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Abstract 10 

Interaction between capillary and viscous forces significantly affects the flow instability in 11 

immiscible displacement, which is usually investigated by visualization of flow patterns in 2d 12 

porous micromodels or in 3d system equipped with X-ray CT. However, in most practical 13 

applications, visualization of flow in porous media is not possible and the pressure signal is 14 

often as one of the important sources of information. Core flooding experiments were 15 

implemented in this study to investigate the interplay of capillary and viscous effects by 16 

analysis of differential pressure. Water and crude oil were employed as defending fluid, and 17 

different states of CO2 were injected as invading fluid. The inlet was set as the constant 18 

injection flow rate while the outlet as the constant pressure. In viscous-dominated displacement, 19 

differential pressure evidently depends on the injection rate and the pressure decline curve is 20 

fitted by a power function. The exponent of the function is found to be significantly larger at 21 

the crossover between capillary-dominated and viscous-dominated regions. In capillary-22 

dominated displacement, the pressure profile is characterized by a pressure jump at the 23 

beginning and intermittent fluctuations during displacement. Further analysis by wavelet 24 

decomposition indicates a transition point existing in standard deviation of pressure 25 
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fluctuations when the displacement is transformed from capillary-dominated to viscous-26 

dominated. The experiment results are finally verified by a macroscopic capillary number, 27 

which characterizes the interaction between capillary and viscous forces at a critical value of 28 

𝑁𝑐𝑎
𝑚𝑎𝑐𝑟𝑜~1, agreeing well with the Log Nca-Log M phase diagram. 29 

 30 

Keywords: CO2 storage; CO2 enhanced oil recovery; capillary force; viscous force; differential 31 

pressure; macroscopic capillary number. 32 

 33 

1. Introduction 34 

Immiscible displacement in porous media is important in many applications of subsurface 35 

transports, including CO2 sequestration, enhanced oil recovery (EOR) and removal of 36 

nonaqueous phase liquids (NAPLs) (Khudaida and Das, 2020; Li and Yu, 2020; Singh et al., 37 

2019b; Zhou et al., 2020). The process where a nonwetting phase invades into the permeable 38 

media and displaces the wetting phase is named as drainage. The instability in drainage process 39 

arises when a fluid displaces a more viscous fluid. Dynamics of instability is governed by the 40 

competition between viscous and capillary effects (Weitz et al., 1987). Fingering is usually 41 

encountered in unstable displacement and is one of the major reasons for the poor efficiency 42 

of recovery or remediation processes (Zhao et al., 2016).  43 

During drainage, non-wetting phase invades the pore space with a series of cooperative pore 44 

filling events, such as burst (Haines jump), touch and overlap events, on the microscale 45 

(Cieplak and Robbins, 1990; Holtzman and Segre, 2015; Primkulov et al., 2019). The process 46 

is significantly affected by viscosity of fluids, interfacial tension, pore wettability, flowrate of 47 

invading phase, heterogeneity of pore structure, etc (Abidoye and Das, 2020; Goel et al., 2016). 48 

Lenormand et al. (1988) characterized these effects into two dimensionless numbers, the 49 

capillary number (Nca), which is the ratio of viscous forces to capillary forces, and the viscosity 50 
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ratio (M), which is the ratio of invading to defending fluid viscosities. Different flow patterns, 51 

defined as capillary fingering, viscosity fingering and stable displacement, were observed when 52 

the displacement processes were dominated either by capillary or viscous forces. Lenormand 53 

et al. (1988) proposed a log Nca-log M phase diagram consisted of three domains, 54 

corresponding to three different flow patterns and displacement mechanisms, based on the 55 

value of Nca and M. Though the boundaries of the domains in the diagram are affected by 56 

variation of pore size or pore distribution of networks, the general shape of the diagram remains 57 

unchanged (Tsuji et al., 2016). A similar phase diagram was obtained by Zhang et al. (2011) 58 

and the crossover regions between each of three domains were noticeably smaller than 59 

Lenormand’s by using a precision-fabricated micromodel with smaller pore throats (about 40 60 

μm). Chen et al. (2017) proposed a phase diagram for the displacement patterns in a rough 61 

fracture and the crossover region from capillary to viscous fingering is narrower than that in 62 

Lenormand’s and Zhang’s results due to the different flow geometry and smaller tortuosity in 63 

rough fractures. The phase diagram has also been confirmed by two-dimensional pore-scale 64 

simulations either in uniform porous medium or random porous media networks (Amiri and 65 

Hamouda, 2014; Leclaire et al., 2017). In addition, the phase diagram has been approved to be 66 

applicable to 3-D conditions by many 3-D simulations with natural sandstone (Leclaire et al., 67 

2017; Tsuji et al., 2016; Yamabe et al., 2015) and experiment with glass beads model (Hu et 68 

al., 2020; Patmonoaji et al., 2020). Tsuji et al. (2016) compared the differences between two-69 

phase flow in 3D natural rock and that in 2D homogeneous models by two-phase lattice 70 

Boltzmann simulations. The results revealed that the log Nca-log M diagram for 3D natural 71 

rock and for 2D homogeneous network are similar except the onset of capillary fingering in 72 

3D natural rock at higher Ca than that in 2D homogeneous models. The simulation results are 73 

in accord with a recent 3-D glass beads porous media experiment (Hu et al., 2020), which also 74 

demonstrated that rough location of three displacement patterns on the log Nca-log M diagrams 75 
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was consistent with previous studies in 2D micromodel. Besides phase diagram, fractal analysis 76 

by the box-counting method to distinguish the displacement patterns, has been employed 77 

extensively to study the transition from capillary invasion to viscous fingering. By controlling 78 

the wettability of the invading fluid, Zhao et al. (2016) observed a transition from capillary 79 

fingering (𝐷𝑓 ≈ 1.82) to viscous fingering (𝐷𝑓 ≈ 1.62) when Nca increases in strong drainage 80 

in a two-dimensional microfluidic flow cell, which is consistent with the results from Måløy et 81 

al. (1985). Both phase diagram and fractal analysis require the direct visualization of 82 

displacement patterns and most of experiments are restricted in a two-dimensional porous 83 

media network. 84 

However, visualization of flow in porous media in most practical applications is not possible 85 

and resolving the dynamics of pore-scale processes by 3D imaging techniques like X-ray 86 

computed tomography (CT) is still a demanding task, which involves expensive equipment and 87 

time-consuming data acquisition methods (Berejnov et al., 2010; Singh et al., 2019b). The 88 

pressure signal is often as one of the important sources of information. Primkulov et al. (2019) 89 

developed a ‘moving capacitor’ dynamic network model to study the relationship between 90 

displacement patterns and pressure signals and the results indicated that it is possible to infer 91 

the characteristics of the displacement purely from the pressure signals. In drainage with high 92 

Nca, the pressure gradient is maintained mainly by viscous defending fluid and it decreases 93 

gradually when defending fluid is displaced (Zhao et al., 2016). In slow capillary-dominated 94 

displacement, pressure field is virtually uniform in each fluid, and it displays typical 95 

intermittent fluctuations in pressure signals (Knudsen and Hansen, 2002; Zacharoudiou et al., 96 

2018). The fluctuations consisting of discrete negative pressure jumps, which are identified as 97 

Haines jumps, have been observed both in experiments and simulations (Aker et al., 2000; 98 

Furuberg et al., 1996). They are the result of bursts of fluid-fluid interfaces by making a sudden 99 

and fast jump through the throat to the adjacent pores, then halting at the next throat which has 100 
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a higher threshold pressure (Singh et al., 2019a). This burst-like invasion was found to be 101 

favourable for displacement efficiency in slow drainage while wetting films on the solid 102 

surfaces dominates the imbibition with high Nca, leading to incompact displacement (Zhao et 103 

al., 2016). 104 

Though numerous works have studied the interplay between capillary force and viscous force 105 

in fluid-fluid displacement through phase diagram, fractal analysis and pressure signals, most 106 

of them are limited to simulations and two-dimensional porous media network experiments. In 107 

this study, CO2-water and CO2-crude oil core flooding experiments are conducted respectively 108 

under various in-situ conditions. Based on the log Nca-log M phase diagram, the displacements 109 

are characterized by different mechanisms. The behaviours of differential pressure are first 110 

compared in displacements dominated by different mechanisms. By using wavelet 111 

decomposition analysis of pressure fluctuations, the interplay between capillary and viscous 112 

effects is quantified from a pore-scale perspective. The experiment results are finally verified 113 

by a macroscopic capillary number. 114 

 115 

2. Materials and experimental setup 116 

2.1 Materials and their properties 117 

Drainage experiments with various capillary numbers and viscosity ratios were conducted by 118 

employing deionized water (DI water) and viscous crude oil as defending fluids and different 119 

states of CO2 as invading fluids. DI water with an electrical resistivity greater than 18.18 120 

MΩ·cm was used. Crude oil was obtained from BP Exploration Operating Co Ltd with a 121 

specific gravity of 0.837 at 20 °C. The viscosity of the crude oil was measured by a Haake 122 

Mars rheometer (Thermo Scientific, Germany) with a plate-plate system (diameter, 60 mm) 123 

and the measurement was performed at shear rates from 50 to 1000 s-1 with temperature 124 

increasing from 25 to 80 °C, as shown in Fig. 1(a). The independence of viscosity on shear rate 125 
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shows the crude oil is a Newtonian fluid in the temperature range (George and Qureshi, 2013). 126 

The viscosity decreases obviously with the increase of temperature and the relationship is well 127 

fitted by the Arrhenius equation (𝜂(𝑇) = 𝜂(𝑇0)𝑒𝑥𝑝 [
𝐸𝑎

𝑅
(

1

𝑇
−

1

𝑇0
)], where  𝜂(𝑇) is viscosity at 128 

temperature 𝑇  (K), 𝜂(𝑇0)  viscosity at temperature 𝑇0  (K), 𝑅  is universal gas constant 129 

(J·mol−1·K−1), 𝐸𝑎 is activation energy (J/mol)) in Fig. 1(b) (Messaadi et al., 2015). Dry CO2 130 

was supplied by BOC with a guaranteed minimum purity level 99.995% in a cylinder fitted 131 

with a dip tube to permit withdrawal of liquid phase of CO2. The viscosities of water and CO2 132 

are available from NIST CHEMISTRY Webbook website (Chase Jr and Tables, 1998). The 133 

values of interfacial tension (IFT) between CO2 and water are obtained from Bachu’s 134 

experiment data (Bachu and Bennion, 2008). Interfacial tension between CO2 and crude oil is 135 

estimated by Baker-Swerdloff method, which first obtains the interfacial tension value at 136 

atmosphere pressure based on API gravity and temperature, and then represents the effect of 137 

CO2 dissolution in crude oil at greater pressures by a graphical correction factor (Abdul-Majeed 138 

and Al-Soof, 2000). Physical properties of the six fluid pairs used in each displacement 139 

experiments are summarized in Table 1.  140 

 141 

Fig. 1 (a) Relationship between crude oil viscosity and shear rate with temperature increasing 142 

from 25 to 80 °C, (b) Dependence of crude oil viscosity on temperature and fitted by 143 

Arrhenius equation (Messaadi et al., 2015). 144 



7 
 

 145 

Table 1 Summary of experimental conditions and physical properties of defending and 146 

invading fluids. 147 

T (°C) P (bar) 
Defending 

fluid 

Invading 

fluid 

Viscosity (mPa·s) 
Log M 

IFT 

(mN/m) µd µi 

17 45 water gCO2 1.077 0.016 -1.828 40.4 

40 80 water sCO2 0.654 0.023 -1.454 31.3 

22 80 water LCO2 0.952 0.072 -1.121 29.8 

23 45 crude oil gCO2 9.576 0.016 -2.777 16.4 

40 80 crude oil sCO2 7.233 0.023 -2.498 9.9 

23 80 crude oil LCO2 9.576 0.070 -2.136 10.7 

 148 

 149 

2.2 Core sample 150 

The reservoir core sample was provided by Anasuria Operating Company, UK, with a diameter 151 

of 2.3 cm, a length of 3.7 cm, an average porosity of 0.23 and a pore volume (PV) of 3.5 cm3. 152 

The absolute water permeability of the core sample was measured as 129 mD at confining 153 

pressure of 138 bar (2000 PSI). The core sample is oil-wet and intermediate water-wet in air, 154 

as shown in Fig. S1. The pore size distribution measurement was performed by an Autopore 155 

IV 9500 mercury injection porosimeter (Micromeritics, USA), as shown in Fig. 2. It can be 156 

seen most pore throats are in the range of 1.0 to 30.0 µm and median pore diameter calculated 157 

with volume and 4V/A algorithms are around 13.1 µm and 5.2 µm, respectively. 158 

 159 
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 160 

Fig. 2 Pore size distribution of the core sample determined by mercury injection porosimeter. 161 

Cumulative mercury intrusion and Log differential mercury intrusion as a function of pore 162 

throat size, showing median pore diameter around 13.1 µm. 163 

 164 

The sandstone is originated from the Upper Jurassic fulmar sands of the North Sea Guillemot 165 

oil field, deposited within a subsiding shallow marine basin as a sequence of shallow marine 166 

and deep-water submarine fans (Banner et al., 1992; Johnson et al., 1986). In thin section (Fig. 167 

3), the sandstone is primarily composed of fine grained, sub angular well-sorted quartz grains 168 

(~70%) and feldspar (~27%). Most of the porosity is intergranular with notable intergranular 169 

porosity because of the dissolution of the albite, microcline, and orthoclase feldspars. The bulk 170 

composition of the sandstone has been determined by X-Ray diffraction using a D8 Advance 171 

(Bruker, USA) equipped with an energy dispersive detector (Sol-X), as shown in Fig. 4. Three 172 

samples are measured to ensure representativity of the results. The results for all samples can 173 

be seen in Table 2 and confirm that the dominant mineralogy is Quartz (~70 wt.%) with ~14.4 174 

wt.% Albite, ~6.3 wt.% Microcline and ~5.7 wt.% Orthoclase and minor (less than 1 wt.%) 175 

Muscovite, Illite and Pyrite. Among these minerals, CO2-water contact angle on quartz, 176 

feldspar and calcite do not have significant change versus pressure while the water wettability 177 

of muscovite mica changed from strongly water-wet to intermediate water-wet with increasing 178 



9 
 

pressure (Farokhpoor et al., 2013). Due to the small amount of Muscovite (0.72 wt.%) in the 179 

sample, its effect on contact angle can be considered insignificant. 180 

 181 

 182 

Fig. 3 Optical microscope thin section view of the sandstone (blue stained areas are porosity). 183 

 184 

 185 

 186 

 187 

Fig. 4 X-ray diffractograms for mineral analysis of the core sample. 188 

 189 
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Table 2 results from the XRD analysis of the sample. 190 

Mineral Chemical Formula 

Mineral 

weight 

percent (%) 

Sample 1 

Mineral 

weight 

percent (%) 

Sample 2 

Mineral 

weight 

percent (%) 

Sample 3 

Average 

mineral 

weight 

percent (%) 

Quartz SiO2 70.50 72.33 69.40 70.74 

Corundum Al2O3 0.34 0.31 0.33 0.33 

Calcite CaCO3 0.00 0.04 0.15 0.06 

Pyrite FeS2 0.15 1.40 0.24 0.60 

Albite NaCaAlSi3O 15.32 13.11 14.91 14.45 

Gypsum CaSO4 2H2O 0.72 0.00 0.27 0.33 

Illite (K)(Al,Mg,Fe)2(Si,Al)4O10 0.00 0.69 1.28 0.66 

Kaolinite Al2Si2O5(OH)4 0.00 0.00 0.00 0.00 

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2 0.05 0.08 0.05 0.06 

Microcline KAlSi3O8 6.57 6.09 6.32 6.33 

Orthoclase KAlSi3O8 6.16 5.19 5.75 5.70 

Muscovite KAl2(AlSi3O10)(F,OH)2 0.15 0.76 1.25 0.72 

 191 

 192 

2.3 Experiment procedures 193 

Drainage experiments were conducted under different reservoir conditions where CO2 can be 194 

injected in different states. The experiment system is shown in Fig. 5. The core sample was 195 

wrapped in a shrinkable rubber sleeve and placed in the horizontal core holder by neglecting 196 

the effect of gravity. The confining pressure of 138 bar was built by the overburden pressure 197 

pump (Milton Roy, CM4000) and was always larger than the pore pressure, which ensures the 198 

compact contact between the core sample and sleeve to prevent the flow from bypassing the 199 

core sample. Prior to displacement experiments, the core holder was immersed in hot water 200 

bath (Grant Instruments, GD100) for 6 hours to reach thermal equilibrium and then at least 30 201 

pore volumes of defending fluid were injected by water/oil pump (ISCO syringe pump, 100DM) 202 

into the core sample at a high injection rate of 20 mL/min to remove the gas in the system and 203 

to make the core sample fully saturated (line 1 and 3 open, line 2 and 4 closed). After back 204 

pressure was built by injecting defending fluid into the outlet of the core sample by water/oil 205 

pump, CO2 was injected into the core sample by CO2 pump at a constant injection rate (line 2 206 

and 4 open, line 1 and 3 closed). During the drainage process, the transient data of inlet pressure, 207 
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outlet pressure and effluent production was monitored. The inlet and outlet pressures were 208 

measured by pressure transducers and automatically recorded every 6 seconds by LabVIEW. 209 

The cumulative production of effluents was recorded very minute. Every displacement was 210 

ceased after injecting 2 pore volume of CO2 and the core sample was taken out to be weighed 211 

by a Sartorius scale with a resolution of 0.0001 g after experiment. CO2 breakthrough time was 212 

determined through replacing the water/oil pump by a back-pressure valve (line 3 and 4 open, 213 

line 1 and 2 closed).   214 

 215 

Fig. 5 Schematic diagram of CO2 core flooding system. 216 

 217 

3. Results and discussions 218 

The interplay between viscous and capillary force in immiscible displacement is related to 219 

viscosity of fluids, interfacial tension, wettability of fluids and pore surfaces, flowrate of 220 

invading phase, heterogeneity of pore structure, etc., which has been characterized into two 221 

dimensionless numbers Nca and M (Lenormand et al., 1988), 222 

𝑁𝑐𝑎 =
𝜇𝑑𝑣

𝜎
=

𝜇𝑑𝑄

𝜎𝐴
                                                                (1) 223 

𝑀 =
𝜇𝑖

𝜇𝑑
                                                                         (2) 224 
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where 𝜎 is the interfacial tension, 𝑣 is superficial velocity, 𝑄 is the injection flowrate, 𝐴 is the 225 

cross section area of the core sample, 𝜇𝑖 and 𝜇𝑑 are viscosity of invading and defending fluid, 226 

respectively. Variation of 𝑁𝑐𝑎 was achieved by increasing the injection flowrate and variation 227 

of 𝑀 was obtained by injecting different phases of CO2 and by employing water and crude oil 228 

as defending fluid respectively. The values of Log Nca are summarized in Table 3 as a function 229 

of injection rate. The log Nca-log M phase diagram composed of three displacement patterns 230 

is shown in Fig. 6 and the experiment conditions are included in the figure. Crossover areas 231 

exist between different displacement modes and the boundaries depends on the system, 232 

especially on the geometry of the porous media (Lenormand et al., 1988; Yamabe et al., 2015; 233 

Zhang et al., 2011).  234 

 235 

Fig. 6 Log Nca-Log M phase diagram showing three displacement mechanisms and their 236 

boundaries. The grey boundaries proposed by Lenormand’s numerical model with pore 237 

throats around 230 µm (Lenormand et al., 1988) ,boundaries of dash black lines indicated by 238 

Zhang’s 2D micromodel experiment results with pore throats about 40 µm (Zhang et al., 239 

2011) and boundaries of purple solid line obtained by Hu’s 3D glass beads porous media 240 

model with pore throats around 100 µm (Hu et al., 2020). The experiment conditions denoted 241 

by black circles and red rectangles standing for CO2-crude oil and CO2-water flooding, 242 

respectively. 243 
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 244 

Though the phase diagram is applicable both to 2D and 3D cases, it is still independent on the 245 

pore structure and dimension. Assuming the core sample as a bundle of capillary channels with 246 

same radius, average size of pore throats can be evaluated by Kozeny equation (Kozeny, 1927), 247 

𝑑𝑡ℎ = (
32𝑘

𝜙
)1/2                                                                      (3) 248 

where 𝑑𝑡ℎ is the average size of pore throat, k and 𝜙 are the permeability and porosity of the 249 

core sample, respectively. The estimated pore throat size is about 4 µm, which is close to the 250 

median pore diameter calculated with 4V/A algorithms (5.2 µm) from pore size distribution. It 251 

is also in accord with other studies which claims pore throat sizes are normally larger than 2 252 

µm in conventional reservoir rocks (Li et al., 2017; Nelson, 2009). It can also see from the pore 253 

size distribution of the core sample (Fig. 2), most pore throat are in the range of 1 to 30 µm 254 

with median pore diameter around 13 µm. Therefore, boundaries from Zhang’s experiment 255 

micromodel (Zhang et al., 2011) (pore throats about 40 µm) is more suitable for interpreting 256 

the experimental results than using boundaries proposed by Lenormand’s numerical model 257 

with pore throats around 230 µm (Lenormand et al., 1988) or by Hu’s glass beads model with 258 

pore throats about 100 µm (Hu et al., 2020). Based on boundaries proposed by Zhang et al. 259 

(2011), CO2-crude oil displacements are almost situated in viscous force dominated region 260 

while CO2-water displacements are located in capillary force dominated region. It is needed to 261 

point out that the Reynolds number (𝑅𝑒 =
𝜌𝑣𝐷𝑔̅̅ ̅̅

𝜇𝑑
, 𝜌 is density of fluid, 𝐷𝑔

̅̅̅̅  is the median grain 262 

size of the porous media, around 100 µm) in this study ranges from about 0.006 to 0.1, 263 

indicating that the immiscible displacements were carried out under laminar flow conditions. 264 

 265 

 266 

 267 

 268 
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Table 3 Summary of Log Nca values as a function of injection rate Q. 269 

 
Injection rate Q (mL/min) 

0.05 0.10 0.20 0.30 0.40 

Defending 

fluid 

Invading 

fluid 
Log Nca 

crude oil gCO2 -5.93 -5.63 -5.33 -5.15 -5.03 

crude oil sCO2 -5.84 -5.54 -5.24 -5.06 -4.93 

crude oil LCO2 -5.74 -5.44 -5.14 -4.96 -4.84 

water gCO2 -7.27 -6.97 -6.67 -6.49 - 

water sCO2 -7.38 -7.08 -6.78 -6.60 - 

water LCO2 -7.19 -6.89 -6.59 -6.41 - 

 270 

 271 

 272 

3.1 Signatures of differential pressure 273 

In this section, the behaviours of differential pressure are compared between viscous-274 

dominated CO2-crude oil core flooding and capillary-dominated CO2-water core flooding. The 275 

results have also been demonstrated by pore-scale network experiment as shown in the 276 

supporting information. 277 

 278 

3.1.1 Differential pressure in viscous dominated displacements 279 

The differential pressures for gCO2, sCO2, LCO2-crude oil displacements are shown in Fig. 280 

7(a)-(c) with injection rate ranging from 0.05 to 0.4 mL/min. The corresponding superficial 281 

velocity varies from 2 to 16 µm/s. The inset figure indicates the evolutions of differential 282 

pressures before CO2 breakthrough. The displacements are dominated mainly by viscosity of 283 

crude oil and differential pressures are clearly dependent on the injection rates. Before CO2 284 

breakthrough, differential pressures decrease sharply as CO2 enters the core sample and pushes 285 

out crude oil, resulting in reduction of the length of mobilizable cluster of crude oil (Løvoll et 286 
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al., 2011; Primkulov et al., 2019). After CO2 breakthrough, differential pressures vary slightly 287 

as most large crude oil cluster are drained out and the effect of viscous force becomes weak. 288 

Before CO2 breakthrough, the viscous differential pressure is almost a linear function of the 289 

distance from the outlet to the most advanced front and together with Darcy’s law can be 290 

estimated as (Løvoll et al., 2011), 291 

Δ𝑃𝑣 =
𝜇𝑑𝑄

𝑘𝐴
(𝐿 − 𝑥𝑓)                                                            (4) 292 

where 𝑥𝑓 is the position of the most advanced front and L is the length of the core sample. 293 

Løvoll et al. (Løvoll et al., 2011) have proposed a relation for the most advanced front position 294 

𝑥𝑓 as a function of invading fluid saturation SCO2, capillary number Nca and the length of the 295 

system by studying the morphology of the invading cluster in the transition from viscous to 296 

capillary fingering and the relation is simplify for the core sample as,  297 

𝑥𝑓 = 𝑀𝐿𝑆𝐶𝑂2𝑁𝑐𝑎
𝑁                                                               (5) 298 

where M and N are related to geometry of core sample and can be treated as constant numbers 299 

for a sample. The production rate of crude oil can be estimated by the power-law equation 300 

(Toth et al., 2002),  301 

𝑣(𝑡) = 𝑚𝑡𝑛                                                                    (6) 302 

where t is dimensionless time represented by the injected CO2 pore volumes, m and n are 303 

constant parameters and can be determined through cumulative crude oil production. By 304 

assuming CO2 saturation equals to the production of crude oil, the position of most advanced 305 

front can be expressed as, 306 

𝑥𝑓 = 𝑀𝐿𝑁𝑐𝑎
𝑁 ∫ 𝑣(𝑡)𝑑𝑡 =

𝑛

𝑚+1
𝑀𝐿𝑁𝑐𝑎

𝑁 𝑡𝑚+1                                    (7) 307 

and the viscous dominated differential pressure is, 308 

  Δ𝑃𝑣 =
𝜇𝑑𝑄𝐿

𝑘𝐴
(1 −

𝑛

𝑚+1
𝑀𝑁𝑐𝑎

𝑁 𝑡𝑚+1) = 𝑥(1 − 𝑦𝑡𝑧)                             (8) 309 

where 𝑥 = 𝜇𝑑𝑄𝐿/𝑘𝐴, 𝑦 =
𝑛

𝑚+1
𝑀𝑁𝑐𝑎

𝑁  and 𝑧 = 𝑚 + 1.  310 
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Before CO2 breakthrough, the differential pressures are well fitted by Eq. (8) with a coefficient 311 

of determination (R2) larger than 0.96, as shown in the inset of Fig. 7. The values of parameter 312 

𝑧 are indicated in Fig. 8, which is mainly related to the rates of reduction of the pressures. Most 313 

of parameter 𝑧 varies between 0.4 and 0.9 except for two conditions where crude oil was 314 

displaced by LCO2 with an injection rate smaller than 0.1 mL/min (marked in black dash 315 

rectangle). These two conditions may fall into the crossover between capillary dominated and 316 

viscous dominated regions, agreeing with the phase diagram, which indicates viscous 317 

dominated displacements with larger mobility ratio can get into crossover region more easily 318 

with a decreasing injection rate. Besides, the value of dimensionless time 𝑡 is smaller than 1 319 

before CO2 breakthrough and the differential pressure is as power function of 𝑡, which means 320 

a greater value of parameter 𝑧 (larger than 1) will cause smaller variation of the pressure. This 321 

is because capillary force becomes considerable and can make up the viscous loss of the 322 

pressure when injection rate is decreased.   323 

 324 
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 325 

Fig. 7 Differential pressures as a function of injection rate increasing from 0.05 to 0.4 326 

mL/min for (a) gCO2-crude oil displacement, (b) sCO2-crude oil displacement and (c) LCO2-327 

crude oil displacement. The insets showing the differential pressures fitted by Eq. (8) before 328 

CO2 breakthrough (black, red, blue, purple, green curves corresponding to injection flowrate 329 

of 0.05, 0.1, 0.2, 0.3 and 0.4 mL/min respectively). 330 

 331 

 332 

Fig. 8 Value of parameter z as a function of injection rate. 333 

 334 

3.1.2 Differential pressure in capillary dominated displacements 335 

Fig. 9(a)-(c) show the differential pressures of gCO2, sCO2, LCO2-water displacements with 336 

various CO2 injection rates, which indicates a typical of slow capillary-dominated drainage 337 

with intermittent fluctuations (Primkulov et al., 2019). The pressure profiles are all 338 
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characterized by a jump at the beginning when CO2 starts to enter the core sample because the 339 

pressure in CO2 needs to be exceed the pressure caused by CO2-water interfacial tension before 340 

its invasion (Cottin et al., 2010). After CO2 invades the core sample, the pressure in CO2 341 

increases gradually to overcome the viscous resistance by water and invades the pores with 342 

smaller size, leading to the rise of the pressure in fluctuations. And the pressure fluctuations 343 

are mostly induced by pore filling events in pore throats, such as Haines jump (Primkulov et 344 

al., 2019). At the end of the experiment, the pressure fluctuates around the value of the jump. 345 

The value of the pressure jump was observed to be close to the capillary displacement pressure 346 

(𝑃𝑐𝑑) derived from the mercury-injection curve by Egermann et al. (Egermann et al., 2006). 347 

Fig. 10 indicates the capillary displacement pressure is the largest in gCO2-water displacement 348 

and is almost independent of injection rate. The displacement pressure is resulted from the 349 

meniscus formed by the interface between CO2 and water and it can be described by the Young-350 

Laplace equation (Chalbaud et al., 2007),  351 

𝑃𝑐𝑑 =
2𝜎𝐶𝑂2,𝑤𝑐𝑜𝑠𝜃

𝑅𝑡ℎ𝑟𝑜𝑎𝑡
𝑚𝑎𝑥                                                             (9) 352 

where 𝜎𝐶𝑂2,𝑤 is the interfacial tension between CO2 and water, 𝜃 is the contact angle (around 353 

78 ± 7 ° for water), 𝑅𝑡ℎ𝑟𝑜𝑎𝑡
𝑚𝑎𝑥  is the largest connected pore throat. Since the interfacial tension 354 

between gCO2 and water is usually larger than that between sCO2/LCO2 and water, the 355 

displacement pressure in gCO2-water displacement is greater than that in sCO2, LCO2-water 356 

displacement, which is indicated by a more significant jump in the pressure profile. Combining 357 

Kozeny equation, Eq. (3), the value of the displacement pressure can be evaluated as, 358 

𝑃𝑐𝑑 =
𝜎𝐶𝑂2,𝑤𝑐𝑜𝑠𝜃

√2𝐾/𝜙
                                                           (10) 359 

The estimated values are 0.077, 0.060 and 0.057 bar for gCO2, sCO2, LCO2-water displacement 360 

respectively and they are about 25% larger than the values of displacement pressure from 361 

experiments. The reason for the overestimation of displacement pressure is that Kozeny model 362 
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takes the pore size as uniform for the core sample, which is actually smaller than the size of 363 

largest pore throats. 364 

 365 

 366 

 367 

 368 

Fig. 9 Differential pressures as a function of injection rate increasing from 0.1 to 0.3 mL/min 369 

for (a) gCO2-water displacement, (b) sCO2-water displacement and (c) LCO2-water 370 

displacement. 371 

 372 
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 373 

Fig. 10 Displacement pressures for CO2-water displacements as a function of injection rate. 374 

 375 

 376 

3.2 Pore-scale perspective of the interplay between capillary and viscous effects 377 

The inlet and outlet pressure are recorded every 6 s in the experiment and this temporal 378 

resolution has been proved to be sufficient to capture differences in fluid front configurations 379 

by directly imaging pore-scale displacement events in porous rock in real time (Berg et al., 380 

2013). The fluctuations of pressure in the experiment are generally caused by the instability of 381 

pump and flow dynamics, like reconfiguration of fluid-fluid interface and variations in 382 

effective hydraulic conductance (Aker et al., 1998; Primkulov et al., 2019). To get rid of the 383 

influence from pump, pressure fluctuations of CO2 under different phase states are measured 384 

as shown in Fig. S5(a) when the syringe pump is running with constant pressure mode at 385 

equilibrium before experiment. Fig. 11(a) shows that the differential pressure profile is split 386 

into general trend and pressure fluctuations by using wavelet decomposition (Primkulov et al., 387 

2019; Sygouni et al., 2006) and the values of standard deviation of pressure fluctuations before 388 

CO2 breakthrough are shown in Fig. 11(b). It needs to be pointed out that the results in Fig. 389 

11(b) excludes the pressure fluctuations resulted from instability of pump. In CO2-water 390 

displacements with low Nca, the values of pressure fluctuations are almost independent of 391 

capillary number and pressure fluctuations are largely dominated by the reconfigurations of the 392 
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fluid-fluid menisci in pore throats when new pores are invaded (Måløy et al., 1992). The reason 393 

for why the differential pressures of CO2-water displacements fluctuate greatly especially in 394 

LCO2 core flooding is discussed in supporting information (see Fig. S5(b)). In CO2-crude oil 395 

displacements, the values of pressure fluctuations have no relation with capillary number when 396 

Log Nca is smaller than -5.5 after which they increase obviously with growth of the capillary 397 

number and pressure fluctuations are controlled by variation in the effective hydraulic 398 

conductance of dominant flow channels (Primkulov et al., 2019).  399 

The reconfiguration of fluid-fluid interface is described by Cieplak-Robbins model in capillary-400 

dominated displacement by introducing three modes of interface advance, burst, touch and 401 

overlap (Cieplak and Robbins, 1990). Burst happens most frequently in slow drainage (Singh 402 

et al., 2019b; Zhao et al., 2016). Taking pore-scale perspective into consideration, as shown in 403 

Fig. 12, to invade a single pore requires overcoming a capillary pressure (𝑃𝑐) at the pore throat, 404 

which is expressed by the general form of Young-Laplace equation, 405 

𝑃𝑐 = 𝜎(
1

ℎ
+

1

𝑎
)                                                                 (11) 406 

where a is the width of pore throat and h is the height. Assuming h is constant, fluctuations of 407 

capillary pressure are mainly caused by variation of the width of pore throat 𝑎, which yields 408 

(Primkulov et al., 2019), 409 

𝛿𝑃𝑐~
𝜎

𝑎2 𝛿𝑎                                                                     (12) 410 

Pressure fluctuations in viscous dominated displacements are affected by hydraulic diameter 411 

of the channel and the viscous pressure of invading through a pore throat is described by Darcy-412 

Weisbach equation (Primkulov et al., 2019),  413 

𝑃𝑣 =
32𝜇𝑢𝑙

ℎ2
(1 +

ℎ

𝑎
)2                                                           (13) 414 

where 𝑢 is the flow velocity through the pore throat and 𝑙 is the distance between two pores. 415 

Taking variation of 𝑃𝑣 with 𝑎 obtains, 416 
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𝛿𝑃𝑣~
64𝜇𝑢𝑙

ℎ𝑎2 (1 +
ℎ

𝑎
)𝛿𝑎                                                       (14) 417 

The magnitude of total pressure fluctuations is the sum of 𝛿𝑃𝑣 and 𝛿𝑃𝑐, and the ratio of 𝛿𝑃𝑣 to 418 

𝛿𝑃𝑐 is, 419 

𝛿𝑃𝑣/𝛿𝑃𝑐~
64𝜇𝑢𝑙

ℎ𝜎
(1 +

ℎ

𝑎
)~

64𝑙

ℎ
(1 +

ℎ

𝑎
)𝑁𝑐𝑎                                    (15) 420 

When 𝛿𝑃𝑣 and 𝛿𝑃𝑐 are comparable, that is, 𝛿𝑃𝑣/𝛿𝑃𝑐~1, it yields a critical capillary number 𝑁𝑐𝑎
∗ , 421 

𝑁𝑐𝑎
∗ ~

ℎ

64𝑙(1+ℎ/𝑎)
                                                               (16) 422 

The order of magnitude of pore throat size 𝑎 is around 1 µm for reservoir core samples (Li et 423 

al., 2017) and assume ℎ is comparable to 𝑎. The magnitude of 𝑙 is taken as the same order as 424 

the grain size, which is about 100 µm (Pini et al., 2012). The 𝑁𝑐𝑎
∗  is estimated around -4.1 and 425 

is a bit different from the critical point (Log Nca ~ -5.5) in Fig. 11(b) because the model does 426 

not take the effect of wettability and heterogeneity of the porous structure into consideration. 427 

This model, however, explains the transition in standard deviation of pressure fluctuations 428 

when the displacement is transformed from capillary dominated into viscous dominated. 429 

 430 

 431 

Fig. 11 Wavelet decomposition analysis of the differential pressure: (a) splitting the pressure 432 

profile into two components, general trend and fluctuation by taking CO2-water displacement 433 

at an injection rate of 0.2 mL/min as an example and (b) value of standard deviation of 434 

pressure fluctuation as a function of Log Nca. 435 

 436 
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 437 

Fig. 12 Pore-scale perspective of two-phase displacement. 438 

 439 

3.3 Displacement efficiency  440 

After each experiment, the core sample was taken out from the core holder and was weighed. 441 

The residual saturation (𝑆𝑑,𝑟𝑒𝑠) of defending phase thus can be calculated, 442 

𝑆𝑑,𝑟𝑒𝑠 =
(𝑚2−𝑚1)/𝜌𝑑

𝑉𝑝
                                                             (17) 443 

Where 𝑚2 is the mass of the core sample after displacement, 𝑚1 is the mass of the dry core 444 

sample, 𝜌𝑑  the density of defending phase and 𝑉𝑝  is the pore volume of core sample. The 445 

displacement efficiency (𝜂) equals, 446 

𝜂 = 1 − 𝑆𝑑,𝑟𝑒𝑠                                                                   (18) 447 

The relationship between displacement efficiency and Log Nca is displayed in Fig. 13. It shows 448 

similar trend for water and crude oil displacements. They both exhibit a great increase in 449 

displacement efficiency with growing Log Nca at smaller Log Nca and this growth trend slows 450 

down at larger Log Nca. In general, the displacement efficiency increases with the increase of 451 

Log Nca though a small decline appears at the transition from CO2-water displacement to CO2-452 

crude oil displacement. For CO2-water displacement controlled by capillary force, the 453 

displacement efficiency grows notably when Log Nca is smaller than -6.7 because some water 454 
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still remains in large pores after drainage with small capillary number and increasing viscous 455 

force could overcome the capillary force and push water out. However, it becomes harder to 456 

drive more water out at larger capillary number as unrecovered water mainly resides in smaller 457 

pores. Further increase in viscous force leads to little production of water (Nobakht et al., 2007). 458 

For CO2-crude oil displacement dominated by viscous force, the rate of increase is obvious 459 

when Log Nca is smaller than -5.2 since invaded CO2 is nonwetting and occupies the main 460 

channel to push more crude oil out with an increasing injection rate. Besides, formation of 461 

additional viscous fingers was observed by increasing viscous force in porous media network 462 

(Zhang et al., 2011). It is difficult to displace more crude oil with further increase of viscous 463 

force because the remaining crude oil sticks to the surface of the channel due to its affinity to 464 

the core sample (Zhao et al., 2016). Interesting to note, a small reduction in displacement 465 

efficiency shows in Fig.10 at the crossover from water to crude oil displacement. Similar 466 

behaviour also has been found in pore-scale experiment (Wang et al., 2013) and numerical 467 

simulation (Lenormand et al., 1988). When the displacement changes from viscous fingering 468 

into capillary fingering, the invading phase grows in all directions where the pressure in invade 469 

phase is larger than the capillary displacement pressure and more loops are formed as shown 470 

in case, leading to an increase in displacement efficiency (An et al., 2020; Wang et al., 2013). 471 

This is in accord with the results from pore-scale network by visualization of flow patterns (Fig. 472 

S4 in supporting information). 473 
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 474 

Fig. 13 Displacement efficiency as a function of Log Nca. 475 

 476 

3.4 Macroscopic capillary number 477 

The aforementioned Nca is actually a definition of microscopic capillary number, which is 478 

defined at fluid-fluid interface by balancing the viscous stress to the interfacial stress (Leal, 479 

2007). In this definition, the viscous and capillary forces are considered to be equal when Nca 480 

is around between 10-7 and 10-5 and the exact value of Nca is dependent on the type of tested 481 

core sample (Armstrong et al., 2014; Dullien, 2012). This method, therefore, cannot predict the 482 

interplay between viscous and capillary forces in a universal condition. The main problem of 483 

this definition is that it assumes the viscous and capillary forces act over the same scale and 484 

omits the topology of trapped wetting ganglia (Armstrong et al., 2014). In fact, the mobilization 485 

of ganglia caused by viscous shear can be extended to many pores ranging up to potentially 486 

greater than millimetres and the interfacial stress acts over the length scale of a pore throat 487 

which is typically on the order of a few micrometres (Armstrong et al., 2014). Hilfer et al. 488 

proposed a macroscopic capillary number 𝑁𝑐𝑎
𝑚𝑎𝑐𝑟𝑜, which has been shown to correctly describe 489 

the mobilization of trapped wetting phase at 𝑁𝑐𝑎
𝑚𝑎𝑐𝑟𝑜~1  (Hilfer and Oren, 1996). The 490 

microscopic and macroscopic capillary number are connected through a rigorous dimensional 491 

analysis and defined the macroscopic capillary number as (Hilfer and Oren, 1996), 492 



26 
 

𝑁𝑐𝑎
𝑚𝑎𝑐𝑟𝑜 =

𝑙𝑐𝑙𝜇𝑑𝑣

𝐾𝑃𝑏
=

𝜎𝑙𝑐𝑙

𝐾𝑃𝑏
𝑁𝑐𝑎                                                    (19) 493 

where 𝑙𝑐𝑙  is the cluster length, consisted of connected mobilizable ganglia and 𝑃𝑏  is the  494 

breakthrough pressure from the capillary pressure curve, defined as 𝑃𝑏 = 𝑃𝑐(𝑆𝑤 = 𝑆𝑏) 495 

(Georgiadis et al., 2013; Hilfer and Oren, 1996). The dependence of cluster length on the nature 496 

of the sample, fluid properties and experiment conditions can be expressed as 𝑙𝑐𝑙~𝐾𝑁𝑐𝑎
−0.5/𝑑𝑡ℎ 497 

based on Weitz’s study (Weitz et al., 1987). 𝐾 is the absolute permeability of the core sample 498 

and can be treated as constant and the dimensionless cluster length then can be represented as 499 

𝑙𝑐𝑙/𝑑𝑡ℎ~𝑁𝑐𝑎
−0.5. Fig. 14 shows the data of cluster length from Armstrong et al. (2014) and fitted 500 

by the dimensionless cluster length equation 𝑙𝑐𝑙/𝑑𝑡ℎ~𝑁𝑐𝑎
−0.5. The maximum cluster length in 501 

the experiment is restricted by the length of the core sample. Fig. 15(a) shows the macroscopic 502 

capillary number calculated using the dimensionless cluster length while Fig. 15(b) presents 503 

the macroscopic capillary number calculated by assuming 𝑙𝑐𝑙 equals to the length of the core 504 

sample (L). The values of macroscopic capillary number for CO2-water displacements are the 505 

same and smaller than 1 in these two calculations because they both have the maximum cluster 506 

length, L. The values of macro capillary numbers for CO2-crude oil in these two estimations 507 

are a bit different. Assuming 𝑙𝑐𝑙 equals to the length of the core sample obviously overestimates 508 

the macroscopic capillary number especially at larger Log Nca. The analysis of macroscopic 509 

capillary number further demonstrates that CO2-water core flooding is capillary-force 510 

dominated and CO2-crude oil displacement is controlled by viscous force. It is also generally 511 

in accord with the phase diagram (based on Zhang’s boundaries) except few cases of CO2-512 

crude oil displacements at low injection rates. They are located at the viscous fingering region 513 

but with macroscopic capillary number smaller than 1. The main reason for the difference could 514 

be the phase diagram was obtained using homogeneous micromodel, but the core sample is 515 

heterogeneous, which can be seen from the pore size distribution (Fig. 2). 516 

 517 
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 518 

Fig. 14 Data of cluster length from Armstrong et al. (2014) and fitted by the dimensionless 519 

cluster length equation. 520 

 521 

 522 

Fig. 15 Macroscopic capillary number calculated using the (a) dimensionless cluster length 523 

and (b) length of the core sample L. 524 

 525 

 526 

4. Conclusions 527 

A series of core flooding experiments were conducted to investigate the interplay of capillary 528 

and viscous forces in immiscible displacements. Water and crude oil were employed as 529 

defending fluid and different states of CO2 were injected as invading fluid with various 530 
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injection rates, which obtains a range of capillary numbers and viscosity ratios. The differential 531 

pressure in CO2-crude oil displacement decreases obviously before CO2 breakthrough and it is 532 

well fitted by a power function. The dependency of pressure on the length of mobilizable cluster 533 

of crude oil indicates the displacement is governed by the viscosity of crude oil. The exponent 534 

of the power function (z) is around 0.4 to 0.9 in most viscous dominated CO2 flooding, but it 535 

becomes significantly larger at the crossover between capillary dominated and viscous 536 

dominated regions. The differential pressure in CO2-water displacement begins with an initial 537 

jump, corresponding to the displacement pressure, and then fluctuates around the value of the 538 

jump. The displacement pressure evaluated by a modified Young-Laplace equation agrees well 539 

with the value of jump from the pressure profiles. The displacement is dominated by the 540 

interfacial tension between CO2 and water. Further analysis of the pressure fluctuations, it is 541 

found the value of standard deviation of pressure fluctuations increases with Nca in viscous 542 

dominated flow but is independent of Nca in capillary dominated flow and the transition point 543 

is around Log 𝑁𝑐𝑎~ − 5.5. The displacement efficiency increases with an increasing injection 544 

rate both in capillary and viscous dominated displacements and the growth rate slows down at 545 

higher Nca. The interaction between capillary and viscous effects is verified by macroscopic 546 

capillary number with a critical value of 𝑁𝑐𝑎
𝑚𝑎𝑐𝑟𝑜~1, which agrees well with the Log Nca-Log 547 

M phase diagram. 548 

 549 
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