
21.80 
21.30 

3055 
1759 

2527 
1673 

P30 26.2 2939 24.2 5895 20.7 14900 1 
19.00 
22.33 

2123 
7215 

- 
4761 

P31 23.2 707 21.3 2154 21.9 9200 2500 
18.53 
18.77 

3727 
3357 

2128 
1807 

P32 24.1 1157 21.8 1680 20.2 5300 1900 
19.78 
19.50 

1430 
2390 

1330 
1812 

P33 25.3 439 22.6 1001 21.4 1580 1170 
21.41 
21.84 

686 
1013 

752 
1236 

PU2 23.7 868 22.6 959 19.9 189 16 
19.22 
21.82 

45 
176 

0 
90 

PU5 23.7 61.0 20.9 68.8 17.1 75 - 
9.10 
13.32 

1 
112 

- 
35 

PU7 24.6 1626 21.8 3137 22.0 7770 1150 
24.98 
21.74 

7566 
865 

7518 
598 

PU10 24.2  600 20.0 597 23.1 6870 2470 
24.88 
23.28 

3139 
2129 

3146 
969 

PU11 - - 21.3 99 21.9 6490 784 
22.87 4312 1508 
21.5 2612 593 

PU12 24.9 570 22.5 639 16.6 2470 - 
13.59 
18.45 

4 
356 

- 
10 

PU13 23.9 856 21.6 1377 21.0 889 11 
22.54 
23.66 

586 
486 

254 
43 

PU14 25.4 605 22.0 628 22.5 4370 359 
23.07 
24.27 

1877 
1205 

130 
2067 

PU15 24.9 833 22.1 1686 19.4 8800 44 
21.39 
20.04 

2344 
1358 

73 
3 

PU16 - - 21.1 517 21.1 5610 1620 
20.09 
22.56 

827 
3198 

439 
1589 
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3 Conclusions 

In this Sub-Project the foundation was laid for effective modelling, through  

 determination of the characteristics of the CO2:brine system,  

 deployment of a new network model with the ability to capture the effect of aquifer 

wettability, 

 calibration of this model using Berea sandstone, against experiments, both part of this 

ANLEC project and from literature studies.  

This has resulted in a percolation-based pore-network model in which we can place great confidence 

to perform pore-scale modelling of CO2:brine under the conditions found in the Surat basin, and 

particularly in the Precipice Sandstone. 

This model has been applied to samples taken from 28 different depths within the unit, from which it 

has been possible to:  

 derive numerous measures for pore morphology, such as pore and throat size distributions, 

 compute static petrophysical properties such as porosity, permeability and formation factor, 

 compute capillary pressure curves for drainage and imbibition at a range of contact angles, 

for horizontal and vertical flow, 

 compute relative permeability curves for drainage and imbibition at a range of contact 

angles, for horizontal and vertical flow, 

 derive trapping curves for these samples to determine likely capillary trapping potential, at a 

range of contact angles, for horizontal and vertical flow 

Most of these characteristics could not have been determined from SCAL data. In addition, the 

image-based modelling offers potential for linking with wireline logs and further upscaling that is not 

possible for experimental data. 

A costing analysis revealed image-based modelling has been found to cost almost exactly the same 

as traditional laboratory SCAL, however it has a turnaround time several times faster. As presented 

here, the two techniques have such different advantages and disadvantages that it seems reasonable 

to conclude that aquifer characterisation should always make use of both techniques. 

A complete summary of the outcomes of this sub-project is in the following section. 
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4 Outcomes From this Sub-Project 

1. A critical review of studies of the CO2:brine system shows that: 

a. The low mobility ratio of the CO2:brine system makes it difficult for core floods to reach 

low brine saturation due to capillary end effects.  

b. Low mobility ratios can lead to the reversal of the usual effect of flow rate on relative 

permeability, so that a higher flow rate can reduce CO2 relative permeability due to 

entrainment with the slow flowing brine; brine relative permeability should always exhibit 

standard behaviour, increasing with flow rate. 

c. To determine the onset of flow rate effects, capillary number should be computed using 

the brine viscosity; with this definition the flow rate has little or no effect for capillary 

numbers Ca < 10-6, corresponding to around 5 m / day for Surat basin conditions.  

d. Percolation-based pore-network modelling should be a suitable modelling tool for 

simulating two-phase flow processes involving supercritical CO2 in the Surat basin.  

e. There is still significant uncertainty in wettability of the CO2:brine system due to variation 

between literature results. A statistical review of literature data suggests CO2:brine 

contact angles on quartz of 25° (receding) and 35° (advancing) are most likely for Surat 

basin conditions (10 MPa, 45°C, low-salinity brine). 

2. A new, geometrically accurate pore-scale model for imbibition has been developed and 

incorporated into the pore-network modelling. 

a. No fitting parameters are used in comparisons between modelling and experiment. 

b. A comparison between experiment and modelling for Berea sandstone confirms theoretical 

expectations that this model is appropriate. Once flow rate effects and experimental 

limitations are taken into account the experiments and simulation are in good agreement. 

3. Combining Sub-Projects 1, 3 and 4 yields strong evidence that advancing and receding contact 

angles are less than 40° in the Precipice Sandstone, for both quartz and clay. This is based 

on:  

a. Direct observation of contact angles and fluid configurations in images acquired as part of 

Sub-Project 3, 

b. High water saturation and low relative permeability at crossover points in SCAL relative 

permeability curves (Sub-Project 4), 

c. Models need contact angles <40° to match experimental data. 
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4. For flow within laminations, the relative permeability and CO2 storage potential of Precipice 

and Berea samples are very similar. Precipice samples from West Wandoan generally have 

higher permeability, normally higher than 1 Darcy. 

5. In this work we have been able to attribute the variation in measured relative permeability 

(Figure 13) to heterogeneity at the millimetre and centimetre scale. In the absence of imaging 

of core flooding on full core plugs, or on the ability to directly model two-phase flow on full 

core plugs, this explanation remains qualitative only. Future work is planned that will address 

the gaps in the experimental work (by conducting flooding on full core plugs in the micro-CT) 

and the modelling (by constructing larger-scale two-phase flow models using upscaling 

techniques).  

The heterogeneity that exists at many length scales strongly affects flow between 

laminations (that is, vertically along core plugs): 

a. SCAL data, conducted in the vertical direction, shows brine relative permeability values that 

are strongly suppressed in Precipice sandstone relative to Berea. As expected, the most 

heterogeneous samples show lower brine relative permeability. 

b. The mixed agreement between network modelling and experiment can also be understood 

in terms of the degree of heterogeneity in 50 mm plugs and the strong effect of 

heterogeneity on relative permeability, 

c. Variation in porosity or anisotropy in permeability are not necessarily the best indicators to 

quantify heterogeneity; it is more variation in pore size which influences relative 

permeability and flooding endpoints. 

6. Modelling results show CO2 trapping to be significantly enhanced by heterogeneity, with 

residual saturations approaching 60% for samples showing the most heterogeneity within 5 

mm cubic sub-volumes. Trapping is enhanced when the heterogeneity is in the form of 

laminations running perpendicular to the flow direction. In this case, when the capillary 

pressure is still rather high (early in imbibition), the CO2 can become disconnected in the finer 

laminations while it is still at a very high saturation in the coarse laminations. If the direction 

of flow is parallel to the heterogeneity then trapping can be enhanced or reduced depending 

on the saturation achieved during the prior CO2 invasion. 

7. The new model (described in Milestone Report 4.3) enables realistic exploration of sensitivity 

to contact angle, showing that an increase in contact angle from 20° to 40° reduces residual 

trapping by approximately 25% (from ~40% to ~30%), while at 60° the trapping capacity is 

reduced by half. 
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8. To understand the ramifications for the larger scale it is essential to describe with some 

precision two-phase flow in laminations just a few millimetres high but metres across and it is 

important to characterise intra-lamination variability. 
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5 Appendix A: Pore and Throat radius distributions 
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6 Appendix B: Capillary Pressure Curves 
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7 Appendix C: Drainage Relative Permeability Curves 
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8 Appendix D: Initial-Residual Trapping Curves  
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9 Appendix E: Costing Comparison  
(Commercial-In-Confidence)  

Convention Core Analysis Costings for ANLEC Project 0128 – RCA and SCAL  
(Average Cost per Plug: $24,000 – includes 16.9% on-costs) 

Part 1: Core and fluid 
preparation 

    

Part 2: Core and fluid 
preparation 

    

CO2 displacing water & water 
displacing CO2 

   

Item 

Unit 
Cost # 

Total 
$ 

 

Item 

Unit 
Cost # Total $ 

 

Item 

Unit 
Cost # Total $ 

Re-clean core & dry 
plugs  98  

 
15  

 
1,470  

 

Re-clean & dry core plugs  98  
 

15   1,470 
 

Pressure saturate plugs with 
CO2 sat brine  355  

 
15   5,325  

Measure Kair, Phi & 
GD - Ambient  165  

 
15  

 
2,475  

 

Re-measure Kair, Phi & GD  165  

 
15   2,475  

 

Mount each plug into lead 
sleeves 1,115  

 
15   16,725  

Measure Kair & Phi - 
Overburden  280  

 
15  

 
4,200  

 

SEM on 3 plug  456   3   1,368  
 

Relative permeability CO2 / 
water @ Tr & Pr 8,050  

 
15  

 
120,750  

     

MICP on 3 plug  715   3   2,145  
 

Relative permeability water / 
CO2 @ Tr & Pr 9,050  

 
15  

 
135,750  

     

synthesize formation brine  180   1   180  
 

Post flood Sw by Dean Stark 110  
 

15   1,650  

     

Get pure CO2  930   1   930  
 

Reclean one core plug for SEM 
& MICP 55   1  55  

     

Set equilibrium between 
CO2 & water 

 
1,075   2   2,150  

 

MICP of off cut from post flood 
plug 715   1   715  

     

Viscosity of equilibrium CO2 

 
2,070   1   2,070  

 

Post flood SEM  450   1   450  

     

Density of equilibrium CO2 2,070   1   2,070  
 

Engineering & Environmental 
(16.9%) 3,363  

 

 47,560  

     

Sat'd brine density @ Pr & 
Tr 

 
2,070   1   2,070  

     

     

Sat'd brine Viscosity @ Pr & 
Tr 2,070   1   2,070  

     

     

Engineering & 
Environmental (16.9%) 2,011   1   2,011  

     

Sub-Total 
 

8,145  
 

Sub-Total  21,009  
 

Sub-Total 
 

328,980  

Total 
 

358,134  

 

Digital Core Analysis Costings for ANLEC Project 0128 –  
(Average Cost per Plug: $25,700 – includes 10% reporting costs) 

Conventional >200mD 
    

 Tighter Sandstone 
   Item Unit 

Cost 
# Total $ 

 
Item Unit 

Cost 
# Total $ 

Plug scan for upscaling  3,530   10   35,300  
 

 Plug scan for upscaling   3,530   5   17,650  

Sub-plug scan  3,530   10   35,300  
 

 Sub-plug scan   3,530   5   17,650  

MICP  650   10   6,500  
 

 SEM   1,140   5   5,700  

Segmentation  1,200   10   12,000  
 

 MICP   650   5   3,250  

Digital RCA  2,500   10   25,000  
 

 Segmentation   1,200   5   6,000  

Digital Drainage & Imbibition   5,400   10   54,000  
 

 PBM   5,000   5   25,000  

Upscaling  4,500   10   45,000  
 

 Digital RCA   2,500   5   12,500  

Reporting  2,131   10   21,310  
 

 Digital Drainage & Imbibition   5,400   5   27,000  

     
 Upscaling   4,500   5   22,500  

     
 Reporting   2,745   5   13,725  

 Sub-Total   234,410  
 

 Sub-Total   150,975  

Total  385,385  
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1 Introduction 

1.1 Project goals 

ANLEC project 128, ‘maximising the value of digital core analysis for carbon sequestration 

site assessment’ has six sub-projects: 

1. To derive a full suite of special core analysis (capillary pressure, supercritical 

CO2:brine relative permeability) data sets on plugs from Surat basin reservoir and 

seal rock samples; 

2. To Obtain high-resolution 3D digital images of the same plug samples, derive digital 

petrophysical and SCAL data, and perform petrographic analyses by automated 

quantitative mineral mapping. Also, build a digital database of conventional and 

DCA–derived data, rock types, 3D images, and storage and seal properties of core 

material from the Surat basin; 

3. Perform 3D imaging of in situ supercritical CO2 saturation at the pore scale. 

Correlate observed saturation relationships with porosity distributions and rock 

types; 

4. Derive faster and cheaper model–based analyses of flow, storage and 

CO2:brine displacements in different rock types via reliable image–based 

modelling;  

5. Undertake time series (4D) imaging and conventional experimental studies to 

measure the geochemical reactivity and dissolution trapping capacity of core 

material using supercritical CO2; and 

6. Integrate information obtained at laboratory scale to wireline log data. 

1.2 Sub-project 4 

The goal of sub-project 4 is to develop a suitable alternative, or at least a valuable 
complement, to laboratory core flooding using imaging and modelling. This will be 
achieved through the development and implementation of faster pore-based modelling 
methods for estimating the trapping and storage characteristics that are relevant to 
successful long-term storage of CO2. 

It is recognised that working with CO2:brine systems is difficult, and that one of the major 

challenges for CO2 storage relates to the characterisation of the multiphase flow properties 

and the quantification of a reservoir’s ability to trap and store CO2 (S. Krevor, Pini, and 

Benson 2013). The required parameters include:  

 Porosity 𝜑 

 Single-phase permeability 𝑘 

 Capillary pressure as a function of saturation 𝑃𝑐(𝑆𝑤) 
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 Irreducible brine saturation during CO2 injection (drainage): 𝑆𝑖𝑤 

 Residual CO2 saturation during imbibition: Src 

 Relative permeability of brine and CO2 during drainage and imbibition krw, krc  

These constitutive relationships act as crucial input parameters to reservoir modelling and 

evaluation. They are functions of the rock microstructure and of the surface energy 

associated with the fluid–fluid and fluid–rock interfaces, which also define the wettability of 

the system. Conventionally, laboratory core flooding is used to derive these measurements 

which, although relatively well established and mature for hydrocarbon systems, can be 

particularly challenging for supercritical CO2 and often deliver very little quantitative 

information useful for interpretation. This lack of information can be a severe shortcoming 

when trying to explain an anomalous experimental result. Frequently, anomalous results 

are simply discarded, an approach which is justified in current practice by the notorious 

unreliability of laboratory core analysis.  

Modelling based on x-ray micro-tomography potentially provides a faster and less 

expensive alternative while also providing a wealth of geometric and structural 

information to help quantify the differences between one sample and another.  

This document, then, reports on an evaluation of modelling techniques for capturing the 

two-phase flow characteristics of the CO2:brine system and discusses the reliability of two-

phase flow modelling based on the calibration of modelled data with experimental data.  

The pore scale modelling covered in this project is focussed on capillary trapping – the 

shortest time scale process relevant to CO2 sequestration and which occurs simultaneous 

during fluid migration. This document does not, therefore, consider some of the other 

processes that are pertinent to the longer-term storage of CO2, such as dissolution of CO2 

into brine or geochemical reactions with minerals within the rock. Also, electrical properties 

such as formation factor and resistivity index are not considered for this study as they do 

not play a direct role in two-phase flow.  
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2 Two-phase properties and their measurement 

In this section we present the quantities that we will compute using image-based modelling 

and describe the methods for measuring them in the laboratory. 

2.1 Capillary pressure  

Invariably two fluids will have a different affinity for the rock surface, resulting in a contact 

angle greater or less than 90° (Figure 1). The contact angle 𝜃 is determined by the interfacial 

energies: 

cos 𝜃 =  
𝛾𝑛𝑠 −  𝛾𝑤𝑠

𝛾𝑤𝑛
 

 

where 𝛾𝑛𝑠 , 𝛾𝑤𝑠, 𝛾𝑤𝑛 are, respectively, the surface energy (surface tension) of the non-

wetting fluid–solid, wetting fluid–solid and wetting–non-wetting fluid interfaces.  

 

 

Figure 1 Schematic of a liquid droplet on a solid surface in a gaseous environment. The contact angle θ is 
the angle made at the "three phase contact line" where the two fluids (liquid and gas) meet on a flat solid 

surface. In this case the solid is "wet" by the liquid indicating that the solid- liquid interfacial energy γSL is less 

than the solid-gas interfacial energy γSG.(http://commons.wikimedia.org/wiki/File:Contact_angle.svg) 

 

Through capillary action a wetting fluid (often water or brine) will imbibe spontaneously into 

a porous material such as an aquifer rock. Once the material is saturated with the wetting 

fluid, some pressure (the capillary pressure 𝑃𝑐) is needed to drive the non-wetting phase 

into the small channels inside the medium. This process is called drainage; the pressure is 

needed because the fluid-fluid interface must adopt a highly curved shape in order to force 

out the wetting fluid and, according to the Young-Laplace law, the adoption of that 

curvature can only occur when there is a large difference in pressure between the two 

fluids (Figure 2) 
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Figure 2 Schematic showing the presence of a curved fluid-fluid interface inside a small tube with non-zero 
contact angle.  The pressure within the upper, non-wetting fluid, is higher than in the lower fluid, with the 

pressure difference proportional to the interfacial curvature. 
(http://commons.wikimedia.org/wiki/File:Spherical_meniscus.PNG) 

 

The capillary pressure 𝑃𝑐 required to displace wetting fluid from a capillary tube of radius 𝑟 

follows from the Young-Laplace equation and is given by: 

𝑃𝑐 =  
2 𝛾𝑛𝑤  cos 𝜃

𝑟
 

It can be seen from this equation that smaller pore radii will be associated with higher 

capillary pressure. 

If the non-wetting fluid pressure is relaxed gradually the wetting phase seeps back in, a 

process called imbibition. A typically capillary pressure curve demonstrating hysteresis is 

shown in Figure 3. Hysteresis is evident where the curve does not retrace its steps when 

flow direction is reversed (in this case, show in the difference between primary drainage 

and spontaneous imbibition). The precise causes for this type of hysteresis remain a 

subject for debate. (Morrow, 1970; Hassanizadeh and Gray, 1993; Seth and Morrow, 

2006) 
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Figure 3 Typical features of capillary pressure curves for a strongly wetted porous medium (not to scale) 
(Raeesi, 2012). PDC=Primary Drainage Curve, IC=Imbibition Curve, SDC=Secondary Drainage Curve, 

SC=Scanning Curve. 

 

The measurement of capillary pressure during drainage and imbibition is important for two 

reasons. Firstly, it can give an indication of the range of pore sizes within the rock, since if 

the surface energies are known then one can relate pressure to pore radius using the 

above equation. 

So, for example, if half the water has been displaced at a pressure corresponding to a 

radius of 10 μm, then we can infer that half the pore space is accessible through channels 

with a radius of 10 μm or larger. This type of analysis is called porosimetry and is 

commonly measured through a process known as Mercury Intrusion Porosimetry (MIP), 

also sometimes known as Mercury Intrusion Capillary Pressure (MICP). 

The other value of capillary pressure data is that the 𝑃𝑐(𝑆𝑤) curve is a constitutive 

relationship required by continuum-scale two-phase flow models such as reservoir 

simulators. In this case it is important to perform the drainage and imbibition using the 

same fluids as in the aquifer and at the same temperature and pressure. 

Capillary pressure curves can be determined through physical methods including mercury 

injection, centrifugation and porous plate, the suitability of which depends on the materials 

involved (Sabatier, 1994). For example, for tight gas sands the most accurate results are 

obtained with either high-speed centrifuge or the porous plate method (Newsham et al., 

2004).  
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It is generally recognised that these methods can yield different results and further, that 

under simulated-conditions the porous plate method provide the most capillary pressure 

curves (Shikhov and Arns, 2013). 

The porous plate method has been successfully used for supercritical CO2 in a variety of 

materials including unconsolidated sand (Plug and Bruining, 2007; Tokunaga et al., 2013) 

and consolidated sandstone (Pentland et al., 2011; Pini et al., 2012) – for an overview, see 

Table 2 in Abidoye et al. (accepted manuscript).  

In this method the core sample is placed against a capillary membrane with pore size 

smaller than that in the rock and then sleeved to prevent flow around the sides. The core is 

initially saturated with wetting fluid (typically brine), often using a vacuum to remove any 

air. Then, non-wetting fluid (for example, oil, gas or supercritical CO2) is placed in contact 

with the open end of the sample and its pressure gradually increased. The wetting fluid is 

therefore pushed out the other end of the core through the capillary membrane. The 

purpose of the membrane is to prevent any egress of non-wetting (nw) fluid. If there were 

no membrane, then once the nw-fluid reached the far end of the core it would break 

through and flow out of the core through the already-established flow path and the nw 

saturation would stop increasing after only displacing a small fraction of the water.  

By monitoring the pressure of the nw-fluid and either the mass of the sample or the volume 

of injected fluid one can construct the capillary pressure curve. The experiment can take a 

very long time, however, because it must be performed at a sufficiently low flow rate that 

the displacement is dominated by capillary forces. 

The relevant variable for determining whether a displacement is capillary dominated is the 

dimensionless capillary number Ca, which captures the relative strength of viscous and 

capillary forces: 

𝐶𝑎 =  
𝜇𝑣

𝛾𝑤𝑛
 

Where 𝑣 and 𝜇 are, respectively, the velocity and viscosity of the invading fluid, and 𝛾𝑤𝑛 is 

the interfacial tension between the two fluid phases. Various works has shown that the 

simulations become independent of flow rate when 𝐶𝑎 < 10−6 (Chatzis and Morrow, 1984; 

Chatzis et al., 1983; Dullien, 1991) although sometimes changes have been observed at 

lower flow rates and so it is normal to run experiments in the regime of 𝐶𝑎 < 10−7, which is 

also representative of the far-from-wellbore conditions encountered in aquifers and 

reservoirs. 

It is also possible to determine capillary pressure indirectly from steady-state relative 

permeability data. This method will be described in the next section. 
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2.2 Relative permeability 

The permeability of a porous medium, such as a core sample, can be measured as the 

difference between the inlet and outlet pressure when fluid is forced through it. It is defined 

through Darcy’s law, which states that a fluid’s rate of flow through a porous specimen is 

linearly proportional to the pressure gradient applied across the specimen:  

𝑞 = 𝑘 
𝐴∇𝑃 

𝜇𝑙
 

where k is the permeability of the porous medium,  𝜇 is the fluid viscosity, 𝑞 is the 

volumetric rate of flow through the sample, A and l are the cross sectional area and length 

of the specimen and ∇𝑃 the pressure difference applied between the inlet and outlet. This 

single-fluid permeability is often referred to as the absolute permeability of the sample, as 

distinct from the situation where two fluids are present, which we discuss below. 

Permeability is a relatively simple property to measure – one simply pushes fluid through a 

core sample of known dimensions (and with sealed sides) at a range of different applied 

pressures and measures the rate of flow across the sample.  

Unlike the concept of absolute permeability, which has a clear empirical and theoretical 

foundation, one needs to make numerous assumptions in order to extend the concept to 

situations where two fluids are simultaneously present in the medium.  In this case one 

can theoretically apply a small pressure gradient independently to each one, and measure 

the flow rate of each fluid.  As long as the pressure gradient applied to each fluid is small 

enough then we may assume that the fluid flow occurs entirely within that fluid, i.e. without 

causing any displacement of the other fluid. In this case we would expect a modified 

version of Darcy’s law: that the rate of flow 𝑞𝑖 of the ith fluid would be proportional to the 

pressure gradient ∇𝑃𝑖applied across it, 

𝑞𝑖 = 𝑘𝑒𝑖  
𝐴∇𝑃𝑖 

𝜇𝑖𝑙
 

where  𝑘𝑒𝑖 is the effective permeability of the ith fluid phase in its current configuration 

within the specimen.  Because each fluid is only occupying a part of the pore space, the 

effective permeability for each fluid will be lower than the absolute permeability so we 

quantify this reduction in permeability through the relative permeability 𝑘𝑟, a dimensionless 

variable in the range [0,1] as 

𝑘𝑟𝑖 =  
𝑘𝑒𝑖 

𝑘
 

Note that relative permeability is not a property of the porous medium alone, but of a 

particular fluid configuration within the medium.  One can think of relative permeability to 

one fluid as the permeability of the part of the pore space occupied by that fluid, relative to 
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the permeability of the entire pore space.  Therefore the relative permeability will depend 

on both the quantity of fluids present in the medium (the saturation) and how those fluids 

are distributed. Typically one considers the relative permeability as a function of the 

saturation, i.e. 𝑘𝑟 =  𝑘𝑟(𝑆𝑤), where 𝑆𝑤is the saturation of water, defined as the fraction of 

the pore space that is occupied by water.  This formulation ignores the possibility of 

different fluid configurations at any given configuration; one normally incorporates this 

possibility by recognising that 𝑘𝑟(𝑆𝑤), like the capillary pressure 𝑃𝑐(𝑆𝑤) is not a single 

valued function but depends on the flow history (Figure 4).  The issue of hysteresis is 

discussed further at the end of this section. 

Although the motion of one fluid will affect the flow of the other fluid this fluid-fluid coupling 

effect is generally neglected. Rather, it is normally assumed that both fluids are moving in 

the same direction through the sample and at comparable velocities.  As we will see later 

on, this assumption cannot be fulfilled in standard core flooding experiments, and when 

the viscosities of the two fluids are very different then one fluid will flow far more quickly 

than the other. 

The primary importance of relative permeability comes from its central role, along with 

capillary pressure, as a constitutive relationship at the core of all reservoir simulators.  

During a single time step in these simulators, one starts with a saturation field, converts 

this to a pressure field using capillary pressure curves, then determines the flow induced 

by pressure gradients using the relative permeability curves.  This flow field is then used to 

update the saturation in preparation for the next time step. 

In practice it is not possible to apply a separate pressure gradient to each fluid phase, at 

least not without additional experimental complexity that increases the scope for 

experimental errors. Relative permeability curves are typically measured using steady 

state or unsteady state methods. In both approaches the core is sleeved but no capillary 

membrane is used, and both fluids are allowed to flow in at one end and out at the other. 

There is therefore a single pressure at each end of the sample – both fluids are at the 

same pressure when flowing in the bulk. The rate of flow of each fluid at the inlet is 

controlled, with the fractional flow, i.e. the fraction of the total flow contributed by each 

fluid, being the primary parameter that is controlled in a steady-state experiment.  In 

unsteady-state experiments only a single fluid is injected and the total rate of flow varied. 

Steady state experiments commonly start with a brine saturated core and with the inlet 

flow consisting of 100% brine. Then the fraction of nw-fluid in the inlet flow is progressively 

increased. The fluids are usually separated after flowing out of the core and the volume of 

this effluent is carefully measured so that mass balance (i.e., the difference between the 

amount of each fluid flowing in and flowing out) can be used to determine the saturation 

within the core sample.  The saturation within the core can also be measured directly using 

x-ray tomography (Akin and Kovscek, 2003). During a steady-state experiment one waits 
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until the fractional flow at the outlet reaches a steady state, which will be the same as the 

fractional flow at the inlet.  From the implied or measured saturation in the core, the 

pressure drop across the sample and the fractional flow rates, one can determine the 

relative permeability.  For some discussion of unsteady state experiments, see (Bennion 

and Thomas, 1991; S. Berg et al., 2013). 

 

Figure 4 Example relative permeability curves for strongly wetting systems, where the wetting fluid is oil (o) 
and the non-wetting fluid is gas (g).  This shows that the hysteresis in relative permeability is dependent on 

the rock structure. (Naar et al., 1962) 

 

Unlike the porous plate method for determining capillary pressure, where only a very small 

amount of fluid is allowed to flow, in relative permeability measurements a great many 

pore volumes (i.e., volume of the sample’s pore space) usually need to be forced through 

the sample before reaching equilibrium or a desired saturation. The experiments can often 

take a very long time, sometimes months in the case of lower permeability samples. 

As with capillary pressure experiments, this type of core flooding experiment is normally 

carried out on core plugs 25-50 mm in diameter and 50-200 mm long. Some experiments 

are carried out on whole core, which is usually 100 mm in diameter, although for the West 

Wandoan 1 well the whole core was 65 mm in diameter. 

There are a number of difficulties with this method, the primary being capillary end effect. 

The capillary end effect arises because the maintenance of a finite saturation of both fluids 

requires a capillary pressure inside the sample, yet there is zero capillary pressure (i.e. no 

pressure difference between the two fluids) at the sample inlet and outlet. Therefore near 

the ends of the core there will therefore be a region where the capillary pressure drops 

from the internal value to zero. The brine saturation will be higher in these end regions 

than in the centre of the core. The resulting non-uniform saturation profile has the potential 

to significantly affect the measurements.  
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The simplest method for overcoming capillary end effects is to simply flow at higher rates. 

Because there is a higher pressure gradient in both fluids across the core, the region 

affected by the capillary end effects is shortened significantly. This approach has a number 

of shortcomings, most notably the possibility that at high flow rates, small bubbles of one 

fluid may be pushed through the core by the other fluid. Generally, this has the effect of 

increasing the apparent permeability of both phases, although, as we shall see later, for 

the case of widely different fluid viscosities and moderate flow rates, the reverse effect 

may be observed.  

An alternative way to ameliorate capillary end effects is to perform a more sophisticated 

analysis of the experimental data, called “history matching” which encompasses a range of 

methods. Generally, a 1D model is used to solve the continuum pressure and saturation 

equations along the length of the core, and the constitutive relations in the model (capillary 

pressure and relative permeability curves) are varied until the model matches the 

experimental data. Since this method allows for variation in pressure and saturation along 

the core it takes into account the variation in these properties near the ends of the core. 

Another difficulty with the measurement of relative permeability, that is particularly acute 

for CO2:brine systems is achieving a sufficiently wide range of saturations. Since the 

capillary pressure and the saturation in the sample are set indirectly by varying the 

fractional flow at the inlet, a significant part of the saturation range may be unattainable, 

even when the fraction flow is varied between 0 and 100%. This is an experimental 

problem not representative of the range of saturations that may occur in the subsurface. It 

is a particular problem for the “unfavourable” mobility ratio that occurs in supercritical 

CO2:brine floods. Mobility ratio is the ratio between the viscosity of the non-wetting and 

wetting fluids. Since supercritical fluids have a very low viscosity relative to their density, 

the mobility ratio is in the range [0.02, 0.2] for this system. In this case it is not possible to 

achieve very low brine saturations: once the permeability to brine 𝑘𝑟𝑤 becomes much 

lower than 𝑘𝑟𝑐 then at a given pressure difference there is a very high fractional flow – 

enhanced by both the mobility ratio and the relative permeability ratio. The consequence of 

this is that even with 100 % CO2 flow there is no mobilisation of the more viscous water 

from its low permeability location. This makes it generally impossible to explore the low 𝑆𝑤 

regime, and certainly impossible to estimate 𝑆𝑤 with any accuracy. 

Hysteresis (see Figure 4) is also very important for relative permeability, although most 

reservoir simulators do not currently account for it. For the pore-scale processes relevant 

to CO2 sequestration, hysteresis occurs when surface roughness or chemical 

heterogeneities cause the advancing contact angle of the wetting phase to be larger than 

the receding contact angle, or during imbibition, when part of the non-wetting phase 

becomes trapped and immobile (Juanes et al., 2006; Spiteri, et al., 2008). Hysteresis is 

particularly important when considering a migrating CO2 plume in CO2 sequestration 

studies, because drainage will occur at the leading edge of the plume where CO2 
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saturation is increasing, while imbibition takes places at the trailing edge as the water re-

imbibes. The hysteresis between drainage and imbibition governs to what degree the 

system can return to its original water-saturated state during imbibition, and thus 

determines the amount of CO2 left behind after the plume has passed.  The storage 

capacity of the aquifer will be strongly influenced by this residual CO2 saturation. 

2.3 Trapping estimations  

Since the amount of CO2 that remains after a drainage/imbibition cycle is such an 

important measure, one of the standard experiments performed with an eye to CO2 

storage measures the ability of the rock to trap CO2. In these experiments the sample is 

drained to a certain fraction then brine is re-imbibed until all the CO2 is trapped 

(Akbarabadi and Piri, 2013; Pentland, et al., 2014; Suekane et al., 2008).  The result is called 

an initial-residual curve; an example is shown in Figure 5. These experiments are 

generally performed at a very low flow rate and can be performed both with and without a 

capillary barrier in place – that is, using either a porous plate configuration or a standard 

fractional-flow configuration suitable also for measuring relative permeability.  It must be 

emphasised that all core flooding experiments for CO2:brine systems need to be carried 

out at elevated pressures and temperatures so as to be representative of subsurface 

conditions. This is particularly critical for CO2 which is in a supercritical state only for 

pressures above 74 MPa and temperatures above 31°C. 

Alongside these sophisticated high-pressure experiments a number of researchers in the 

petroleum arena have undertaken simple waterflood trapped gas experiments, where one 

allows water to imbibe at a controlled rate into an air-filled sample at ambient conditions. 

The goal of these experiments is to characterise the trapping potential of different rocks 

under strongly wetting conditions. These experiments showed interesting and unexpected 

dependency on porosity and clay fraction (Suzanne et al., 2003; Yuan, 1981).  Specifically, it 

was found that clean sandstones have a higher capillary trapping capacity with lower 

porosity, but that increasing clay fraction reduced the trapping capacity. 

It is also worth mentioning that there has been some elegant theoretical work looking to 

predict the trapping potential of rocks. Anchored in percolation theory, work dating back to 

the 1960s predicted a simple relationship between the trapped fraction of non-wetting fluid 

and the average coordination number of the rock (Sykes and Essam, 1964; Tanino and 

Blunt, 2013, 2012).  
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Figure 5 Initial-residual curves. Variation of residual trapped CO2 saturation (at the end of imbibition) with 
CO2 saturation (at the end of drainage) for Berea sandstone core under (a) supercritical and (b) gaseous 

conditions. (Akbarabadi and Piri, 2013)  
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3 X-ray microtomography 

The last two decades have seen major technological and 

scientific advances in x-ray microtomography (CT); see 

Figure 6 for an example. X-ray sources have improved in 

stability, flux and spot size. Detector efficiency and speed 

has improved substantially, largely through amorphous-

silicon flat panels developed for medical applications. On the theory side, Alexander 

Katsevich developed the first viable algorithm for the exact reconstruction of cone-beam 

tomographic data using helical scanning trajectories (Katsevich, 2002), allowing the use of 

much higher cone-angles, and large improvements in acquisition efficiency. 

 

 

Figure 6 Validation of x-ray CT imaging via comparison with scanning electron microscope (SEM) images. 

Left: SEM images of a rock surface exposed by polishing. Right: slice from CT image of the same region. 

CT image acquisition occurred prior to polishing and SEM imaging.  Image registration was used to 

determine the appropriate slice from the CT image. 

Rock imaging technology 

and practices are reviewed in 

Cnudde and Boone (2013) 

and Wildenschild and 

Sheppard (2013). 
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It is now commonplace for CT instruments to 

capture high fidelity images of rock samples with a 

resolution down to 1 μm per voxel, and containing 

2,000 voxels per side, leading to a field of view of 2 

mm at the highest resolution. The magnification of 

almost all CT instruments can be varied 

continuously. Instruments exist with a much higher 

resolution but with a great reduction in image 

quality. Some instruments offer much higher 

numbers of voxels, allowing a bigger field of view for 

a given resolution, but with much longer acquisition 

times. 

The ANU-developed CT instrument (technology 

recently acquired by FEI) combines an optimised x-

ray source with helical scanning trajectories and the 

highest efficiency detector available today. For this 

study, the instrument was used at a number of 

different magnification levels: 80 x 25 mm samples 

at 16 micron voxel size and numerous higher resolution scans of sub-plugs 12 mm and 

smaller with resolution of 5mm and higher.  

Subsurface rock is so complex and heterogeneous that despite the very high quality of 

CT images, and the increasing popularity of Digital Core Analysis (DCA) today there are 

a number of significant limitations that all practitioners need to be aware of: 

 the voxel size in the image may be too large to capture all the flow-controlling pore 

channels. Without knowledge of the location or size of these critical elements the 

simulation of permeability (and, by extension, relative permeability) is not possible. 

 even if the pore throats are imaged, the voxels may still be too large to capture the 

crevices needed to estimate the distribution of the wetting fluid at lower 𝑆𝑤. This is 

important for computing 𝑘𝑟𝑤 and also the resistivity index (RI). If a large fraction of 

the pore space is composed of unresolved porosity then the conductivity of the 

entire sample (used to calculate formation factor and tortuosity) will be dependent 

on assumptions made about the characteristics of the unresolved structure. 

 the field of view of the image may be too small to span a representative elementary 

volume (REV) of the sample. The REV is the scale at which the material appears 

homogeneous – that is, sampling a property at the REV scale always yields the 

same answer. If the rock is heterogeneous on all length scales then there will be no 

REV and one must instead look to understand the spectrum of property values 

returned by the sampling operation. Heterogeneity is a major, persistent challenge 

for understanding and modelling geologic systems and presents both challenges 

and opportunities for this project. 

The application of tomographic 

technology to geological samples was 

pioneered by scientists at Shell in the 

1980s (Funk, J et al., 2011) using 

medical instruments with mm-scale 

resolution.  

Today, using instruments with sub-micro 

resolution, Digital Core Analysis (DCA) 

has been touted as “the future of 

petrophysics” (Grachev et al., 2012). 

 

Three companies have emerged in the 

DCA market, combining CT (and other 

imaging modalities) with numerical 

modelling of transport and mechanical 

properties (see, for example, Long, H et 

al., 2013).  
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 the image may offer insufficient x-ray contrast between different minerals which are 

important for transport. In rocks this is a relatively rare problem since the x-rays 

offer excellent contrast between quartz or calcite and air. However, difficulties arise 

when attempting to capture pore fluids that have little inherent x-ray contrast or 

when trying to distinguish clays from one another. Various contrast enhancing 

techniques are required in this case;  see, for example Wildenschild and Sheppard 

(2013). 

CT imaging must be accompanied by extensive image analysis workflows in order to 

extract segmented images in which the different material components have been 

distinguished from one another. Details of the digital image analysis performed so far 

for the Surat project are available in the technical report for ANLEC project 128, 

milestone 2.6, dated 11th April 2014. 
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4 Direct image-based modelling 

4.1 Direct solution of the two-phase Navier-Stokes equations  

The most straightforward way to undertake modelling when the geometry of the pore 

space has been captured in an image is to solve, numerically, the Navier-Stokes (NS) 

equations with no-slip boundary conditions at the pore walls and suitable boundary 

conditions on the edges of the computational domain.  When considering a single fluid 

phase this enables absolute permeability to be computed, a technique that is well 

established today (Arns et al., 2001; Spanne et al., 1994). For two immiscible fluids on 

must incorporate the different viscosity of each fluid component while also accounting for 

surface energy associated with the solid-fluid and fluid-fluid interfaces. This is a far more 

difficult challenge than modelling single-fluid flow since it is necessary to model the 

dynamics of the fluid-fluid interface. This technique has only been applied relatively 

recently due to the extreme computational demands of solving the nonlinear NS equations 

on 3D grids of a reasonable size.  

The first such simulation was performed relatively soon after the first CT images of the 

pore space of rocks were obtained (Auzerais et al., 1996), using both a traditional finite-

difference solver and the recently developed Lattice-Boltzmann method (LBM) (Rothman 

and Keller, 1988). These simulations approximated steady-state relative permeability 

experiments by applying periodic boundary conditions perpendicular to the flow direction 

and applying a body force to the fluid in the direction of flow.  A supercomputer was 

needed to perform the simulations. The major notable difference between simulation and 

experiment was the size of the rock volume over which the simulation was performed – the 

simulations were performed on samples of less than 1 mm3 while core flooding was 

usually performed on core plugs of 50 × 25 mm, (that is, around 30,000 mm3). While 

compute power today is vastly greater than that available in 1995, computational demands 

remain a major limitation. 

LBM remains the dominant method used today to solve the NS equations. It is an elegant 

kinetic-theory approach that solves for local particle probability densities in 

position/momentum space. LBM has some key advantages: it adapts well to the complex 

geometric boundaries that result from the pore space structure; it extends in a relatively 

straightforward way to multiple phases with arbitrary contact angles (Gunstensen et al., 

1991; Shan and Chen, 1993) and it can be implemented in parallel to take advantage of 

modern computer architecture. This last point is critical; as we explain below, the 

computational requirements of the method demand an algorithm able to scale-up for 

running in parallel on hundreds or thousands of processors. 

The LBM has several disadvantages relative to other NS solution methods. Firstly because 

of the emergent nature of LBM (that is, it actually models the Boltzmann equation and the 
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NS solutions only emerge upon averaging), it is not straightforward to add additional fluid 

physics to the algorithm. Secondly, LBM is very demanding of computer memory and is 

usually limited in speed by memory bandwidth rather than the arithmetic capabilities of the 

computer hardware. Also, a number of questions remain over the ability of LBM to 

adequately simulate the NS equations for multiphase flow under all conditions. However, 

for low Reynolds numbers and mobility ratios, it is believed that the method accurately 

captures the underlying physics (Ahrenholz et al., 2008; Pan et al., 2004; Ramstad et al., 

2012; Tölke, 2002). Numerous alternatives to the LBM have been demonstrated, including 

methods based on volume of fluids (Raeini et al., 2012), smooth particle hydrodynamics 

(Tartakovsky et al., 2007) and density functional theory (Koroteev et al., 2013); see Meakin 

et al (2009) for a review. It is not yet clear, however, whether these alternatives are 

superior for porous material applications than LBM. 

An important limitation of all NS solvers is their poor performance in the regime of slow, 

capillary-dominated flow (that is, at low capillary numbers). In this regime, even though the 

invading fluid advances slowly on average, it does so in localised jumps. Small time steps 

are needed to model these jumps and the equilibration that occurs between them, while as 

the overall flow becomes slower, the total 

simulation time becomes commensurately longer. 

This limitation arises from a basic characteristic of 

two-phase fluid displacements first noticed nearly 

100 years ago – that configuration changes take 

place in discrete, rapid jumps that can be many 

thousands of times faster than the average fluid 

velocity; these jumps are described in more detail 

in section 5.1. In any direct simulation the time 

step must be small enough to capture these rapid 

changes. However, if the capillary number and 

thus the average flow rate are very low, then the 

total running time of the simulation will be very 

long. Therefore simulation times are roughly 

inversely proportional to capillary number, with Ca 

= 10-3 quite achievable but Ca < 10-6 generally out 

of reach, depending on the size of the 

computational domain.  

To emphasise the scale of the challenge, 

consider a simulation of a multi-day core flood 

requiring milli-second time stepping on a 1mm3 

image of 1,0003 voxels: this requires taking 

hundreds of millions of steps on a grid of over 1 

A number of open source NS solvers 

exist that are suitable for studying flow in 

porous media. 

 

Palabos (the Parallel Lattice Boltzmann 

Solver, www.palabos.org) is a 

distributed MPI-based C++ code 

developed from The University of 

Geneva. 

 

Sailfish (sailfish.us.edu.pl) is a python 

LBM code that runs exclusively on 

GPUs, using both CUDA and openCL 

(Januszewski and Kostur, 2013).  

 

Both programs implement immiscible 

two-phase flow using the Shan-Chen 

model.  

 

OpenFOAM is a more traditional 

volume-of-fluids method 

(openfoam.org). One can assume that 

these public domain codes are less 

highly optimized than those developed 
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billion voxels with 17 parameters at each voxel. It is therefore not surprising that a single 

simulation can take hundreds of thousands of CPU hours (Harting et al., 2005). The 

effective cost of such a simulation is tens of thousands of dollars. 

This situation can be ameliorated considerably through the use of Graphical Processing 

Units (GPUs), designed to be the heart of video cards. GPUs are now being used for a 

range of more general computation tasks and represent an alternative to traditional 

supercomputers. Each GPU consists of thousands of simple processor cores that execute 

in parallel, and can attain peak computation rates up to 100 times higher than the best 

general purpose CPUs. Being specialised devices, GPUs are difficult to program and allow 

significant speed improvements only for the most suitable problems and the most careful 

tuning. Nevertheless, the potential advantages are so great that the two major GPU 

manufacturers are now designing their chips with scientific computation in mind, while 

scientists from many disciplines are adapting their programs for GPUs. The LBM and other 

methods for solving the NS equations have been implemented on GPUs, and increases in 

speed approaching a factor of 10 were obtained (Koroteev et al., 2013; Tölke and Krafczyk, 

2008; Tölke, 2010).  

Direct NS solvers can simulate both porous plate experiments (for capillary pressure) and 

fractional flow experiments (for relative permeability). Due to the difficulty of simulating 

very slow flow, and the importance of relative permeability, direct NS solvers are better 

suited for the latter configuration. It is not necessarily desirable to mimic the fractional flow 

experiment exactly, since (as explained above) the experiment itself has a number of 

shortcomings. If the goal of the simulation is to match or mimic laboratory data, then it is 

possible to implement the fractional flow experiment exactly. In this case the experimental 

shortcomings described in section 2.2 do not pose a problem since the simulation provides 

complete information on capillary pressure and fluid configuration throughout the pore 

space. Figure 7 shows an example of the use of LBM to model two different types of 

experiment. 
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Figure 7 3D visualisation of direct solution of the Navier-Stokes equations for two immiscible fluid phases 
using the lattice Boltzmann method, with the non-wetting fluid shown in red (Ramstad et al., 2012). Periodic 

boundary conditions were used in the left image and single phase injection on the right. The size of the 
computational domain is approximately 8 mm3 . 

 

We emphasise that the capability of two-phase NS solvers lags well behind that of CT 

imaging, so that it is normal to conduct simulations on computational domains ranging 

from 5003 to 1,0003, thus consisting of just 1 to 10% of the volume of a full tomographic 

image. Therefore, the question of whether the computational domain is representative is 

even more acute than for imaging itself. In addition, the effort of running just a single 

simulation is sufficiently expensive in terms of computational resources that it is rare to see 

studies that explore the effect of varying parameters such as flow rate or contact angle. 

4.2 Static, surface energy minimising methods 

The methods considered until now work best in typical fluid dynamic regimes where 

viscous and inertial forces dominate the system dynamics. It is also possible to devise 

simulation tools making the simplifying assumption that the only forces that need to be 

considered are those arising from the minimisation of surface energy, thus neglecting both 

viscous and inertial forces. With this viewpoint, capillary dominated displacements can be 

thought of as evolving from one equilibrium state to another inside the pore space, with 

specified contact angles and the fluid-fluid interface having a uniform mean curvature.  

Numerically speaking this means solving a set of separate static boundary value problems 

in place of a single dynamic initial value problem. 

Several methods have been proposed to tackle this complex boundary value problem. 

Gladkikh and Bryant used Kenneth Brakke’s Surface Evolver 

(www.susqu.edu/brakke/evolver) to find fluid interfaces inside grain packings (Gladkikh 

and Bryant, 2005). This method demands that the surface topology be specified in 

advance, and doesn’t easily parallelise. The level set method is an alternative interface 

tracking technique that admits surfaces of any topology and naturally accommodates 
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topological changes. Prodanovic and co-workers have developed a software package, 

LSMPQS (the Level Set Method for Progressive Quasi-static Simulation), that uses the 

level set method to simulate fluid displacements in porous media (Prodanovic and Bryant, 

2006). LSMPQS is limited to zero contact angle (that is, perfect wetting) and operates at 

the limit of zero capillary number. It is, however, far less computationally demanding than 

full NS solvers, and should scale well for use on large parallel computers. To date 

LSMPQS has been applied only to relatively small problems. 

 

 

Figure 8 Examples of the level set method for tracking fluid-fluid interfaces applied to a 2D pore system. Left: 
drainage; Right: imbibition (Prodanovic and Bryant, 2006). Similar studies have been performed in 3D; 2D 

data are shown here for clarity. 

5 Pore network modelling 

The methods described in section 4 can be applied directly to 3D segmented images (that 

is, voxelated data sets). If the pore space geometry has been captured in enough detail 

then such methods have the potential to yield estimates with a minimal number of 

assumptions: often the contact angle is the only additional unknown of significance. 

However, there are many situations in which direct methods are too unwieldy to give 

useful results, do not span a sufficient range of length scales, or are simply unnecessarily 

complex.  

Pioneered in the 1950s, pore network models are based on the assumption that the pore 

space can be simplified into pore bodies, which form the nodes of the network, connected 

through pore throats which form the links in the network, as shown in Figure 9. The basic 

principle is that within each discrete element of the pore space (that is, within each pore 

and throat), the system is always at local capillary equilibrium, and that one can infer the 

fluid saturation and fluid conductance from the capillary pressure with knowledge of only 

several parameters to characterise the shape and size of the pore element. 
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In the absence of detailed 3D images of the entire rock pore space, network models were, 

until the late 1990s, based on relatively simple lattices such as cubic grids where each 

pore was connected to six neighbours. Notable work in the 1980s used randomised 

networks based on the Delaunay triangulation of a Poisson point process (Blunt and King, 

1991; Jerauld et al., 1984) but no significant difference was found between the properties 

of these and regular lattices. It should be evident that neither regular or simple stochastic 

networks will be representative of the pore space of real rocks, demonstrated by Sok and 

co-workers who used CT images of Fontainebleau sandstone to identify fundamental 

differences between rock pore networks and random structures (Sok et al., 2002). For a 

review of network modelling see Blunt (2001) and references therein. 

 

Figure 9 Left: schematic showing how a pore space is divided into distinct pore bodies separated by pore 
throats.  Right: a ball-and-stick representation of a pore network extracted from a heterogeneous material.  

Spheres are pore bodies, links are pore throats. 

 

5.1 Quasi-static network models 

The vast majority of network modelling is of the “quasi-static” (QS) type, also called 

“percolation-based” and “rule-based” models because their dynamics are based on 

discrete rules rather than a differential equation.  

QS models, like the level-set method described in section 4.2, target the capillary 

dominated regime. In this regime, changes in the applied fluid pressure are so slow that 

viscous pressure gradients dissipate through minute, short-range redistribution of fluids 

and therefore never play a role in the system dynamics that are driven by the much larger 

interfacial forces. One can therefore assume that the pressure throughout each fluid is 

uniform, so that the capillary pressure in every pore element equals the global capillary 

pressure. This assumption is valid except during localised displacement events (called 

“Haines jumps” during drainage, shown in Figure 10) when the slowly advancing fluid 

interface attains a critical point in the local geometry and becomes unstable, causing it to 

suddenly jump forward (Armstrong and Berg, 2013; Berg et al., 2013). These jumps were 
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identified by Morrow (1970) as the irreversible part of the fluid displacement; they are 

therefore the principal source of capillary hysteresis. 

 

Figure 10 Visualisation from high-speed synchrotron x-ray tomography showing a Haines jump: the 
displacement of water (grey) by oil (red) from a single pore during drainage within Berea sandstone (Berg et 

al., 2013) 

 

At low enough flow rates, these fluid displacement events are isolated in space and time. It 

is therefore only necessary to determine the threshold capillary pressure at which the 

interface in each pore element becomes unstable and then jumps forward. These 

thresholds can be determined analytically for a suitable parameterisation of each pore’s 

shape. Under this approach hysteresis is naturally accounted for because the point at 

which the interface becomes unstable in a given pore geometry will generally be different 

during drainage than during imbibition (Blunt and King, 1991; Blunt et al., 2002; Oren et 

al., 1998).  

In a QS network model, the advancing (invading) fluid begins at the inlet and occupies the 

pore space elements one by one, choosing at each moment the accessible pore element 

where the interface will be the first to become unstable. During drainage, when the 

capillary pressure is increasing, this means identifying the pore element with the lowest 

threshold pressure. For imbibition when pressure is decreasing, the pore element with the 

highest threshold will be the next one displaced. The consequence of the interface 

reaching the aforementioned unstable point is that the defending fluid will suddenly be 

displaced from the pore element in question. In QS models this displacement is assumed 

to occur instantaneously. There is no concept of time in such a simulation and it is not 

necessary to define the flow rate because the order of pore filling is independent of rate as 

long as it is sufficiently low.  
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It is important to recognise the key role that glass micromodel research has played in 

advancing our understanding of pore scale fluid displacement mechanisms. By allowing 

researchers to observe fluid displacements directly through microscopes, micromodelling 

has provided exactly the insight needed to construct network models.  The network models 

then provide insight as to the macroscopic consequences of the pore-scale mechanisms.  

Much of the pioneering work was done by Roland Lenormand and co-workers in the early 

1980s (Lenormand et al., 1983) but micromodel research remains very active to this day. 

Because the fluid configurations are known in each pore the capillary pressure curve is a 

natural output from these simulations. Using the fluid configurations one can also estimate 

the electrical and flow conductance of each fluid in each pore element, from which the 

permeability and conductivity can be computed on the entire network by solving Laplace’s 

equation with appropriate boundary conditions. This is normally done at regular intervals 

during the computation, providing relative permeability and resistivity index data. Note that 

the results of these calculations do not influence the dynamics of the displacement as 

modelled by a QS network model, they are merely for output purposes. 

While a QS network model based on a simple lattice network may seem a gross over-

simplification of the pore structure of a rock, such models have proved invaluable for 

determining the effect of features such as contact angle, pore-throat aspect ratio, width of 

the distribution of pore sizes, spatial correlations in pore and throat size and even 

angularity of pore-space crevices. QS models can also incorporate many pore-scale 

phenomena, enabling them to capture a great variety of complex emergent behaviour at 

the larger scale. For example, they can incorporate piston-type and snap-off type 

displacement events and even interface pinning due to wettability alteration. In addition, 

the models generally allow pore elements to contain a wetting phase in crevices even if 

the pore-body is occupied by non-wetting fluid.  

Rather than simply providing results, the value in pore-network modelling lies in its ability 

to improve our understanding of the underlying processes and on the relationship between 

structure and function. For some reviews of what has been achieved, see Blunt (2001) and 

Celia et al. (1995). 

5.2 Extraction of pore networks from 3D images 

To be of value in this project, network models need to move beyond parametric studies 

and also provide information about the sequestration site. Indeed, we desire the two-phase 

modelling in this project to perform both functions – to have some genuine predictive 

power while also enhancing our understanding of why the formation behaves as it does. 

Networks directly generated from 3D images have the potential to achieve this, whether 

combined with QS or dynamic network models. By combining representative network 

structure with realistic constitutive relations to determine the saturation and fluid 

conductance within each pore, researchers have been able to accurately reproduce the 
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results of capillary pressure and relative permeability experiments (Blunt et al., 2002; Oren 

and Bakke, 2003). 

Extracting networks directly from 3D images of rock was pioneered by Lindquist and co-

workers in 1996 using the medial axis transform (Lindquist et al., 1996), an example of 

which is shown in Figure 11. Almost simultaneous with this, Oren, Bakke and co-workers 

(Bakke and Oren, 1997a; Oren and Bakke, 2003; Oren et al., 1998) presented a method for 

extracting networks from 3D data.  However in this case the method targets data 

generated through process-based reconstruction, discussed in Section 5.3. As with 

Lindquist’s method, the extracted network aims for a 1-1 mapping between network 

elements and features in the pore space of the rock (see Figure 9). This method captures 

the topological structure (that is, the connectivity) of the pore space in a network of nodes 

and links and also computes a sophisticated set of geometric parameters for each node 

and link. Since that time there have been a number of other methods for network 

extraction proposed, such as the maximal ball method (Silin et al., 2003; Dong and Blunt, 

2009) and the watershed transform (Thompson et al., 2006; Sheppard et al., 2006). 

All these methods have at their heart the same principle – to try to identify pore “bodies”, 

which are the wider places within the pore space, and also potential junction points, where 

several pore space channels meet. These are mapped to nodes in the network 

representation. The pore bodies are connected through pore “throats” which are narrow 

points (constrictions) in the pore space, and often thought of as tubes whose narrowest 

point is near the middle. With each pore body and each pore throat one computes 

information on the radius, the volume, the length and the cross-sectional shape (Figure 

12).  It should be emphasised that no unique representative network exists - different 

network extraction methods will produce different networks even when applied to the same 

image (Caubit et al., 2008), although it has been shown that these networks have similar 

properties (Dong et al., 2008).  Furthermore, some pore space geometries are inherently 

difficult to decompose into distinct pore bodies (Arns et al., 2007). 

To overcome the limited range of length scales that can be captured in a single 3D image, 

there has been some effort directed at the combination of CT imaging and stochastic 

modelling. This approach has been used to build a remarkable 3D model of carbonate 

rock that uses discrete geometric elements in continuum space rather than image voxels, 

to effectively span nm to cm length scales (Biswal et al., 2009; Roth et al., 2011). 

Unfortunately no existing modelling framework can be applied directly to this continuum 

structure, so parts of it must be digitised before simulations can be performed. 
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Figure 11 The skeleton, or medial axis of the pore space of a porous material. Computing the skeleton is a 
common step in the extraction of a representative pore network from the micro-CT image of a core sample. 
In the figure at right the skeleton colour indicates the size of the largest ball that can fit in the pore space at 

that point. 

  

  

(a) (b) 

Figure 12 (a) schematic showing the means by which a skeleton line is used to determine pore throat cross-
sections (Bakke and Oren, 1997a). (b) The cross-sectional shape is then analysed to estimate the fluid 

configurations at breakthrough and at other capillary pressures. (Lindquist, 2006) 

5.3 Construction of pore networks from 2D images 

The direct construction of pore networks from a 3D image, while appealing, is limited by 

the trade-off between resolution and field of view. Although larger images are technically 

feasible, current storage limitations restrict images to around 3,000 voxels per side. 

Acquisition time, which increases in proportion to voxel density, is another limiting factor. 

However, in 2D the limitations are far less severe. SEM imaging provides essentially 

unlimited magnification, and it is feasible to acquire, store and process images containing 
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close to 100,0002 pixels. Therefore, the use of 2D images has the potential to capture a far 

greater range of length scales, which is absolutely invaluable for complex rock types 

The challenge, of course, is how to generate a 3D network from 2D information. While 

some measures of a pore space, such as its volume and surface area, can be computed 

accurately from 2D images of isotropic media, one has no information about object 

connectivity. Therefore any reconstruction method which does not incorporate additional 

information is doomed to failure.  

To address this issue, Bakke and Oren 

introduced Process Based Modelling (PBM) to 

this field (Oren et al., 1998). The idea of PBM is 

to simulate all the important processes in the 

formation of a sedimentary rock: deposition, 

compaction and diagenesis. Information about 

all these processes can be derived from 

analysis (automated or knowledge based) of 2D 

thin section imaging that provide information on 

grain size and shape, sorting, mineralogy and 

on the various types of clays in the system. 

After constructing a simulated 3D rock structure 

using PBM it is then possible to extract a pore 

network, just as from a CT image, but 

incorporating information from a greater range of length scales. This approach allows one 

to analyse rocks of lower permeability than is possible with CT but at the cost of being 

dependent on how well the rock formation is modelled by PBM. With greatly improved CT 

image data, direct extraction from 3D images is today far more popular than PBM. This 

popularity must, however, also be partly a consequence of the complexity associated with 

PBM and the difficulty of implementing all the necessary processes. 

While PBM is essentially designed around siliclastic sedimentary rocks, some effort has 

been made to extend the approach to carbonate rocks through combination with stochastic 

modelling and CT imaging.  However, the extreme complexity of diagenetic process in 

carbonate rocks must greatly limit the scope of such models. 

5.4 Dynamic network modelling 

Alongside the percolation-based quasi-static network models that assume the dominance 

of capillary forces, one can equally construct models in that account for viscous effects. In 

fact, such models end up being very close to reservoir simulators, with the need to solve 

for pressure and saturation, and the need for constitutive relations for Pc(Sw) and kr(Sw).  

Volumes from uCT are often stored as 

16-bit integer values. Within these 

volumes each voxel requires two bytes 

to store and so file sizes are slightly 

more than the product of the X,Y,Z 

dimensions multiplied by 2. 

 

A typical image, of 1760 x 1760 x 3500 

voxels, measures around 20 GB. The 

number of voxels in each dimension is a 

function of the sample size (diameter 

and height) and the detector 

configuration and capabilities. 
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Unlike reservoir simulations, these relations are generally determined from core flooding 

experiments; for network models they are calculated directly (analytically or semi-

analytically) by assuming a particular geometry for each pore (Joekar-Niasar et al., 2010; 

Thompson, 2002). While dynamic network models were used extensively by Yortsos in the 

1990s (Kamath et al., 1998), the full pressure-saturation model was introduced later 

(Thompson, 2002). More recently, Joekar-Niasar and coworkers (Joekar-Niasar et al., 2010) 

devised a faster method for solving these for the same model that could be applied to 

larger systems (but still limited in size to 643 nodes), and used it to study flow rate effects.  

In current work, a distributed parallel dynamic network model has been developed (Aghaei 

and Piri, 2014) and demonstrated on a network of 5 million nodes, representing a Berea 

sub-plug 6 mm in diameter and 78 mm in length. This simulation was, however, only 

possible through heavy use of a supercomputer.  

These models are very computationally intensive because of the highly non-monotonic 

and hysteretic constitutive relations that need to be used at each node. In particular, the 

aforementioned point in each pore element where fluid interface becomes unstable 

creates a sharp hysteretic feature that plays havoc with standard numerical schemes. 

Without some numerical stabilisation, and unless very small time-steps are taken, dynamic 

network models are invariably plagued with numerical instabilities. Also, because of their 

limited system sizes they are not generally coupled with CT imaging where the generated 

networks are likely to contain many hundreds of thousands of pores and throats.  

As with quasi-static network models, dynamic models are most useful for parametric 

studies to uncover the interplay between flow rate and other system parameters, as, for 

example in Nguyen et al. (2006) which explores the interplay between pore-throat aspect 

ratio and flow rate. 

As will be explained in Section 6, the CO2:brine flows of interest to this study take place at 

very low capillary number, in the regime where capillary forces can be neglected. 

Therefore it is unlikely that dynamic network models will contribute anything of practical 

value.  

5.5 More complex pore network models 

A great many researchers have taken advantage of the simplicity and efficiency of network 

models to incorporate a range of additional physical and chemical processes such as the 

flow of heat or of mass transfer between the fluids. While this is beyond the scope of the 

current project, we point out the existence of an open-source pore network model, 

PoreFlow (www.poreflow.com), which is able to model reactive transport in a two-phase 

flow environment (Raoof et al., 2013) 

http://www.poreflow.com/
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5.6 Summary: comparison of simulation methods 

The relative advantages of pore network modelling and direct Navier-Stokes simulation 

against various criteria are summarised in Table 1.  In the following sections we will 

consider which of these criteria matter the most for this study, and particularly whether 

there is a compelling need to use the prohibitively expensive Navier-Stokes simulators 

rather than a pore network model. 

 

Table 1 The performance of pore network modelling and direct solution of the Navier-Stokes equations in 
various categories.  Each category has a star rating out of 5. 

 QS Pore network model Direct NS solver 

computational efficiency ★★★★★ ★ 

number of free parameters  ★ ★★★★ 

flow rate / mobility ratio - ★★★★ 

complex geometries ★★ ★★★★ 

heterogeneity ★★★ ★ 

capillary dominated flow ★★★★ ★★ 

wetting films ★★★ ★★ 
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6 Characteristics of CO2:brine flow 

We now review experimental characterisation of the CO2:brine system to help decide 

whether pore network modelling is appropriate. To date, very little pore-scale modelling 

has been performed on CO2:brine systems. Quite sensibly, the bulk of the work has been 

directed towards (a) determining the physical parameters of the system, and particularly 

the contact angles, and (b) determining whether the systems display anomalous behaviour 

under core flooding experiments. Without this fundamental experimental work any 

simulation studies would have little connection to reality. Numerical simulations have been 

primarily limited to larger scale reservoir simulations that include unique-to-CO2 

phenomena such as density-driven convective mixing (for example, Green and Ennis-

King, 2010). 

A notable exception is the pore-scale modelling work of Lopez et al. (2011) who compared 

modelling and experiment applied to rocks of the In Salah field in Algeria, a major CO2 

sequestration site. The pore networks were constructed using process based modelling as 

described in Section 5.3. Very good agreement was found between experimental and 

modelled relative permeability curves but the capillary pressure results were less 

convincing.  The discrepancy was attributed to heterogeneity, a reasonable explanation 

given that the plugs being compared came from different depths within the formation. 

6.1 Flow rate  

If network modelling is to be used for this project, we must decide whether the flows of 

interest are sufficiently slow that viscous forces are insignificant relative to capillary forces. 

It is normally accepted that viscous effects can be neglected when the capillary number 

𝐶𝑎 < 10−6,  a requirement that can easily be translated into an upper limit on the flow 

velocity. Using values for the brine viscosity of 500 𝜇Pa∙s and the CO2:brine interfacial 

tension of 35 mN/m (appropriate for Surat Basin conditions of  60℃ ,100 bar and 

insignificant salinity (Kestin, Khalifa, and Correia 1981; Li et al. 2012) leads to a velocity 

𝑣 < 0.08 mm/s or 𝑣 < 6 m/day. We note that the capillary number, somewhat 

counterintuitively, is independent of the pore diameters or the absolute permeability of the 

aquifer. Although there are near-wellbore situations where the velocity will be higher than 

this, it is safe to assume that the velocity will be much less than 6 m/day in far-from-

wellbore conditions (for example, in the Otway pilot project dissolved and free CO2 

migrated at less than 3 m per day even relatively near the wellbore; Underschultz et al., 

2011). It is worth noting that because of the lower viscosity of the fluids, the flow will be 

capillary dominated up to higher flow rates for CO2:brine displacements than for oil:water 

flows. So the assumptions of capillary dominated flow that have been made for decades in 

the oil industry should, in theory, carry over to carbon sequestration studies. 
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However there are a number of reasons why this assumption needs to be re-examined in 

the context of CO2:brine floods. Firstly, wisdom on this subject has been developed for 

oil:brine systems for which the nw phase has a higher viscosity, (that is, a mobility ratio 

greater than one). Secondly, there may be a complex interplay between the mobility ratio, 

the density contrast, the interfacial tension and the contact angle which leads to 

unexpected behaviour.  It is therefore critical to examine all existing experimental results to 

determine whether the supercritical CO2:brine system behaves as expected. 

Unfortunately there is some ambiguity in the definition of capillary number. Traditionally, 

the capillary number is calculated using the viscosity of the invading phase. In CO2:brine 

displacements where the brine viscosity is 10-50 times higher than the CO2 viscosity, this 

definition of capillary number results in much higher values during imbibition than drainage 

even when the flow rate is identical. This would seem to be incorrect and so this definition 

of Ca appears to be flawed. It also reasonable to expect that the behaviour of each phase 

will depend as much on its own viscosity as on that of the other phase, so it is incorrect to 

ignore the viscosity of either phase. Consequently, for our purposes where we wish to be 

confident that viscous forces can be ignored, it is better to use the viscosity of the more 

viscous fluid, in this case brine. This follows the approach of Perrin and Benson (2010), 

although its adoption is far from universal; for example, in recent work, Berg et al. (2013) 

use the traditional definition.  Some of the discrepancies in the literature (see, for example, 

Figure 14) may perhaps be traced to the use of different flow rates, with some experiments 

no longer in the capillary dominated regime. 

One important consequence of the low mobility ratio (discussed in section 6.2) is that the 

usual effect of flow rate can be reversed.  For example, it is normally expected that relative 

permeability of both fluids will increase with flow rate, as suggested in Dullien, (1991) and 

Krevor et al. (2012).  However, a moderate increase in flow rate is likely to result in a 

decrease in the CO2 relative permeability, since it will result in increased hydraulic 

coupling between the CO2 and the far more viscous brine. 

It is worth pointing out that the capillary number is relevant for pore-scale mechanisms and 

the regime 𝐶𝑎 < 10−6 does not imply that large scale models can afford to neglect viscous 

forces. Indeed, at the aquifer/reservoir scale the viscous pressure difference caused by 

flow through many metres of aquifer will certainly be larger than the capillary forces.  

The principle conclusion is that flow rates in far-from-wellbore conditions easily satisfy 

the requirement 𝑪𝒂 < 𝟏𝟎−𝟔 and are expected to be capillary dominated, and that this 

should be independent of the reservoir permeability. 

6.2 Mobility Ratio 

As discussed earlier, supercritical CO2, which is the non-wetting (nw) fluid in CO2:brine 

displacements, has a significantly lower viscosity than brine at similar conditions, so the 
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mobility ratio is less than one, and may be as low as 0.02 in the Surat basin. While the 

mobility ratio is somewhat dependent on pressure, termperature and salinity, all potential 

CO2:brine sites have mobility ratios much less than one. QS network models are not able 

to model the effects of viscosity, so they are unable to capture any dependence on mobility 

ratio. Therefore, a precondition to using QS network modelling is to demonstrate that the 

flows of interest are independent of mobility ratio. 

At sufficiently high flow rates the mobility ratio can have a dramatic effect on the resulting 

displacement patterns (Lenormand et al., 1988). However, at low flow rates (again, 

capillary number 𝐶𝑎 < 10−6), mobility ratio will have little or no effect on the relative 

permeability of either fluid phase because each fluid flows in separate pathways, and the 

two streams do not influence each other. At higher capillary numbers, there is hydraulic 

coupling between wetting phase flowing in thick films and the nw phase flowing in the 

central portion of the pores, particularly at lower wetting phase saturations. This results in 

an effective viscosity for the nw phase that is influenced by the wetting phase viscosity, so 

that the relative permeability of the nw phase decreases with decreasing mobility ratio. The 

wetting phase relative permeability is not affected by the mobility ratio to the same extent 

since it has extensive contact with the immobile rock surface. The magnitude of these 

changes will depend on both the rock structure and the wettability conditions. 

Most pre-2000 experimental work on the effect of mobility ratio has been directed towards 

petroleum recovery and the oil:brine system where the mobility ratio is generally greater 

than one. Therefore, there has been little exploration until recently of mobility ratios 

relevant to CO2:brine systems. An exception is Oak et al (1990) as part of a study of three-

phase flow in which oil:water, gas:oil and gas:water floods were all carried out on Berea 

sandstone, each with a distinct mobility ratio. Oak's results are shown in Figure 13 and 

show no dependence on mobility ratio. The Oak data are particularly useful since Berea 

sandstone has been the subject of extensive studies for both oil:brine and CO2:brine 

systems.  
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Figure 13 Relative permeability data for three very different mobility ratios showing that it has little or no 
effect. (Oak, 1990) 

 

While Berea sandstone has proved very useful as a benchmark rock type reasonably 

representative of conventional petroleum reservoirs, it is worth nothing that there is 

significant variation between one Berea sample and another, with permeability varying 

from under 50 mD to over 1000 mD, and evidence of significant heterogeneity at the core 

scale. Despite these shortcomings, Berea sandstone remains the standard. Berea 

sandstone has also been used in an ANLEC R&D benchmarking study, the results of 

which will be discussed in future reports. 

A number of recent studies have looked at CO2:brine relative permeability in Berea 

sandstone, the results of which are shown in Figure 14. The differences between 

CO2:brine and decane:brine are consistent with the effect of lower mobility ratio at 

moderate flow rates – firstly, that the nw phase relative permeability is reduced and 

secondly that lower brine saturations are inaccessible . Therefore we conjecture that the 

differences between different systems arise as a consequence of different flow rates, and 

of flow rates higher than the point at which viscous effects become significant. 

Unfortunately it is difficult to verify these claims since the flow rates are not stated in all of 

these studies. 

We therefore interpret the discrepancy between the different CO2:brine results as an effect 

of flow rate. The existence of this rate effect shows the importance of using the more 

viscous phase to determine the capillary number; while full rate information is not available 

for all experiments it seems clear that not all were conducted at sufficiently low rates to 

ensure capillary-dominated displacement. We conclude that the experimental data 

supports the hypothesis that mobility ratio has no effect on flow in the capillary 

dominated regime. 
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Figure 14 Comparison between drainage relative permeability data for CO2:brine and strongly wetting 
systems (Benson, et al., 2013).  Data is consistent with strongly or intermediate wet behaviour. 

6.3 Interfacial tension 

Interfacial tension (IFT) can impact upon fluid flow in two distinct ways. There is a first, 

superficial dependence, in that the Young-Laplace relates capillary pressure to interfacial 

curvature through the interfacial tension, so that the capillary pressure of a particular 

configuration will scale with the IFT even if there is no change in the location of the fluids 

(see Figure 15). This simple behaviour does not cause any change to displacement 

patterns and can be captured by QS network models. 

 

Figure 15 Dependence of capillary pressure on interfacial tension (IFT), measured showing no more than a 
simple scaling of the capillary pressure value with IFT at a given water saturation. (Bachu and Bennion, 

2008). 
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A change in interfacial tension may also affect the displacement patterns. For low enough 

values of the IFT one would expect the fluids to mix easily so that small bubbles of one 

fluid would be quite stable within the other. This would allow for simultaneous flow of both 

fluids along single channels, thus increasing the relative permeability. Theory suggests 

that this behaviour would not be observed until very low values of the IFT and 

experimental work has, in general, agreed with this, suggesting that there is little or no 

dependence on IFT for IFT > 1 mN/m (Benson, Sally et al., 2013).  Since IFT is in the 

range 25-55 mN/m for the CO2:brine system, these results suggest that it will have no 

effect. 

On the other hand, Bachu and Bennion (2008) did find a significant variation in unsteady-

state relative permeability with changing IFT for the CO2:brine system, as shown in Figure 

16. However, as recognised by the authors themselves, it was not possible to separate the 

effects of IFT with those of mobility ratio since both quantities change upon a change in 

pressure and temperature.  Given that the results in Figure 16 can be explained purely in 

terms of the change in mobility ratio, we discount the possibility that the CO2:brine system 

exhibits a hitherto-unknown dependence on IFT.  

In conclusion, indirect evidence suggests very strongly that IFT will have little or no 

influence on CO2:brine displacements. 

 

 

Figure 16 Dependence of relative permeability on interfacial tension during (a) drainage and (b) imbibition 
(Bachu and Bennion, 2008). It is now believed that the changes are more a result of the mobility ratio, which 
changes dramatically as the interfacial tension is varied. The use of unsteady-state measurement techniques 

would be expected to enhance the effect of mobility ratio. 
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6.4 Wettability  

Wettability, as manifested by the contact angle, is, alongside the pore-space morphology, 

the most important variable that controls the flow characteristics and the relative 

permeability. It is possible to have mixed wettability conditions, where brine is the wetting 

fluid on some surfaces but the non-wetting fluid other surfaces. Wettability effects, 

including mixed wettability, can be included in both network models and Navier-Stokes 

simulations. 

There are a number of ways to infer the contact angle inside a porous material.  The 

standard, direct methods involve placing a drop of liquid onto a flat surface of the material 

of interest and observing the contact angle during droplet growth and shrinkage. These 

experiments are far from trivial to perform since they need to be conducted at elevated, but 

very well controlled, temperatures and pressures. In addition, it is critical that consistent 

and appropriate cleaning techniques be used. There has been significant variation in the 

results of these experiments, with a reasonable summary of their results compiled in 

recent work by Iglauer and colleagues (Iglauer et al., 2014, 2012); note that the 2012 work 

results indicate less strongly water-wet conditions are now attributed to surface 

contamination, a factor which may have affected other studies.  These studies now 

conclude that one can expect strong wetting of brine on quartz and carbonate but that clay 

minerals may show quite different behaviour. In addition, there is some suggestion that 

advancing and receding contact angles are different, although not enough to qualitatively 

change the system behaviour.  

Another way to infer contact angle is to conduct core flooding then examine the resultant 

capillary pressure and relative permeability curves to see whether they are consistent with 

strongly, intermediate or weakly wetting conditions. Pentland (2011) found capillary 

pressure and relative permeability data consistent with strongly wetting conditions, 

agreeing with the results of Perrin at al. (2009). Pini and Benson (2013) collected capillary 

pressure and relative permeability data for scCO2, N2 and gaseous CO2 in Berea, finding 

no evidence of surprising behaviour in the scCO2 system and implying strongly water-wet 

conditions. On the other hand, Berg et al (2013) concluded that the differences they 

observed between CO2:brine and decane:brine relative permeability was due to the 

CO2:brine system being more intermediate wet, while Akbarabadi and Piri (2013) also saw 

a significant difference between CO2:brine and strongly water wetting.  

As discussed in the previous sections, it is difficult to disentangle wetting effects from 

effects of flow rate and mobility ratio when considering relative permeability data, 

particularly from unsteady-state experiments.  While the inferences drawn from core 

flooding experiments have a high uncertainty, the evidence suggests strongly that brine is 

always the wetting phase but that the contact angle may be higher than in decane:water 

systems.  As for droplet experiments, the contact angle will depend on the cleaning 
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technique.  This is unlikely to invalidate any results because the importance of cleaning 

methodology has been long known in the core flooding community. 

 

Figure 17 Capillary pressure and relative permeability data for supercritical CO2 and two strongly wetting 
gaseous systems in Berea sandstone, showing straightforward, strongly water-wetting behaviour for the 

supercritical fluid. (Pini and Benson, 2013). 

 

Finally, direct imaging through CT is now a viable method to estimate the contact angle, 

by imaging the fluid interfaces during an in-situ core flood.  This method also has high 

uncertainties on account of the fact that measuring small angles between curved surfaces 

is fundamentally difficult in a voxelated space.  This fact is exacerbated by the limited 

resolution of the technique.  Nevertheless, Andrew et al (2014) have taken advantage of 

high quality, high resolution imaging data to estimate the contact angle in carbonate and 

sandstone systems to be 30°.  

It must be recognised that the contact angle is a function of pressure, temperature and salt 

concentration in the brine.  Most studies have, however, found a relatively weak 

dependence on these parameters, particularly when compared to the high uncertainties 

associated with all the above measurements.   

In conclusion, the wettability of various minerals in the CO2:brine system remains a subject 

for investigation, although most would agree that brine is the wetting fluid in all situations.  

Due to the high uncertainty in measuring this important variable, this project will 

undertake modelling over a range of wetting scenarios. 
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6.5 Summary 

To summarise, we do not see any significant violation of the assumptions 

underpinning QS pore network models.  Given the enormous practical advantage of 

these models, we propose to use QS pore network models as the primary modelling 

technique for this project. 
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7 Geological Context 

The target reservoir for the Surat 

Basin CCS project is the chemically 

mature Precipice Sandstone which 

features stable quartzose minerals 

and well-crystallised kaolinite, 

consistent Na-HCO3 groundwater 

and poorly-sorted, variable sized 

grains (Farquhar et al., 2013; 

Hodgkinson and Grigorescu, 2013). 

The permeability of the Precipice 

sandstone is primarily in the 1-10 

Darcy range, suggesting that 

injectivity is of little concern.  The low 

salinity of the formation brine (500 to 

3400 ppm; Haese et al., 2013) means 

that formation dry-out is unlikely. 

Storage of CO2 within the Precipice 

Sandstone will rely on stratigraphic 

trapping by the overlying seal, the 

thick (up to 300 m) and 

geochemically active Evergreen 

Formation (Figure 18), consisting of 

sandstone overlain with siltstone and 

mudstone with low permeability due 

to compaction and variable amounts 

of clay material conducive to CO2 storage (Farquhar et al., 2013; Hodgkinson and 

Grigorescu, 2013). 

The presence of heterogeneity, both on broad scales and on the sub-core scale, is critical 

to CO2 storage outcomes, and modelling of dissolution and convection that includes 

buoyancy effects suggests that heterogeneity should be considered at multiple scales 

when scaling-up simulations of convection (Green and Ennis-King, 2010). 

On a broad scale, the Evergreen Formation is particularly heterogeneous, consisting of 

interbedded sandstones, siltstones and shales; in some places this heterogeneity allows 

for hydraulic communication between the overlying Hutton Sandstone and the Precipice 

Sandstone (Hodgkinson and Grigorescu, 2013).  

 

Figure 18 Surat Basin - generalised stratigraphy 

(Jurassic succession) from (Farquhar et al., 2013) 

 



- Attachment A - ANLEC R&D Milestone Report: Project 128 Milestone 4.2 

The Australian National University | 43 Attachment A 

On a sub-core scale, experimental results (on samples external to the Surat Basin) have 

demonstrated that injected CO2 plumes can be blocked by capillary barriers associated 

with heterogeneities such as sand bedding planes, potentially greatly enhancing residual 

trapping (Krevor et al., 2011). Like the Evergreen Formation above it, the upper Precipice 

Sandstone features shales and siltstones associated with a reduction in permeability 

relative to the generally porous and permeable conditions that prevail elsewhere in the unit 

(Hodgkinson and Grigorescu, 2013). This heterogeneity 

will be relevant to storage activities. 

The Precipice sandstone, then, represents a highly 

permeable formation with heterogeneities across 

many length scales (see, for example Figure 19). The 

pore structure of almost all units of the Precipice are 

very well captured in CT images with 5 μm voxel size 

that were acquired as part of ANLEC Sub-project 2. 

However, it is clear that the REV for two-phase flow in 

these systems is large enough that many thousands of 

voxels (at least 20mm) are generally required in the 

vertical direction. If smaller domains are used in the 

simulations then the role of heterogeneity trapping – 

which is likely to be very high – will be missed. 

The pore structure of the Evergreen formation is not 

well captured by CT imaging with micron-scale 

resolution. Given the heterogeneity of the Evergreen 

formation, modelling flow within it would demand an 

ability to capture pore structure from the nanometre to 

the centimetre scale and beyond, which is far beyond 

any single imaging technology.   
Figure 19 Precipice Sandstone, from 

part of a sub-plug. Note the vertical 

heterogeneity in grain size. 
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8 Pore network modelling: calibration to experimental 
data 
 

8.1 Samples 

As part of sub project 2, Lithicon (FEI) has applied 3D digital core analysis and routine 

core analyses to 57 reservoir and seal rock specimens from the Surat Basin, as reported 

to ANLEC in milestone 2.6, dated 11th April 2014. The specimens were first imaged as 

core plugs 25 mm in diameter and of length 50-100 mm, then higher resolution images 

were taken of sub-plugs with diameter 3-12 mm and varying lengths.  The sub-plugs were 

taken from near one end of the original specimens.  The diameter of each sub-plug was 

selected based on the grain size: smaller sub-plugs were taken from the finer textured.  As 

part of sub-project 1, special core analysis (SCAL) has been performed by the University 

of NSW (UNSW) on 6 of these samples from the Precipice formation.   The SCAL analysis 

was performed on core plugs 25mm diameter and approximately 50mm in length, 

corresponding to the opposite end of the 25 mm core plug from which the sub-plug was 

cored.  For the initial calibration to experimental results we have selected two samples 

from this set of 6.  These samples are P7 from a depth of 1178.35 m and P11 from a depth 

of 1185.0 m.  Images of samples P7 and P11 are shown in Figure 20 and Figure 21. 

Static petrophysical results, including porosity and permeability measured by UNSW, 

corresponding measurements by Weatherford Laboratories and estimates derived from 

Digital Core Analysis (DCA) by Lithicon (FEI), are shown in Table 2.  

Table 2 shows a significant discrepancy between the digital and experimental permeability 

for sample P7 (1800 mD vs 200 mD).  While the digital permeability results have been 

computed on small sub-volumes and therefore show a significant scatter (900-3100 mD for 

sample P7), this is not enough to account for the discrepancy. Examination of the sample 

images shown in Figure 20 and Figure 21 reveals significant heterogeneity at the 

centimetre scale. These images show layering in the part of the P7 plug used for RCA, 

and particularly some highly cemented bands which appear to be of low permeability. 

These low permeability regions are not included in the 12 mm sub-plug upon which the 

digital calculations were performed and therefore it is reasonable to conclude that the 

discrepancy between digital and laboratory results is most likely to be a result of sample 

heterogeneity. Sample P11 does not show quite the same discrepancy but it is unclear 

how well the 8 mm sub-plug can represent the specimen used for RCA and SCAL. The 

mismatch between the properties of the sub-plug and the core plug will pose challenges 

whenever comparing digital and experimental results.  Techniques for dealing with this 

issue are critical for the success of digital core analysis in general and will be considered 

in detail in future reports. 
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Figure 20  Slices through CT images of the samples P7 and P11 from 25mm core plugs.  The orange 
rectangles indicate the location from which the sub-plugs were taken. The RCA and SCAL analysis was 

performed on the upper portion of each plug.  Note the heterogeneity in the P7 core and particularly the tight 
bands not sampled in the sub-plug. 
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Figure 21  Slices through CT images of the P7 (left) and P11 (right) sub-plugs used for digital core analysis.  
Voxel sizes are 6.8 μm (left image) and 4.7 μm (right image). 

 

 

 

Table 2 Results of Routine and Digital Core Analysis, Project 128 Sub-Project 1 and 2  

   

   EOR/EGR 
Laboratory 

(UNSW, Sub-
Project 1) 

Weatherford 
Labs 

Digital Core Analysis  
(Sub-Project 2) 

Sample  
 

Diam. 
(mm) 

Length  
(mm) 

 
 (%) 

Perm. 
(mD) 

 
Helium  

(%) 

Ambient 
Perm. 
(mD)  

Diam. 
(mm) 

Length  
(mm) 

Digital  
(%) 

Digital 
perm. 

P7 24.70 51.19 20.4 107 18.6 194 8 12 21.5 
900-
3100 

P11 24.66 50.04 24.4 1266 22.9 2181 8 12 21.0 
2300-
5000 
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8.2 Methodology 

8.2.1 Network extraction 

To create a pore network that is representative of a rock’s pore space one must first obtain 

a CT image that captures both the main flow channels as well as the finer structure in 

which the wetting menisci will reside (see Figure 22a).  The images acquired of 12 and 8 

mm sub-plugs for samples P7 and P11 appear to satisfy this requirement, with even the 

smallest grains being over 20 voxels across (Figure 22b). 

The technique described in (Bakke and Oren, 1997b) is used to extract a pore network 

from a 3D CT image.  This procedure consists of the following steps: 

1. Identify the grains within the image 
2. Use the grains to construct a skeleton or medial axis of the pore space and to divide 

the pore space into distinct pore bodies.  This provides the basic connectivity of the 
pore network 

3. Allocate the following attributes for each pore element: 
a. Inscribed radius 
b. Volume 
c. Length 
d. Shape factor 
e. Clay/microporous fraction 

 

  

(a) (b) 

Figure 22 (a) Slice from a segmented CT image of water imbibing into crushed volcanic tuff. Air is black, 
water green and tuff grains are white.  Higher resolution is needed to capture the water-filled crevices than is 

needed to identify the main (air-filled) flow pathways. (b) raw CT image of sample P7 sub-plug: zoom into 
finer-grained region in Figure 21 showing that both the main flow pathways and the crevices are well 

resolved. 

 

8.2.2 Contact angle and interfacial tension 
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A value of 35 mN/m was chosen for the interfacial tension.  This parameter does not affect 

the simulation dynamics or the relative permeability curves but does change the 

magnitude of the capillary pressure at each saturation. 

The conclusions of the literature review in section 6 were that while there is still significant 

uncertainty in the contact angles in the CO2:brine system, the contact angle on silica can 

be assumed to be very low (strongly brine wetting) during drainage, with a possible switch 

to intermediate wetting during imbibition.  Since the effective contact angle in a given pore 

space can vary due to surface roughness and chemical variation, it is standard practice in 

network modelling to randomly allocate a somewhat different contact to each pore.  This is 

done by setting the contact angle in each pore element to a value sampled at random from 

a distribution of possible contact angles.  

For the initial simulations presented in this report the contact angle for each pore was 

selected randomly from a uniform distribution of scCO2 angles in the range 0°–10° for 

water drainage and 20°–60° during water imbibition. The use of a distribution follows 

previous network modelling studies while the values themselves are consistent with those 

found by the bulk of CO2:brine studies, as discussed in section 6.4. 

Given the lack of consensus regarding contact angle described in Section 6.4, we plan to 

perform sensitivity studies to explore the effect of contact angle on relative permeability.   

8.2.3 Simulations performed 

The QS pore-network modelling of two-phase drainage and imbibition was performed 

following the methodology described in Oren and Bakke (2003). The simulations mimic the 

effect of closed boundary conditions on the side of the core and a capillary barrier at the 

outlet that allows the capillary pressure to rise without any oil exiting the sample.  

The simulations consisted of primary drainage followed by secondary imbibition, which 

commenced from the drainage endpoint.  At regular points the permeability for each fluid 

phase was computed by allocating a fluid conductance to each pore element then solving 

Darcy’s equation across every network link while conserving fluid volume at each network 

node.  

During drainage the brine is assumed to connect throughout the network at all times. The 

drainage process can, in principle, continue to infinite capillary pressure and zero brine 

saturation.  However the simulations are only worthwhile down to a certain water 

saturation; below this point the assumptions of crevice geometry govern the shape of the 

curves. We emphasise that any image-based method will fail at sufficiently low wetting 

phase saturation. 
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8.3 Results  

Table 3 shows the basic properties of the pore networks extracted from samples P7 and 

P11; a rendering of the network from P11 is shown in Figure 23, while the distribution of 

the pore and throat radii for both samples is shown in Figure 24 and Figure 27. 

It can be seen from Table 3 that the permeability of the networks matches well to that 

computed far more laboriously using the lattice Boltzmann method for direct solution of the 

Navier-Stokes equations. It is also evident that the reason for the lower permeability of the 

P7 sample is the lower pore coordination number – that is, the number of neighbours that 

each pore body in the network is connected to. The lower coordination number indicates 

that the P7 pore network is more cemented and that many potential flow pathways are 

blocked. 

Table 3 Statistics of the pore networks extracted from CT images of samples P7 and P11 

Sample image 

perm (mD) 

network 

perm (mD) 

pore 

coordination 

number 

median pore 

radius (μm) 

median throat 

radius (μm) 

P7 900 1440 3.54 19.5 13.4 

P11 2300 2500 4.0 15.7 9.2 

 

Figure 25 and Figure 28 show drainage capillary pressure curves obtained for the two 

samples.  The principle difference between these curves is the much higher irreducible 

water saturation for the sample P7 (0.32 vs 0.15), which is attributable to its higher clay 

content. Water bound in small and unresolved pores within clay is considered irreducible in 

standard network model simulations, although it is possible to build multi-scale network 

models in which physical properties are assigned to the clay minerals identified in the 

image data.  While previous experience suggests that the modelled capillary pressure 

curves should match well to data from porous plate or mercury intrusion experiments, they 

are not directly comparable to the capillary pressure data obtained from steady-state 

SCAL core flooding in sub-project 1 due to the latter data being affected by core 

heterogeneity and capillary end-effects. 

In Figure 26 and Figure 29 the relative permeability predictions from the pore network 

model are shown.  Naturally, these also show a much higher irreducible water saturation 

for sample P7 on account of its higher clay content. Of more interest is the trapped fraction 

of CO2 after secondary imbibition.  While in both cases the final water saturation is 0.6, for 

sample P7 this means that over 60% of the injected CO2 remains trapped, whereas for 

sample P11 it is around 40%.  These are results that we can have some confidence in, 
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since trapping is dependent primarily on the connectivity of the pore network, which has 

been well captured in the images and accurately modelled. The higher degree of trapping 

than would normally be observed for such permeable rocks can be attributed to the fact 

that  the permeability of these samples is more a consequence of the large grain size 

rather than due to very high connectivity.  So, while the absolute permeability of these 

rocks may resemble a sand pack, the pore structure is far more complex. 

 

 

 

 

 

 

 

Figure 23 Pore network extracted from a CT image of the 8 mm sub-plug from sample P11, rendered for 
clarity with pore bodies as spheres and pore throats as cylinders 
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Figure 24 distribution of pore and throat radii for sample P7 

 

 

 

 

Figure 25 Capillary pressure data for sample P7 computed using pore network modelling 
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(a)  

(b)  

Figure 26 Relative permeability computed using pore network modelling under (a) drainage and (b) 
imbibition for sample P7.  The LET lines are curve fits to the LET model (Lomeland et al., 2005) 
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Figure 27 Distribution of pore and throat radii for sample P11. 

 

 

 

Figure 28 Capillary pressure curve for sample P11 computed using pore network modelling 
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(a)  

(b)  

Figure 29  Relative permeability computed using pore network modelling under (a) drainage and (b) 
imbibition for sample P11.  The LET lines are curve fits to the LET model (Lomeland et al., 2005)  

 

8.4 Comparison with SCAL data 

Special core analysis (SCAL), undertaken by UNSW as part of ANLEC Project 128 sub-

project 1, yielded interim unsteady-state relative permeability data for six core plugs from 

the Precipice Sandstone and steady-state capillary pressure for three plugs. A comparison 

between the pore network modelling results of the current study and the experimental 

results from sub-project 1 are shown in Figure 30 and Figure 31. 

While there is, overall, a tolerable agreement between the experimental and modelling 

results, there are some notable discrepancies. Sample heterogeneity issues, so very 

0.00	

0.20	

0.40	

0.60	

0.80	

1.00	

0	 0.2	 0.4	 0.6	 0.8	 1	

kr
	

Sw	

Primary	Drainage	Rel.	Perm	

krw_sim	

kr_co2_sim	

krw_LET	

kr_co2_LET	

0.00	

0.20	

0.40	

0.60	

0.80	

1.00	

0	 0.2	 0.4	 0.6	 0.8	 1	

kr
	

Sw	

Waterflooding	Rel.	Perm	

krw_sim	

kr_co2_sim	

krw_LET	

kr_co2_LET	



- Attachment A - ANLEC R&D Milestone Report: Project 128 Milestone 4.2 

The Australian National University | 55 Attachment A 

apparent in Figure 20 and Figure 21, mean that one can never expect the experimental 

and modelling to match. Tackling the issue of heterogeneity will involve a multi-scale 

imaging and modelling workflow, which is in development as part of sub-project 6, that 

looks to make use of the information on heterogeneity provided by imaging at different 

scales to perform up-scaling of single and two-phase properties.  

However, to simply ascribe all differences between experiment and modelling to 

heterogeneity would be unfortunate as we would not learn anything about either our model 

or the experiment.  Indeed, there are certain discrepancies that can be expected when 

comparing this type of experiment to a quasi-static simulation. 

Firstly, as discussed in section 2.2, at low mobility ratios traditional core-flooding cannot 

achieve low wetting phase saturations, as stated by Krevor et al (2012): 

“Low maximum saturations were limited by the capillary pressures achieved in the 

experiment and do not represent the endpoint.” 

Therefore the large difference between the irreducible wetting phase saturations seen for 

P11 is to be expected, since the modelling can attain much higher capillary pressures than 

the experiment.  We surmise that the lack of such a large difference for P7 is due to 

sample heterogeneity – that the clay fraction of the full 25 mm plug is significantly lower 

than that of the 12 mm sub-plug, allowing access to lower water saturations. 

The other difference we wish to explore is the lower CO2 relative permeability in the 

experimental data. In these experiments the inlet flow was always 100% CO2, with CO2 

saturation in the core raised by increasing the CO2 injection flow rate. Both steady- and 

unsteady-state data was acquired in this way, although since the fractional flow was at the 

inlet was always 100% CO22 it was not possible to reproduce a traditional steady-state 

core flood. The flow rates varied from 0.1 to 60 cm3/min. For a core plug 25 mm in 

diameter and with 20% porosity and using brine permeability of 400 this corresponds to a 

velocity of 0.013 to 1 mm/s – the higher figure being 100 m/day. Taking a brine 

permeability of 400 𝜇Pa∙s this corresponds to a capillary number range of 𝐶𝑎 =

1.5 × 10−7 − 1 × 10−5.   At lower water saturations where the flow will be in the upper part 

of this range, we would expect significant rate effects, as has been observed in the 

literature.  As we have discussed in Sections 6.1 and 6.2, higher flow rates will lead to 

lower CO2 relative permeability, so the mismatch between experiment and modelling is, 

again, to be expected.  The magnitude of the difference for sample P7 is unexpected and 

may be a result of heterogeneity. 

Finally, we note that the comparison with modelling is suggestive of strongly water wetting 

conditions although further work is needed to support this. 
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Figure 30 Comparison between relative permeability from SCAL and from pore network modelling for sample 
P7. 

 

 

Figure 31 Comparison between relative permeability from SCAL and from pore network modelling for sample 
P11  
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9 Conclusions and further work 

 

In this report we have conducted a review of image-based modelling technology in the 

context of recent experimental data for the supercritical CO2:brine system and performed 

comparisons between modelled and experimental relative permeability data.   

9.1 Conclusions of technology review 

The wettability (contact angle) of various minerals in the CO2:brine system are not 

clearly established – they are always water wet but in certain conditions may be weakly so, 

and there is some evidence that contact angle is higher in imbibition than drainage.  More 

recent data suggests that the system is strongly water wet, at least for quartz. 

Heterogeneity is critical to CO2 storage outcomes and therefore a constant challenge, as 

seen in the discrepancy between the digital and experimental permeability for the relative 

heterogeneous sample P7. Heterogeneity can, however, greatly improve capillary trapping 

of CO2. 

The low mobility ratio of the CO2:brine system can make it difficult for core floods to 

reach low brine saturation due to capillary end effects.   

Flow rate effects - capillary number should be computed using the brine viscosity; with 

this definition the flow rate has little or no effect for Ca < 10-6.  In addition, low mobility 

ratios can lead to the reversal of the usual flow rate effect so that a higher flow rate can 

reduce CO2:brine relative permeability. 

These outcomes suggest that quasi-static pore-network modeling is a suitable modelling 

tool for simulating two-phase flow processes involving supercritical CO2. Although they are 

not as good at accommodating free parameters or complex geometries they are 

significantly more efficient (computationally) than direct Navier-Stokes solvers, and can 

also better manage heterogeneity, which is critical in the Surat CCS project.  Modelling for 

Sub-project 4 will therefore use quasi-static network models as its primary tool 

though some comparison to the results from a multi-component Navier-Stokes solver (in 

development) is warranted. 

9.2 Conclusions from calibration with experimental data 

Having concluded that quasi-static pore network modelling has the potential to be a 

suitable tool for this system, we have conducted a preliminary comparison between 

experiment and modelling to assist in model calibration. Due to rock heterogeneity and 

flow-rate issues, experimental observations cannot be expected to match with modelled 

results. However, we have broadly reconciled the modeling and the experimental results 
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and concluded that the experimental data is consistent with strongly brine-wet 

conditions. 

 

9.3 Further work 

After some delays associated with the availability of core plugs that has caused the 

slippage of some milestones, this project is now on track to deliver future results on time.  

The next phases of the project will be 

 Continuation of modelling studies on the Berea Sandstone samples and all of the West 
Wandoan samples, including comparison with SCAL data from Sub-project 2. 

 Further exploration of the effect of contact angle, which controls the affinity of the fluid 
to the rock, in the modelling process. 

 Comparison of modelling results with the results of Sub-project 3: perform 3D imaging 
of in situ supercritical CO2 saturation at the pore scale (commencing August 2014, 
when Sub-project 3 data becomes available) 

 Incorporation of modelling techniques into an upscaling workflow, being developed in 
sub-project 6, to address heterogeneity and allow direct comparison between modeling 
and experiment. 
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1 Introduction 

1.1 Project goals 

ANLEC project 128, “maximising the value of digital core analysis for carbon sequestration site assessment” 

has six sub-projects: 

1 To derive a full suite of special core analysis (capillary pressure, supercritical CO2:brine relative 

permeability) data sets on plugs from Surat basin reservoir and seal rock samples; 

2 To obtain high-resolution 3D digital images of the same plug samples, derive digital petrophysical 

and SCAL data, and perform petrographic analyses by automated quantitative mineral mapping. 

Also, build a digital database of conventional and DCA–derived data, rock types, 3D images, and 

storage and seal properties of core material from the Surat basin; 

3 Perform 3D imaging of in situ supercritical CO2 saturation at the pore scale. Correlate observed 

saturation relationships with porosity distributions and rock types; 

4 Derive faster and cheaper model–based analyses of flow, storage and CO2:brine displacements in 

different rock types via reliable image–based modelling;  

5 Undertake time-series (4D) imaging and conventional experimental studies to measure the 

geochemical reactivity and dissolution trapping capacity of core material using supercritical CO2; 

and 

6 Integrate information obtained at laboratory scale to wireline log data. 

1.2 Sub-Project 4 

The goal of sub-project 4 is to develop a suitable alternative, or at 

least a valuable complement, to laboratory core flooding using 

imaging and modelling. This will be achieved through the 

development and implementation of faster pore-based modelling 

methods for estimating the trapping and storage characteristics 

that are relevant to successful long-term storage of CO2. 

It is recognised that working with CO2:brine systems is difficult, 

and that one of the major challenges for CO2 storage relates to the 

characterisation of the multiphase flow properties and the 

quantification of a reservoir’s ability to trap and store CO2 (Krevor 

et al., 2013). The required parameters are shown in Box 1.  

These constitutive relationships act as crucial input parameters to 

reservoir modelling and evaluation. They are functions of the rock 

microstructure and of the surface energy associated with the 

fluid–fluid and fluid–rock interfaces, which also define the wettability of the system. Conventionally, 

laboratory core-flooding is used to derive these measurements which, although relatively well-established 

and mature for hydrocarbon systems, can be particularly “sensitivity to coring, core preservation, handling 

and preparation procedures” (Knackstedt, 2013) and subsequently challenging for supercritical CO2 (for 

example, due to capillary-end effects, irreversible physical compaction or the migration of “fines”, as 

– Box 1 – 
Required Parameters 

 Porosity 𝜑 

 Single-phase permeability 𝑘 

 Capillary pressure as a function 
of saturation 𝑃𝑐(𝑆𝑤) 

 Irreducible brine saturation 
during CO2 injection (drainage): 
𝑆𝑤𝑖 

 Residual CO2 saturation during 
imbibition: Src 

 Relative permeability of brine 
and CO2 during drainage and 
imbibition krw, krc  



- Attachment B -  ANLEC R&D Milestone Report Project 128 Milestone 4.3 
 

   
4  Attachment B 

 
 

outlined in Saeedi et al., 2011). Milestone Report 3.3 (Saadatfar et al., 2015) clearly documents some of the 

challenges associated with core-flooding experiments: partial saturation, fracturing of samples and flow 

blockages.  

The subsequent ambiguity or lack of information can be a severe shortcoming when trying to explain an 

anomalous experimental result. Frequently, lacking effective methods to understand their origin, 

anomalous results are simply discarded.  

Modelling based on x-ray micro-tomography (μCT) potentially provides a faster and less expensive 

alternative while also providing a wealth of geometric and structural information to help quantify the 

differences between one sample and another. The pore-scale modelling covered in this project is focussed 

on capillary trapping (also called residual trapping) – the shortest time-scale process relevant to CO2 

sequestration (see Section 2.3) which occurs during fluid migration. This document does not, therefore, 

consider some of the other processes that are pertinent to the longer-term storage of CO2, such as 

dissolution of CO2 into brine or geochemical reactions with minerals within the rock. Also, electrical 

properties such as formation factor and resistivity index are not considered for this study as they do not 

play a governing role in two-phase flow. 

1.3 Conclusions from Milestone 4.2  

1.3.1 Technology review 

The report for Milestone 4.2 presented a review of image-based modelling technology in the context of 

recent experimental data for the supercritical CO2:brine system, and performed initial comparisons 

between modelled and experimental relative permeability data. These are the principal conclusions from 

that study: 

The wettability (contact angle) of various minerals in the CO2:brine system is not clearly established but 

there is considerable support for the notion that most systems remain water-wet under storage conditions, 

and there is some evidence that contact angle is higher in imbibition than drainage. Recent data suggests 

that the system is at times strongly water-wet (see, for example, Farokhpoor et al., 2013a), at least for 

quartz. There is, however, a variety of reported water-wet conditions in the literature and also a range of 

interpretations. For example, Al-Yaseri et al. (2015) report a contact angle of 47° for CO2 under reservoir 

conditions, which they suggest is weakly water-wet but which, under the classification reported in Table 2 

of Iglauer et al. (2015) and repeated here in Figure 1, can be classified strongly water-wet.  

Lithological Heterogeneity is critical to CO2 storage outcomes and therefore a constant challenge, as seen 

in the discrepancy between the digital and experimental permeability for the relative heterogeneous 

sample P7 (discussed in later sections). Heterogeneity can, however, greatly improve trapping of CO2 “in 

the more permeable parts of open aquifers” (Bachu, 2015); the presence of heterogeneity, both on broad 

scales and on the sub-core scale, is critical to CO2 storage outcomes, and modelling of dissolution and 

convection that includes buoyancy effects suggests that heterogeneity should be considered at multiple 

scales when scaling-up simulations of convection (Green and Ennis-King, 2010). 
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The low mobility ratio of the CO2:brine system can make it difficult for core floods to reach low brine 

saturation due to capillary end effects.  

Flow rate effects - capillary number should be computed using the brine viscosity; with this definition the 

flow rate has little or no effect for Ca < 10-6. In addition, low mobility ratios can lead to the reversal of the 

usual flow rate effect so that a higher flow rate can reduce CO2:brine relative permeability. 

These outcomes suggest that quasi-static pore-network modelling is a suitable modelling tool for simulating 

two-phase flow processes involving supercritical CO2. Although pore-network models have several free 

parameters and have limited ability to model atypical pore geometries, they are significantly more efficient 

(computationally) than direct Navier-Stokes solvers, and can also better manage heterogeneity, which is 

critical in the Surat CCS project (see Table 1). Modelling for Sub-Project 4 will therefore use quasi-static 

network models as its primary tool though some comparison to the results from a multi-component 

Navier-Stokes solver (in development) is warranted. 

 

1.4 Calibration with experimental data 

Having concluded that quasi-static pore network modelling has the potential to be a suitable tool for this 

system, we have conducted a preliminary comparison between experiment and modelling to assist in 

model calibration. Due to lithological heterogeneity and flow-rate issues, experimental observations cannot 

be expected to match with modelled results. However, we have broadly reconciled the modelling and the 

experimental results and concluded that the experimental data are consistent with strongly brine-wet 

conditions for sandstone, as outlined in later sections of this report. 

 

Table 1 Performance of quasi-static pore-network modelling and direct solution of the Navier-Stokes equations in various categories. 
Each category is rated out of five. A large number of free parameters (as for the pore-network model) is considered a weakness. 

 Quasi-static  

Pore-network model 

Direct  

Navier-Stokes solver 

Computational efficiency ★★★★★ ★ 

Number of free parameters  ★ ★★★★ 

Flow rate/Mobility ratio - ★★★★ 

Complex Geometries ★★ ★★★★ 

Heterogeneity ★★★ ★ 

Capillary-dominated flow ★★★★ ★★ 
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Wetting films ★★★ ★★ 

 

2 Wettability of CO2:brine flow in sandstones 
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Residual capillary trapping (also referred to as mobility 
trapping; Chalbaud et al., 2009 and hysteresis trapping; 
Broseta et al., 2012) operates largely at the pore scale; 
during trapping the non-wetting fluid (CO2 in 
geosequestration activities) becomes disconnected and 
immobilised due to capillary forces (Altman et al., 2014; 
Krevor et al., 2011) such as snap-off. This occurs when 
the wetting fluid fills smaller pore spaces, swelling the 
wetting layers in a strongly water-wet environment and 
isolating the non-wetting fluid in the larger pore spaces 
(Iglauer et al., 2011). 

Structural trapping, also referred to as stratigraphic 
trapping, operates at the reservoir scale and requires 
relatively impermeable seal rock units above the target 
aquifer to trap the buoyant supercritical carbon dioxide 
(Fang et al., 2010). Geosequestration in the Surat Basin 
(within the Precipice Sandstone) will rely on stratigraphic 
trapping by the overlying seal: the thick (up to 300 m) 
Evergreen Formation interbedded with sandstone, 
siltstone, mudstone and variable amounts of clay 
(Farquhar et al., 2013; Hodgkinson and Grigorescu, 
2013). 

Dissolution of stored carbon dioxide, also referred to as 
Solubility Trapping, is a long-term (10 to 100 year 
timescale) process involving the dissolution of injected 
carbon dioxide into the brine phase (Altman et al., 2014); 
along with residual trapping it is expected to be the main 
long-term storage mechanism in the Surat Basin 
(Farquhar et al., 2014). 

Mineral trapping, considered “the slowest but the safest 
mechanism” for geosequestration (Labus and Bujok, 
2010), operates over millennia at the pore-scale and 
involves chemical reactions between the supercritical 
carbon dioxide and the host rocks, modulated by factors 
such as formation water chemistry, the rock matrix, 
temperature and pressure (Bachu et al., 2007). 
Significant mineral trapping in the Precipice Sandstone, 
which is the target reservoir in the Surat project, is not 
expected because the unit is “relatively unreactive” 
(Farquhar et al., 2014). 

- BOX 2 - 
CO2 TRAPPING MECHANISMS IN 

THE SURAT BASIN  

Numerous studies have demonstrated that, through pore-scale processes such as snap-off and bypassing 

(Akbarabadi and Piri, 2011; Tanino and Blunt, 

2012), residual capillary trapping can operate as 

a significant mechanism for the long-term 

storage of carbon dioxide in deep reservoirs (for 

example, in the Surat Basin – see Box 1). For 

example, using published reports of initial and 

residual non-wetting phase saturation and of 

porosity, Iglauer et al. (2009) determined that 

at 20% porosity the capillary trapping capacity 

per unit rock volume is 7%, which is “optimal 

for CO2 storage” (this suggests a residual CO2 

saturation of 35%, which approaches the 

average value of 39% reported for the Precipice 

Sandstone in Saadatfar et al., 2015).  

The viability of the residual trapping mechanism 

for geosequestration is strongly dependent on 

the wettability of the reservoir, however: 

strongly water-wet conditions are required for 

effective capillary trapping of CO2 (Tanino and 

Blunt, 2012; Choudhary et al., 2013) and 

reservoir capacity for CO2 storage is reduced in 

intermediate-wet conditions, partly due to 

reduced capillary pressure and the associated 

increase in brine-phase mobility (Chalbaud et 

al., 2010). The importance of wettability is 

demonstrated in the experiment of Choudhary 

et al. (2013), who examined the role of grain 

wettability and geometry in capillary trapping of 

supercritical CO2 using idealised representations 

of reservoir rock material: glass beads (circular 

and angular) for water-wet conditions and 

polytetrafluoroethylene (Teflon) for CO2-wet 

conditions. Under simulated reservoir injection 

conditions (12.4 MPa and 60°C, porosity 

between 33% and 39%) capillary trapping in 

CO2-wet situations was negligible (only 2% 

residual supercritical CO2 saturation after 

secondary flooding) whereas water-wet 

conditions yielded saturation up to 20%. 
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Despite the importance of wettability to the viability of geosequestration endeavours, there is a recognised 

paucity of conclusive measurements of wettability-related parameters in reservoir conditions. This section: 

 reviews wettability concepts,  

 reports on studies that have directly measured wettability (contact angles) in a geosequestration 

context and presents statistical analyses from a combined sample of contact angle data for CO2-

brine-quartz systems, and  

 summarises findings for indirect measurements of reservoir wettability conditions, typically achieved 

through core-flood experiments that measure the residual saturation of supercritical CO2. 

2.1 What is wettability? 

Wettability refers to the ability of a solid surface to promote adhesion with a particular fluid in the 

presence of multiple immiscible fluids (Farokhpoor et al. 2013a); in the context of geosequestration, it 

refers to “the preference of one fluid over another to be in contact with the rock’s surface” (Iglauer et al., 

2015), with the rocks in this case consisting of the reservoir materials and the fluid of interest being brine 

versus supercritical CO2. 

Wettability is generally quantified through the measurement of the contact angle formed at the three-

phase contact line, where the liquid-solid, liquid-vapour and solid-vapour interfaces intersect (Yuan and 

Lee, 2013). Wettability can also be characterised through measurements of surface tension (Bauer, 2010), 

since the contact angle is a product of the interplay between the interfacial tension of the three interfaces 

(liquid-solid, liquid-vapour and solid-vapour; here brine-rock, CO2-brine and rock-CO2 respectively). Surface 

tension is a difficult quantity to measure, particularly against solid surfaces, so it is far more common to 

measure contact angles directly. The relationship between quantified (water) contact angle and qualified 

wettability for a CO2-brine system, as proposed by Iglauer et al. (2015) is shown in Figure 1. It is important 

to note that the contact angle generally exhibits hysteresis, in that it is different when the liquid is 

advancing across the solid surface than when the liquid is retreating, even when the velocity of advance or 

retreat is negligible. 
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Figure 1 Classification of water contact angle and wettability, based on Iglauer et al. (2015) 
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2.2 Measurement 

Two measurement designs prevail in studies of contact angles in CO2:brine systems. The most common, 

both among geosequestration-focussed studies (Wang et al., 2013a) and in wettability studies in general, is 

the sessile drop method in which a syringe and needle are used to deploy a drop on the surface being 

studied (Yuan and Lee, 2013; see Figure 1 in Jung and Wan, 2012, for a detailed schematic of a sessile drop 

configuration). Advancing and receding measurements can be accomplished by changing the size of the 

drop, which is most readily accomplished by adding more liquid to the drop (Dickson et al., 2006) or 

altering the pressure (Broseta et al., 2012). Despite its popularity, there are questions about the 

reproducibility of results from sessile drop methods (Chiquet et al., 2007a).  

Some studies employ the captive-drop method (Farokhpoor et al., 2013b, b; Chiquet et al., 2007a), which 

appears to be a different name for the sessile drop technique (Iglauer, pers. comm.). Farokhpoor et al. 

(2013a, b) provide detailed descriptions of what they term the captive-drop method, in which a bubble of 

CO2 is immersed in brine and, in their configuration, placed under the solid surface to avoid the 

complications associated with gravitational distortion that can occur with the traditional sessile drop 

technique. The captive-drop technique is not entirely suitable for pressures below 2 MPa, however 

(Chiquet et al., 2007a). 

The other approach is the captive bubble method – developed in 1930 – and involves using a needle to 

position a bubble within the test fluid underneath the solid being examined (Yuan and Lee, 2013). In a 

geosequestration context, a bubble of CO2 is immersed in brine and the CO2 contact angle is measured, and 

this has the benefit of mimicking geosequestration conditions in that “the mineral is initially immersed in 

the aqueous phase before coming in contact with the CO2 phase” (Saraji et al., 2013). Static captive bubble 

methods keep the needle initially used to deploy the bubble in place during measurements, thereby fixing 

the position of the bubble, whereas dynamic methods disengage the needle and allow the bubble to rest 

on the substrate (Mills et al., 2011). One way to measure hysteresis under a captive bubble configuration is 

to allow the bubble to dissolve into the brine (Wang et al., 2013a) or, alternatively, the size of the bubble 

(and the contact angle direction) can be altered by injecting or withdrawing gas using the needle that has 

been kept in place (Broseta et al., 2012).  

Conceptual configurations for the two methods are shown in Figure 2. 
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Figure 2 Contact-angle measurement methods commonly used in CO2-brine-quartz systems 

 

2.3 Why does it matter? Residual Trapping and Wettability 

Wettability significantly affects many aspects of geosequestration endeavours including injectivity and 

containment and also the success of trapping mechanisms including dissolution and mineral trapping 

(Iglauer et al., 2015). It is particularly important for the residual trapping of carbon dioxide (Tanino and 

Blunt, 2012; Iglauer et al., 2012), which is one of the main mechanisms in geosequestration activities, 

particularly within the Surat Basin (Farquhar et al., 2014).  

A key driver of residual trapping is the pore-scale mechanism of snap-off. The mechanism for snap-off, also 

known as choke-off, is described in detail in Yu and Wardlaw (1986); during imbibition snap-off occurs 

when the interface between the advancing wetting fluid and the non-wetting fluid becomes unstable and 

triggers the “spontaneous” filling of pore spaces (Al-Gharbi, 2004). The instability often occurs when two 

distinct interfaces meet up, allowing the fluid advance to occur with no further decrease in capillary 

pressure. Snap-off occurs predominantly in pore-throats, where it causes disconnection of the non-wetting 

fluid component, resulting in trapped fluid. Wang et al. (2013b) demonstrate the process using phlogopite 

mica, stating “…tensile stress created during the [CO2] receding phase induces deformation and enlarges 

the surface area of the CO2 droplet while interfacial tension acts to minimize the surface area. Snap-off can 

occur as a result of the competition between these two forces”. As Zhao et al. (2010) explain, snap-off is 

“less favoured in comparison with piston-like advance of water…” as contact angle increases; wettability is 

critical to this mechanism because it allows the wetting medium to advance ahead of the piston-like flow 

and to cause disconnection of the non-wetting phase (that is, CO2) at pore throats (Iglauer et al., 2015).  
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2.4 Wettability in a Geosequestration Context 

There is a recognised paucity of conclusive measurements of wettability-related parameters at reservoir 

conditions and, subsequently, no clear understanding yet of the wettability of reservoir minerals in CO2-

brine conditions (Mills et al., 2011). Observations of contact angles are rare, owing to the difficulties 

involved with measurement (Banerjee et al., 2013). Observations of related parameters, such as fluid-fluid 

interfacial tension at reservoir conditions, are more common and less ambiguous. However, these are 

considered unsatisfactory by some, to the point that Chalbaud et al. (2010) concluded that “…there is no 

complete set of experimental data concerning the brine CO2 system (at high pressures, high temperatures 

and different salt concentrations), which could be used to estimate [interfacial tension] under 

representative storage conditions”. 

In light of this, and because of the continuing discrepancies in published results for the wettability in CO2-

brine systems (Farokhpoor et al., 2013a, b) and the fact that the water-wet nature of rocks in the presence 

of oil or gas cannot be assumed for supercritical CO2 (Broseta et al., 2012), this section summarises direct 

observations of contact angles in published studies involving CO2 and brines to determine the status of the 

current understanding of wettability for CO2-brine systems (other recent summaries of direct observations 

of contact angle can be found in Iglauer et al., 2015 and Tokunaga and Wan, 2013). 
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2.4.1 Direct Measurements of Wettability for Geosequestration 

To date, CO2 geosequestration pilot and demonstration projects have nearly exclusively used sandstone 

aquifers as the target reservoirs (see, for example, Michael et al., 2010). There is increasing interest, then, 

in the wettability of sandstone within the context of supercritical CO2 injection into brine-filled aquifers, but 

there is still some uncertainty about the wettability of sandstone reservoirs.  

This review focuses on quartz because of its prevalence within target sandstone aquifers (see Table 3 in 

Iglauer et al., 2015). This is especially the case with the target aquifer in the Surat: the Precipice sandstone, 

which has been found to have “a very clean mineralogy, and a very high SiO2 content” (Golding et al., 2014) 

and QEMSCAN analysis suggests that, at a depth of 1102 m, the Precipice sandstone is 98% quartz 

(Farquhar et al., 2014). 

The prevailing uncertainties in contact angles arise from two sources: (1) the highly variable and sometimes 

disparate measurements for contact angles under similar conditions, often attributed to experimental 

conditions including surface roughness, experimental method, cleaning methods, repeat exposure, fluid 

direction (advancing, receding, equilibrium) and (2) the different conclusions about the influence of 

environmental variables such as pressure, salinity and temperature, pH and more, which are outlined in the 

following sections. 

As well as describing these uncertainties and the current understanding for these factors, the review that 

follows also presents a combined statistical analysis of some of the published contact angle data for quartz. 

Specifically, multiple linear regression with fixed and random effects is used to explore the role of contact-

angle direction, pressure, temperature and salinity. 

2.4.2 Data Sources 

This review employs data from the following ten published studies; the data were either extracted from the 

relevant publication from published tables, obtained from the researchers directly or, failing that, digitised 

from published graphs using the WebPlotDigitizer software (Rohatgi, 2014): Chiquet et al. (2007a), Espinoza 

and Santamarina (2010), Bikkina (2011), Farokhpoor (2013a), Broseta et al. (2012), Jung and Wan (2012), 

Saraji et al. (2013, 2014), Wang et al. (2013a) and Sarmadivaleh et al. (2015). 

Chiquet et al. (2007a) published data from captive-drop experiments on quartz at five brine concentrations 

(from 0.01 M to 1 M NaCl) and pressure from 1 MPa to 11 MPa. These data were digitised for this review 

using the WebPlotDigitizer app. They note a “limited” impact of brine concentration on contact angles for 

quartz and a slight increase in wettability (of 15° to 25°) with increased pressure. 

Espinoza and Santamarina (2010) used the sessile drop method with amorphous silica (“clean glass”) as a 

quartz analogue in their contact angle measurements, and found little, if any, change associated with 

pressure but a marked change (roughly 20°) in contact angle in brine compared to deionised water (which 

concurs with the findings of Mills et al., 2011). The data from Espinoza and Santamarina (2010) used in this 

review were digitised using the WebPlotDigitizer app. 

Bikkina (2011) used the sessile drop method to examine contact angles on quartz (and calcite) and, in 

addition to varying temperature and pressure, presented novel interpretations about the role of droplet 

size (droplet size did not affect contact angle, in contrast to the findings of Wang et al., 2013a) and of 
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repeated surface exposure to CO2 (contact angle increased with each exposure). To facilitate the 

examination of repeated surface exposure, Bikkina (2011) employed four separate quartz substrates, all 

tested at varying pressures. Quartz surface 1 was tested at 21°C for water-receding (forward pressure) and 

water-advancing (reverse pressure) conditions, whereas the other surfaces (2,3,4) were tested under 

water-receding conditions only, at 21°C, 40°C and 50°C respectively. A subset of the published data in 

Bikkina (2011) was used in this review; specifically, only the quartz contact angle data for the first exposure 

were used, and therefore include surfaces 1 and 2 at 21°C, surface 3 at 40°C and surface 4 at 50°C, all under 

varying pressure (200 psig up to 3,000 psig) and zero salinity (all tests involved distilled water). The repeat 

exposure measurements were not used, as the effect of repeat exposures is beyond the scope of this 

review and also subject to some debate about the possibility of contamination, as shown in the exchange 

between Bikkina (2012) and Mahadevan (2012) and discussed in Iglauer et al. (2014). 

Optical quality quartz was used in the captive-bubble experiments of Broseta et al. (2012), which used 

three different brines (0.07 M, 0.7 M, and 6 M NaCl) and, by alternatively injecting and withdrawing some 

of the CO2 in the bubble, report both water-receding (drainage) and water-advancing (imbibition) contact 

angles. Examining both receding and advancing contact angles allowed Broseta et al. (2012) to determine 

that pressure was not very significant under drainage conditions but is more relevant for imbibition 

conditions when phase changes occur or when the brine salinity is high, and they subsequently conclude 

that “drainage contact angles on water-wet minerals (including quartz) remain low and essentially 

unaltered in the presence of dense (supercritical) CO2”. It is worth noting, however, that the pressure 

conditions in their experiments only extend up to 14 MPa.  

Jung and Wan (2012) published equilibrium contact angles (neither receding nor advancing) measured at a 

contact temperature (45°C) for a wide range of pressures (0.1 to 25 MPa) and four ionic strengths 

(deionised water and 1, 3 and 5 M NaCl) on silica surfaces. The effect of different experimental methods 

was tested, and they report that contact angle did not differ significantly depending on whether a new 

silica plate was used for each contact angle measurement at a new pressure or whether the CO2 droplets 

were formed in a pre-equilibrated silica-brine system or water droplets were formed in the CO2 phase. Like 

Bikkina (2011), Jung and Wan (2012) did not find a significant effect associated with drop size. 

Farokhpoor et al. (2013a, b) used the captive-needle drop method to measure contact angles (water 

receding) on polished minerals including quartz at 36°C and 66°C for three salinities (pure water, 0.2 and 

0.8 M NaCl) and multiple pressure conditions and found a decrease in wettability as temperature increased, 

modulated by pressure, but overall a non-significant influence of pressure on contact angles. They did 

observe, however, a maximum contact angle “related to the near-critical behaviour of the CO2 phase”, 

which concurs with the findings of others of dynamic behaviour in wettability around critical-pressure 

values (Farokhpoor et al., 2013b). It should be noted that Farokhpoor et al. (2013b) achieved pressures as 

high as 40 MPa in their experiments, which is novel among the studies reviewed here (the next largest 

pressure being 27.6 MPa deployed in Saraji et al., 2014). 

Wang et al. (2013a) employed the captive-bubble technique on numerous surfaces under two conditions – 

30°C and 7 MPa and 50°C and 20 MPa – and published novel insights into the effects of pH and ionic 

composition on contact angles. Specifically, by using both deionised water as well as a buffered and 

unbuffered brine, Wang et al. (2013a) were able to conclude that CO2 interacts “weakly with silica 
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surfaces”, thereby potentially “[simplifying] efforts to model and understand transport and reaction 

mechanisms”. Their sensitivity analysis on the contact angle variations under different conditions prompted 

them to suggest that variability in wettability “could manifest in 5-10% differences in capillary trapping or 

pressure”. 

Saraji et al. (2014) undertook captive bubble studies of contact angles in brine salinities as high as 5 mol/L, 

temperatures up to 100°C (30°C greater than any of the other temperature data reviewed here) and 

pressures up to nearly 28 MPa, while Saraji et al. (2013) used deionised water and much lower 

experimental conditions (pressures to 11.7 MPa and temperatures to 60°C). Both studies are somewhat 

unique in reporting matched water-receding (drainage conditions) and water-advancing (imbibition) 

measurements; water-advancing contact angles are 6° to 22° greater than receding angles, but the 

magnitude of the difference varies according to the brine salinity (Saraji et al., 2014; see also the analyses 

presented in Table 3 in Section 2.5). 

Data from Sarmadivaleh et al. (2015) were partly extracted from the published values and partly digitised 

from their published graph of contact angles. Their results build on earlier publications on contact angles 

(for example, Iglauer et al., 2014) and are presented for water-advancing conditions measured using the 

sessile drop technique at three temperatures (23°C, 50°C and 70°C) and five pressures between ambient 

(0.1 MPa) conditions and 20 MPa. Sarmadivaleh et al. (2015) measure the potential effects of CO2-water 

equilibration, which they found to be non-significant, but note the importance of maintaining a constant 

drop size (volume and base radius) – something that is not done in all studies. They report a contact angle 

of 0° at ambient conditions (23°C and 0.1 MPa), which concurs with work reported in Iglauer et al. (2014) 

and in Grate et al. (2012). As shown in later sections, however, such a small contact angle is not evident in 

any of the other studies examined in this review; Iglauer et al. (2014, 2015) and Sarmadivaleh et al. (2015) 

partly attribute this to surface contamination or the failure to account for surface roughness. 

2.4.3 Summary of aggregated data 

The dataset compiled here pools 322 observations across 10 studies; the properties of the data are 

summarised in Figure 3 and Table 2. Observations using the sessile drop method are most common (78% of 

observations). The majority of observations are for water-receding contact angles (53%) with only a 

minority (17%) corresponding to water-advancing conditions, the remaining 30% are for stationary angles 

(achieved by maintain equilibrium between the drop and the water). Unfortunately, all of the captive drop 

measurements correspond to water-receding conditions, which precludes limits the insights into the 

combined effect of method and contact-angle direction. 
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Figure 3  Experimental configuration in the pooled data from the 10 studies examined in this review (the total number of 
observations is 322) 
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Table 2 Summary of observations in the pooled data used in this review. 

Authors Method Direction 

Pressure (MPa) Temperature (C) Salinity (M) 

N Min Max Min Max Min Max 

Bikkina (2011) Sessile Drop 

Water-advancing 2.80 13.80 25.00 25.00 0.00 0.00 6 

Water-receding 1.40 20.70 25.00 50.00 0.00 0.00 31 

Broseta et al. (2012) Captive Bubble 

Water-advancing 0.50 14.00 9.00 35.00 0.07 6.00 6 

Water-receding 0.50 14.00 9.00 35.00 0.07 6.00 6 

Chiquet et al. (2007) Sessile Drop Water-receding 1.00 10.00 35.00 35.00 0.01 1.00 72 

Espinoza and Santamarina 

(2010) 
Sessile Drop Stationary 0.10 10.00 23.00 26.00 0.00 3.40 18 

Farokhpoor et al. (2013a) Sessile Drop Water-receding 0.30 40.00 36.00 66.00 0.00 0.80 35 

Jung and Wan (2012) Sessile Drop Stationary 0.10 25.00 45.00 45.00 0.00 5.00 73 

Saraji et al. (2013) Captive Bubble 

Water-advancing 3.40 11.70 35.00 60.00 0.00 0.00 12 

Water-receding 3.40 11.70 35.00 60.00 0.00 0.00 12 

Saraji et al. (2014) Captive Bubble 

Water-advancing 13.80 27.60 50.00 100.00 0.20 5.00 15 

Water-receding 13.80 27.60 50.00 100.00 0.20 5.00 15 

Sarmadivaleh et al. (2015) Sessile Drop Water-advancing 0.10 20.00 23.00 70.00 0.00 0.00 15 

Wang et al. (2013a) Captive Bubble Stationary 7.00 20.00 30.00 50.00 0.00 1.20 6 
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2.4.4 Variability among published data 

One of the most confounding aspects of published contact angles is the disparity in measurements under 

similar environmental conditions. This is evident, for example, in Figure 4, which shows contact angle 

measurements across the 10 different studies for which data were obtained in this review. This figure 

shows the measurements separated by contact-angle direction and coded by temperature (point size, 

ranging from 0°C to 100°C), salinity (colour-scale) and measurement method (symbol). 

Iglauer et al. (2014) have suggested that some of the published uncertainties around the wettability of 

quartz is due to surface contamination during the cleaning process. However, although they found that 

quartz is strongly water-wet when sufficiently clean, they acknowledged that reservoirs are “not perfectly 

clean” due to the continued interaction of formation fluids with reservoir materials. Indeed, Choudhary 

showed that although “[q]uartz-rich sandstones are generally water-wet…the presence of clays renders 

them mixed-wet media” (Choudhary et al., 2013).  

Overall, it is apparent that there is no clear understanding, as yet, of the wettability of reservoir minerals in 

CO2-brine conditions, and there are a number of factors that could contribute to the lack of consensus 

across studies, as described in the sections that follow. 
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Figure 4 Water contact angle versus pressure for the data used in this review, by contact-angle direction and measurement method 
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Surface Contamination 

Iglauer et al. (2014) have highlighted that a lack of standard silica cleaning techniques, such as what 

prevails in oil-water experiments, has led to inconsistent cleaning techniques across geosequestration-

focussed measurements of contact angles, and the result is “dramatic” contamination. Specifically, they 

find that wiping a cleaned sample with paper towel increased the contact angle by roughly 25° and that 

subsequent air exposure (for several weeks) further increased the contact angle to 70° (Figure 5).  

Other sources of contamination are also possible, and Saraji et al. (2013) have suggested that impurities of 

fluids or “dissolution effects from metallic surfaces” may also affects contact angles, in addition to the 

disparate substrate cleaning processes across studies. It is worth noting that Sarmadivaleh et al. (2015) 

point out that contamination effects are likely to increase with experimental time, so the bias that 

contamination brings to contact angle measurements might be particularly pertinent for measurements 

that require lengthy exposures (for example, the 48 day exposures used in Farokhpoor et al., 2013b). 

Caution is warranted, however, because as Saraji et al. (2014) have pointed out that some cleaning 

procedures may “may cause hydroxylation of the quartz surface and hence change its wettability” - that is, 

introduce a different form of distortion to contact-angle measurements. 

 

Figure 5 Changes in contact angle due to contamination, from Iglauer et al. (2014) 
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Surface Roughness 

Surface roughness is one of the factors controlling hysteresis (Andrew et al., 2014; Dickson et al., 2006; 

Yuan and Lee, 2013), and is particularly important in the presence of adhesion (see Figure 1 in Wang et al., 

2013b). It is considered a potential source of “spurious effects on measurements” (Farokhpoor et al. 2013a) 

that warrants “a thorough surface preparation” (Iglauer et al., 2015). It is often unreported in published 

accounts of contact angle measurements, however, despite its profound effect on wettability; only a small 

portion of the studies examined in this review reported the surface roughness of the surfaces tested. 

For instance, Jung and Wan (2012) measured surface roughness of 25 nm to 33 nm before contact angle 

measurements, with no change after reaction with supercritical CO2 and brine. Saraji et al. (2013, 2014) use 

commercial quartz slides with surface roughness under 0.5 nm, while Sarmadivaleh et al. (2015) used 

quartz surfaces with a surface roughness of 40 nm before cleaning. Wang et al. (2013a) conducted their 

measurements on quartz surfaces with a surface roughness of 250 nm. The number of studies reporting 

surface roughness is too small to exclude a meaningful investigation into the effect of surface roughness, 

but sufficient to demonstrate that there is a wide range of surface roughness for quartz surfaces, even 

commercial ones, used in wettability studies. 

It is worth noting, however, that the generally understood influence of surface roughness on wettability, 

whereby surfaces roughness should decrease contact angles on hydrophilic surfaces and increase them it 

on hydrophobic ones (Bikkina, 2011), is not a strong feature across studies when data are pooled (Figure 6) 

and the potential complications of different pressures, temperatures and salinities warrants investigation.  

 

 

Figure 6 Water contact angles versus pressure on quartz, from five studies scaled by surface roughness 
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Repeat Exposure  

Bikkina (2011) demonstrated that repeated exposure of quartz to CO2 permanently increases contact angle, 

and suggests that this is probably due to “irreversible desorption of water from the substrate surface in the 

presence of dense CO2” or the change in silanation levels (as observed by Dickson et al., 2006). This 

confounding factor is potentially pertinent in experiments where the same surface is used for repeat 

measurements at different pressure and temperatures, but is somewhat contentious and the effect has 

been dismissed by Mahadevan (2011) as an artefact of contamination by fluorine on the test surface (which 

is rebutted in Bikkina, 2012) and different to the “positive contact angle shifts” observed by Dickson et al. 

(2006) and Espinoza and Santamarina (2010). 

Contact-angle Direction 

Advancing and receding contact angles affect different aspects of the geosequestration process: “The 

receding contact angle (CO2 displacing brine) affects the primary drainage capillary pressure and caprock 

invasion, while the advancing angle (brine displacing CO2) governs capillary trapping.” (Pentland et al., 

2011a). 

Although some studies have noted differences in advancing and receding contact angles for CO2 on quartz 

(for example, Saraji et al., 2014), the majority of studies only report contact-angle measurements in one 

direction and none examine them under all three conditions (water-advancing, water-receding and 

stationary; recall Table 2). The effect of direction, therefore, has not been fully explored in recent studies of 

contact angles.  

As mentioned previously, Saraji et al. (2014) reported a considerable difference between advancing and 

receding contact angles, as did Saraji et al. (2013), who measured advancing and receding contact angles by 

changing the size of the CO2 bubble (with water-receding measurements corresponding to when the CO2 is 

growing and vice versa). In the case of Saraji et al. (2013), hysteresis (the difference between advancing and 

receding conditions) was modulated by environmental conditions: “contact angle hysteresis was about 20° 

at the highest pressure and temperature (1700 psi and 60 °C) compared to only 2−3° at 500 psi and 35 °C”. 

Broseta et al. (2012) also noticed some hysteresis for contact angles in CO2-quartz systems, particularly in 

response to CO2 phase changes. 

However, hysteresis is not observed in all studies; Bikkina (2011) used depressurisation to measure contact 

angles in reverse cycles and noted that “there are no significant differences between receding and 

advancing contact angle data” on the quartz substrates. 

Table 3 in Section 2.5 presents the results of a statistical analysis of the effects of measurement direction 

using the pooled data, and suggests that there is a significant difference, similar in magnitude to what Saraji 

et al. (2014) have reported, associated with direction. 

Droplet Size 

In their comprehensive review of contact angle measurements in a CO2 geosequestration context, Iglauer 

et al. (2015) suggest that the potential effects of droplet size warrant further investigation. They suggest 

that droplet size should not be relevant to contact angle unless the droplet is sufficiently large to succumb 

to gravitational forces (including buoyancy, as indicated by Chiquet et al., 2007a). They recognise, then, 
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that the results of Mills et al. (2011) are therefore perplexing (and possibly the result of contamination) in 

that they observed a change in contact angle (of 18° to 20°) with changes in droplet base diameter. 

Conversely, Bikkina (2011) specifically evaluated the effect of droplet size (volume) on quartz contact 

angles by varying pressure (achieving volumes ranging from 3 μL to 38 μL) and found that “contact angle 

did not vary with drop volume”. Jung and Wan (2012) also evaluated CO2 drop size, having already noted in 

their experiments that drop size would decrease by up to 50% in response to increases in pressure (before 

stabilising after a number of hours), and found that “the effect of drop size on … measured contact angle 

values is not significant”.  

These three aforementioned studies (Mills et al., 2011; Bikkina, 2011; Jung and Wan, 2012) – all performed 

with quartz surfaces – represent the bulk of the experimental explorations into the effects of drop size, but 

only the first two involve a concerted study into the effects of drop size; the fact that they produce 

conflicting results supports the assertion of Iglauer et al. (2015) that the relevance of droplet size is not fully 

known and also that contamination (or surface roughness) may be the complicating factor in these tests. 

Published accounts of contact angle measurements rarely state the drop volumes used, so the effect of 

drop size cannot be investigated in our statistical analysis.  

Broseta et al. (2012) do note, however, that using a larger bubble size (in their example, 3-4 mm in 

diameter versus the 1 mm bubbles in a previous study) can “reduce interference effects with the needle”, 

so droplet size may be relevant independently of gravitational effects or under the influence of 

contamination. 

Unlike the results reviewed here for quartz, contact angles on other media can be strongly affected by drop 

size; Farokhpoor et al. (2013b), for example, note that “drop size had a critical effect on the contact angle” 

of muscovite mica. 

Substrate 

The substrate used also influences contact angle. For example, Mills et al. (2011) tested both mineral quartz 

and prepared quartz plates and found that, at subcritical pressures (5.8 MPa), contact angles were slightly 

greater (3° to 5°) for the mineral quartz. Similarly, Sarmadivaleh et al. (2015) suggest that the use of glass, 

rather than quartz, might account for the “discrepancy” they observe in the results of Saraji et al. (2014), 

pertaining to the lack of an increase in contact angle in response to increases in pressure and temperature. 

A more striking contrast is evident in the results of Dickson et al. (2006), in which much higher contact 

angles (97° advancing) are reported for a relatively hydrophobic substrate with 12% silanol (SiOH) 

compared with the more hydrophilic 37% silanol substrate (64°). Whether this effect is independent of the 

accumulated effects of the experimental parameters already described (for example, surface roughness 

and chemistry) is not known.  

Although some studies specify the origin of the quartz used – for example, Bikkina (2011) uses quartz 

substrate from Temco Core Laboratories, Saraji et al. (2013, 2014) used SPI SuperSmooth™ quartz slides 

and Wang et al. (2013a) used commercial quartz from Ward’s Natural Science – most studies do not report 

the origin of their substrate.  
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Method 

There are mixed views about the relevance of experimental methods (in particular, whether sessile drop or 

captive bubble techniques are used) to inter-experiment variability in contact angles. For example, Bikkina 

(2011) dismissed experimental methods as a source of different contact angle trends between some 

published contact angle studies but cited the large needle size used in Chiquet et al. (2007b) as a source of 

potential error (and one that he notes is not relevant to the sessile drop technique).  

Some researchers prefer experimental configurations in which the captive bubble is placed beneath the 

surface, because this most closely resembles geosequestration conditions during which buoyant CO2 is 

injected into brine (Mills et al., 2011; Saraji et al., 2013). However, in their comparison, Chiquet et al. 

(2007a) found no difference in contact angles between configurations where the CO2 drop was placed 

either beneath or above the surface, and, for convenience, therefore adopted the latter approach which is 

most commonly used in contact angles studies involving oil. This is in contrast to their earlier research 

which tested the buoyancy effect, by placing the bubble underneath the substrate, and found that contact 

angles were 10° to 15° less at low pressure but no different (to the sessile drop method with the drop on 

top of the substrate) at high pressure (Daniel and Kaldi, 2008). They do note, however, that that drop size 

should be smaller than 3-4 mm to avoid the effects of buoyancy and that the captive-drop method, which 

can be assumed to be a variation of the sessile-drop approach (Iglauer, pers. comm.), is “not the most 

appropriate measurement method” for pressures below 1-2 MPa (Chiquet et al., 2007a).  

Our statistical analysis using pooled data (Table 3 in Section 2.5) found no significant effect from 

measurement method on contact angles. This is also the case if the direction is removed from the model 

shown in Table 3 (the estimates for the method effect – sessile drop, captive drop, and captive bubble – 

remain statistically insignificant and have not been reported here). 

Although the aforementioned studies assert that experimental method is not a significant contributor to 

the discrepancy in contact angles between studies – something that is supported by the mixed-model 

regressions presented later in this review – there is still some uncertainty about the importance of 

methodological differences; as Montes Ruiz-Cabello et al. (2011) state in their recent comparison of the 

sessile drop and captive bubble techniques, “It is often difficult to decide whether the disagreement found 

between contact angle methods reflects varying precisions of measurement or differences in experimental 

procedures or qualities of surfaces”; their computational study suggests that there is a difference between 

sessile-drop and captive-bubble measurements “on rough homogenous surfaces”. 

2.4.5 Environmental Variables 

Pressure 

Among the frequent contradictions and uncertainties relating to contact angles on quartz the trend 

associated with pressure is often reported as one of the most tangible. For example, in a review of data 

from six published studies, Iglauer et al. (2015) propose that there is a general trend for increasing contact 

angles with increasing pressure, albeit with a high standard deviation in the trends.  

In fact, many studies have suggested that the water contact angles on quartz (or a glass analogue) increase 

concomitantly with pressure when the CO2 is in a gaseous state (that is, below 7.4 MPa, depending on 
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temperature and salinity; Altman et al., 2014) and then remain steady or decrease slightly once pressure 

causes the CO2 to become supercritical (the importance of the phase change seems to be often overlooked 

when the effect of pressure is discussed in published reports). This relationship is well demonstrated in the 

results of Jung and Wan (2012), which show water contact angles “increasing steeply as the pressure 

increases from 7 MPa to about 10 MPa” then remaining constant at pressures above 10 MPa (for example, 

in a NaCl brine solution at 45°C the contact angle increases from 39.1° at 7 MPa to 51.1° at 8 MPa). Note, 

however, that Jung and Wan (2012) observed only a small (2° or less) increase in contact angle for 

pressures between 0.1 and 7.0 MPa (that is, while the CO2 was in gaseous state).  

Somewhat similarly, Bikkina (2011) observed a slight increase in contact angles for gaseous CO2 as pressure 

increased from 200 psig to 800 psig (1.4 MPa to 5.5 MPa) from about 47° to nearly 49°, followed by a 

reduction for supercritical CO2 at pressures of 800 psig up to 3,000 psig. This trend was reversed “exactly on 

the same path” (that is, there was no hysteresis) when the pressure was reduced and supercritical CO2 

returned to a gaseous state. The large jump in contact angles just after the critical pressure point (7.38 

MPa) that Jung and Wan (2012) observed was not evident in the results of Bikkina (2011), however. 

It is also worth noting that experiments have found that contact angles on glass – a potential analogue for 

quartz – also increase with pressure up to the point at which carbon dioxide becomes supercritical, after 

which pressure effects are no longer significant. For example, Sutjiadi-Sia et al. (2008) measured the sessile 

drop contact angle of water in pressurised CO2 at 40°C and reported contact angles increasing from circa 

30° at ambient pressure to nearly 80° at or above 9 MPa. Similarly, Dickson et al. (2006) report an increase 

in contact angle from 71° to 99° on what they label “hydrophilic glass” in response to a pressure increase 

from ambient conditions to 6.1 MPa, with only a moderate continuing increase in contact angle above 

vapour pressure (up to 13.6 MPa). Pentland et al. (2011b) suggest that the levelling off of contact angle 

values at higher pressures may be the result of an increasing “contact force” associated with the pressure 

increase, and that the resulting “good contact” leads to a stabilisation in contact angles (note, their 

experiments did not feature quartz but used aluminium silicate instead). 

These studies do, not, however, quantify the dependence on pressure, and in some cases the magnitude of 

the contact angle changes appears trivial despite the qualitative statement about the role of pressure (for 

example, in Bikkina, 2011). Furthermore, the large range of initial contact angle values (recall, for example, 

Figure 4) across this small selection of studies, before the pressure was increased, serves to demonstrate 

the magnitude of the disparity in experimental measurements of contact angle and highlights how 

inconclusive the current state of knowledge is. 

This uncertainty is compounded by a number of studies that report no marked change in contact angle in 

response to pressure changes (for example, Espinoza and Santamarina, 2010; Farokhpoor et al., 2013).  

Temperature and Salinity 

Temperature and salinity are often identified as significant influences in studies of contact angles on quartz. 

However, because most studies examine the effect of changing pressure while maintaining constant 

temperature and salinity, the effects of these two variables are generally presented only in a qualitative 

manner and there is little scope for insight into their independent effects. 
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For example, the experiments of Bikkina (2011) provide unique insights into the effects of a range of 

temperatures (21°C, 40°C, 50°C) and pressures (and report that temperature was not a significant factor 

modifying quartz contact angles) but were all undertaken using distilled water (that is, no changes in 

salinity). Others maintain one temperature across all their experiments (for example, Chiquet et al., 2007a: 

35°C; Jung and Wan, 2012: 45°C; Espinoza and Santamarina, 2010: 23°C).  

The few studies that do alter temperature find mixed influences but generally suggest an increase in 

contact angle with temperature. For example, Saraji et al. (2013) report an increase of 10° for water-

advancing contact angles and 4° for receding angles as the temperature increases through the supercritical 

CO2 range, from 35°C to 60°C, and Sarmadivaleh et al. (2015) report an increase in contact angle from 0°at 

56° but this occurs concomitantly with an increase in pressure. In fact, an important observation is that 

contact angle changes when the CO2 phase changes (see, for example Broseta et al., 2012), meaning that 

the effect of temperature cannot be readily separated from that of pressure and phase change (and should 

probably not considered in isolation). And, as with Bikkina (2011), the experiments of Sarmadivaleh et al. 

(2015) were undertaken with distilled water and do not, therefore, touch upon the effects of salinity. 

Regarding salinity, Espinoza and Santamarina’s (2010) experiments, which found no effect from pressure 

and maintained a constant temperature (23°C) elicited a 20° increase in contact angle, from 20° to 40°, in 

3.4 M NaCl/L brine compared to distilled water. This suggests that salinity is pertinent to contact angles on 

amorphous silica independently of any pressure or temperature effects, though it does not specify if the 

same effect holds for temperatures resulting in supercritical CO2. Saraji et al. (2014) also varied brine 

concentrations across a wide range and found a “consistent increase in both dynamic contact angles with 

the increase in ionic strength” that concurs with the bulk of previous studies using quartz, and also an 

increase in the magnitude of hysteresis due to increased brine concentrations. 

pH effects 

Although many studies consider the theoretical role of pH in the alteration of contact angles with increased 

pressure (Jung and Wan, 2012; Saraji et al., 2013; Farokhpoor et al., 2013b) – in fact, it is routinely invoked 

as a potential explanation for the observed changes in wettability as pressure increased (for example, 

Broseta et al., 2012) – few investigate the effects of different environmental pH in the experimental setup 

and pH is generally not reported in published accounts of contact angles in CO2 and brine. For quartz, Wang 

et al. (2013a) observed a maximum in contact angle (circa 22°) at a pH of roughly 3; inspection of their 

Figure 4 shows, however, that this observed maximum is not remarkably unique – a similar high is evident 

at roughly 5 pH. Similarly, Dickson et al. (2006) observed on minor changes in contact angle on the 

hydrophilic (12% silanol) quartz surfaces as pH decreased from 7 to 3, though they did note that the largest 

change occurred as pH approached the zero-point charge (that is, the point at which the electrical charge 

density on the quartz surface is zero) of SiO2 (pH 3).  

In the context of geosequestration, it has been suggested that observed reductions in the wettability of 

quartz when supercritical CO2 conditions evolve may be the result of the pH changes (from 7 to 3) when 

CO2 dissolves in water, which affect the surface charge of silica (Chiquet et al., 2007a; Jung and Wan, 2012; 

Saraji et al., 2013).  
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2.5 Exploring Interactions with Mixed Models 

Repeatedly, it is clear that the effects of pressure, temperature and salinity, and even pH, are not 

independent of each other. For example, a comprehensive experimental study by Saraji et al. (2013) 

suggests that quartz becomes less water-wet (in distilled water) as temperature increases (the advancing 

contact angle increased by about 10° when temperature increased from 35°C to 60°C). This supports earlier 

suggestions that pressure is also significant such that quartz surfaces are slightly less water-wet for 

supercritical CO2, though a later study using quartz and brine did not reveal an obvious trend with 

temperature or pressure (Saraji et al., 2014). 

To account for these interactions, and to quantify the influence of each factor, mixed-effects multiple linear 

models (known as linear mixed models; McCulloch et al., 2008) were created (SAS Institute, 2008) that 

included pressure, temperature and salinity (as well as measurement direction and method) as fixed effect, 

while the study (authors) – as a proxy for the experimental conditions that are unique to each study – were 

included as a random effect.  

Two aspects of linear mixed models, as applied here, warrant explanation: their multi-level nature and the 

difference between fixed and random effects. In the context of this statistical analysis it is worthwhile 

understanding that every contact angle measurement is the product of effects at multiple levels. On one 

level, they are subject to the influence of pressure, temperature, salinity and other (in this case, 

unquantified) factors (for example, pH, droplet size, exposure). Part of the purpose of this modelling, and 

where it is particularly novel, is to evaluate the effect of these factors contemporaneously by including 

these factors in a multiple regression. These “level-one factors” are included in the models as fixed effects, 

their “fixed” nature arising because they are used to compare means at only one level, whereas the 

alternative – random effects – are used to measure variance across effects (Gurka et al., 2011). 

Additionally, each contact angle measurement is affected by the experimental conditions under which it 

was derived; in this case this manifests in the large variability between studies. This difference, which 

means that no “true effect” that can be represented by the fixed-effects analysis of the level-one factors, is 

called statistical heterogeneity and can be accommodated through the use of random effects with level-

two factors (Nikolakopoulou et al., 2014). The multi-level nature of the model in the statistical analysis 

arises because the experimental setting (a level-two effect) is also included in the analyses, and it is a mixed 

model because experimental setting is included as a random effect. Random effects are used to account for 

variations in the effects between studies that occur when there are unknown or unmeasured study-level 

covariates (Borenstein et al., 2009); they summarise effects that can vary between studies and are then 

combined as weighted averages (Nikolakopoulou et al., 2014). 

Including the authors (the level-two factor) from which the data are drawn as a random effect therefore 

provides a mechanism for accounting for the sometimes large disparity in contact angles between studies, 

which is often attributed to differences in cleaning methods (and subsequently, contamination) or surface 

roughness (Iglauer et al., 2014, 2015; Sarmadivaleh et al., 2015) though, as indicated previously, the 

disparity could be the result of a number of experiment-specific factors.  
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2.5.1 Results 

The results for four models are shown in Table 3. R2 values, which are commonly used by non-statisticians 

to gauge the “goodness of fit” of a model, are not readily derived for mixed models (Kramer, 2005); this is 

partly because the R2 measures the “proportional reduction in the single variance component of the 

model” whereas mixed models often measure variations in the response variable from multiple sources 

(Recchia, 2010) and at multiple levels. In the absence of a standardised method for developing R2 for 

mixed-models (although numerous methods have been proposed), models are generally evaluated through 

the use of “information criteria” (Nakagawa and Schielzeth, 2012). One commonly used measure is the 

Akaike Information Criterion, which is useful for evaluating relative model performance – a smaller value 

indicating better performance – but cannot quantify absolute performance or measure the variance 

explained (Nakagawa and Schielzeth, 2012). 

According to Bell et al. (2013), however, it is possible to estimate the Intraclass Correlation Coefficient by 

creating an unconditional model featuring no predictors and the level-two variable (in this case, the authors 

of each experiment) as the intercept and then comparing the covariance parameter estimates for the level-

two variable and the residuals. This, at least, gives an indication of the amount of variability associated with 

the random effect. In this case the Intraclass Correlation Coefficient is 75%, indicating that differences 

between studies (that is, the author variable) accounts for the majority of the variability in contact angle 

within the pooled data and should definitely be adjusted for by including the authors in the regression 

models. 

The first model shown in Table 3 does not include the random effect, and is therefore prone to the effects 

of disparate conditions across studies. The second model features the addition of the random effect 

associated with the authors (that is, the unknown and unmeasured experimental conditions). Note – in this 

model the random effect has not been added as a model predictor; that is, the model is allowed to 

calculate separate variances for each “study” (authors) but the “study” category itself is not used 

predictively and neither does it carry explanatory weight.  

The third model adds the direction of the contact angle measurement and features a further, but minor, 

increase in performance. The fourth also considers the experimental method (sessile, captive drop, captive 

bubble), which yields a negligible increase in performance. Although the third model, in particular, 

performs well and seems to capture and quantify the differences between contact angle direction it is not 

pursued in this review because, as Figure 3 and Table 2 have shown, there insufficient coverage of both the 

different contact angle directions across studies (specifically, there are no studies that contrast stationary 

measurements with either advancing or receding measurements). 
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Table 3 A comparison of regression model performance and estimates for pooled contact-angle data; all models feature 322 
observations 

Model 
     
 1 2 3 4 

Fixed Effects 

Pressure 
Temperature 

Salinity 

Pressure 
Temperature 

Salinity 
 

Pressure 
Temperature 

Salinity 
Direction 

Pressure 
Temperature 

Salinity 
Direction 
Method 

Random Effects  Study Study Study 

Observations 322 322 322 322 
     

Results 
     

Intercept1 36.3529 (<.0001) 18.3163 (0.0077) 10.8723 (0.1528) 16.0325 (0.0946) 
Pressure 0.3068 (0.0142) 0.3311 (<.0001) 0.3321 (<.0001) 0.3330 (<.0001) 

Temperature -0.2740 (<.0001) 0.1547 (0.0009) 0.1874 (<0.001) 0.1884 (<.0001) 
Salinity 6.0647 (<.0001) 3.4006 (<.0001) 3.3857 (<.0001) 3.3893 (<.0001) 

Direction (Stationary)   8.7693 (0.4689) 7.5808 (0.5286) 
Direction (Advancing)   13.0237 (<.0001) 13.0540 (<.0001) 

Direction (Receding)   Reference2 Reference2 
Method (Captive Bubble))    -12.2180 (0.2773) 

Method (Sessile Drop)    Reference2 
     

Fit 
     
Akaike Information Crit. 2658 2250 2165 2157 

 

Note: Estimates that are statistically significant at the 95% confidence level are shown in bold; P values are shown in brackets.  

 1 The intercept reports the mean contact angle value when all predictors (in this case, pressure, temperature and salinity) are zero; it 
is a mathematical construct that allows for the best fit in the model and has no real-world or intrinsic meaning (that is, it is not 

realistic to assert that contact angles should, in the case of Model 2, be 19.8° when all predictors are zero).  

2 Reference values refer to the level within a categorical variable against which the means of the other levels are compared (for 
example, contact angle directions ‘stationary’ and ‘advancing’ are compared to the values for ‘receding’ and ‘captive bubble’ and 

‘captive drop’ methods are compared to ‘sessile drop’ methods. 
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In the first model the intercept and all the fixed effects are statistically significant. Contact angle increases 

with pressure (0.31° for every 1 MPa), decreases with temperature (-0.28° for every °C) and increases with 

salinity (6.1° for every 1 mol/L NaCl). Adding the study (authors) as a random effect increases model 

performance (the Akaike Information Criterion decreases from 2,658 to 2,250) and alters the effects of 

temperature and salinity. The effect of pressure is similar (0.33° for every 1 MPa) but now, rather than 

decreasing with temperature, contact angles increase as temperature increases (0.15° for every 1°C). The 

effect of salinity, although still positive, is markedly reduced (3.4° for every 1 mol/L NaCl). 

The third and fourth models show a slight improvement in performance, marked by the decrease in the 

Akaike Information Criterion, but yield statistically insignificant intercepts. The third model shows similar 

effects for pressure, temperature and salinity and a large effect associated with contact angle direction. 

Compared to water-receding measurements, water-advancing measurements are, on average, 13.1° 

greater. Stationary values are also greater but not statistically significant. Similar values prevail in model 

four, which features the addition of measurement method, but no statistically significant differences are 

observed for captive bubble methods compared to sessile drop techniques. Another model (not shown) 

that examines method without also considering direction as a fixed effect also yields non-significant 

differences relative to measurement technique, confirming that there is no noticeable effect attributable to 

sessile drop versus captive bubble methods. Models Three and Four should be treated with caution as very 

few studies report contact angles across different directions or methods (and even fewer across both, recall 

Table 2) and the resulting regression estimates are unlikely to be applicable in a wider context. To that end, 

it is the simpler model featuring only pressure, temperature and salinity as fixed effects and the study as a 

random effect (Model 2) that is of continuing interest and the one that we explore further in the following 

sections. 

Pressure 

In both cases – that is, the original model and the model with random effects to account for inter-

experimental differences – the effect of pressure is consistent. Researchers tend to control for the effects 

of temperature and salinity by keeping those variables constant as pressure changes, and this perhaps 

explains why the effect of pressure (as shown by the regression estimates in Table 3) does not vary even 

after possible contamination and surface roughness effects are considered (by the inclusion of the random 

effect).  

Separating pressure into sub- and super-critical values (chosen as less than or equal to 7 MPa and greater 

than or equal to 9 MPa, respectively) yields markedly different model results. The regression model for 

subcritical CO2, as shown in Table 4, concurs with the findings of Bikkina (2011), Jung and Wan (2012) and 

others, in that contact angles do increase with pressure (the regression estimate is highly statistically 

significant though not large: a 0.9° change for every MPa) when pressures are subcritical.  

Conversely, the model with supercritical pressures yields a statistically (and practically) insignificant trend 

with pressure (but a significant increasing trend with salinity). This may explain the confusing reports of the 

effects of pressure in the literature, as the overall trend will be influenced by the spread of observations 

across the sub- and super-critical pressure regimes, with studies that focus primarily on supercritical 

pressure values are unlikely to observe any change associated with pressure. 
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Table 4 The effect of pressure – at subcritical and supercritical CO2 conditions – on contact angle in quartz 

Model 
 

1 2 

Fixed Effects 
Pressure (≤7 MPa) 

Temperature 
Salinity 

 

Pressure (≥ 9 MPa) 
Temperature 

Salinity 
 

Random Effects Study Study 

Observations 143 149 
   

Results 
   

Intercept 14.2539 (0.0360) 22.9751 (0.0034) 

Pressure 0.9030 (0.0002) 0.01131 (0.9211) 

Temperature 0.2164 (0.0002) 0.1692 (0.0055) 

Salinity 3.1889 (<.0001) 3.4182 (<.0001) 

   
Fit 

   
Akaike Information 
Crit. 

927 987 

Note: Estimates that are statistically significant at the 95% confidence level are shown in bold; P values are shown in brackets. 
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Temperature 

Conversely, the effect of temperature changes markedly and warrants further investigation. Figure 7 shows 

temperature versus contact angle for the pooled data; without accounting for pressure and salinity, and 

without considering the differences between the studies (the random effects in the model), it is possible to 

make out the negative trend in contact angle associated with temperature, as quantified in model 1 (recall 

Table 3). 

Two further models were created to explore the role of temperature. These were prompted by the findings 

of Saraji et al. (2013), who presented novel results – of an increasing trend with temperature – that counter 

what they claim is a general belief that there is no temperature influence on wettability above the critical 

point for CO2 (31°C). The models partitioned the data based on temperature (less than or greater or equal 

to 31°C); the results are summarised in Table 5. Unfortunately, the number of observations is unbalanced 

between the two conditions – only five studies report contact angles for temperature conditions that are 

less than 31°C and the total number of observations is 49 compared with 273 (from 9 studies) for 

temperatures at or above 31°C. Given the supposed uncertainty, and increased relevance for 

geosequestration, of temperature values above 31°C the mismatch in the number of observations is not 

overly problematic because it is the results for the latter temperature range that are of greater interest. For 

that regime we find similar estimates as for the models described previously – specifically a statistically 

significant change of roughly 0.18° in contact angle for every 1°C and of 3.3° for every 1 mol/L NaCl.  

Although these results support the view that contact angles on quartz increase with temperature, at least 

in the supercritical phase, it should be noted that few studies examine contact angles across a wide 

spectrum of temperatures and even the pooling of data across studies may not be enough to overcome the 

limited number of observations at different temperatures. 
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Table 5 The effect of temperature – at subcritical and supercritical CO2 conditions – on contact angle in quartz 

Model 
   
 1 2 

Fixed Effects 
Pressure 

Temperature (<31°C) 
Salinity 

Pressure 
Temperature (≥31°C) 

Salinity 

Random Effects Study Study 

Observations 49 259 
   

Results 
   

Intercept 59.9145 (0.0294) 16.9123 (0.0266) 
Pressure 0.8039 (0.0004) 0.3104 (<.0001) 

Temperature -1.5956 (0.0446) 0.1806 (0.0028) 
Salinity 5.3556 (<.0001) 3.2980 (<.0001) 

   
Fit 

   
Akaike Information Crit. 330 1906 

Note: Estimates that are statistically significant at the 95% confidence level are shown in bold; P values are shown in brackets. 
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Figure 7 Water contact angle versus temperature for the pooled data used in this review 
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Salinity 

The published accounts of the effect of salinity on quartz contact angle are generally consistent in reporting 

an increase in contact angle with brine concentration. This is perhaps best illustrated by the comprehensive 

investigation into brine concentration by Jung and Wan (2012), which yields a strong, statistically significant 

linear relationship between NaCl concentration and contact angles of 4° per mol/L (see also Figure 8). 

This is also clearly evident in the regression model with random effects presented here (Table 3), which 

shows a highly statistically significant influence from salinity. But, by taking into consideration the effects of 

pressure and temperature and by combining data across a number of studies, we find that the magnitude 

of the linear relationship between contact angle and salinity is slightly less (3.4° change in contact angle per 

1 mol/L) than that reported by Jung and Wan (2012). 
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Figure 8 Water contact angle versus salinity for the pooled data used in this review 
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2.6 Wettability and Storage Potential 

In the presence of continuing uncertainties and a lack of conclusive observations regarding wettability of 

supercritical carbon-dioxide and brine in reservoir conditions, the results from core-flood experiments are 

particularly insightful. In particular, these experiments provide a useful indication of storage potential for a 

given reservoir.  

This section therefore reviews numerous studies that have examined the residual trapping capability of 

reservoirs through experimental arrangements involving imaging of core material during flooding with 

carbon dioxide; a portion of these studies have applied reservoir conditions to the flooding experiment, 

making the results particularly pertinent to geosequestration efforts in the Surat Basin. 

2.6.1 Experimental Observations 

Although there are subtle and important variations in the deployment of whole core-flood experiments the 

general set-up involves x-ray computed tomography of a core section during flooding with brine and carbon 

dioxide (see, for example, Perrin et al., 2009 and Berg et al., 2013 for examples of a core-flooding 

experimental setups). This approach aims to quantify the proportion of injection carbon dioxide that 

remains trapped in the reservoir after secondary imbibition (that is, the reintroduction of brine after 

flooding with carbon dioxide), which is referred to as the residual saturation of carbon dioxide (Benson et 

al., 2013). 

The results of recent core-flooding experiments involving water or brine and carbon dioxide are 

summarised in Table 6 and demonstrate that significant residual saturation of supercritical CO2 is possible 

in sandstones under reservoir conditions (typically pressures between 10 and 30 MPa and temperatures 

from around 36°C to 107°C; Altman et al., 2014). Earlier reviews, such as Broseta et al. (2012), suggest that 

“In standard sandstones, approximately 25% of the pore space can be filled with residual supercritical CO2 

after re-imbibition with water”, and Pentland et al. (2011a) indicate that “[s]ignificant quantities of CO2 (up 

to 35% of the pore space) are trapped in Berea sandstone by capillary forces after the re‐injection of brine.”  

The observed residual supercritical CO2 saturation levels in reservoir conditions range up to 32% (Table 6) 

and are influenced by factors such as initial CO2 saturation, lithology, permeability and more. For example, 

Krevor et al. (2012) reported 26% CO2 saturation for Berea sandstone (with 90% CO2 fractional flow) and 

28% for Paaratte sandstone (Southern Australia), with lower values (15% and 17%, respectively) for the less 

permeable Mt Simon (from Macon County, Illinois) and Tuscaloosa (Mississippi) sandstones. Akbarabadi 

and Piri (2011) reported residual supercritical CO2 saturation values between 20% and 32% for Berea and 

Nugget sandstones, with the initial CO2 saturation significantly influencing the final saturation levels. In 

terms of lithology, the homogenous quartz-dominated Doddington Sandstone has been reported to yield a 

residual supercritical CO2 saturation of 25% (Iglauer et al., 2011), whereas in experiments with limestone 

the intermediate- or oil-wet conditions lower capillary pressure, and subsequently storage potential, by 

partially wetting the surfaces (Chalbaud et al., 2010). Relative pore size within a core has also shown to be 

relevant, as has the aspect ratio (defined as the ratio of the pore radius to the connected throat radius 

divided by the pore coordination number; see Pentland et al., 2012). For example, μCT-imaging of a flooded 

core sub-plug sample from the Otway project shows that, after secondary imbibition, the non-wetting 



- Attachment B -  ANLEC R&D Milestone Report Project 128 Milestone 4.3 
 

   
37  Attachment B 

 
 

phase (in that case, n-hexane used as an analogue for supercritical CO2) was concentrated in the larger pore 

spaces whereas smaller pore spaces were dominated by the wetting phase (Knackstedt et al., 2010).  

Many of the aforementioned conditions that influence the final residual saturation are, in the first instance, 

evident in the initial saturation values (that is, the supercritical CO2 saturation level before secondary 

imbibition with brine), which in turn are often well-correlated with the final CO2 saturation levels (Pentland 

et al., 2011a).  

Results for the Precipice Sandstone have been reported in Saadatfar et al. (2015) and show residual 

saturations (between 25% and 31%, excluding results for sample measurements compromised by air 

invasion during core flooding) that concur with published results for other sandstones. These results were 

derived using digital-core analysis on 6 mm sub-plug; the samples were initially imaged using μCT in the dry 

state then flooded with brine (at a pressure of 1,350 psi) and re-imaged. Supercritical CO2 was then injected 

into the plug (to represent drainage) and a third series of μCT images was captured, followed by forced 

imbibition of a brine (KCl and Nal) and final imaging. The sequence of images (acquired at 3 minute 

intervals) shows the passage of supercritical CO2 through the sub-plug at each stage, and the final image 

(taken after a four-hour delay) shows the residual CO2 saturation.  

The residual saturations shown in Table 6 demonstrate that sandstone systems are effectively water-wet 

for the purpose of residual trapping (Pentland et al., 2011a) and are viable hosts for geosequestration of 

carbon dioxide. The water-wet nature and residual trapping capability of such systems is evident in Figure 

9, which shows trapped carbon dioxide (black areas) within samples of the Precipice Sandstone. 
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Table 6 Core-flood studies of residual trapping in CO2 and brine 

Study Solids Fluids Results  
(residual supercritical 
CO2 saturation) 

Chaudhary et al. 
(2013) 

[1] Borosilicate glass beads  
(water-wet, Ø 37%)  
[2] Angular borosilicate glass  
(water-wet, Ø 33%)  
[3] Teflon beads (CO2-wet, Ø 39%) 

[1] Brine (1 wt% NaBr) [2] 
Supercritical CO2 

15% to 20% after 
secondary flooding on 
glass, 2% after secondary 
flooding on Teflon 

Krevor et al. (2012) [1] Berea sandstone (Ø 22.1%)  
[2] Paaratte sandstone (Ø 28.3%)  
[3] Mt Simon sandstone (Ø 24.4%)  
[4] Tuscaloosa sandstone (Ø 23.6%) 

[1] Water [2] CO2 15% to 20% at 90% CO2 
fractional flow, depending 
on lithology 

Akbarabadi and Piri 
(2011) 

[1] Berea sandstone (water-wet)  
[2] Nugget sandstone (water-wet, from 
Wyoming) 

[1] Brine (10 wt% NaCI, 5 wt% 
NaCl, 0.5% wt% CaCl2)  
[2] Gas CO2 [3] Supercritical CO2 

20% and 32% depending 
on lithology 

Iglauer et al. (2011) [1] Doddington sandstone (Ø 20.7%) [1] Brine [2] Supercritical CO2 25% 

Knackstedt et al. 
(2010) 

[1] Otway (Waarre) sandstone  
 

[1] CsI brine [2] n-hexane 
(supercritical CO2 analogue) 

30% 

Evans (2012) [1] Berea sandstone (Ø 21%, k = 165 mD) 
[2] Waarre-C Sandstone (Ø 21%, k = 2 D) 
[3] Pinjarra-1 Sandstone (Ø 16.5, k = 1.6 
mD) 

[1] Brine [2] CO2 [Berea] 20.45% 
[Waarre-C] 51% 
[Pinjarra] 37.1%  
 

Li et al. 2015 [1] Berea sandstones (Ø 21%, k = 159 
mD) 
[2] Berea sandstones (Ø 21%, k = 612 
mD) 

[1] CO2 [2] Brine (8% wt NaI, 10% 
wt NaI) 

11.5% to 31% 

Saadatfar et al. 
(2015) 

[1] 3 x Precipice Sandstone (Ø 18%, 21%, 
23%) 

[1] Brine (0.15 M KCl + 0.3 M NaI) 
[2] Supercritical CO2 

25% to 31% 

Pentland et al. 
(2011b) 

[1] Berea Sandstone (Ø 22%) [1] Brine (5% wt NaCl, 1% wt KCl) 
[2] CO2 

37% 

Pentland et al. 
(2011a) 

[1] Berea Sandstone  [1] Brine (5% wt NaCl, 1% wt KCl) 
[2] CO2 

35% 

Suekane et al. 
(2008) 

[1] Berea Sandstone  25% to 28% 
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Figure 9 Trapped CO2 (dark areas) in Precipice Sandstone samples, imaged using μCT during core-flood experiments (from Saadatfar 
et al., 2015, Sub-Project 3 of this ANLEC project). These images demonstrate that brine is the wetting phase in the CO2:brine system 

for the Precipice sandstone under typical conditions (in this case, temperatures of 55°C and pore pressures of 1,350 psi). 
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2.7 Summary 

A statistical analysis using combined data from ten studies and multiple linear regression using mixed-

models, with the study treated as a random effect, yields important insights into the combined effects of 

pressure, temperature and salinity. Importantly, the statistical heterogeneity associated with the 

unquantified differences between studies (ostensibly due mostly to contamination effects and surface 

roughness) is shown to be the dominant source of variability between studies (accounting for 74% of the 

variance). Accounting for this variability shows that the effects of pressure, temperature and salinity on 

contact angle are different for subcritical and supercritical CO2. 

The statistical analysis serves to highlight how uncertain published contact angle measurements are and 

suggests that a broader suite of studies that also report surface roughness, water-receding and water-

advancing contact angles, and even droplet size, is needed to fully understand the dynamics of 

environmental parameters on wettability in CO2-brine-quartz systems. The general view that emerges from 

the overall uncertainty is that reservoir minerals, particularly quartz, remain water-wet to varying degrees 

under reservoir conditions (see for example, Broseta et al., 2012; Chiquet et al., 2007a; Farokhpoor et al., 

2013b; Mills et al., 2011). 

A review of core-flood experiments shows a consistency in the residual saturation of supercritical CO2 in 

typical sandstone reservoirs, with most studies reporting values of around 20% to 24% for Berea Sandstone 

and similar values for other sandstones, consistent with water-wet conditions. Variations in permeability go 

a long way towards explaining different residual CO2 saturations in the same rock type (for example, 

between samples of Berea Sandstone). 

 

  



- Attachment B -  ANLEC R&D Milestone Report Project 128 Milestone 4.3 
 

   
41  Attachment B 

 
 

3 Pore network modelling methodology 

3.1 Network extraction 

To create a pore network that is representative of a rock’s pore space one must first obtain a CT image 

that captures both the main flow channels as well as the finer structure in which the wetting menisci will 

reside. 

The technique described in (Bakke and Oren, 1997b) is used to extract a pore network from a 3D CT 

image. This procedure consists of the following steps: 

1 Identify the grains within the image 

2 Use the grains to construct a skeleton or medial axis of the pore space and to divide the pore space 

into distinct pore bodies. This provides the basic connectivity of the pore network 

3 Allocate the following attributes for each pore element: 

a) Inscribed radius 

b) Volume 

c) Length 

d) Shape factor 

e) Clay/microporous fraction 

3.2 Contact angle and interfacial tension 

A value of 30 mN/m was chosen for the interfacial tension. This parameter does not affect the simulation 

dynamics or the relative permeability curves but does change the magnitude of the capillary pressure at 

each saturation point. 

Since the effective contact angle in a given pore space can vary due to surface roughness and chemical 

variation, it is standard practice in network modelling to randomly allocate a somewhat different contact 

angle to each pore. This is done by setting the contact angle in each pore element to a value sampled at 

random from a distribution of possible contact angles.  

The conclusions of the literature review in Section 2.7 were that while there is still significant uncertainty in 

the contact angles in the CO2:brine system, the contact angle on silica can be assumed to be low (water-

wet) during drainage, with a possible switch to weakly water wet during imbibition. For the drainage 

simulations presented in this report the receding contact angle for each pore was selected randomly from a 

uniform distribution of angles in the range 0° to 25°. For imbibition (water flooding), three different narrow 

ranges for the contact angle were chosen: 20 to 25°, 40 to 45° and 60 to 65°. The use of a distribution 

follows previous network modelling studies while the values themselves are consistent with those found by 

the bulk of CO2:brine studies, as discussed in Section 2.4.3. 

3.3 New algorithm for pore-filling during imbibition  

One of the major challenges for modelling is to capture the hysteresis between drainage and imbibition, of 

which residual trapping is one consequence. It is now quite well understood how to model drainage within 

network models: drainage proceeds by a series of jumps with the non-wetting fluid blocked at constrictions 
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within the pore space (that is, pore throats). The pore throats can be relatively easily identified by network 

extraction algorithms (as outlined in Section 3.1), and it is quite straightforward to determine the threshold 

capillary pressure at which each throat will be drained, based on its radius and cross-sectional shape. 

Imbibition, on the other hand, is far more challenging, for two reasons. Firstly, imbibition involves two 

types of pore-level processes: piston-type filling of pore bodies and fluid snap-off in pore throats. 

Competition between these two processes governs the dynamics of imbibition and is strongly dependent 

on contact angle and the geometry of the pore system. Secondly, piston-type pore body filling is itself a 

complex process that is difficult to capture accurately in a mathematical model. This is because the wetting 

fluid fills each pore by first forming wetting menisci in the crevices around the edges of pore bodies, with 

pore filling occurring when these menisci are able to coalesce. The pressure threshold at which this 

coalescence occurs depends on subtle aspects of the pore geometry and increases as more of the 

neighbouring throats are filled with wetting fluid. The involvement of multiple neighbours is described as 

“co-operative pore filling” and was first recognised by Lenormand in 1982 (see Bakke and Oren, 1997b, and 

references therein). 

The methods proposed so far in the literature to treat cooperative pore filling have not been based on any 

genuine geometric analysis but use a simple formula based on the number and size of a pore’s 

neighbouring throats that have been occupied by the wetting fluid. We have developed a more 

sophisticated model based on a rigorous mathematical treatment of simplified geometries. This method 

uses the angles between those throats that are not yet filled with wetting fluid to determine a realistic 

value for the capillary pressure threshold at which each pore will fill. A manuscript describing the method in 

detail is currently in preparation; in 9Appendix A, we describe the main details of the model without 

providing the mathematical derivation. 

Being based on a more rigorous geometric analysis than the equations underpinning existing network 

models, this expression shows a more realistic dependence on contact angle, so that the competition 

between piston-type events and snap-off is more accurately captured than in existing models. This new 

model therefore has a greatly improved ability to predict the dependence of trapping on contact angle, as 

required for the contact-angle sensitivity studies performed here. 

3.4 Simulations performed 

The quasi-static pore-network modelling of two-phase drainage and imbibition was performed following 

the methodology described in Oren and Bakke (2003), with modifications as described above. The 

simulations mimic the effect of closed boundary conditions on the side of the core and a capillary barrier, 

equivalent to that used in porous plate capillary pressure experiments, at the outlet that allows the 

capillary pressure to rise without any non-wetting fluid exiting the sample. This is essentially equivalent to a 

porous plate type capillary pressure experiment, with the advantage that relative permeability can be 

computed at regular intervals from the fluid distribution. 

The simulations consisted of primary drainage followed by secondary imbibition, which commenced from 

the drainage endpoint. At regular points the relative permeability for each fluid phase was computed by 

allocating a fluid conductance to each pore element then solving Darcy’s equation across every network 

link while conserving fluid volume at each network node.  
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During drainage the brine is assumed to connect throughout the network at all times. The drainage process 

can, in principle, continue to infinite capillary pressure and zero brine saturation. However the simulations 

are only worthwhile down to a certain water saturation; below this point the assumptions of crevice 

geometry govern the shape of the curves. We emphasise that any image-based method will fail at 

sufficiently low wetting-phase saturation. 

 

 

Figure 10 Pore network extracted from a CT image of the 8 mm sub-plug from sample P11, rendered for clarity with pore bodies as 
spheres and pore throats as cylinders 
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4 Berea sandstone 

Berea sandstone is the most widely used outcrop rocks in the core analysis and geosequestration 

community as a representative analogue and has been used as part of a benchmarking study by ANLEC. 

Therefore we have performed initial testing of the network modelling methodology on a Berea sandstone 

sample supplied by ANLEC R&D. 

One key difference between Berea sandstone and rocks from the Precipice formation is that Berea is 

relatively homogeneous on the cm-scale, so a single 5 mm diameter sample can be considered 

representative of much larger rock volumes. Figure 11 shows a slice image from the μCT image of the Berea 

sample while Figure 12 shows the distribution of maximum inscribed pore and throat radii, as computed 

from the extracted pore-network.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Vertical slice through μCT image of Berea sandstone, after 
segmentation (phase identification) has taken place. There are 4 

discrete grey levels corresponding to (1) void space, (2) clay minerals, 
(3) silica grains and (4) more attenuating minerals, mainly calcite 

cement. 
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Figure 12 The distribution of pore and throat radii in the extracted pore-network from the two subregions of the Berea sample. 

 

Permeability 

As a first check of the network modelling methodology we look at absolute (single fluid) permeability. The 

two samples yielded values of 160 and 170 mD, somewhat lower than the 300 mD reported by the UNSW 

SCAL analysis and the value of 450 mD calculated for ANLEC by Iglauer et al (2014). This may be explained 

by the fact that the porosity of the regions chosen for network modelling was rather lower than that of the 

samples used in the experimental studies (17.6% vs 21.4% and 20.4%).  

Capillary Pressure 

Capillary pressure data are shown in Figure 13 with measurements obtained by Pentland et al. (2011a). 

Conducting porous-plate type capillary pressure experiments with supercritical CO2:brine is not trivial, so 

much of the capillary pressure data has been obtained indirectly using standard core-flooding apparatus 

designed to measure relative permeability. The good agreement here supports the values chosen for 

receding contact angle (0 to 25°) and interfacial tension (30 mN/m). 
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Figure 13 Comparison of capillary pressure data from this work with CO2:brine and mercury intrusion (MICP) data obtained by 
Pentland et al (2011a). The Pentland MICP data has been rescaled to account for the different interfacial tension and contact angle. 

 

Drainage Relative Permeability 

Relative permeability results are shown in Figure 14, this time comparing to existing steady-state core 

flooding data of (Perrin et al., 2009) with unsteady state data obtained by (Berg et al., 2013) and at the 

UNSW SCAL laboratory as part of this ANLEC project. We first note that the drainage endpoint water 

saturation (also called the irreducible water saturation Swi) is very much lower in the modelling than in the 

experiments. As discussed in the Milestone 4.2 report submitted for this ANLEC project in July 2014 

(Section 2.2, on page 14), co-current relative permeability experiments of the standard type (whether 

steady state or unsteady state) cannot achieve low saturation in the wetting phase for low mobility ratios 

(that is, if the wetting phase is far more viscous than the non-wetting phase); as stated by Krevor et al 

(2012): “Low maximum saturations were limited by the capillary pressures achieved in the experiment and 

do not represent the endpoint.” In short, this is because the pressure gradient across the sample is the 

same for both fluids, and at low krw the water phase remains immobile even when very high CO2 flow rates 

are applied, meaning that it is not possible to obtain high capillary pressure within the sample.  

In the subsurface the capillary pressure is controlled by hystrostatic pressure, which will be determined by 

the height of the scCO2 plume. At the conditions of 13 MPa and 65°C that have been measured in the 

Precipice sandstone there is a large difference in density between water and scCO2 of 1,000 kg/m3 vs 300 
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kg/m3, using the equation of state from Span and Wagner (1996). This large pressure difference causes a 

large hydrostatic pressure gradient so that one can expect high capillary pressures (at least 105 Pa or 1 bar) 

for plumes of just 10 to 20 m in height. Therefore, it is reasonable to ascribe the high Swi values to the 

aforementioned experimental limitations rather than fundamental limits. Consequently, we expect that low 

water saturations (and high CO2 relative permeability) are likely to be realised during CO2 plume migration 

through subsurface aquifers. 

Aside from this drainage endpoint issue, the agreement between the network modelling and the steady 

state relative permeability data is excellent. The unsteady state data are somewhat different, most notably 

much higher brine permeability. We believe that this can be put down to the higher flow rates used in the 

unsteady-state experiments. As discussed in the Milestone 4.2 report, higher relative permeability is 

expected at higher flow rates due to ganglion mobilisation, which allows both fluids to share the centres of 

the flow paths. Indeed, the Perrin et al. (2009) data shown here were acquired at several different flow 

rates and if one extrapolates the flow-rate trend that they observe, then the data can be seen to be in 

reasonable agreement. We stress that even the slowest flow rates used in the Perrin et al. (2009) study 

corresponds to a velocity of over 3 metres per day, and that the faster flow rates are very unlikely to be 

encountered in far-from wellbore conditions 

 

 

Figure 14 Comparison of relative permeability from experiment and pore-network modelling (PNM). Experimental data includes 
unsteady state (USS) results from UNSW, conducted as part of this ANLEC project, USS results from Berg et al. (2013) and steady 

state (SS) results from Perrin et al. (2009). Pore-network modelling provides a good match for the steady state results. We ascribe 
the USS discrepancy to the higher flow-rate associated with the USS experiments. 
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4.1 Trapping Curves 

So far we have considered results only from drainage simulations. To determine the trapping potential of 

the rock it is necessary to conduct water flooding, or imbibition, experiments. In the context of a migrating 

CO2 plume, one expects imbibition to occur on the trailing edge and on the periphery. It is normal to 

consider a range of possible initial saturations (which will depend on what capillary pressure was achieved 

during the advance of the plume), and look at the residual CO2 saturation for each one. The resulting plot of 

initial-vs-residual saturation is generally called a trapping curve and is one of the most critical outputs that 

a core analyst can provide for a potential geosequestration site. The trapping curve computations 

presented here all use the new network modelling algorithm for imbibition described in Section 3.3. 

Trapping curves for Berea sandstone are shown in Figure 15. The agreement between literature values and 

the modelling results is good if one assumes strongly water-wet conditions, however not a great deal can 

be drawn from this since (a) most of the experimental data are only able to explore initial water saturations 

up to 0.4 to 0.5, where the bulk of the CO2 is trapped, and (b) the agreement between the different 

experimental studies is not perfect. The data from Pentland et al. (2011) cover higher initial water 

saturation than the other studies through the use of a different experimental configuration. The Pentland 

data are from a 'porous plate' type experiment with a capillary barrier that enables high capillary pressure, 

and thus low water saturation, at the drainage endpoint.  

The network modelling yields some interesting insights. It is able to extend the experimental results into 

the regime of higher initial CO2 saturation, which is of value since we expect high saturations to be achieved 

during subsurface plume migration. We note that the flattening out of the curve at higher saturations is 

broadly consistent with experiments and with standard models for trapping. It has recently been suggested 

that the increased connectivity of the non-wetting phase at higher initial saturations causes the non-

wetting phase to be more mobile, so a lower fraction is trapped (Herring et al. 2013). 

The great advantage of network modelling is the ability to conduct sensitivity analyses to determine the 

effect of physical parameters whose value is not known to a high precision. The key uncertainty here is the 

wettability, as manifest in the contact angle, and particularly the water-advancing contact angle, which is 

relevant for residual trapping. Here we have used three values for the contact angle (20°, 40° and 60°) and 

observe little or no effect for initial CO2 saturation of 0.3 or less (where the initial state is very poorly 

connected), but a strong dependence for higher initial CO2 saturations, with residual saturation decreasing 

with higher contact angle. This reduction in trapping with increasing contact angle has been known for 

many years (see, for example, Blunt 1998 and Herring et al. 2015), although to our knowledge there has 

been no previous quantification of the trapping curves in Berea as a function of contact angle. 

Ideally it would be possible to infer the contact angle as that angle which gives the best agreement 

between modelling and experiment. Unfortunately it is not possible to draw any firm conclusions; however 

a contact angle between 20 and 40 degrees would seem to be most consistent with the experimental data. 
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Figure 15 Trapping curve for Berea sample, calculated from pore network modelling for water advancing contact angles 𝜃 of 20°,40° 
and 60° degrees, compared to experimental literature data at low flow rates. The simulations were done in the horizontal direction 

and on the second 1,0003 sub-volume from the 5 mm Berea sample, but the results for vertical flow and the first sub-volume are 
almost identical. 
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4.2 Summary from Berea study 

We draw the following conclusions from these results: 

 Network modelling gives a good match to capillary pressure data and a tolerable match for single-

phase permeability 

 Pore-network modelling captures relative permeability curves with good accuracy at flow rates less 

than about 5 m per day, suggesting that flow is genuinely capillary dominated for the scCO2:brine 

system in this regime. 

 Experimental trapping curves are well matched by network modelling for a water-advancing contact 

angle between 20° and 40°.  

Given the uncertainty in contact angle reported in the literature (as discussed in Section 2.4), it was decided 

that imbibition for the Precipice sandstone would be conducted at 20°, 40° and 60°. 
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5 Precipice Sandstone Samples 

The primary goal of this project is to provide modelling of two-phase flow to complement and enhance 

experimental studies and other digital analyses of rocks from the Surat Basin. We briefly describe these 

experimental and numerical studies. 

Sub-Project 1 (Special Core Analysis, UNSW) 

As part of Sub-Project 1, special core analysis (SCAL) has been performed by the University of NSW (UNSW) 

on 9 of these samples from the Precipice formation. The RCA and SCAL studies were performed on core 

plugs 25 mm diameter and approximately 50 mm in length, corresponding to the opposite end of the 

original 25 mm core from which the sub-plug was cored. Table 7 lists these samples along with their basic 

characteristics. 

Sub-Project 2 (Routine Core Analysis, Weatherford Labs and Digital Core Analysis, Lithicon) 

As part of Sub-Project 2, Lithicon (FEI) has applied 3D digital core analysis and routine core analyses (RCA) 

to 57 reservoir and seal rock specimens from the Surat Basin, as reported to ANLEC in milestone 2.6 (dated 

11th April 2014). For Digital Core Analysis (DCA), the specimens were first imaged as core plugs 25 mm in 

diameter and of length 50 to 100 mm, then higher resolution images were taken of sub-plugs with 

diameters of 3 to 12 mm and varying lengths. The sub-plugs were taken from near one end of the original 

specimens. The diameter of each sub-plug was selected based on the grain size: smaller sub-plugs were 

taken from the finer textured rocks.  

Sub-Project 3 

In Sub-Project 3, CO2:brine flooding experiments were carried out inside the ANU μCT instrument, using 6 

mm diameter sub-plugs taken from the respective core plugs1. By conducting the floods inside the μCT the 

fluid distribution can be imaged directly, both after initial saturation with scCO2 and after re-imbibition of 

water. While experiments were conducted on 8 plugs, various experiment problems mean that usable 

trapping results were obtained for three samples: P12, P17 and P20. Full details of the work are contained 

in the ANLEC Milestone 3.3 report - we just note here that a flow rate of 0.01 ml/min was used, 

corresponding to a velocity of about 3 m/day. Our results in Section 4.2 suggest that this should be 

                                                           

 

 

1 Full details of the experimental parameters are listed in the Milestone 3.3 report for ANLEC Project 0128 (Saadatfar 
et al., 2015). Pore pressures of 1,350 psi and temperatures of 55°C were used for the supercritical CO2 trapping 
experiments.  
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sufficiently slow that capillary forces dominate and flow rate effects can be neglected, although it is near 

the limit where viscous forces become significant.  

The first conclusion from this work (see Figure 9 in the previous section) is that both the clay 

(predominantly kaolinite booklets) and the quartz appear to be strongly water-wet. This is determined from 

(a) visual inspection of the CO2:brine contact angle on quartz surfaces captured in 2D slice images, which 

appears to be in the range 0 to 45°, and (b) from the fact that all small pores within the kaolinite regions 

remain water saturated even at the drainage endpoint. This is excellent direct evidence of the wettability of 

the CO2:brine system in the Precipice sandstone. 

Only sample P12 and P20 are in common with the SCAL samples from Sub-Project 1, and the network 

modelling analysis has only been applied P12. In the next report, the network modelling workflow will be 

applied to samples P17 and P20, along with further samples currently being studied in Sub-Project 3. 

 
 

 

 

 

Table 7 Properties for the nine Precipice Sandstone samples examined in this report 

Plug 
No. 

Depth 
(mKB) 

Description 
Porosity 
Helium  

(%) 

Permeability 
(mD) 

Ambient  
Permeability1 

(mD) 

P6 1176.00 Fluvial channel fill, medium to coarse sandstone 24.3 365 487 

P7 1178.23 Fluvial channel fill, medium to very coarse sandstone 20.4 107 194 

P10 1184.00 Fluvial channel fill, medium to very coarse sandstone 26.0 1165 2039 

P11* 1186.00 Fluvial channel fill, medium to coarse sandstone 24.4 1266 2181 

P12* 1188.00 Fluvial channel fill, medium to coarse sandstone 24.6 1386 2714 

P13 1190.20 Proximal floodplain (levee), medium to coarse sandstone 23.8 821 1593 

P14 1192.00 Proximal floodplain (levee), fine to medium sandstone 23.4 165 347 

P15 1194.00 Proximal floodplain, medium to very coarse sandstone 24.7 308 2040 

P19 1204.00 Fluvial channel fill, medium to very coarse sandstone 17.9 57.5 126 
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5.1 Network extraction and comparison with routine core analysis 

Prior to performing multi-phase flow simulations (the results of which are presented in Chapter 0), we 

extract representative pore-networks from the 3D μCT images of these sub-plugs; vertical slices from these 

sub-plug images are shown in Figure 17, Figure 18 and Figure 19. Static petrophysical results, including 

porosity and permeability measured by UNSW, corresponding measurements by Weatherford Laboratories 

and estimates derived from Digital Core Analysis (DCA) by Lithicon (FEI), are shown in Table 8 along with 

pore-network modelling results; porosity values are compared in Figure 16 and horizontal permeability in 

Figure 17.  

It is clear from these results that heterogeneity plays a major role, with different sub-volumes taken from 

the same sub-plug often having quite disparate properties. Most notably, the vertical relative permeability 

is dramatically reduced, as would be expected, if bands of fine grains need to be surmounted. One cannot 

necessarily expect good agreement between experiments carried out on rocks from similar depths, since 

shifting by just one or two centimetres can dramatically change the rock characteristics. 

Although the Digital Core Analysis (DCA) and the pore-network modelling are carried out on the same sub-

plugs, there is a slight scale issue at play here as well - the DCA data are derived from a large ensemble of 

computations on sub-volumes of 3003 voxels, whereas the pore-network modelling (PNM) is conducted on 

two 1,0003 sub-volumes (from top and bottom of the images), which is around the largest cubic sub-volume 

that could be extracted from the images. Despite this scale difference, there is generally good agreement 

between DCA and PNM, and particularly the anisotropy between horizontal and vertical permeability is 

reasonably well captured. Where the agreement is not so good (for example, samples P7 and P19), visual 

inspection of the slice images reveals fine or cemented bands which would naturally cause a strong 

location-dependence in the computed results. It is worth pointing out that the DCA results are computed 

from direct solution of the Navier-Stokes equations (as reported in Sub-Project 2 of this ANLEC project) and 

have used several thousand CPU hours, whereas the network modelling results required around 2 CPU 

hours for network extraction and computation from a 1,0003 sub-volume. In addition, the network 

extraction itself is the time consuming step and one a network has been constructed, each flooding 

simulation takes a matter of minutes. 
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Table 8 Results of Routine and Digital Core Analysis, Project 128 Sub-Project 1 and 2, with porosity and permeability values from Pore 
Network Modelling from this report. Plug sizes for experimental data were approximately 25 mm diameter x 50 mm in length. 
Samples with an asterisk were also studied using μCT imaging for Milestone 3.3 of this ANLEC project (Saadatfar et al 2014). 

 

 UNSW EOR 
Lab 

 (ANLEC SP1) 

Weatherford Labs Digital Core Analysis  
(Sub-Project 2) 

Pore Network 
Modelling 

subsets 1 & 2 

Plug 
No. 

 
 (%) 

Perm.  
(mD) 

 
Helium 

(%) 
Ambient 

Perm. (mD) 
diam. x len. 

(mm) 
 

(%) 

Perm. 
(horiz) 
(mD) 

Perm. 
(vert.) 
(mD) 

 
(%) 

Perm. 
(horiz) 
(mD) 

Perm. 
(vert.) 
(mD) 

P6 24.3 365 22.5 487 8x12 21.7 1000 30 19.3 
20.6 

252 
715 

29 
16 

P7 20.4 107 18.6 194 8x12 21.5 1900 900 21.0 
19.5 

1166 
785 

161 
355 

P10 26.0 1165 23.7 2039 12x12 19.6 5800 3000 19.7 
19.7 2410 

2063 
2000 

P11* 24.4 1266 22.9 2181 8x12 21.0 2700 2300 21.1 
21.1 

2463 
2057 

1572 
1435 

P12* 24.6 1386 22.6 2714 12x18 20.4 5800 370 18.0 
20.5 

1205 
 

287 
2299 

P13 23.8 821 22.1 1593 12x18 18.7 2300 700 18.8 
19.5 

1214 
1310 

848 
745 

P14 23.4 165 21.9 347 5x8 22.6 1800 1200 23.1 
22.6 

1034 
876 

1041 
818 

P15 24.7 308 21.9 2040 6x10 19.0 11200 2600 21.5 
21.2 

2726 
3255 

1417 
2004 

P19 17.9 57.5 17.3 126 8x7 15.9 3400 140 12.7 
19.0 

1302 
3411 

25 
1285 
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Figure 16 A comparison of porosity measurements and modelled estimates, using different methods, for the nine Precipice 
Sandstone samples considered in this report. 

 

 

 

 

Figure 17 A comparison of permeability measurements and modelled estimates, using different methods, for the nine Precipice 
Sandstone samples considere in this report. 
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 8mm P7 8mm P10 12mm 

Figure 18 Vertical slice images taken from segmented μCT datasets of the Surat basin considered in this study: P6, P7 and P10. 

 

   
P11 8mm P12 12mm P13 12mm 

Figure 19 Vertical slice images taken from segmented μCT datasets of the Surat basin considered in this study: P11, P12 and P13 
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P14 5mm P15 6mm P19 8mm 

Figure 20 Vertical slice images taken from segmented μCT datasets of the Surat basin considered in this study: P14, P5 and P19 
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Extracted network properties 

A great deal can be learnt about samples from the properties of the extracted networks (Sheppard et al. 

2006). Measures that are of particular value are the mean pore body radius, the mean pore throat radius 

and the mean pore coordination number. These measures are often good predictors of permeability, 

drainage capillary pressure and trapping efficiency (Blunt 2001, Tanino and Blunt 2012). 

Table 9 shows these characteristics of the pore networks extracted from samples, along with the 

permeabilities computed on those networks. The distributions of pore and throat radii for the samples are 

shown in Figure 21, while Figure 22 shows the relationship between mean pore and throat radius, with 

Berea included. 

The samples show a variation in mean throat radius from 9.5 to 22 μm and one would expect this to 

correlate strongly to permeability, as would be the case if grain size was the principal variable for the 

Precipice sandstones. In this case, however, it is the pore coordination number (that is, the number of 

pathways in or out of each pore body) that provides the best predictor of horizontal permeability. This 

suggests that degree of cementation may be more important than grain size, since cementation tends to 

close off some fraction of the pathways. Further, the results appear to be consistent with the Katz-

Thompson equation (Katz and Thompson, 1986) that relates permeability to the critical throat radius and 

the tortuosity (Clennell, 1997). In this case, the coordination number can be considered to be a good 

indicator for tortuosity, with a high coordination number allowing many flow paths and therefore lower 

tortuosity.  

The permeability to flow in a vertical direction cannot be inferred from these average network properties 

since permeability is strongly affected by small low-permeability bands that are too thin and too sparse to 

influence overall average values. We would also expect residual saturation to be strongly affected by these 

lower permeability bands, a question that will be investigated in more depth during the next phase of this 

project. 

Data for the Berea sandstone sample analysed earlier are also included in Table 9. The pore and throat sizes 

for the Berea sandstone are smaller than any observed here, however the coordination number lies in the 

middle of the range of Precipice values. In addition, we can see that the aspect ratio – that is, the ratio of 

pore radii to throat radii – is similar for the Berea sandstone and the Precipice sandstones at around 1.6. 

One might expect the Precipice to have a higher coordination number and smaller aspect ratio (that is, 

larger throat radius relative to the pore body) since it is relatively poorly consolidated and the throats 

appear to be largely free of cement. The lower coordination number and higher aspect ratio of the 

Precipice sandstone are conducive to the residual trapping of non-wetting fluids such as CO2 since 

increased aspect ratios and reduced coordination numbers generally lead to higher residual saturations 

(Tanino and Blunt, 2012). 
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Table 9 Statistics of the pore networks extracted from CT images of the samples considered in this study.  
Porosity and permeability values are taken from network models. 

Plug 
No. 

 
(%) 

Perm. 
(horiz.) 
(mD) 

Perm. 
(vert.) 
(mD) 

No. of 
pores 

No. of 
throats 

Mean 
pore 

coord. 

Mean 
pore 

radius (μm) 

Mean 
throat 

radius (μm) 

P6 19.3 
20.6 

252 
715 

29 
16 

41916 
43685 

65089 
66580 

3.05 
3.0 

27.62 
28.39 

17.38 
18.4 

P7 21.0 
19.5 

1166 
785 

161 
355 

33787 
47737 

53512 
76114 

3.12 
3.14 

31.03 
26.77 

20.32 
17.19 

P10 19.7 
19.7 

2410 
 

2063 
2000 

51316 
 

97476 
 

3.76 
 

30.71 
 

19.0 
 

P11 21.1 
21.1 

2463 
2057 

1572 
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Figure 21 (also on previous page) Distribution of maximum inscribed pore and throat radii for Precipice sandstone samples,  
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Figure 22 Mean pore radius versus mean throat radius for the 9 Precipice samples and Berea sandstone.  
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6 Modelling results from Precipice sandstone 

6.1 Capillary Pressure 

Capillary pressure data for the 9 samples studied are shown in Figure 24. Both drainage and imbibition 

were studied, with imbibition starting from the drainage endpoint saturation. We do not provide a 

comparison with experimental values here since the values in Sub-Project 1 were derived from unsteady-

state flooding experiments with no capillary barrier, not from porous plate measurements, and are 

therefore not comparable with the network modelling results. 

We note that for samples P11, P13, P14 and P15 the capillary pressure curves for the two sub-volumes lie 

on top of one another, in agreement with the small variation in permeability and network properties 

observed for these samples. For the other samples the two sub-volumes show different properties, 

indicative of strong heterogeneity at the mm-scale.  

In comparing horizontal and vertical flow directions, we observe that slightly higher capillary pressures 

were required during drainage for the vertical flow direction, consistent with the notion that barriers of 

smaller radius exist within the sample. As one would expect, there is more anisotropy (that is, 

horizontal/vertical difference). No such pressure difference was observed during imbibition, although the 

trapped CO2 saturation at the imbibition endpoint was invariably larger for flow in the vertical direction. 

This can be understood because the brine will begin to fill pores by snap-off and then by piston-type pore 

filling in the finer bands of rock, bypassing the large pores in coarser regions. This will continue until enough 

small pores are brine-filled that the CO2 remaining in the coarse bands is trapped.  

We postpone any discussion of CO2 trapping efficiency to Section 6.3 where trapping curves are presented 

in full. 

6.2 Relative Permeability 

Relative permeability data are shown in Figure 25, with comparison to the UNSW SCAL data that were 

acquired on full-core plugs. It is first apparent that there is little correlation between SCAL and PNM relative 

permeability on a sample-by-sample basis. Given the strong heterogeneity of the rock on the plug scale, 

and that the data are drawn from non-overlapping samples of different sizes, this is not so surprising. 

Looking at the characteristics of the data as a whole, we find that the crossover point (both saturation and 

permeability at that point) is fairly similar between experiment and simulation. This suggests that the 0 to 

25° contact-angle range is realistic.  

There is, however, a consistent discrepancy in the water relative permeability (krw). With the exception of 

samples P6 and P7 (where the krw match is excellent), the experimental krw values are significantly lower 

than those obtained from computation. This is the reverse of the discrepancy observed for Berea sandstone 

and cannot be explained as a flow-rate effect. It also cannot be explained in terms of wettability since 

weakly water-wet systems show higher krw because a smaller fraction the water resides in thin films along 

the pore walls. Therefore, while the experimental krw values support the notion that the system is strongly 

water wet, we do not have an explanation for the discrepancy at this time.  

Another aspect of the experimental data that may merit further investigation is the shape of the scCO2 

relative permeability (krg) curve, which bends downwards for samples P6, P7 and P19. This somewhat 

anomalous behaviour does not appear to correlate to any other sample properties, so its cause is unknown. 

A more comprehensive comparison between the SCAL and the PNM results will form part of the final report 

for this project when all of the data from Sub-Project 3 are also available.  
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6.3 Trapping Curves 

As discussed in Section 5, the trapping curve is one of the key variables quantifying the storage capacity of 

an aquifer. Trapping curves are shown in Figure 26, which show the trapping curves computed via pore-

network modelling (PNM) for both horizontal and vertical flow, and for contact angles of 20 to 25°, 40 to 

45° and 60 to 65°.  

For samples P10, P11, P13, P14 and P15 there is little dependence on sub-volume or orientation. These are 

the samples already identified in Section 6.1 as exhibiting little variation between sub-volumes. For these 

samples, residuals level out in the ranges 40 to 45%, 30 to 35% and 20 to 25% for contact angles of 20°, 40° 

and 60° respectively. This is very close to the trapping behaviour observed in Berea sandstone (see Figure 

15), although perhaps Berea shows a slightly increased dependence on contact angle. 

For all samples, horizontal flow exhibits behaviour much like what is seen in the Berea sample. We 

understand this as occurring because flow through each band of rock occurs independently and in parallel, 

so the properties of the bands can be averaged, thus minimising the variation. The independence between 

bands is likely to be a small sample artefact where the sample length is comparable to the band spacing. 

One would expect more complex behaviour on larger scales where the flow paths were longer than the 

separation between bands. In this case there would be coupling between horizontal and vertical flow, 

something that is being considered in Sub-Project 6. 

The vertical flow shows far more variation for the remaining samples with trapping being significantly 

enhanced, up to nearly 60% for sample P19. 

Figure 23 shows the trapping curve for sample P12 obtained by network modelling, along with imaging 

results from Sub-Project 3 (Saadatfar et al, 2015) for samples P12, P17 and P20. Sample P12 was chosen for 

this figure since it is the only sample from which both numerical and experimental trapping data are 

available. The experimental results for P17 and P20 are quite typical of the trapping data obtained for the 

less anisotropic samples discussed in the previous paragraph, and also lie close the 20° and 40° curves for 

the second sub-volume of P12. The P12 result shows a very high trapping fraction and lies almost exactly on 

the trapping curve obtained by network modelling with 20-25 degree contact angle for one sub-volume of 

P12. While this is a tantalizing result, with both modelling and experiment finding that sample P12 exhibits 

exceptionally high trapping efficiency, we believe that caution should be exercised when interpreting this 

result. The agreement is, in fact, better than one would expect a priori, given the complexities of the 

experiment and the heterogeneity of the sample. 

When more data are available from Sub-Project 3 in early 2015, we will further compare modelling and 

experiment, and look to conduct modelling experiments on the same volumes that were used for the 

experiments. This requires careful consideration given that the samples are cylindrical but the 

computational domains are rectangular. This work should yield a better understanding of trapping 

efficiency - and two-phase flow in general - in heterogeneous sandstones. 
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Figure 23 Comparison between trapping observed from imaged flooding experiments on samples P12, P17 and P20 in ANLEC Sub-
Project 3 (Saadatfar et al., 2015) with trapping curves computed from pore-network modelling on sample P12. The computed values 
include horizontal and vertical directions for two sub-volumes and for three different contact angle ranges (20 to 25°, 40 to 45° and 

60 to 65°). 
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Figure 24 Capillary pressure data for Precipice Sandstone samples P6-P19, from pore network 
modelling (PNM). 
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Figure 25 relative permeability results for Precipice samples, showing comparison between steady 
state (SS) and unsteady state (USS) data from UNSW SCAL measurements, and pore network 

modelling simulations conducted with horizontal (H) and vertical (V) flow directions.  
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Figure 26 Trapping curve for Precipice samples, from pore network modelling simulations conducted 
with horizontal (Horiz.) and vertical (Vert.) flow directions and at contact angles of 20 to 25°, 40 to 

45° and 60 to 65°.  
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7 Conclusions 

This project aims to establish a reliable image-based modelling methodology to reduce the need for 

laboratory core analysis. The key findings are: 

 There is a large disparity in literature measurements of CO2:brine contact angle, so there is 

still significant uncertainty on the wettability of the CO2:brine system. A statistical review of 

literature data suggests that CO2:brine contact angles on quartz of 25° (receding) and 35° 

(advancing) are plausible for Surat basin conditions (10 MPa, 45°C, low-salinity brine). 

 Consistent with this result, we present evidence from several sources that the CO2:brine 

system in the Precipice sandstone can be considered strongly water-wet, with both the 

advancing and receding contact angle almost certainly less than 40°. The most compelling 

evidence for this being 

o Direct observation of contact angles and fluid configurations in images acquired as 

part of Sub-Project 3, 

o High water saturation and low relative permeability values at crossover points in 

experimental relative permeability curves from Sub-Project 1, 

o The need to use low contact angles in modelling in order to match trapping data. 

 A new, geometrically accurate model for pore-filling during fluid imbibition has been 

developed and incorporated into the pore-network modelling. For flow rates less than 5 

metres per day, this model captures the flow properties of the CO2:brine system in Berea 

sandstone, including capillary pressure, relative permeability and CO2 residual trapping. No 

fitting parameters are used to achieve the agreement between modelling and experiment. 

 Sensitivity to contact angle has been studied in Berea and the Precipice formation. An 

increase in contact angle from 20° to 40° reduces residual trapping by approximately 25% 

(from ~40% to ~30%), while at 60° the trapping capacity is reduced by half. 

 When compared with Berea sandstone, horizontal flow in the Precipice Sandstone exhibits 

higher permeability and a lower capillary entry pressure. The multi-phase flow properties 

are, however, very similar, notably relative permeability and CO2 storage potential. 

 Flow in the vertical direction is more complex, being affected by the heterogeneity that 

exists at many length scales. Modelling results show CO2 trapping to be significantly 

enhanced by heterogeneity, with residual saturations approaching 60%, although enhanced 

trapping is accompanied by large reductions in permeability. 

This report therefore lays the foundation for more detailed modelling studies of the Precipice 

formation. Key issues are upscaling and treatment of heterogeneity. 
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Appendix A New Network Model for Imbibition 
(Commercial in Confidence) 

As described in section 3.3, a new approach has been developed for calculating the pressure 

threshold at which a pore-body fills with wetting fluid during imbibition.  A pore body filled with 

non-wetting fluid can be filled by wetting fluid in a number of different ways depending on how 

many of the neighbouring throats are filled by non-wetting fluid, and on the configuration of those 

throats. When just one neighbouring throat is filled with non-wetting fluid, the displacement (called 

an “𝐼1” displacement) is the same as a piston-type displacement where the maximum radius of the 

fluid interface is equal to the pore radius. However, when 𝑛 neighbouring throats are filled with the 

non-wetting fluid and 𝑛 ≥ 2, the pore can only be filled when the radius of the fluid interface 

reaches some maximal value 𝑅𝑛 that is larger than the pore radius. For more than two throats filled 

with non-wetting phase, only the two throats subtending that largest angle influence the maximum 

interfacial radius. Figure 27(a) is a geometrical representation of a pore cross section with two pore-

throats of unequal radius. It can be shown that an equivalent symmetric system with equal throat 

radii can always be constructed, as shown in red in Figure 27(a). The case for non-zero contact angle 

is shown in Figure 27(b) along with some geometric constructions for computing the maximal radius 

of the fluid interface.  

 

 

 

(a) (b) 

Figure 27 Diagrams of pore geometries from which the new pore-filling expression XX is derived. (a) Cross section through a 
pore body with two unequal pore throats (non-symmetric), shown in black, with the equivalent symmetrised system shown 

in red. The fluid meniscus is shown in blue and is for the case of zero contact angle. (b) A symmetrised two-throat system for 
non-zero contact angle. The maximal radius 𝑅𝑛 attained by the interface during pore filling is indicated by the green 

construction. 
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As one see from this figure, the maximal interface radius 𝑅𝑛 is just a function of the contact angle 𝜃, 

the angle between the two most widely separated throats 𝛼, the size of the throats 𝑟𝑡 and the size of 

the pore 𝑟𝑝. Thus, for a symmetric system we have 

𝑅𝑛 = 𝑓(𝜃, 𝛼, 𝑟𝑡, 𝑟𝑝) 

 

For simplicity we define two additional angles 𝛽 and 𝛾: 

𝛽 = 90 −  𝜃 − 
𝛼

2
 

𝛾 =  𝛼 − 2 sin−1
𝑟𝑡

𝑟𝑝
 

For the case 𝛾 > 0 the fluid-fluid interface intersects the pore-throat border in two places, as in 

Figure 10(b) and one can derive a quadratic relation for the threshold interfacial radius 𝑅𝑛: 

𝐴 𝑅𝑛
2 + 𝐵𝑅𝑛 + 𝐶 = 0 

Where 

𝐴 =  (cos 𝛽 +  
sin 𝛽

tan 𝛼
2⁄

)

2

− 1 

𝐵 =  −2 (cos 𝛽 + 
sin 𝛽

tan 𝛼
2⁄

) ( 
𝑟𝑡

sin 𝛼
2⁄

+  𝑟𝑝 cos
𝛾

2⁄ ) 

𝐶 =  (
𝑟𝑡

sin 𝛼
2⁄

+  𝑟𝑝 cos
𝛾

2⁄ )

2

+ (𝑟𝑝 sin
𝛾

2⁄ )
2

 

For the case 𝛾 > 0 the fluid-fluid interface touches the pore walls in just one place and there is a 

direct solution for 𝑅𝑛: 

𝑅𝑛 = 3 
𝑟𝑡

sin 𝛼
2⁄

 𝐴−1 

 

Assuming a spherical interface, the Young-Laplace equation can then be used to determine the 

threshold capillary pressure 𝑃𝑐  at which this pore body will fill with wetting fluid: 

𝑃𝑐 = 2
𝜎

𝑅𝑛
 

Where 𝜎 is the interfacial tension. When an additional throat surrounding the pore body is occupied 

by wetting fluid, the threshold capillary pressure is re-calculated. 

 


