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Abstract: Geological carbon storage in deep aquifers involves displacement of 18 

resident brine by supercritical CO2 (scCO2), which is an unstable drainage process 19 

caused by the invasion of less viscous scCO2. The unstable drainage is greatly 20 

complicated by aquifer heterogeneity and anisotropy and regarded as one of the key 21 

factors accounting for the uncertainty in storage capacity estimates. The impacts of 22 

pore-scale characteristics on the unstable drainage remain poorly understood. In this 23 

study, scCO2 drainage experiments were conducted at 40 °C and 9 MPa using a 24 

homogeneous elliptical micromodel with low or high anisotropy, a 25 

homogeneous/isotropic hexagonal micromodel, and a heterogeneous 26 

sandstone-analog micromodel. Each initially water-saturated micromodel was invaded 27 

by scCO2 at different rates with 𝑙𝑜𝑔𝐶! (the capillary number) ranging from −7.6 to 28 

−4.4, and scCO2/water images were obtained. The measured CO2 saturations in these 29 

centimeter-scale micromodels vary considerably from 0.08 to 0.93 depending on the 30 

pore-scale characteristics and capillary number. It was also observed that scCO2 31 

drainage follows the classic flow-regime transition from capillary fingering through 32 

crossover to viscous fingering for either of the low-anisotropy elliptical and 33 

heterogeneous micromodels, but with disparate crossover zones. The crossover zones 34 

of scCO2 saturation were then unified with the minimum scCO2 saturation occurring 35 

at 𝑙𝑜𝑔𝐶!∗ = −4.0 using the complete capillary number (𝐶!∗) that considers pore 36 

characteristics. For the hexagonal and the high-anisotropy elliptical micromodels, a 37 

monotonic increase in scCO2 saturation with increasing 𝐶!∗ (without crossover) was 38 

observed. It appears that the complete capillary number is more appropriate than the 39 
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classic capillary number when characterizing flow regimes and CO2 saturation in 40 

different pore networks. 41 

Keywords: Geological carbon storage, Micromodel, Drainage fingering, Pore 42 

characteristics, Capillary number, Complete capillary number   43 
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1. Introduction 44 

Carbon capture and storage (CCS) has been considered as an effective technology 45 

to reduce greenhouse gas emissions into the atmosphere (IPCC, 2005). A number of 46 

laboratory experiments have been conducted under reservoir conditions with natural 47 

rock samples to (1) investigate the fundamentals of displacement between 48 

supercritical CO2 (scCO2) and brine and (2) provide parameter measurements for 49 

aquifer-scale storage capacity/efficiency estimation (Bennion and Bachu, 2008; 50 

Zhang et al., 2011a; Krevor et al., 2012; Pini et al., 2012; Berg and Ott, 2012; 51 

Akbarabadi et al., 2013; Chang et al., 2013, 2014, 2016, 2017, 2019; Tsuji et al., 52 

2016). At the laboratory scale (pore and core scales), the storage efficiency is 53 

represented by CO2 saturation (the volumetric fraction of pore space filled by CO2) in 54 

the pore (Bachu, 2015). A wide range of CO2 saturation measured in laboratory has 55 

been reported with a factor of ~20 among 29 sandstone and carbonate rock samples 56 

after scCO2 drainage and brine imbibition (Bennion and Bachu, 2010; Bachu, 2013). 57 

Core-flooding experiments from Chang et al. (2013) showed the non-uniform 58 

displacement between scCO2 and water in two low-permeability sandstone cores, 59 

resulting in the variation of CO2 saturation measured. The variability in these 60 

laboratory measurements may attribute to the uncertainty of some key parameters 61 

used in estimating the aquifer-scale storage capacity and efficiency.  62 

One of the major reasons for the large variability in measured CO2 saturation 63 

after scCO2 drainage is unstable scCO2 displacement fingering due to the low 64 

viscosity of scCO2 relative to formation brine (with a typical ratio: 1 to 20), which is 65 
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considerably affected by pore geometries (Zhang et al., 2011a,b; Berg and Ott., 2012; 66 

Wang, et al., 2012). When CO2 saturation is determined from an experiment subject 67 

to unstable displacement fingering, the measurements are only volume-averaged 68 

effective properties limited to the specific experimental conditions, sample size and 69 

pore characteristics, and saturation distribution in the experiment (Berg and Ott., 70 

2012).  71 

Since the 1950s, the nature of two-phase displacement instability has been 72 

characterized by the classic capillary number (𝐶!) that represents the relative effect 73 

of viscous forces versus interfacial forces acting across an interface between two 74 

immiscible liquids. The classic capillary number, in its original form: 𝜇×𝑢 𝜎, was 75 

used to interpret the fingering geometry of air in experiments of air displacing 76 

glycerine in a Hele-Shaw cell by Saffman and Taylor (1958). In this definition, 𝜇 is 77 

the viscosity, 𝑢 is the average Darcy velocity of the injected fluid, and 𝜎 is the 78 

interfacial tension between the injected and resident fluid. 𝐶! , along with the 79 

viscosity ratio (M) defined as the ratio of viscosities of the displacing (non-wetting) 80 

and displaced (wetting) fluids, has been used to characterize the pore-scale regimes of 81 

capillary fingering, viscosity fingering, and crossover in the transition by Lenormand 82 

et al. (1988). They also pointed out that the specific boundaries delineating capillary 83 

and viscous fingering on the 𝑙𝑜𝑔𝐶! −  𝑙𝑜𝑔𝑀 phase diagram might depend on pore 84 

geometry. Recent experimental and modeling results showed the fingering regimes in 85 

similar and different pore-networks, and the effect of small variations/randomness in 86 

pore geometry on different displacement regimes and CO2 saturation (Xu et al., 1998; 87 
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Ferer et al., 2004, 2005, 2007, 2011; Zhang et al., 2011b; Wang et al., 2012; Cottin et 88 

al., 2010; Bandara et al., 2013). Some researchers who use the percolation theory have 89 

also reported that it is necessary to modify the traditional, classic capillary number 90 

with length scales corresponding to viscous and capillary forces (Wilkinson, 1986; 91 

Toussaint et al., 2012) and the size of non-wetting phase (i.e., scCO2 and oil) clusters 92 

(Armstrong et al., 2014). Zheng et al. (2017) summarized the experimental and 93 

numerical results published in last three decades (Lenormand et al., 1988; Zhang et al., 94 

2011b; Wang et al., 2012; DeHoff et al., 2012), and clearly presented a disparate 95 

relationship between the non-wetting fluid saturation and 𝐶!, and the varying phase 96 

boundaries determined from different studies. Hu et al. (2017, 2018) investigated the 97 

wettability effects on drainage fingerings in a homogeneous pore-network with 98 

cylindrical silicon posts through micromodel experiments and a theoretical model. 99 

However, the impacts of pore-scale characteristics on unstable drainage mechanisms 100 

remain poorly understood, and the observed disparate relationship between the 101 

non-wetting fluid saturation and 𝐶!  should be normalized by including the 102 

pore-scale characteristics. 103 

In this study, we (1) investigate the effects of pore characteristics such as 104 

pore-throat aspect ratio, pore-network anisotropy and heterogeneity on displacement 105 

regimes, and (2) re-scale the observed disparate relationship between CO2 saturation 106 

and capillary number by using a complete capillary number that accounts for pore 107 

characteristics. Different pore characteristics were represented by four micromodels 108 

and the flow regimes were investigated by drainage experiments with scCO2 under a 109 
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broad range of injection rates.  110 

2. Materials and Methods 111 

In this section, four micromodels were selected to investigate the effects of pore 112 

characteristics on scCO2-brine drainage (see Figure 1 and Table 1). The micromodels 113 

represent four typical features that may be encountered in subsurface porous media: 114 

heterogeneous sandstone-analog (#1), slightly anisotropic but homogeneous (#2), 115 

highly anisotropic (#3), and isotropic with a high pore-throat aspect ratio (#4). 116 

2.1 Micromodels 117 

Figure 1 shows the four micromodels used in this study, with pore space shown 118 

in white and silicon posts in black. These were fabricated by etching a silicon wafer 119 

using microfabrication methods involving standard photolithography, coupled 120 

plasma-deep reactive ion etching (ICP-DRIE), thermal oxidation, and anodic bonding 121 

(Willingham et al., 2008; Zhang et al., 2011a,b; Wang et al., 2012; Chomsurin and 122 

Werth, 2003). The pore network of Micromodel #1 was converted from section 123 

micrographs of a Mt. Simon sandstone core extracted from the injection well of the 124 

Illinois Basin - Decatur project (Senel et al., 2014). The porous-medium portion 125 

consists of nine identical sub-images in a 3 × 3 array and features three large pore 126 

channels (see the red solid lines in Figure 1). A Local Thickness plugin in ImageJ 127 

software (Hildebrand and Rüesgsegger, P., 1996; Rasband, 1997-2019) was used to 128 

quantify the pore-size distribution as shown in Figure S1a. The average pore-body 129 

diameter and pore-throat width are 33 and 14 µm, respectively. More details of the 130 

pore-size distribution can be obtained from Chang et al. (2016). The same pore 131 
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network was first used by Zuo et al. (2013) in their experiments on exsolution of 132 

dissolved CO2, and has been used experimentally (Li et al., 2017) and numerically 133 

(Chen et al., 2018; Fakhari et al., 2018) in recent years. Micromodels #2 and #3 are 134 

two homogeneous and anisotropic micromodels, sharing the same elliptical silicon 135 

posts with different spacing, resulting in different longitudinal (𝑘!) and transverse (𝑘!) 136 

permeability. As shown in Figure 1, the throat width ratio between transverse and 137 

longitudinal is 0.50 in Micromodel #2 (II:I in Figure 1 for Micromodel #2) and 13.87 138 

in Micromodel #3 (III:I in Figure 1 for Micromodel #3). The ratio of transverse 139 

permeability to longitudinal permeability (𝑘! 𝑘! ) is calculated to be 0.63 in 140 

Micromodel #2 and 6.86 in Micromodel #3, using 𝑘 = 1
2 (

𝐴
𝑝)
2

, where A and p 141 

represent the area and perimeter of the rectangular cross-section for fluid flow, 142 

respectively (White, 1979). More detailed calculation on the equation can be seen in 143 

the supporting information. Micromodel #4 is a homogeneous and isotropic 144 

hexagonal micromodel, with circular pore bodies connected to six pore throats. Figure 145 

S1b of the supporting information presents an example of the micromodel design 146 

including the pore network (#1) and the boundary conditions (Zuo et al., 2013). The 147 

triangle sections on each side of the pore allow for a uniform scCO2 displacement 148 

before entering the pore network (see Figure S1c).  149 

2.2 Experiments and imaging 150 

An experimental setup with four high-pressure syringe pumps (Teledyne ISCO 151 

Inc., Lincoln, NE) was used for scCO2 injection (ISCO 100 DM), water injection 152 

(ISCO 100 DM), back pressure control (ISCO 100 DM) and overburden pressure 153 
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control (ISCO 500 DM). The schematic of the experimental setup can be seen in 154 

Figure S2 of the supporting information. Before a drainage experiment, a selected 155 

micromodel was cleaned by flowing through the following sequence of fluids: (1) 156 

deionized (DI) water, (2) isopropanol, (3) DI water, (4) SC-1 solution (DI water: 157 

NH4OH: H2O2 at 5:1:1) and (5) DI water. The micromodel was then saturated with DI 158 

water. CO2 and water were allowed to equilibrate to 40 °C for over 12 hours. After 159 

the above preparation steps, Coumarin -dyed scCO2 was injected into the micromodel 160 

at a constant flow rate for each drainage experiment (Biswas et al., 1999). This 161 

sequence was repeated for a wide range of flow rates. Detailed descriptions of the 162 

experimental procedures can be found in Chang et al. (2017). Because scCO2 was 163 

continuously injected into the micromodel, the dissolution of scCO2 in residual water 164 

during drainage may have negligible effects on CO2 saturation and distribution in the 165 

pore network. Under the experimental conditions (40 °C, 9 MPa), the solubility of 166 

scCO2 dissolved in water is 1.225 mol/L (Spycher and Pruess, 2005). Meanwhile, in 167 

previous studies (Chang et al., 2016, 2017, 2019), we have showed the dissolution and 168 

mass transfer of scCO2 in water in the sandstone-analogue Micromodel #1 is 169 

non-equilibrium, considerably limited by small area-to-volume ratios that represent 170 

the pore-throat configurations and characteristics of phase interfaces. 171 

Table 2 lists the imposed volumetric injection rates for the four micromodels. 172 

The displaced water during drainage was collected in a syringe pump that was used to 173 

maintain pressure. These rates correspond to a range of Darcy velocity from 1.23 174 

m/day to 2,775 m/day, and a range of 𝑙𝑜𝑔𝐶!  from -7.60 to -4.41. The classic 175 
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capillary number was calculated using an equation with contact angle considered by 176 

Lenormand et al. (1988) defined by 177 

𝐶! = (𝜇×𝑢) (𝜎×𝑐𝑜𝑠𝜃),        (1) 178 

where 𝜃 is the contact angle between the injected and resident fluid. The contact 179 

angle of scCO2 and water on the silica surface is measured as 15.2°±0.4° (Table 1 and 180 

Figure S3 in the Supporting Information), similar to Wang et al. (2012) using the 181 

same silicon wafers and fluorescent dye for scCO2. The other parameters are the same 182 

as in the original form given by Saffman and Taylor (1958). 183 

The imposed range of injection rates correspond to flow rates at 0.03 to 50 m 184 

away from an injection well (with an injection rate of one million metric tonnes of 185 

scCO2 per year over a screen length of 15 m with uniform flow assumed) at a typical 186 

geological CO2 sequestration (GCS) site. During each drainage experiment, scCO2 187 

was injected into the micromodel at a specified constant flow rate until the 188 

quasi-steady state was reached, i.e., scCO2 distribution and saturation remained stable 189 

with time. The experiment was then stopped, and the micromodel was thoroughly 190 

cleaned and saturated with water before the next experiment was conducted at a 191 

different rate. An additional experiment was conducted in the sandstone-analog 192 

micromodel (#1) using step-rate scCO2 injection, i.e., the injection rate was increased 193 

after the quasi-steady-state conditions were reached for a given rate. This represents 194 

an alternative injection approach that was explored to increase scCO2 storage capacity 195 

(White et al., 2014). 196 
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The stained scCO2 in the micromodel was observed through a Blue GFP filter set 197 

(λex = 379-401 nm, λem = 435-485 nm). The micromodel images were acquired using 198 

a Nikon Eclipse TE2000-E epifluorescent microscope (Melville, NY) through a 4X 199 

inverted objective with a spatial resolution of 1.62 µm/pixel. A single image that 200 

captured the entire pore network was formed by montaging multiple separate 201 

sub-images taken by a CoolSnap HQ2 monochrome CCD camera (Photometrics Inc., 202 

Tucson, AZ). The camera was controlled by a computer with imaging software 203 

(NIS-Elements, Nikon, Melville, NY).  204 

The fluorescent signal intensity of dyed scCO2 is significantly higher than that for 205 

silicon posts and pore spaces filled with water, with a signal-to-noise ratio >10. A 206 

threshold value can be unambiguously determined for each image to distinguish 207 

scCO2 phase from others. During scCO2 drainage, time-lapse images were obtained 208 

until the quasi-steady state was reached, i.e., the intensity of the dyed scCO2, and the 209 

scCO2 distribution and saturation kept constant with time. To better observe the 210 

scCO2-water distribution in (heterogeneous) Micromodel #1, images of the dyed 211 

scCO2 and the pore space were overlapped. Segmentation and analysis of these 212 

images were conducted by using ImageJ software (Rasband, 1997-2019). We 213 

validated the image segmentation method and fabrication process by comparing (1) 214 

the measured porosity from fluorescent images and the computed one from the 215 

micromodel design and (2) the measured size of the silicon posts and the design value. 216 

Both comparisons showed good agreement with errors <5%. For Micromodel #3, 217 

images taken at a resolution of 1.62 µm/pixel failed to capture the pore throat with 3 218 
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µm width (see Figure 1). This leads to an error in image segmentation and 219 

underestimate pore volume by <2.5% of design.  220 

3. Results and Discussion 221 

3.1 Effects of pore characteristics on drainage fingering and scCO2 saturation  222 

Figures 2-5 show the fluorescent images of scCO2 distribution after quasi-steady 223 

state was reached in the four micromodels. The numbers in the parentheses are the 224 

𝑙𝑜𝑔𝐶! values and corresponding scCO2 saturations. The different scCO2 saturations 225 

and distributions in the four micromodels under similar experimental conditions 226 

indicate the effects of pore characteristics on drainage. 227 

In Micromodel #1, three displacement patterns with varying scCO2 injection rates 228 

can be observed (see Figure 2). At low injection rates (𝑙𝑜𝑔𝐶! < −6.59), the drainage 229 

process is dominated by a high capillary force. As a result, scCO2 invades 230 

simultaneously into high-permeability channels and their neighboring pores/throats 231 

through randomly distributed forward and lateral flow paths, leaving clusters of 232 

entrapped water. Such a displacement pattern can be attributed to capillary fingering 233 

(Zhang et al., 2011b; Wang et al., 2012). At the lowest displacement rate 234 

(𝑙𝑜𝑔𝐶!=−7.29), the CO2 saturation and distribution remained constant with time after 235 

35 PVs (4.7 hours) of scCO2 injection. At quasi-steady state, pores/pore clusters filled 236 

with scCO2 are isolated by water in the pore throats, i.e., scCO2 snap-off during 237 

drainage occurs (marked by the white arrows and shown by the magnified image) 238 

under the high capillary force when a low scCO2 injection rate is used. 239 

Correspondingly, scCO2 saturation (𝑆!"!) decreases slightly from 0.48 at 𝑙𝑜𝑔𝐶!= 240 
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−7.29 to 0.41 at 𝑙𝑜𝑔𝐶!= −6.99.  241 

At higher injection rates (𝑙𝑜𝑔𝐶!> −6.29), scCO2 enters the high-permeability 242 

channels and their neighboring pores/pore throats simultaneously in continuous flow 243 

paths and plumes, with a great reduction in entrapped water clusters. Snap-off and 244 

scCO2-water redistribution are not observed. The displacement is dominated by 245 

viscous fingering. 𝑆!"! increases considerably from 0.54 at 𝑙𝑜𝑔𝐶!=−5.59 to 0.88 at 246 

𝑙𝑜𝑔𝐶!=−4.41, as scCO2 is able to invade additional small pores/pore throats due to the 247 

higher viscous force. At intermediate injection rates (𝑙𝑜𝑔𝐶!= −6.59 and −6.29), 248 

crossover from capillary to viscous fingering is observed: low-viscosity scCO2 249 

preferentially flows along the high-permeability channels by invading the interior 250 

pores/pore throats and bypasses the majority resident water outside. Meanwhile, a 251 

couple of lateral scCO2 flow paths develop at locations marked by yellow arrows, 252 

indicating the co-existing capillary and viscous fingering. The lateral CO2 fingers have 253 

been observed through numerical simulations with reduced capillary numbers (Chen et 254 

al., 2018). A decrease in 𝑆!"! occurs in the crossover zone, from 0.41 at 𝑙𝑜𝑔𝐶!= 255 

−6.99 to 0.35 at 𝑙𝑜𝑔𝐶!= −6.59 and 0.37 at 𝑙𝑜𝑔𝐶!= −6.29, similar to the observations 256 

from Wang et al. (2012) and Lenormand et al. (1988). 257 

Drainage fingering and crossover with varying injection rates in Micromodel #2 258 

with low anisotropy are shown in Figure 3. The drainage pattern in this pore network 259 

is characterized by a main continuous zone (marked by the white dotted lines) near the 260 

upstream end with several narrow scCO2 flow paths (1-3 pore bodies in width) 261 

stretching out towards the outlet. The main plume fronts keep consistent over time 262 
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after drainage. The boundary of the main plume and the branching flow paths, 263 

however, varies with scCO2 injection rates and the dominant force. At lower injection 264 

rates (𝑙𝑜𝑔𝐶!< −6.20), the capillary force dominates the displacement, resulting in 265 

snap-off of branching flow paths (marked by white arrows) and an irregular plume 266 

boundary. At higher injection rates (𝑙𝑜𝑔𝐶!> −6.20), the main plume with smooth 267 

boundary invades further into the pore network, and additional flow paths develop 268 

continuously stretching out to the outlet. At the maximum injection rate with 𝑙𝑜𝑔𝐶!= 269 

−4.72, the scCO2 migrates throughout the pore network without clear boundaries 270 

between the continuous zone and branches, indicating that the viscous force controls 271 

the displacement. At an intermediate injection rate (𝑙𝑜𝑔𝐶!= −6.20), flow occurs 272 

primarily in a few pathways in the middle of the pore network, indicating a reduction 273 

in displacement efficiency. Only two scCO2 flow paths develop and stretch out to the 274 

outlet, bypassing large water-saturated regions even after >1100 pore volumes (PV) of 275 

scCO2 are injected. 𝑆!"!  is 0.24 and 0.20 at 𝑙𝑜𝑔𝐶!= −6.90 and 𝑙𝑜𝑔𝐶!= −6.60, 276 

respectively, followed by a large decrease at the crossover zone (𝑙𝑜𝑔𝐶!= −6.20) to 277 

0.08. 𝑆!"! finally increases to ~0.35 at larger injection rates (𝑙𝑜𝑔𝐶!> −6.20).  278 

In Micromodel #3, displacement is dominated by large transverse permeability 279 

ratio of the pore network (𝑘! 𝑘!=6.86). As shown in Figure 4, scCO2 widely invades 280 

the entire pore network at lower injection rates (𝑙𝑜𝑔𝐶!= −6.31 and −5.61), leaving 281 

some small water clusters near the inlet. At higher injection rates, scCO2 thoroughly 282 

invades these water clusters, increasing scCO2 saturation from 0.88 at 𝑙𝑜𝑔𝐶!= −6.31 283 

to 0.93 at 𝑙𝑜𝑔𝐶!= −4.43. Compared to the previous two micromodels,  𝑆!"!  in 284 
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Micromodel #3 shows the highest value under the similar range of drainage flow rates 285 

imposed.  286 

Displacement in Micromodel #4 shows very different drainage characteristics. As 287 

can be seen in Figure 5, at 𝑙𝑜𝑔𝐶!= −7.60, scCO2 invades the pore network in three 288 

narrow flow paths. More flow paths develop with increasing displacement rates. At 289 

𝑙𝑜𝑔𝐶!= −4.72, scCO2 invades over 80% of the pore space with small entrapped water 290 

bodies. In contrast to the observations in Micromodels #1 and #2, no crossover zone 291 

develops as 𝑆!"! monotonically increases with injection rate. This monotonic relation 292 

between non-wetting phase saturation and capillary number was also observed by 293 

Zhang et al. (2011b) using fluid pairs with viscosity ratio of 𝑙𝑜𝑔𝑀= −1.34, but with 294 

𝐶! values that are two orders of magnitude higher. They claimed that the observed 295 

displacement pattern could be characterized as viscous fingering, except for the 296 

displacement patterns at their lowest 𝐶! (log𝐶! = −5.26) in the crossover zone. The 297 

displacement in Micromodel #4 in this study, with two orders of magnitude smaller 298 

𝐶!, shows a similar viscous-force dominance. More detailed discussion can be seen in 299 

Section 3.2. 300 

3.2 A complete capillary scaling with pore characteristics  301 

The relationship between 𝑙𝑜𝑔𝐶!  and scCO2 saturation for all drainage 302 

experiments conducted for each of the four micromodels is shown in Figure 6a. In 303 

addition to the results obtained in this study, data from Zhang et al. (2011b) and Wang 304 

et al. (2012) are also shown in this figure, with estimated non-wetting fluid saturations 305 

from their published figures. Under the similar conditions of 9.0 MPa and 41°C, 306 
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Wang et al. (2012) conducted scCO2 drainage tests in a homogeneous isotropic pore 307 

network (referred to as #C1) that consisted of cylindrical silicon posts 200 µm in 308 

diameter, 120 µm pore bodies, and 26.7 µm pore throats. At ambient conditions and 309 

using dodecane as the non-wetting fluid and polyethylene glycol 200 as the wetting 310 

fluid (𝑙𝑜𝑔𝑀= −1.34), Zhang et al. (2011b) investigated drainage mechanisms in a 311 

similar micromodel to that used by Wang et al. (2012) (referred to as #C2) that 312 

consisted of cylindrical silicon posts 300 µm in diameter, 180 µm pore bodies, and 40 313 

µm pore throats. The fluid pairs used in their study have a similar viscosity ratio to 314 

scCO2-water system. For Micromodels #1, #2 and #C1, crossover zones with large 315 

reductions in scCO2 saturation are observed. For Micromodel #C2, the lowest flow 316 

rate (𝑙𝑜𝑔𝐶!= −5.26) is characterized as the crossover zone by Zhang et al. (2011b), 317 

indicating that the full transition from capillary fingering is missed from their 318 

experiments. Figure 6a shows that 𝑙𝑜𝑔𝐶!  in the crossover zones for the four 319 

micromodels varies from −6.59 to −5.26. Meanwhile, monotonic increase in CO2 320 

saturation with 𝑙𝑜𝑔𝐶! (without crossover) is observed for Micromodels #3 and #4 in 321 

which the minimum pore throats are less than 4 µm. In summary, the drainage 322 

fingering and crossover are significantly affected by pore characteristics that are not 323 

considered in the classic (dimensionless) capillary number.  324 

Dullien (1992) claimed that the classic capillary number 𝐶! does not deserve to 325 

be called a measure of the ratio of viscous-to-capillary forces for subsurface flow, as 326 

viscous forces are known to be proportional to a length scale L in the direction of flow, 327 

and capillary forces are proportional to a characteristic pore size. He then proposed a 328 
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complete capillary number (𝐶!∗) to account for pore characteristics. Assuming a 329 

rectangular cross-section for fluid flow, the viscous force F! is equal to the wall shear 330 

stress τ! multiplied by the surface area of the flow path: 331 

𝐹! = 2𝜏! 𝑎 + 𝑏 𝐿,                         (2) 332 

where 𝑎 and 𝑏 refer to the pore-throat diameter and micromodel depth. Assuming 333 

viscous (Poiseuille) flow, the shear stress can be written as 334 

𝜏! = 4𝜇𝑢 1
𝑎+

1
𝑏 ,                           (3) 335 

where 𝑢 is the average velocity. Combining Eqs (2) and (3) leads to 336 

𝐹! = 8𝜇𝑢𝐿(𝑎 + 𝑏)(1𝑎+
1
𝑏).                     (4) 337 

The capillary force 𝐹! is equal to the capillary pressure 𝑃! times the area of the 338 

rectangular cross section (i.e., 𝑎𝑏). With the capillary pressure expressed as 339 

𝑃! = 2𝜎𝑐𝑜𝑠𝜃 1
𝑎+

1
𝑏 ,                        (5) 340 

the capillary force can be written as 341 

𝐹! = 2𝜎𝑎𝑏𝑐𝑜𝑠𝜃(1𝑎+
1
𝑏)                       (6) 342 

Finally, the ratio of the viscous-to-capillary forces can be defined by the complete 343 

capillary number: 344 

𝐶!∗ =
4𝜇𝑢𝐿
𝜎𝑐𝑜𝑠𝜃 (

1
𝑎+

1
𝑏) = 4𝐶!𝐿(

1
𝑎+

1
𝑏)                  (7) 345 

It is clear from Eq. (7) that, theoretically, 𝐶𝑎 is not sufficient to quantify the true 346 

ratio of viscous-to-capillary forces in porous media with different characteristic length 347 

(L), pore-throat diameter (𝑎) and depth of the micromodel (𝑏). The lack of geometric 348 

information in 𝐶!  may contribute to the differences in the observed 349 

𝑙𝑜𝑔𝐶!-saturation relations. 350 
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We re-scaled the measurement data using the complete capillary number in Eq. 351 

(7). For the homogeneous pore networks (#2, #3, #4, #C1 and C#2), we assumed L 352 

equals the distance between two silicon post centers parallel to the flow direction, 353 

while 𝑎 is the diameter of the pore throat in the isotropic pore networks (#4, #C1 and 354 

#C2) and the smallest diameter of pore throats in the anisotropic pore networks (#2 355 

and #3), 𝑏=37 µm for #2, #3 and #4, 35 µm for #C1 and 53 µm for #C2. For 356 

(heterogeneous) Micromodel #1, L is the characteristic length of ~580 µm along the 357 

flow direction (marked by the white lines in Figure S4) for all pore/scCO2 clusters and 358 

𝑎=14.0 µm, 𝑏 = 35 µm for the average diameter of pore throat and depth of the 359 

micromodel, respectively. The pore network of Micromodel #1 resembles a repetitive 360 

structure at ~580 µm in length, in which large pore clusters are connected by narrow 361 

pore throats (see Figure S4a), resulting in large scCO2-invaded clusters connected by 362 

constrictive narrow flow paths after drainage (see Figure S4b). Table 2 lists the values 363 

of 𝐶!∗  and the involved parameters for calculating 𝐶!∗  for the micromodels 364 

considered in Figure 6. 365 

The revisited relationships between 𝑙𝑜𝑔𝐶!∗- non-wetting fluid saturation are 366 

shown in Figure 6b. The re-scaled crossover zones for Micromodels #1, #2 and #C1 367 

share the similar minimum value at 𝑙𝑜𝑔𝐶!∗ = −4.0. The crossover zone minimum for 368 

Micromodel #C2 (at the lowest injection rate) is at 𝑙𝑜𝑔𝐶!∗ = −3.48, because the full 369 

crossover zone was not available from the experimental data. The disparate crossover 370 

zones presented as a function of 𝐶! in Figure 6a are re-scaled by using 𝐶!∗ to have a 371 

unified crossover zone, no matter what specific pore-scale characteristics are involved. 372 
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It is shown that the complete capillary number with consideration of pore 373 

characteristics can better quantify the drainage fingering and crossover regimes in 374 

different pore networks than the classic capillary number. This is the first time to 375 

quantify the unstable drainage in different pore networks using the complete capillary 376 

number. 377 

The complete capillary number was used in a few studies to quantify 378 

displacement characteristics in single pore networks. Dong et al. (1998) characterized 379 

the saturation-profile histories of water imbibition in sand packs using 𝐶!∗. Nobakht et 380 

al. (2007) quantified their experiments on CO2-EOR in a sand pack and showed an 381 

increase in oil recovery for 𝑙𝑜𝑔𝐶!∗ > −3.20. Their higher 𝐶!∗ value at the saturation 382 

minimum of non-wetting phase fluid may be attributed to the longer characteristic 383 

length in a larger three-dimensional media.  384 

The crossover zone was not observed in the experiments conducted in 385 

Micromodel #4 as scCO2 saturation increased monotonically with 𝑙𝑜𝑔𝐶!∗. As shown 386 

in Figure 5, the scCO2 distribution in Micromodel #4 indicates the viscous force 387 

dominates pore-filling displacement, which may be attributed to the significant 388 

interfacial dynamics at the scCO2-water interface by the small pore throat and high 389 

pore-throat ratio (12:1). These dynamics have been discussed in the literature for 390 

drainage experiments in pore networks with high pore-throat ratios. Armstrong et al. 391 

(2013) used a micromodel with similar pore characteristics, i.e., 60 µm spherical pore 392 

bodies connected to six 13 µm pore throats (with a pore-throat aspect ratio at 4.6), 393 

conducted drainage experiments for a decane-water system, and observed the rapid 394 
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interfacial dynamics, e.g., interfacial velocities and capillary pressure gradients at the 395 

millisecond scale. They concluded that (1) the interfacial velocities (displacement 396 

velocities of a meniscus at the immiscible interface) can be six times higher than the 397 

mean front velocity (Darcy velocity) during Haines jumps, and (2) the displacement 398 

characteristics at the pore-network scale greatly depend on the dynamic, interfacial 399 

displacement at the local pore scale (<10 pores). The Haines jump shows a sudden 400 

increase in the interfacial velocity and a drop in the capillary pressure when the 401 

non-wetting phase passes from a pore neck into a wider pore body, displacing the 402 

wetting phase (Haines, 1930). Moebius and Or (2012) observed the Haines jump 403 

events at millisecond resolution in sinusoidal capillaries (pore-throat ratio at 4.0), and 404 

found that the interfacial velocities during a Haines jump exceeded 50 times mean 405 

front velocity. Modeling results also indicated that the interfacial velocities 406 

exponentially increase with the pore-throat ratio, imposing a more significant effect 407 

on the phase distribution in the entire pore network. Note that in Micromodel #4, the 408 

relatively high pore-throat ratio of 12:1 may yield high interfacial velocities at local 409 

pores/pore cluster scale, which result in the viscous drainage pattern and monotonic 410 

increase in 𝑆!"! with 𝑙𝑜𝑔𝐶!∗ at the pore-network scale. 411 

For Micromodel #3, the large permeability ratio (𝑘! 𝑘!=6.86) greatly enhances 412 

scCO2 transverse flow and yields high displacement efficiency and scCO2 saturations 413 

(>0.80) for all water-injection rates. By comparison, scCO2 saturations in Micromodel 414 

#3 are higher than those in (isotropic cylindrical) Micromodel #C1, which, in turn, are 415 

higher than those observed in Micromodel #2 with a lower permeability ratio 416 
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(𝑘! 𝑘!=0.63), demonstrating the effect of anisotropy of porous media on drainage 417 

efficiency and scCO2 saturation.  418 

3.3 Constant-rate vs. step-rate injection  419 

In addition to the transition from capillary to viscous fingering, it is also of 420 

interest to investigate the effect of capillary fingering on viscous fingering in a single 421 

experiment. We conducted a step-rate scCO2 injection experiment in the 422 

sandstone-analog micromodel (#1) to investigate (1) an alternative injection approach 423 

that can be explored to increase scCO2 saturation (Wang et al., 2012; White et al., 424 

2014), and (2) the dynamic CO2 invasion in a heterogeneous porous media with 425 

increasing capillary number. As shown in Figure 7a, the initially water-saturated 426 

micromodel is first flooded by scCO2 injection at 50 µL/h (𝑙𝑜𝑔𝐶!= −6.59) until a 427 

quasi-steady state with stable CO2 saturation of 0.35 is reached after 270 min and 167 428 

PV injected scCO2. The scCO2 injection rate is then increased to 2,500 µL/h (𝑙𝑜𝑔𝐶!= 429 

−4.89) and maintained for 420 min (4,800 PV scCO2 injected) until CO2 saturation is 430 

stable at 0.58. Finally, CO2 injection rate is increased to 7,500 µL/h (𝑙𝑜𝑔𝐶!= −4.41). 431 

At the end of the experiment (530 min, over 14,000 PV scCO2 injected), CO2 432 

saturation remains stable at 0.75. Within the first 1 min of each rate increase, CO2 433 

saturation increases sharply. At the same displacement rates of 𝑙𝑜𝑔𝐶!= −4.89 and 434 

−4.41 and by the constant-rate injection approach, smaller scCO2 injection volumes 435 

are needed at 1852 and 5556 PVs, respectively, to reach a higher quasi-steady state 436 

CO2 saturations of 0.81 and 0.88. 437 
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To better understand the dynamic CO2 invasion, we visualize in Figure 7b the 438 

newly developed CO2 distribution (marked by different colors) at the end of each step 439 

injection rate with slow 𝑆!"! increase and at the end of sharp 𝑆!"! change 1 min 440 

after each step-rate increase. The corresponding scCO2 injection volume and 441 

saturation at the five nodes are shown by red squares in Figure 7a. As shown in Figure 442 

7b, displacement of water occurs first from the three channels with large pores under 443 

the lowest injection rate (𝑙𝑜𝑔𝐶!= −6.59). As injection rate increases, water in smaller 444 

pores next to the channels is displaced by a higher viscous force. However, water 445 

from the relatively small pores/pore throats is displaced very slowly. This fast 446 

displacement followed by a slow displacement occurs for each step injection rate. 447 

Eventually, only 25% of the initial water remains in the heterogeneous micromodel, 448 

including the contributions from the capillary end effect near the downstream under 449 

the extremely high injection rate.  450 

By comparison, the step-rate injection method is not as efficient as the 451 

constant-rate injection method, because the quasi-steady-state CO2 saturation at each 452 

step of the step-rate injection is smaller than that for the corresponding constant-rate 453 

injection (see Figure 7c), and more pore volumes of scCO2 injection are required to 454 

reach the quasi-steady state. The reduced efficiency of displacement depends on the 455 

CO2 distribution after the first step of the step-rate injection test. In our case, the first 456 

step of the test creates flow channels with lowest 𝑆!"!  at the crossover zone 457 

(𝑙𝑜𝑔𝐶!= −6.59) (also see Figure 2). As shown in the insert of Figure 7c, Wang et al. 458 

(Wang et al., 2012) started the step-rate injection from a higher 𝑆!"! at the capillary 459 
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fingering regime with 𝑙𝑜𝑔𝐶𝑎 =  − 7.61, leading to an increased efficiency of 460 

displacement in comparison with the constant-rate injection method. These different 461 

observations imply the role of initial phase distribution on CO2 distribution and 462 

saturation during the step-rate injection, though capillary end effect exists in both 463 

studies. When the step-rate injection method is used, it is important to initiate the 464 

process from the capillary fingering regime for enhanced displacement efficiency. 465 

4. Conclusions 466 

The impacts of pore geometry and pore-network topology on scCO2-water 467 

drainage fingering have been investigated using displacement experiments in four 468 

micromodels. These micromodels represent pore networks with varying anisotropy 469 

and heterogeneity. For each experiment, high-resolution images of scCO2-water 470 

distributions were obtained (from which scCO2 saturation was derived) using a 471 

fluorescence imaging system.  472 

The scCO2 distributions and saturations at quasi-steady state show the entire 473 

spectrum of scCO2 drainage, from capillary fingering through crossover to viscous 474 

fingering, with increase in 𝑙𝑜𝑔𝐶! for the homogeneous and low-anisotropy elliptical 475 

micromodel (#2) and the heterogeneous sandstone-analog micromodel (#1). For both 476 

micromodels, a large reduction in scCO2 saturation was observed in the crossover 477 

zone, although the corresponding 𝑙𝑜𝑔𝐶! ranges are different. The disparate crossover 478 

zones with 𝑙𝑜𝑔𝐶! was attributed to the absence of pore characteristics in the classic 479 

capillary number. Re-scaling using the complete capillary number with pore 480 

characteristics considered led to similar scCO2 saturation minima at 𝑙𝑜𝑔𝐶!∗ = −4.0. A 481 
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monotonic increase in scCO2 saturation and drainage efficiency with capillary number 482 

and no crossover were observed for the isotropic hexagonal network (#4) and the 483 

high-anisotropy elliptical micromodel (#3). These observations indicate that there are 484 

large impacts of pore geometry and pore-network topology on unstable drainage 485 

fingering and that the complete capillary number can be used for improved 486 

comparisons between different micromodels. The measured CO2 saturations in these 487 

centimeter-scale micromodels vary considerably from 0.08 to 0.93 depending on the 488 

pore characteristics and displacement rates.  489 

Our experimental observations indicate that the impacts of pore geometry and 490 

pore-network topology on unstable drainage fingering are significant and the 491 

complete capillary number can be used to improve the characterization of flow 492 

regimes in different micromodels. Results from this study may deepen our 493 

understanding in the fundamentals of pore-scale displacement and impacts from 494 

porous media for GCS. Specially, the re-scaled relationship between 𝑙𝑜𝑔𝐶!∗ and 495 

𝑆!"! may have implications for a field-scale GCS project. With the increase in the 496 

distance from an injection well, the drainage velocity and thus viscous force decrease, 497 

and the displacement regime may change from dominant viscosity fingering to 498 

dominant capillary fingering, with or without crossover that depends on the pore 499 

structures of the storage formation. All the drainage tests in this study were conducted 500 

in strongly water-wet micromodels. The wettability of the solid surface will inevitably 501 

affects the scCO2 fingering flow pattern and saturation. Some recent studies, e.g., 502 

Zhao et al. (2016) and Hu et al. (2017, 2018) have showed a wider scCO2 fingering 503 
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front and more compact displacement patterns with increasing the displacement 504 

efficiency in micromodels more affinitive to the displacing fluid. The effects of 505 

wettability on scCO2 fingering regimes and crossover, however, need further 506 

experimental investigations with a broader range of displacement rates. It is also 507 

noted that gravity was not considered in the 2-D pore networks for all drainage 508 

experiments in this study. In the field, the viscous/capillary scCO2 fingers may 509 

coincidence with high-permeability channels (Birkholzer et al., 2015), while local 510 

pore structures and small fingers may become secondary in affecting scCO2 plume. 511 

The non-uniform displacement and channeling flow of scCO2 (e.g., in Micromodel #2) 512 

may cause local pressure buildup, increase leakage potential through caprock and 513 

limit the storage capacity (Zhou and Birkholzer, 2011; Abdullah et al., 2013). In 514 

addition, the interplay between viscous/capillary fingering and gravity is also 515 

important because the latter is dominant in shaping 3-D plume as shown by both 516 

analytical (Nordbotten et al., 2005) and numerical (Zhou et al., 2008; Zhou and 517 

Birkholzer, 2011) modeling, as well as laboratory experiments (Cinar et al., 2009; 518 

Rostami et al., 2010; Suekane et al., 2015; Trevisan et al., 2014, 2015, 2017).  519 
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List of Figures 736 

 737 

Figure 1. Pore characteristics of the four micromodels used in this study, with silicon 738 

posts in black and pore space in white. The blue arrow indicates the scCO2 flow 739 

direction during drainage experiments. The red lines indicate the nine identical 740 

sub-images in a 3 × 3 array for Micromodel #1. The magnified images for 741 

Micromodels #2 and #3 are not to scale.  742 

 743 

Figure 2. Image of scCO2 distribution in Micromodel #1 at the quasi-steady state 744 

after each drainage experiment. Silicon posts are shown in blue, water in black and 745 

scCO2 in purple to white. scCO2 flow is from left to right. The numbers in the 746 

parenthesis indicate (𝑙𝑜𝑔𝐶!, 𝑆!"!). White arrows and the magnified image show the 747 

snap-off of displacing scCO2 at localities. Yellow arrows indicate transverse scCO2 748 

flow. The pore characteristics of the micromodel were shown at the top.  749 

 750 

Figure 3. Image of scCO2 distribution in Micromodel #2 at the quasi-steady state 751 

after each drainage experiment. scCO2 is shown in orange to yellow, posts and water 752 

are in black. scCO2 flow is from left to right. White dotted lines mark the main plume 753 

front in the pore network, while white arrows show the snap-off of drained scCO2 at 754 

localities. The pore characteristics of the micromodel were shown at the top. 755 

 756 

Figure 4. Image of scCO2 distribution in Micromodel #3 at the quasi-steady state 757 

after each drainage experiment. scCO2 is shown in orange to yellow, posts and water 758 

are in black. The pore characteristics of the micromodel were shown at the top. 759 

 760 

Figure 5. Image of scCO2 distribution in Micromodel #4 at quasi-steady state after 761 

drainage. scCO2 is shown in orange to yellow, posts and water are in black. scCO2 762 

flow is from left to right. The pore characteristics of the micromodel were shown at 763 

the top. 764 
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 765 

Figure 6. (a) Non-wetting fluid saturation vs. 𝑙𝑜𝑔𝐶! for the drainage experiments 766 

conducted in the four micromodels and in Wang et al. (2012) and Zhang et al. (2011b) 767 

with similar 𝑙𝑜𝑔𝑀. (b) Re-scaled non-wetting fluid saturation vs. 𝑙𝑜𝑔𝐶!∗ using the 768 

complete capillary number. The numbers in each parenthesis indicate minimum 769 

non-wetting fluid saturation and the corresponding 𝑙𝑜𝑔𝐶! or 𝑙𝑜𝑔𝐶!∗ value. 770 

 771 

Figure 7. (a) scCO2 saturation vs. injection volume and (b) dynamic scCO2 772 

distribution at early time (1 min) after the increase in each step rate and under 773 

quasi-steady state during the step-rate injection experiment in Micromodel #1, and (c) 774 

comparison of 𝑙𝑜𝑔𝐶! vs. scCO2 saturation between the constant- and step-rate 775 

experiments. The insert shows previous results from Wang et al. (2012).  776 

  777 
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Table 1. Micromodel Properties  778 

 779 

  780 

  Micromodel   #1 #2  #3 #4 

Length×Width 
(cm×cm) 

0.71×0.53  1.2×1.2  1.2×1.2  1.2×1.2    

Depth (µm) 35  37   37  37    

Porosity 0.35  0.47  0.25  0.44    

Permeability (m2) 7.4×10-13  2.9×10-11  1.1×10-13  6.3×10-13    
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Table 2. Summary of the experimental conditions and dimensionless number values 781 

      1Wang et al. (2012) and 2Zhang et al. (2011b).  782 
 783 

Micromodel    #1 #2     #3  #4    1#C1    2#C2 

Q range 
(µL/h) 

10-7500 50-7500 100-7500 10-7500 10-7500 5-7500 

𝒖 range (m/d) 3.70-2775 5.75-862.5 22-1650 1.23-922.5 0.57- 425.03 0.39-580.55 

θ 15.2°±0.4° 

𝒍𝒐𝒈𝑴                            1-1.25 2-1.34 

𝒍𝒐𝒈𝑪𝒂 range  −7.29-−4.41 −6.90-−4.72 −6.31-−4.43 −7.60-−4.72 −7.61-−4.73 −5.26-−2.08 

L (µm) 580 413 403 90 226 340 

a (µm) 14.0 13.0 3.0 5.0 26.0 40.0 

b (µm) 35.0 37.0 37.0 37.0 35.0 53.0 

𝒍𝒐𝒈𝑪𝒂∗  range −4.76-−1.88 −4.49-−2.31 −3.28-−1.40 −5.44-−2.56 −5.76-−2.89 −3.43-−0.25 
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