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Abstract 16 

To further improve carbon dioxide enhanced oil recovery CO2-EOR efficiency in heterogeneous 17 

reservoirs, the use of CO2 microbubbles as a temporary blocking agent is attracting widespread 18 

interest due to their significant stability. This study aims to investigate the plugging performance 19 

of CO2 microbubbles in both homogeneous and heterogeneous porous media through a series of 20 

sandpack experiments. First of all, CO2 microbubble fluids were generated by stirring CO2 gas 21 

diffused into polymer (Xanthan gum (XG)) and surfactant (Sodium dodecyl sulfate (SDS)) 22 

solution with different gas: liquid ratios. Then, CO2 microbubbles fluids were injected into single-23 

core and dual-core sandpack systems. The results show that the rheological behaviors of CO2 24 

microbubble fluids in this study were followed the Power-law model at room temperature. The 25 

apparent viscosity of CO2 microbubble fluid increased as the gas: liquid ratio increased. CO2 26 

microbubbles could block pore throat due to the “Jamin effect” and increase the resistance in 27 

porous media. The blocking ability of CO2 microbubbles reached an optimal value at the gas:liquid 28 

ratio of 20 % in the homogeneous porous media. Moreover, the selective pugging ability of CO2 29 

microbubbles in dual-core sandpack tests was significant. CO2 microbubbles exhibited a good flow 30 
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control profile in the high permeability region and flexibility to flow over the pore constrictions in 31 

the low permeability region, leading to an ultimate fractional flow proportion (50%:50%) in the 32 

dual-core sandpack model with a permeability differential of 1.0:2.0 darcy. The fractional flow 33 

ratio was considerable compared with a polymer injection. At the higher heterogeneity of porous 34 

media (0.5:2.0 darcy), CO2 microbubble fluid could still establish a good swept performance. This 35 

makes CO2 microbubble fluid injection a promising candidate for heterogeneous reservoirs where 36 

conventional CO2 flooding processes have limited ability. This finding would be helpful in 37 

developing the utilization of CO2 microbubbles in EOR operation by better understanding their 38 

plugging mechanism in porous media. 39 

Keywords 40 

CO2 microbubble, heterogeneous porous media, plugging ability, CO2-Enhanced Oil Recovery, 41 

Single-core sandpack model, Dual-core sandpack model42 
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1 Introduction 45 

With the increasing impact of global warming over the last decades, more carbon dioxide (CO2) 46 

needs to be diminished to a sustainable level as a long-term consequence. Hence, carbon mitigation 47 

techniques have gained global attention as a potential method to reduce CO2 emissions. At present, 48 

most research focuses on the topics of carbon capture and storage (CCS) and carbon capture,  49 

utilization and storage (CCUS). CCS comprises capturing CO2 generated by burning fossil fuels 50 

for energy and sequestering it underground permanently (Dejam and Hassanzadeh, 2018a, 2018b; 51 

Vo Thanh et al., 2020a, 2019; Vo Thanh and Lee, 2021).  52 

While in the CCUS, captured CO2 is effectively utilized in industrial processes (Han et al., 2019). 53 

One of the primary techniques of CCUS is the utilization of CO2 for enhancing oil recovery (CO2-54 

EOR)(Mohagheghian et al., 2019; Vo Thanh et al., 2020b). Additional oil could be extracted by 55 

utilizing large amounts of CO2. Moreover, depleted oil and gas reservoirs can be potential 56 

formations for CO2 storage (Bachu, 2016). From an industrial ecology perspective (Meylan et al., 57 

2015), CO2-EOR is reasonable and sustainable to control global CO2 emissions. 58 

In general, the implementation of CO2 in EOR consists of miscible flooding and immiscible 59 

flooding. However, their performance is not always achievable due to several drawbacks, such as 60 

density effect, gas channeling, and poor sweep efficiency in heterogeneous porous media (Zhang 61 

et al., 2019). All those challenges lead to limit the effectiveness of CO2-EOR and raise the 62 

additional cost. Therefore, how to enhance the efficiency of CO2-EOR in heterogeneous formation 63 

by effectively blocking high permeable zone is an essential task.  64 

For this, CO2 foam is often considered to improve mobility control during CO2-EOR operation by 65 

increasing gas viscosity and redirecting fluid to low permeable areas (Du et al., 2020, 2018; Yang 66 

et al., 2019). However, the foam becomes unstable under harsh environments. Therefore, the 67 

stability of foam is a challenge for this application in EOR (Razavi et al., 2020). Recently, 68 

microbubbles have received special attention in several fields of industry (Molaei and Waters, 69 

2015). With a unique structure, microbubbles can remain stable under a harsh environment longer 70 

than conventional foam.  71 

The microbubbles (10-100 m) were first reported as colloidal gas aphrons (CGAs) by (Sebba, 72 

1987). Wang et al. , (2001) applied CGAs to separate the heavy metal elements from the aqueous 73 

solution in mineral processing. They found that CGAs could have an outstanding performance in 74 
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the flotation of CuO at specific operating conditions. Waters et al., (2008) evaluated the efficiency 75 

of the  CGAs flotation system in separating CuO from SiO2. The results revealed that CGAs 76 

utilization increased CuO recovery significantly compared with previous methods.  77 

Hashim and Sen Gupta, (1998) recommend using CGAs in recovering cellulosic pulp from 78 

contaminated effluent. Bjorndalen et al. (2009) pointed out that CGAs fluid can successfully block 79 

the micromodel. The oil-based CGAs drilling fluid was examined by Shivhare and Kuru (2014). 80 

They reported that the aphrons exhibit a good plugging performance in porous media and restrict 81 

formation damage due to fluid invasion. Bjorndalen et al. (2014) conducted flow tests using CGAs 82 

fluid prepared by polymer and surfactant.  83 

It was inferred that CGAs fluid could effectively block the water-wet porous media. Pasdar et al. 84 

(2019) studied the fluid invasion control ability of CGAs based fluid using a micromodel system. 85 

They found that fluid invasion through fracture can be decreased significantly by injecting CGAs 86 

fluid. The CGA flow properties in porous media were also investigated using a modeling approach. 87 

Alizadeh and Khamehchi (2015) developed a mathematical model to predict the stability of 88 

microbubbles in drilling fluid in operational conditions of a gas well.   89 

Alizadeh and Khamehchi (2017) also presented a mathematical model to analyze the transportation 90 

of microbubbles in porous media. They thought that the invasion of microbubble fluid in porous 91 

media is influenced by the ratio of bubble diameter to grain size. Several studies found remarkable 92 

stability of the microbubbles compared with conventional foams (Bjorndalen and Kuru, 2008; Fred 93 

Growcock, 2004; Pasdar et al., 2018a, 2018b). To date, some researchers have experimentally 94 

studied the flow of CGAs in porous media.  95 

CO2 microbubbles have been described as a spherical CO2 gaseous core with a multilayer 96 

surfactant and viscous liquid covering. The inner layer is between the gas core and liquid layer, 97 

and the outer double-layer of surfactant play is likely a barrier against the bulk liquid. The shell of 98 

microbubbles has the advantage of diminishing the gas transfer from the inside core to the bulk 99 

phase. Thus, its structure could provide lower gas diffusivity and higher stability than conventional 100 

foam, which merely consists of a gas sphere and a surfactant layer (Telmadarreie et al., 2016). 101 

Through a flooding study in the heterogeneous model, Telmadarreie et al. (2016) examined the 102 

use of CO2 microbubbles to improve heavy oil recovery. The authors observed that CO2 103 

microbubbles could divert fluid flow to the low permeable zone by blocking the fracture, thereby 104 
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increasing sweep volume. Natawijaya et al., (2020) studied the efficiency of CO2 microbubbles 105 

for EOR in a parallel sandpack model. Their results showed that an incremental oil recovery could 106 

be achieved due to a high sweep volume in the low permeability sandpack. Fig. 1 illustrates the 107 

general sketch of CO2 gas injection challenges in heterogeneous reservoirs as mentioned above. 108 

Meanwhile, CO2 microbubbles can be considered to have more potential than conventional 109 

methods due to being flexible and eco-friendly for CO2-EOR and storage projects. 110 

 111 

Fig. 1 The general sketch of the problem in this study. 112 

Several experimental studies have demonstrated that microbubbles can be employed as a 113 

temporary blocking agent. However, few scholars have systematically investigated factors that 114 

affect the plugging ability of CO2 microbubbles in homogeneous and heterogeneous porous media. 115 

Therefore, the objective of this paper is to obtain a better knowledge of flow restriction caused by 116 

CO2 microbubbles in porous media. Bubble size distribution, stability, and rheological behavior 117 

of CO2 microbubble fluids were thoroughly investigated. Besides, we conducted the sandpack 118 

flooding experiment to examine the plugging characteristic of CO2 microbubbles. The pressure 119 

drop along the single sandpack model was recorded to evaluate the blockage efficiency for 120 

different gas: liquid ratio of CO2 microbubble fluids, sand pack permeabilities and injection flow 121 

rates. Furthermore, the fractional volumes produced from dual-core sandpack models (simulated 122 

heterogeneous formations) were collected to analyze the swept improvement of CO2 123 

microbubbles. Thus, the finding of this work would propose some novel findings insight into the 124 

CO2 microbubbles mechanism to recommend these fluids as the promising option for CO2-EOR 125 

in the decade of energy transitions toward a carbon-neutral society worldwide. 126 

This article is structured as follows: First, the materials and methods are described in Section 2. 127 
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Next, Section 3 presents the results obtained in this study. Eventually, some significant findings 128 

of this work are summarized in Section 4.  129 

2 Materials and Methods 130 

2.1 Materials 131 

The chemicals used in this study include biopolymer Xanthan Gum (XG) and anionic surfactant 132 

sodium đoecyl sulfate (SDS, purity ≥ 98%), which were purchased from Junsei Chemical, Japan. 133 

CO2 was supplied by a domestic company with a purity of 99.9%. Deionized water was used to 134 

make the base solutions with specific chemicals concentrations. These components are 135 

successfully applied in previous studies and provide good generating microbubbles 136 

performance(Arabloo and Pordel Shahri, 2014; Tabzar et al., 2015).   137 

Silica sands with various meshes of 40-60 (250-400 m), 60-70 (212-250 m), and 100-170 (90-138 

150 m) were used for preparing the different permeability sandpacks. 139 

2.2 Experimental Setup 140 

Fig. 2 shows the sketch of sandpack flooding apparatus. The description of experimental 141 

procedures is highlighted below. 142 

 143 

Fig. 2. Diagram of the experimental setup for CO2 microbubble fluid flow in sandpacks. 144 
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The setup can conduct both single-core sandpack and parallel dual-core sandpack flow tests 145 

according to the plan of the experiment. An injection pump (PCS Pump SP-21) is used to inject 146 

fluid into the sandpacks at a specific flow rate. Two containers are used for holding DI water, and 147 

pre-generated CO2 microbubbles fluid. The pressure change over the sandpack is measured using 148 

a pressure transducer (GC31-364, Nagano Keiki Co. Ltd., Japan) connected to the computer. The 149 

sandpacks have a diameter of 25 mm, and a length of 65 mm. The effluents are collected by the 150 

graduated glass tubes. 151 

2.3 Experimental Methods 152 

2.3.1 CO2 microbubble fluids preparation 153 

The base fluid was prepared by dissolving an amount of XG polymer (5000 mg/L), SDS surfactant 154 

(3000 mg/L) in 100 mL DI water using a magnetic stirrer (1000 rpm for 120 min). The base 155 

solution was transferred into a 200 ml container, and CO2 was passed into the base fluid through 156 

a diffuser at a 20 ml/min gas flow rate using a flow regulator. The dispersion was homogenized at 157 

8000 rpm for 4 min and gas: liquid ratio () of CO2 microbubble fluid ranging from 10% to 40% 158 

by adjusting the gas injection time. More details were presented by (Nguyen et al., 2021). For this 159 

action, the gaseous CO2 entrained into the base fluid subsequently breaks into microscopic bubbles 160 

that are stabilized by polymer and surfactant molecules.  161 

2.3.2 Characterization of CO2 microbubble fluids 162 

The CO2 microbubbles were characterized by assessment of their bubble sizes, stabilities, and 163 

rheological properties.  164 

The microscopic images of the CO2 microbubbles were obtained using a microscope connected to 165 

a computer. The digital photographs were processed using an image processing software (ImageJ) 166 

to analyze the bubble size distribution. Around 300 microbubbles were examined in each sample 167 

to estimate the average diameter (Davg), given by Eq.1 : 168 

𝐷𝑎𝑣𝑔 =
∑ 𝐷𝑖

𝑁
𝑖=1

𝑁
            (1) 169 

where Di (m) is the diameter of the observed microbubbles and N is the total number of 170 

microbubbles in each sample.  171 

The stability of CO2 microbubbles was determined by visual monitoring. The fresh CO2 172 



9 

microbubbles were transferred immediately to 10mL measuring cylinders for monitoring. Due to 173 

all sandpack flooding experiments being carried out within 2 hours, CO2 microbubbles fluids must 174 

maintain their stabilities for more than 3 hours without phase separation.  175 

The rheological properties of CO2 microbubble fluids were studied using a viscometer (Brookfield  176 

DV-I Prime) at room temperature. Fluid samples were placed in the gap between a sample chamber 177 

and a rotating cylindrical spindle. The change of viscosity and shear stress versus various rotational 178 

speeds (from 0.5 to 100 rpm) were recorded. Four rheological models, such as Bingham plastic, 179 

Herschel-Bulkley, Power-law, and Casson, were presented to estimate the relationship between 180 

shear rate and shear stress to investigate the rheological characteristics of CO2 microbubble fluids 181 

(Tabzar et al., 2015).  182 

Bingham plastic model is presented by Eq.2: 183 

𝜏 = 𝜏0 + 𝜂𝛾, 𝜏0 ≥ 0, 𝜂 > 0         (2) 184 

where  the shear stress, Pa;  the shear rate, s-1-  the yield stress, Pa;  plastic viscosity, Pa.s. 185 

Herschel-Bulkley model is presented by Eq.3: 186 

𝜏 = 𝜏0 + 𝐾𝛾𝑛, 𝜏0 ≥ 0, 𝐾 > 0,0 < 𝑛 < 1       (3) 187 

where  the shear stress, Pa;  the shear rate, s-1;  the yield stress, Pa;   the fluid consistency, 188 

n: the flow behavior index. 189 

Power-law model is presented by Eq.4: 190 

𝜏 = 𝐾𝛾𝑛, 𝐾 > 0, 0 < 𝑛 < 1         (4) 191 

where  the shear stress, Pa;  the shear rate, s-1;   the fluid consistency, n: the flow behavior 192 

index. 193 

Casson model is presented by Eq.5: 194 

𝜏0.5 = 𝜏0 + 𝐾𝛾0.5, 𝜏0 ≥ 0, 𝐾 > 0        (5) 195 

where  the shear stress, Pa;  the shear rate, s-1;  the yield stress, Pa;   the fluid consistency. 196 

In addition, to represent the quality of fit, the coefficient of determination (R2) and root mean 197 

square error (RMSE) were used. 198 

Coefficient of determination is expressed by Eq.6: 199 
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𝑅2 = 1 −
∑(𝑦𝑖−𝑦̂𝑖)2

∑(𝑦𝑖−𝑦̅)2
          (6) 200 

where 𝑦𝑖: the experimental value, 𝑦̂𝑖: the predicted value, 𝑦̅: the average experimental value 201 

Root Mean Square Error is expressed by Eq.7: 202 

𝑅𝑀𝑆𝐸 = √∑
(𝑦̂𝑖−𝑦𝑖)2

𝑁
𝑁
𝑖=1          (7) 203 

where 𝑦𝑖: the experimental value, 𝑦̂𝑖: the predicted value, 𝑁: the number of data points 204 

2.3.3 Preparation of sandpacks 205 

The silica sands were cleaned and dried to remove impurities before use. Coarse sands (250-400 206 

m) were used to make high permeability sandpacks (2.0 darcy), whereas sands with 212-250 m 207 

and 90-150 m were used for medium permeability (1.0 darcy) and low permeability (0.5 darcy), 208 

respectively. Acrylic tubes were used as sandpack holders in this study. Each sandpack was 209 

shielded by rubber caps with contributor flowlines. Every single sandpack model was tightly 210 

packed with fresh sands mixing DI water. Then it was thoroughly saturated with DI water by 211 

continuous injecting at 1 mL/min to measure permeability and porosity. The porosity was then 212 

calculated by the mass balance. The permeability was obtained based on Darcy’s law 213 

measurement. 214 

2.3.4 CO2 microbubble fluid flow tests 215 

The following fluid flow experiments were performed to investigate the plugging ability of CO2 216 

microbubbles in porous media (see Fig. 3). A saturated single-tube sandpack was installed instead 217 

of the dual-core sandpack presented in Fig. 2. 218 

Firstly, the DI water was injected into the sandpack at an adjusted flow rate to attain a steady 219 

injecting pressure. Then, 5 pore volume (PV) of CO2 microbubbles was injected with the same 220 

flow rate. The pressure drop during the CO2 microbubbles injection phase was recorded. By 221 

utilizing CO2 microbubble fluid with various gas-liquid ratios, sandpack permeabilities, and 222 

injection flow rates, several single-core sandpack flow tests could be performed.  223 

Dual-core sandpack test: Four heterogeneous dual-core sandpack models were conducted. First, 224 

two saturated sandpacks with different permeabilities were arranged parallel and connected to the 225 

flooding setup (see Fig. 2). Next, DI water was injected into the sandpack models (1mL/min) until 226 
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pressure drop along the sandpacks became stable. Then CO2 microbubble fluid was injected at the 227 

same flow rate for 4 PV.  228 

The effluents were collected by replacing the graduated measuring tube at regular intervals. The 229 

flows of effluents from the high and low permeability sandpack were collected to measure during 230 

injection processes. The pressure drop at these phases was also recorded. 231 

 232 

Fig. 3. Flowchart of the experimental procedure. 233 

3 Results and Discussion 234 

3.1 Bubble Size Distribution 235 

Fig. 4 presents the micrographs of CO2 microbubbles with different gas:liquid ratios.  236 
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 237 

Fig. 4. Micrographs of CO2 microbubbles with different gas:liquid ratios. 238 

As illustrated, the CO2 microbubble fluids with various gas-liquid ratios have a similar diameter 239 

distribution. The bubble size distribution and cumulative bubble size distribution of the four CO2 240 

microbubble fluids are illustrated in Fig. 5. 241 

Bubble size ranges for the prepared fluids with gas-liquid ratios of 10 %, 20 %, 30 %, and 40 % 242 

are 11.1 m – 87.6 m, 12.82 m - 106.8 m, 9.3 m - 93.1 m, 8.7 m - 99.9 m, the median 243 

diameters (D50) are 41.2 m, 42.2 m, 41.3 m, and 41.2 m, and the average diameters (Davg) are 244 

41.5 m, 42.3 m, 41.8 m, and 42.8 m, respectively. These results reveal that the prepared CO2 245 

microbubble fluids with different gas: liquid ratios had a comparatively similar bubble size 246 

distribution. 247 

 248 
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 249 

Fig. 5. Bubble size distribution of CO2 microbubbles with different gas: liquid ratios. 250 

3.2 CO2 microbubbles stability 251 

Fig. 6 depicts the images of the prepared CO2 microbubble samples taken after homogenization as 252 

well as standing for three hours.  253 
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 254 

Fig. 6. Stability of CO2 microbubble fluids at different gas: liquid ratios. 255 

As one can see, CO2 microbubble samples prepared with different gas:liquid ratios are all stable 256 

without phase separation after setting for three hours. 257 

3.3 Rheological Properties of CO2 Microbubbles Fluids 258 

Table 1 presents the fitting results of four models for the experimental data.  259 

Table 1. Rheological model’s parameters of CO2 microbubble fluids 260 

Rheological Model Parameter   = 10%   = 20%   = 30%   = 40% 

Bingham-Plastic 0 3.055359 3.310558 3.318006 3.392324 

  0.1332 0.146327 0.147507 0.148665 

Herschel-Bulkley 0 -3.36999 -5.22701 -5.20284 -3.63214 

 K 6.665809 8.810786 8.797225 7.295275 

 n 0.109685 0.093332 0.093902 0.110998 

Power-law K 3.247139 3.518088 3.528496 3.609718 

 n 0.201292 0.20424 0.20463 0.201009 

Casson 0 1.590445 1.653144 1.654649 1.67602 

 K 0.188232 0.198566 0.199527 0.198729 

Fig. 7 presents the corresponding statistical svalues (R2 and RMSE) of these rheology models.  261 
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 262 

Fig. 7. Values of (a) R2 and (b) RMSE of fitting models with CO2 microbubble fluids at different gas: 263 

liquid ratios. 264 

Among four rheology models, the Herschel-Bulkley model shows the highest R2 values and the 265 

lowest RMSE values (Fig. 7); however, the yield point values (0) are negative, as seen in Table 1. 266 

Therefore, they are unreasonable results when fitting the nonlinear regression of the shear rate and 267 

shear stress. Also, the Bingham-plastic model ranks as the worse performance (lowest R2 values 268 

and highest RMSE values) compared with the other three models. Although the Power-law model 269 

did not achieve the high-value R2 as the Herschel-Bulkley model, it produces more stable statistical 270 

values. In addition, previous studies also reported the same problem (Hassani and Ghazanfari, 271 

2017; Zhu et al., 2020). As a result, the Power-law is the robust model for describing the rheology 272 

of CO2 microbubble fluids since its good prediction (high quantity of R2, low values of RMSE) and 273 

practical model parameters. 274 

Fig. 8 presents the experimental shear stress data with fitting curves using the Power-law model 275 

versus the shear rate of CO2 microbubble fluids at different gas: liquid ratios.  276 
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 277 

Fig. 8. Fitting cures of Power-law model for CO2 microbubble fluids at different gas: liquid ratios. 278 

The rheological parameters of the Power-law model are illustrated in Table 1. The consistency 279 

value, K, tends to increase with increasing . The flow index, n, is smaller than 1, which 280 

demonstrates that the CO2 microbubble fluids in this study behave as a shear-thining fluid. The 281 

results also indicate that n remains the same regardless of the gas: liquid ratio (about 0.2). Fig. 9 282 

illustrates the variation of viscosities with rotational speeds of CO2 microbubble fluids using the 283 

viscometer.  284 

 285 

Fig. 9. The plot of viscosity vs. shear rate for CO2 microbubble fluids at different gas: liquid ratios. 286 
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As the rotational speed increases, the viscosities of CO2 microbubble fluids decrease rapidly. The 287 

fluid with a higher ratio of gas: liquid had a higher viscosity. The apparent viscosity (@100 rpm) 288 

of CO2 microbubble fluids with gas: liquid ratios of 10, 20, 30, and 40 % are 222.6, 241.7, 243.5, 289 

and 250.1 cP, respectively. 290 

3.4 CO2 Microbubble Fluid Flow in Homogeneous Porous Media 291 

Fig. 10 (a) and (b) show pictures of injected and produced CO2 microbubble samples in one typical 292 

sanpack flow test. 293 

 294 

Fig. 10. (a) Injection CO2 microbubble fluid; (b) Produced fluid from sandpack; (c) Microscopic image of 295 

CO2 microbubbles in porous media. 296 

As one can see, the number of CO2 microbubbles in the effluent sample reduces considerably 297 

compared with the influent sample. Fig. 10 (c) also illustrates the microscopic image of CO2 298 

microbubbles distributed in porous media. It clearly demonstrates the pore throat blocking 299 

performance of CO2 microbubbles to restrict the liquid flow in sandpack. Fig. 11 presents a 300 

drawing of one CO2 microbubble entering a pore constriction.  301 
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 302 

Fig. 11. Schematic representation of blockage mechanism as CO2 microbubble enters the pore throat. 303 

It will be under the action of capillary resistance force because of the “Jamin effect” (Wright, 304 

1933), which is defined as the Eq. (8). 305 

∆𝑃𝑐 = 𝑃2 − 𝑃1 = 2𝜎 (
1

𝑅1
−

1

𝑅2
)    (8) 306 

where Pc is the differential capillary pressure caused by the Jamin effect, P1 and P2 are pressure 307 

at the front and back of the microbubble. R1 and R2 are the front and back curvature radius when 308 

microbubble is deformed, respectively.  is the interfacial tension 309 

3.4.1 Effect of gas: liquid ratio 310 

Fig. 12 presents the pressure drop by injecting CO2 microbubble fluids with different  of 10%, 311 

20%, 30%, and 40% into 1.0 darcy permeability sandpacks (injection rate of 1 mL/min).  312 

 313 

Fig. 12. Pressure drop changes during CO2 microbubble fluid injecting as a function of gas: liquid ratios. 314 
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Generally, the pressure drop across the sandpacks significantly increased when CO2 microbubble 315 

fluids with  of 10%-40% were injected. This is because when CO2 microbubbles go through the 316 

small pore throats, they need extra energy to overwhelm the differential pressure caused by the 317 

“Jamin effect” (Yang et al., 2020). As one can see,  Fig. 12 illustrates that CO2 microbubble fluids 318 

reveal two types of flow regimes.  319 

During the first stage, CO2 microbubbles needed to travel through the whole system and 320 

temporarily block the large channel, which caused a sharp growth in the displacement pressure 321 

drop. After that, CO2 microbubbles were flushed out of sandpack, so the injection pressure 322 

increased gradually and approached a stable state. By increasing , the concentration of 323 

microbubbles in the fluid was increased, resulting in a gradual increase in injection pressure.  324 

When more microbubbles accumulate at the inlet of the sandpack, they cause fewer microbubbles 325 

to infiltrate into the system. Therefore, the fluids have higher microbubbles penetrate sandpack, 326 

resulting in more significant fluid flow restrictions because of the cumulative “Jamin effect”. For 327 

the case of 10%, the pressure drop rose steeply in the initial stage and then reached a plateau of 38 328 

KPa after injecting about 1.3 PV.  329 

This indicated that the fluid with a low concentration of microbubbles could breakthrough faster 330 

than the other case and reduce the pore throat plugging efficiency. Preparing CO2 microbubble 331 

fluid with a suitable  value based on a correlation of bubble size, , and permeability could have 332 

an insightful meaning to the CO2 microbubble application in EOR operation. By considering the 333 

injecting and plugging performance, the optimum gas: liquid ratio value is 20%. 334 

3.4.2 Effect of sandpack permeability 335 

Fig. 13 illustrates the impact of permeability on the CO2 microbubble fluids injection.  was kept 336 

at 20%, and the injection flow rate was set to 1 mL/min.  337 
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 338 

Fig. 13. Pressure drop changes during CO2 microbubble fluid injecting into sandpack with different 339 

permeabilities. 340 

As can be noticed, displacing pressure drops increase considerably as sanpack permeability 341 

decreases. The steady pressure drop increases from roughly 35 Kpa to 40 Kpa by reducing the 342 

permeability of the sandpack from 2.0 to 1.0 darcy. When the permeability of sandpack decreased 343 

to 0.5 darcy, the pressure drop increased quickly and reached a steady stage of 70 Kpa, almost 344 

twice larger than sandpack of 0.5 darcy.  345 

These results indicate that CO2 microbubbles are more easily transported in high permeability 346 

sandpacks. This result can be attributed to the fact that the pore throats in low permeability 347 

sandpacks have smaller diameters, causing higher capillary pressure. As a result, the CO2 348 

microbubbles could penetrate deeper into the high permeability sandpack. Therefore, in the case 349 

of heterogeneous porous media, CO2 microbubbles could block large channels in high permeable 350 

zones and effectively divert the following flow into low permeable zones. This evidence is very 351 

suitable for fluvial channel reservoirs, whereas the depositional environment made the reservoir 352 

more complicated in terms of EOR application. Therefore, the plugging effect of CO2 353 

microbubbles could play an essential role in CO2-EOR project in fluvial reservoirs. 354 

3.4.3 Effect of the injection flow rate 355 

Fig. 14 shows the pressure drop results for CO2 microbubble fluid with  = 20% in 1.0 darcy 356 
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sandpack at different injection rates (0.5, 1, and 2 mL/min).  357 

 358 

Fig. 14. Pressure drop changes during CO2 microbubble fluid injecting with different flow rates. 359 

As can be observed in Fig. 14, the pressure drop is more significant with higher injection flow 360 

rates. Besides, the stable pressure drop was reached at a higher volume of injected CO2 361 

microbubble fluid. The major cause of this phenomenon was that the trapped CO2 microbubbles 362 

in porous media could be pushed and deformed when flowing through sandpack. Based on this 363 

mechanism, the CO2 microbubbles can be transported through the pore throat to entrain into the 364 

following pores when the displacing pressure exceeds the resistance force resulting from the 365 

“Jamin effect”.  366 

Therefore, the increased injection pressure gradient due to the high injection rate would result in 367 

more and more CO2 microbubbles overcoming their capillary resistance forces. This led to require 368 

more CO2 microbubbles to be trapped in porous media. To consider CO2 microbubbles for real 369 

field study, the injection rate is one of the critical operational control of the EOR project. The CO2 370 

microbubbles could replace the conventional CO2 in the CCUS projects. Due to the favorable 371 

higher injection rate for the CCUS project, the higher injection rate injected inside the reservoirs 372 

that drove the higher amount of CO2 could be stored in the hydrocarbon reservoirs. In addition, 373 

the CO2 microbubbles-EOR has a dual function in the cleaner environment and improving the oil 374 

production in the EOR projects. 375 
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3.5 CO2 Microbubble Fluid Flow in Heterogeneous Porous Media 376 

As discussed previously, the appearance of CO2 microbubbles could raise the flow resistance, 377 

hence improving sweep efficiency and changing the flow direction in porous media. Therefore, to 378 

further investigate the effectiveness of sweep efficiency enhancement, four heterogeneous dual-379 

core sandpacks flow tests were conducted.   380 

3.5.1 Plugging ability of CO2 microbubbles in heterogeneous porous media 381 

Fig. 15 (a) and (b) show the variations of fractional flows for injection of XG polymer with a 382 

concentration of 5000 mg/L and CO2 microbubbles fluid ( =20%) into dual-core sandpacks with 383 

the permeability differentials of 1.0: 2.0 darcy.  384 

 385 

Fig. 15. Fractional flows of (a) CO2 microbubble fluid with  = 20% and  (b) XG polymer solution (5000 386 

mg/L) in dual-core sandpack (permeability ratio of 1.0:2.0 darcy). 387 

The fluid was injected at 1 mL/min in this experiment. After 1 PV of water injection, the fractional 388 

flow ratios (low permeability: high permeability) are nearly 0:100 for two flow tests because of 389 

heterogeneity. After XG polymer injecting, the fractional flow ratio of the high and low 390 

permeability changes rapidly and approaches 50:50 after 1 PV of XG injection. As the XG polymer 391 

injection continues, the fractional flow of the low permeability decreases dramatically, and thereby 392 

the fractional flow ratio is about 35:65.  393 
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The difference is that when CO2 microbubble was injected, the fractional flow ratio (low 394 

permeability: high permeability) altered from 0:100 to 55:45. The fractional flow of low 395 

permeability sandpack maintains at about 50% through the rest of the experiment 396 

Fig. 16 compares the pressure drops of XG polymer and CO2 microbubble fluid injection into 397 

dual-core sandpack of 1.0: 2.0 darcy.  398 

 399 

Fig. 16. Pressure drops of CO2 microbubble fluid with  = 20% and XG polymer solution (5000 mg/L) in 400 

dual-core sandpack (permeability ratio of 1.0:2.0 darcy). 401 

As shown in Fig. 16, CO2 microbubble injection leads to a higher displacing pressure drop than 402 

XG polymer injection. XG polymer reaches the flatten pressure drop at 2.5 PV while the CO2 403 

microbubble can maintain the pressure drop until the end of the injection process. This result 404 

demonstrates that the CO2 microbubbles have a good plugging ability in heterogeneous porous 405 

media. Furthermore, it leads to an outstanding sweep improvement in low permeability sandpack. 406 

In this context, the unique structure of CO2 microbubbles can block the pore constriction of the 407 

high permeable zone because of the “Jamin effect” and lead to flow diversion. On the other hand, 408 

the polymer increases the viscosity of the injecting solution cause improving flow resistance in 409 

porous media. As depicted in Fig. 17, the injected water preferentially passes into the sandpack 410 

with high permeability during the water flooding stage due to the formation heterogeneity.  411 
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 412 

Fig. 17. Schematic illustration of the flow of CO2 microbubble fluid in heterogeneous porous media. 413 

Once CO2 microbubble fluid is injected, they primarily enter the high permeability (K1)  sandpack 414 

and plug the pores. Therefore, the injected fluid could be diverted into the sandpack with low 415 

permeability (K2), increasing sweep efficiency. 416 

3.5.2 Sweep improvement of CO2 microbubbles in dual-core sandpacks with different 417 

heterogeneities 418 

Fig. 18 presents the changes in fractional flows for injection of CO2 microbubble fluids with  of 419 

20% into dual-core sandpacks with different permeability ratios of 0.5:1.0 darcy and 0.5:2.0 darcy. 420 

 421 

Fig. 18. Fractional flows of CO2 microbubble fluid with  = 20% in dual-core sandpacks with different 422 

permeability ratios: (a) 0.5:1.0 darcy; (b) 0.5:2.0 darcy. 423 
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The injection rate was set at 1 mL/min in this experiment. In the previous test, CO2 microbubble 424 

fluid ( =20%) exhibited good sweep during continuous injection into the dual-core sandpack of 425 

0.5:1.0 darcy. As displayed in Fig. 18 (a), by decreasing the permeability ratio of dual-core 426 

sandpacks to 0.5:1.0 darcy, the fractional flow is higher than 40% in the low permeability sandpack 427 

with the early CO2 microbubble fluid injection.  428 

As the injection is continued, the fractional flows in both sandpacks slightly fluctuate. Then, the 429 

fractional flow ratio (low permeability: high permeability) is maintained at about 30:70 throughout 430 

the rest. With a higher permeability differential of 0.5:2.0 darcy, the performance of CO2 431 

microbubbles in the dual-core sandpack was decreased. As CO2 microbubble fluid injection starts, 432 

fractional flow ratio increases gradually (from 0:100 to 30:70) in low permeability sandpack, and 433 

then decreases to the low value, about 20:80.  434 

As displayed in Fig. 18 (b), by decreasing the permeability ratio of dual-core sandpacks to 0.5:1.0 435 

darcy, the fractional flow is higher than 40% in the low permeability sandpack and lower than 60% 436 

in the high permeability sandpack with the early CO2 microbubble fluid injection. As the injection 437 

is continued, the fractional flows in both sandpacks slightly fluctuate. However, the fractional flow 438 

ratio is maintained at about 30:70 throughout the rest.  439 

The pressure drop results of this experiment are shown in Fig. 19.  440 

 441 

Fig. 19. Pressure drops of CO2 microbubble fluid with  = 20% in dual-core sandpacks with different 442 

permeability ratios: 0.5:1.0 darcy and 0.5:2.0 darcy. 443 
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The pressure drop in the case of 0.5:1.0 darcy is higher than that in the case of 0.5:2.0 darcy, 444 

indicating that the plugging ability of CO2 microbubbles is more significant in a lower permeability 445 

ratio dual-core sandpack. However, the swept volume in low permeability sandpack showed 446 

significant improvement by injecting CO2 microbubble fluid 447 

4 Summary and Conclusions 448 

In this paper, we discussed the advantages of CO2 microbubbles for improving the efficiency of 449 

CO2-EOR in heterogeneous formation. Several sandpack flooding experiments were 450 

systematically designed to investigate plugging characteristics of CO2 microbubbles in porous 451 

media. Although unconsolidated formations were employed in this work, the dual-core sandpack 452 

model with different permeability gives an insight into the movement behavior of CO2 453 

microbubbles in heterogeneous porous media. The obtained results can be helpful in the upscaling 454 

process from the lab scale to the field scale. Based on the experimental results, the following 455 

conclusions could be drawn: 456 

- The CO2 microbubble fluids behave as shear-thinning fluid regardless of  value. The 457 

rheological behavior of CO2 microbubble fluid is described with the Power-law model 458 

due to its sufficient accuracy. Furthermore, the apparent viscosity of CO2 microbubble 459 

fluids increases as the gas:liquid ratio increases.  460 

- The gas:liquid ratio significantly affects the plugging ability of CO2 microbubbles in 461 

porous media. The pressure drops first increased and then decreased with  (range from 462 

10 to 40%), peaking at  = 20%. Because of “Jamin effect”, CO2 microbubbles can 463 

temporarily block pore constriction and resist flow in porous media. Therefore, the 464 

permeability of sandpack significantly influences the plugging performance of CO2 465 

microbubbles. Besides, the CO2 microbubble fluid injection with a higher flow rate had 466 

a higher pressure drop over the sandpack.  467 

- The dual-core sandpack flow tests indicate that CO2 microbubbles have good properties 468 

for diverting flow and improving swept volume in the low permeable region of the 469 

heterogeneous formation. They can make a temporary plugging zone in the high 470 

permeability sandpack, and change the following fluid flow to the sandpack with low 471 

permeability. Although the sweep efficiency decreases by increasing the permeability 472 
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differential of the porous media, CO2 microbubbles fluid is a good candidate for 473 

enhancing hydrocarbon recovery. 474 

This work also has limitations on the effect of formation conditions on the sweep efficiency of 475 

CO2 microbubbles. Therefore, the porous media saturated with oil under reservoir temperatures 476 

should be considered in further investigations. The rheological modeling of CO2 microbubbles in 477 

porous media needs to be undertaken. Furthermore, to investigate the application of CO2 478 

microbubbles in field scale, numerical simulation is needed to match the laboratory core flooding 479 

data.  480 
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 485 

Nomenclature 486 

Abbreviations 

CCS Carbon capture and storage 

CCUS Carbon capture, utilization and storage 

CGAs Colloidal gas aphrons 

CO2 Carbon dioxide 

EOR Enhanced oil recovery 

RPM Round per minute 

SDS Sodium dodecyl sulfate 

XG Xanthan gum 

Greek letters 

 Gas:liquid ratio, % 

 Shear rate, s-1 

 Plastic viscosity, cP 

 Interfacial tension between gas and liquid, mN/m 

 Shear stress, Pa 
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 Yield stress, Pa 

 

Subscripts 

c Capillary 

avg Average value 

H High permeability sandpack 

L Low permeability sandpack 

i Observed microbubble 

1 Front of the microbubble 

2 Back of the microbubble 

50 Median value 

 

Variables and parameters 

∆𝑃𝐶 Differential capillary pressure 

D50 Median diameter, m 

Davg Average diameter, m 

Di Diameter of observed microbubble, m 

KH High permeability, darcy 

KL Low permeability, darcy 

n Flow behavior index 

N Number of data points 

P1 Pressure at the front of the microbubble 

P2 Pressure at the back of the microbubble 

PV Pore volume, mL 

R1 Front curvature radius of the microbubble 

R2 Back curvature radius of the microbubble 

R2 Coefficient of determination 

RMSE  Root mean square error 

 Fluid consistency 

 487 
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