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because of its higher 

solubility in oil  

Question: Is the CO2 
transfer quick or slow? Can we 
reach equilibrium state during 

this process? 

Answer: If Equilibrium Number, Ne= L MTC A /qinj, is 
greater than 0.2 the system can reach the equilibrium 
state during CWI process that is true at large scale. 
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ABSTRACT 10 

CO2 can be dissolved into water to make carbonated water (CW). CW can be injected into oil 11 

reservoirs for enhanced oil recovery (EOR) and CO2 sequestration purposes. Carbonated 12 

water injection (CWI) technique is a cost-effective CO2 based injection strategy that needs 13 

less amount of CO2 as compared to other CO2-EOR techniques. We previously showed that 14 

for simulation of CWI coreflood experiments, the kinetics of CO2 transfer between the phases 15 

should be considered and we accordingly developed a non-equilibrium based two-phase 16 

compositional simulator. We also used the developed simulator to simulate some CWI 17 

coreflood experiments. This paper aims to explore the role of mass transfer during simulation 18 

of CWI process at field (large)-scale by analysing the data of core-scale simulations. To do 19 

so, the results of CWI core-scale simulations obtained from our non-equilibrium based 20 

simulator are benchmarked against the results from an equilibrium based simulator and a 21 

dimensionless number so-called equilibrium number (Ne) is introduced. It is shown that in a 22 

specific range of Ne values, the contact time of the phases inside the system is large enough 23 

that the CO2 can be distributed between the phases based on its equilibrium concentration. 24 

Contrary to core-scale simulation, it is concluded that mass transfer kinetics during large-25 
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scale simulation of CWI process is not important. Moreover, higher oil recovery factor and 26 

CO2 storage are predicted at large-scale (reservoir-scale) as compared to the core-scale’s 27 

results. The findings of this paper can help to better understand the importance of mass 28 

transfer kinetics between the phases in porous media.  29 

Keywords: Carbonated water injection (CWI); Mass transfer; Equilibrium; CO2 storage; 30 

Core-scale; Reservoir-scale 31 

1. INTRODUCTION 32 

CO2 gas is injected into oil reservoirs with the objectives of enhancing oil recovery and 33 

also sequestration. CO2 can be injected on its own (conventional CO2 injection), together 34 

with water under WAG (water alternating gas) or through carbonated water injection (CWI) 35 

strategies. In CWI, CO2 is dissolved in water before injection in order to improve the 36 

efficiency of conventional water injection (WI). That is, CWI can be considered as an 37 

improved WI process. Upon injection of carbonated water (CW) into an oil reservoir and 38 

when CW contacts oil in the reservoir, CO2 migrates from water to the oil phase due to its 39 

higher solubility in hydrocarbons, improving the oil mobility. As a result, a higher oil 40 

recovery factor is expected. Comparing CWI and conventional CO2 injection, CWI needs less 41 

volume of CO2 and more importantly CO2 is in the dissolved state (dissolved in oil or water 42 

phase) during the process which results in better sweep efficiency, less fingering issue and 43 

less risk of CO2 leakage [1-3]. Numerous experimental studies on CWI can be found in the 44 

literature. The reported experimental studies include direct flow visualization using 45 

micromodel setup [4, 3, 5], coreflood experiments [6-10, 3] and also sand packed 46 

experiments [11, 12]. All the experimental reports confirm a better recovery factor by CW 47 

compared to that by WI, with the potential of CO2 storage at end of the experiments. 48 

Depending on reservoir and fluid characteristics, the mechanisms contributing towards 49 

incremental recovery factor by CWI are: oil swelling, viscosity and IFT reduction and 50 
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wettability alteration [1, 2, 13, 4, 10, 3, 5]. On the other hand, solubility trapping [14, 15]) is 51 

the main CO2 storage mechanism, as the CO2 remains dissolved in residual oil and water 52 

fluids inside the reservoir at end of the process leading to long storage of CO2 underground[2, 53 

16, 10, 3]. 54 

There are not many comprehensive mathematical studies available on CWI as compared to 55 

experimental investigations. As reported in the literature, the conventional compositional 56 

simulation approach has been usually used to study CWI [6, 17]. In the compositional 57 

approach, it is inherently assumed that, CO2 will be distributed between water and oil phase 58 

during CWI process based on the local equilibrium constraint that might not be a valid 59 

assumption as discussed in the literature. For instance, Kechut et al.[9] used ECLIPSE300 60 

(E300) compositional simulator to simulate some CWI coreflood experiments and realized 61 

that the recovery factor was over predicted. They attributed this to the local equilibrium 62 

assumption made by E300 allowing more CO2 transfer into the oil phase than actually 63 

occurred during the conducted coreflood experiments. Accordingly, we previously developed 64 

a new non-equilibrium based compositional simulator[1, 2] where the mass transfer kinetics 65 

was included. We studied some CWI coreflood experiments and showed that the equilibrium 66 

state had not been reached in the simulated CWI experiments as captured by our simulator. It 67 

has been mentioned in the literature that [18], the equilibrium might not be reached during 68 

gas flooding projects with relatively short contact time, that can be true for laboratory 69 

coreflood experiments. It should be noted that, during gas injection coreflood experiments, 70 

components can be transferred and exchanged between the gas and liquid phases while the 71 

convective flow time scale is usually larger than the mass transfer time scale due to high 72 

mobility of gas phase and short length of the core. As a result, the gas can leave the core 73 

quickly (gas breakthrough) without having enough contact time needed for mass exchange. 74 

That is, the system might not reach the equilibrium state due to short resident time[19]. Non-75 
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equilibrium situation as a result of limited interphase mass transfer rate, has been studied 76 

widely by hydrologists and environmental engineers. Interphase mass transfer has been 77 

extensively considered by environmental scientists to study the dissolution rate of organic 78 

compounds from non-aqueous phase liquids (NAPL) trapped subsurface into groundwater 79 

[20-25]. Miller et al. (1990) investigated the equilibrium condition in a packed bed setup 80 

when the interphase mass transfer between flowing water and residual NAPL phases was 81 

studied. They observed that at a higher pore velocity, the interphase mass transfer rate is 82 

higher however, the retention time of fluids is lower resulting into a lower mass exchange and 83 

a non-equilibrium situation. In terms of the contact time, it is important to explain how large 84 

the contact time should be to reach the equilibrium. Dimensionless numbers (groups) can 85 

help to compare the importance of different physics based on the characteristics of the system 86 

under study. Dimensionless numbers can also help to easily compare the performance of 87 

various systems with different characteristics and scales. Zhou et al. (1997) defined three 88 

scaling groups (dimensionless numbers) to study multiphase flow in heterogeneous reservoirs 89 

when the boundaries between different flow regimes were determined based on the values of 90 

scaling groups [26]. Wood et al. (2008) introduced some dimensionless groups to describe 91 

the performance of CO2 flooding mainly in Gulf Coast reservoirs by generating 92 

dimensionless oil recovery and CO2 storage curves [27]. Li et al. (2015) developed some 93 

response functions by using some dimensionless groups (parameters) to estimate the 94 

maximum amount of CO2 storage and oil recovery factor during CO2 flooding into reservoirs 95 

with gravity effect and  horizontal wells [28]. In their research, Li et al. (2015) used  some  96 

known dimensionless parameters including residual hydrocarbon and water saturations, 97 

Buoyancy ratio and number, CO2-oil and water-oil mobility ratios, and Dykstra–Parsons 98 

heterogeneity coefficient to explicitly relate the oil recovery factor and CO2 storage 99 

efficiency to reservoir and fluid characteristics. The used Computer Modelling Groups’ 100 
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CMG-GEM compositional simulator and ran a sensitivity analysis to find the effects of 101 

aforementioned dimensionless parameters on the recovery factor and CO2 storage efficiency.  102 

However, they did not consider the mass transfer effect and assumed equilibrium conditions 103 

during CO2 flood projects in their research.  In our study here, we aim to investigate the role 104 

of mass transfer during CWI as a CO2-EOR technique. In other words, the objective of this 105 

study is to identify the conditions at which we can assume the equilibrium is achieved during 106 

a CWI process. It is expected that, in the case of CWI coreflood experiments, if the CO2 107 

transfer rate from water into oil phase is large or equivalently if the contact time of water and 108 

oil in the core is long, the equilibrium state can be achieved. Therefore, it is important to be 109 

able to estimate the contact time that would ensure an equilibrium state. To reach this goal, 110 

we need to analyze the results of coreflood simulations using appropriate dimensionless 111 

numbers. In the following sections, we first present a summary of the structure of our non-112 

equilibrium based simulator. Then we compare its core-scale simulation results with those of 113 

E300 commercial compositional simulator to identify the criteria needed for reaching an 114 

equilibrium state during coreflood experiments. Next we use the results of the core-scale 115 

simulation and scale them up to investigate CWI at reservoir-scale. 116 

2. METHODOLOGY  117 

To study the CWI process, we previously developed a two-phase (oil and water), 1-D 118 

model to capture a three-components system (oil, water and CO2). The model was coded 119 

using MATLAB software and it solves numerically the following coupled partial differential 120 

equations (PDEs) based on fully implicit finite difference method [1, 2]. More details on 121 

numerical solution of the following PDEs are given in Appendix.  122 

∂
∂x	�ρ�

k	Kr�
μO
∂p�
∂x ω���� = φ

∂�ρ�s�ω����
∂t  

�1a� 

∂
∂x �ρ�

k	KrO
μO
∂p�
∂x ω������ + U = φ

∂�ρ�s�ω������
∂t 		 �1b� 
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∂
∂x	�ρ 

k	KrW
μW
∂p 
∂x ω"� � = φ

∂�ρ s ω"� �
∂t 	 �1c� 

∂
∂x �ρ 

k	KrW
μW
∂p 
∂x ω���� � − U = φ	

∂�ρ s ω���� �
∂t  

�1d� 
 123 

Eq. (1a) and Eq (1b) are respectively based on the oil and CO2 component balance in the 124 

oil phase, which is a mixture of oil and CO2 components. Eq. (1c) and Eq (1d) are, 125 

respectively, based on water and CO2 component balance in the water phase, which is a 126 

mixture of water and CO2 components.		&'�( shows the mass fraction of component ‘I’ (oil, 127 

water or CO2) in  phase ‘α’ (oil or water). The notation used for oil and water components are 128 

small letters of ‘o’ and ‘w’ while for the oil and water phases are capital letters of ‘O’ and 129 

‘W’ respectively. 	pα, ρα and sα are the pressure, the mass density and the saturation of phase 130 

‘α’, respectively. The difference between phase pressures is capillary pressure (pc) as shown 131 

below.  132 

pc=pO-pW=f�sW�													 �2a� 
 133 

The following auxiliary equations also need to be solved together with the above PDEs: 134 
 135 

- sα=1																								α:	oil,	water phase																																																																 �2b� 
  

-&I−α=1											I:	oil,	water	or		co2	components	 			 
										 �2c� 

The ‘U’ (g/ cm3/ sec) parameter is added to Eqs. (1b) and (1d) to control and capture the 136 

migration of CO2 from water into the oil. ‘U’ shows the grams of CO2 displacing between 137 

phases per unit volume at a period of time of ‘t’. The driving force for CO2 migration is the 138 

CO2 concentration difference in water and oil phases as formulated below: 139 

U = K × �ρ × ω���� × k:; − ρ� × ω������ = K × �	k:;C���� −	C������ �3� 
where C����� is CO2 concentration in the oil phase and C���� 	is the CO2 concentration 140 

in the water phase. k:;	is the distribution or partition coefficient that captures how CO2 is 141 
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distributed between the phases at the equilibrium state. It is a measure of the difference in 142 

solubility of the CO2 component in oil and water phases, and is defined as the ratio of CO2 143 

concentration in oil and water phases at the equilibrium state. k:;	 is defined to be: 144 

keq=
�>?�@?∗
�>?�@B∗

 , where C�����∗ and C���� ∗ are the equilibrium CO2 concentrations in oil and 145 

water, respectively [30].	 Eq. (3) shows that the CO2 is transferred until its concentration in 146 

the phases reaches equilibrium. In the above equation, the K parameter has the unit of ‘sec-1’ 147 

and it controls the rate at which the CO2 is transferred. It acts similar to the mass transfer 148 

coefficient (MTC) and is referred to as MTC.	 The MTC value  is considered as a lumped 149 

interphase mass transfer parameter here, but it is dependent on overall microscopic mass 150 

transfer coefficient and the specific interfacial area, that is the oil-water interfacial area per 151 

unit volume [29]. This approach is widely used in the literature by researchers in hydrology 152 

[31, 22, 23, 25]. The MTC is determined by history matching of production data here.	It is 153 

worth mentioning that, contrary to the model here, in conventional compositional approach 154 

that is used for example by ECLPSE300, CO2 is partitioned between the oil and water phases 155 

based on the equilibrium concentration at each simulation time step using the fugacity 156 

equilibration method. For more details, the Manual of ECLIPSE software can be checked 157 

(ECLIPSE Software Manual 2015) [32]. We previously simulated and studied a WI and its 158 

corresponding CWI coreflood experiment using the developed model. In the experiment 159 

chosen for study, the core was fully saturated with normal decane (n-decane) at 2000 psi and 160 

38 0C. Table 1 shows the core properties.  161 

Table 1: The core properties [10]. 162 

Core Length 
(cm) 

Diameter 
(cm) 

Porosity 
(fraction) 

Pore 
Volume 

(cm3) 

Permeability 
(mD) 

Sandstone 
Clashach 

(water-wet) 
33.2 4.986 0.19 123.16 1300 

 163 
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First, WI experiment was simulated and production data including total oil 164 

production(TOP) and differential pressure across the core (DP) were history matched using 165 

genetic algorithm. The details of the simulation can be found in [2]. Figure 1 and Figure 2 show 166 

the relative permeability (Kr) and capillary pressure (pc) curves obtained by history matching 167 

of the production data.  168 

 169 
Figure 1. Relative permeability curve, WI experiment. 170 

 171 

 172 

 173 
Figure 2. Capillary pressure curve, WI experiment. 174 

Next CWI experiment was simulated. The unknown MTC parameter was tuned to history 175 

match the production of CWI experiment. The tuned MTC value obtained was 5×10-7 sec-1. 176 

The E300 compositional simulator was also used to simulate CWI. The goal was to compare 177 

the results from our non-equilibrium based model with an equilibrium based software. In 178 
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E300 model, the specific KEYWORD of CO2SOL was used. The CO2SOL KEYWORD allows 179 

CO2 to be present within the three phases of oil, gas and water while other components can be in the 180 

oil and gas phases. In other words, the CO2SOL option allows CO2 to be dissolved in water phase. In 181 

ECLIPSE, water is allowed to be present as a separate aqueous phase only. The equality of CO2 182 

fugacity in oil and gas phases is used to calculate the CO2 distribution between the gas and oil phases. 183 

Densities and fugacities of oil and gas phase are calculated using the tuned Peng-Robinson cubic 184 

equation of state (EOS)[33, 34]. Aqueous phase properties and the amount of CO2 dissolved in water 185 

are computed using solubility data available in the ECLIPSE software [32](ECLIPSE Software 186 

Manual 2015). It should be mentioned that using the CO2SOL option, it is not allowed to have CO2 187 

content in the injected water. Therefore, we had to define two injection wells at the same place, where 188 

one was to inject CO2 and the other to inject water. The individual injection rate of each well was 189 

adjusted to have a net injection rate of 20 cm3/hr of carbonated water with 5% wt CO2 content. Figure 190 

3 compares the CWI recovery factor (RF) profile predicted by E300 with those from our tuned model 191 

and also from the experiment. 192 

 193 

Figure 3. Comparison of CWI-RF profile predicted by E300 with those from our model and 194 

experiment.  195 

 196 

As it can be observed in Figure 3, E300 has over predicted the recovery factor (RF) due to 197 

the equilibrium assumption made by E300 that allows more CO2 transfer to the oil phase at a 198 

specific period of time. This comparison shows that, the CO2 distribution between the phases 199 
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during this CWI has not reached the equilibrium state. Moreover, we can infer that, the MTC 200 

value has to be greater than that obtained by tuning of experimental data i.e., greater than 201 

5×10-7 sec-1 (tune-MTC), otherwise, the system cannot reach the equilibrium state. To check 202 

this, the tune-MTC was increased in our model by a factor of 3 and it was observed that the 203 

prediction of our model and that by E300 became the same as shown in Figure 4.  204 

 205 

Figure 4. Comparison of CWI-RF profile predicted by E300 with those from our model at large MTC 206 

value of 15×10-7 and also from the experiment. 207 

 208 

It can be inferred from Figure 4 that with having a faster mass transfer, the equilibrium 209 

state can be reached. In other words, the actual MTC i.e., the tune-MTC (5×10-7 sec-1) 210 

obtained for the coreflood experiment investigated here, is three times smaller than of the 211 

MTC value required to reach the equilibrium state i.e., the equilibrium-MTC (15×10-7 sec-1). 212 

Based on the above discussion, it is evident that it will be helpful if we can find an index to 213 

identify the situation needed to reach the equilibrium during CWI processes. To achieve this, 214 

it is required to find the parameters which affect the equilibrium condition during CWI 215 

process in the core. It was shown above that if the MTC value is increased by a factor of 3, 216 

the system can reach the equilibrium state. However, it should be noted that MTC is a basic 217 

characteristic of the fluid and core used in the study. It is expected that for a fixed fluid 218 

system, the MTC value should be different for different cores with different pore geometries 219 
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and heterogeneities. This is because at the pore-scale level (in microscopic view), pore 220 

geometry and heterogeneity will affect the fluid distribution in the core and in turn will 221 

influence the interface area between the phases which is an important parameter in mass 222 

transfer process. As a result, the value of MTC cannot be changed naturally for a specific 223 

system as it is an inherent characteristic of the system. In the following section, by analyzing 224 

the results of a comprehensive sensitivity analysis, a dimensionless number is defined to 225 

identify the conditions needed to reach the equilibrium state considering the MTC is a fixed 226 

intrinsic parameter of the system.  227 

 228 

3. RESULTS AND DISCUSSIONS 229 

3.1. Equilibrium Dimensionless Number (Ne) 230 

To quantify the contribution of the mass transfer during the simulation of the CWI 231 

process, a dimensionless number was developed. To do so, a sensitivity analysis was 232 

performed using the coreflood experimental data presented above. The core properties (i.e. 233 

core length and diameter, porosity and permeability) as well as the injection rate (operational 234 

condition) were changed, and based on these changes; the MTC was adjusted such that our 235 

model could produce the same results as those of E300. In other words, we identified the 236 

MTC values that maintain full equilibrium when core properties were changed in a base-case. 237 

It should be noted that in the base-case (equilibrium-case), the injection rate and the core 238 

properties were the same as the original values but the equilibrium-MTC value of 15×10-7 sec-239 

 1 was used to have the same results from both the model and E300. The tune-case (actual 240 

non-equilibrium case) was also considered which relates to the case when the tune-MTC (i.e. 241 

5×10-7) was used by our simulator to match the experimental data. It has to be added that the 242 

tune-MTC is the actual MTC and the equilibrium-MTC is the one that makes the local 243 

equilibrium condition to be valid. As will be discussed later, this equilibrium condition can be 244 
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achieved more realistically by altering the core properties or injection rate. The difference 245 

between the tune-case and the base-case is the value of MTC. It should be noted that this 246 

exercise was carried out for carbonated water-decane fluid system; therefore, the effect of 247 

fluid properties was excluded. Table 2 shows the results of this sensitivity analysis. It 248 

demonstrates different combinations of core properties and injection rates (seven cases in 249 

total) at which the output of E300 and our model are the same. That is, injection rate and core 250 

properties were changed from the corresponding base values in case-2 and MTCs were 251 

adjusted such that the results of our model and E300 became the same. The profile of oil 252 

recovery was used to compare the results. It should be noted that in all cases of 2-7, the same 253 

recovery factor profile was predicted by both E300 and our model. 254 

Table 2: Combination of core properties and operational condition when the same result by the 255 
E300 and the developed simulators is obtained for CWI coreflood experiment. 256 

Case No. Injection 
rate 

(cm3/sec) 

MTC 
(sec-1) 

 Area (A) 
(cm2) 

Length 
(L) 

(cm) 

C 
(mD) 

D 
(fraction) 

1 Tune-case 
(Non- 

equilibrium 
case) 

0.0055 5×10-7 

 
19.5 

33.2 1300 0.19 

2 Base-case 
(Equilibrium 

case) 
0.0055 15×10-7 

 
19.5 33.2 1300 0.19 

3 Effect of 
injection rate 

0.002 

( 1
×

3
0.0055) 

5×10-7 

( 1
×

3
15×10-7) 

 
19.5 33.2 1300 0.19 

4 Effect of 
core length 0.0055 

30×10-7 
( 2×15×10-7) 

 
19.5 

16.6 

( 1
×

2
33.2) 1300 0.19 

5 Effect of 
core cross 

section area 
0.0055 

30×10-7 
( 2×15×10-7) 

9.75 

( 1
×

2
19.5) 33.2 1300 0.19 

6 Effect of 
core 

permeability 
0.0055 

15×10-7 
(1×15×10-7) 

 
19.5 33.2 

650 

( 1
×

2
1300) 0.19 

7 Effect of 
core porosity 0.0055 

15×10-7 
(1×15×10-7) 

 
19.5 33.2 1300 

0.095 

( 1
×

2
0.19) 

 257 
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In Table 2, case-3 to case-7 are benchmarked against case-2. The red color in case-3 to 258 

case-7 shows a different value as compared to its corresponding value in case-2. For example, 259 

Table 2 shows that, when the injection rate is decreased by a factor of three as shown in case-260 

3, the MTC needs to also be decreased by a factor of three from its base value in our model to 261 

produce the same result as case-2. It should be noted that RF factor predicted by E300 was 262 

not changed by changing the injection rate while our simulator predicted higher RF at lower 263 

injection rates. Moreover, when the length of the core is reduced by half, the MTC needs to 264 

be increased by a factor of two (comparing case-2 and case-4). Furthermore, when the cross 265 

sectional area of the core is decreased by a factor of two (i.e. the core diameter is decreased 266 

by a factor of √2), the MTC needs to be increased by a factor of two( comparing case-2 and 267 

case-5). However, the mass transfer rate is not affected by the porosity and the permeability 268 

of the core (comparing case-2 with case-6 and case-7). This exercise shows that the effect of 269 

mass transfer can be compensated by the parameters which control the resident time of the 270 

fluids inside the core. That is, when the core length is increased or when the velocity of fluids 271 

in the core are decreased (by decreasing injection rate or increasing the core cross sectional 272 

area), the fluids have more time to exchange the CO2 causing the system to reach the 273 

equilibrium state. In other words, if the interphase mass transfer rate is low but the resident 274 

time of the fluids inside the system is large enough, the equilibrium state can be achieved. 275 

Using the results of this sensitivity exercise (shown in Table 2), a dimensionless number so-276 

called equilibrium number (Ne) can be defined and introduced as follows: 277 

 278 

Ne= 	L	×MTCu = L	×MTC×	Aqinj   (4) 

 279 

where u is the superficial velocity obtained by the injection rate (qNOP� divided by the core 280 

cross sectional area (A�, L is the core length and MTC is the lumped interphase mass transfer 281 
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coefficient. This dimensionless number is the product of resident time (L/u) and MTC values 282 

that characterizes the degree of non-equilibrium by comparing the mass transfer time scale 283 

and the convective flow time scale. Similar dimensionless numbers can be found in the 284 

literature. For example, Damköhler number shows the reaction timescale relative the 285 

convection flow time scale [35, 36] in reactive flow systems. In addition, Damköhler number 286 

is also used by a few researchers to show the importance of mass transfer relative to 287 

convective flow in porous media, however the resident time is not included making it 288 

different from the above suggested number[21]. Table 3 shows the equilibrium number 289 

calculated for different combinations of core properties and operational conditions presented 290 

in Table 2.  291 

Table 3: Equilibrium number for different combinations of core properties and injection rates 292 
when the same results by the E300 and the developed simulators is obtained for the CWI 293 
coreflood experiment. 294 

Case No. Injection 
rate 

(cm3/sec) 

MTC 
(sec-1) 

Area (A) 
 (cm2) Length (L) 

(cm) 

 
Ne 

1 Tune-case (Non-
equilibrium case) 

0.0055 5×10-7 
19.5 

33.2 
0.06 

2 Base-case 
(Equilibrium case) 

0.0055 15×10-7 
19.5 

33.2 
0.17 

3 Effect of injection 
rate 

0.002 

( 1
×

3
0.0055) 

5×10-7 

( 1
×

3
15×10-7) 

 
19.5 33.2 

 
0.17 

4 Effect of core length 
0.0055 

30×10-7 
( 2×15×10-7) 

 
19.5 

16.6 

( 1
×

2
33.2) 

 
0.17 

5 Effect of core cross 
section area 0.0055 

30×10-7 
( 2×15×10-7) 

9.75 

( 1
×

2
19.5) 33.2 

 
0.17 

 295 

It can be seen that in all cases, Ne is equal to 0.17 (~ 0.2). However, Ne is 0.06 for the 296 

tune-case (non-equilibrium case, case-1) at which the equilibrium assumption is not valid and 297 

E300 over predicted the recovery factor compared to those predicted by our model. It should 298 

be noted that the pore level properties such as wettability or interfacial area are inherently 299 

captured by MTC lumped-parameter. Table 3 shows that for this specific coreflood system 300 
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the equilibrium number is the same for the all cases that have reached equilibrium state. It 301 

should be noted that for all the equilibrium cases, the same recovery factor is predicted by our 302 

model and E300. In line with this, for the base-case (case-2) in Table 3, the MTC value is 3 303 

times higher than the tune-MTC value. However, if all parameters are the same as that of the 304 

tune-case, E300 cannot be used to simulate the CWI process as it will over predict the 305 

production data. However, if Ne can be increased by a factor of 3, i.e. from 0.058 to 0.175, 306 

E300 can be used to simulate CWI as it will produce similar results as those by our model. 307 

That is, if the Ne value is 0.2 or higher it can be said that the amount of CO2 being transferred 308 

between the phases is such that the local equilibrium assumption used by the E300 is 309 

acceptable. 310 

To increase the Ne value, MTC cannot be changed as it is a natural characteristic of the 311 

core and fluids used during the coreflood experiment. For example, for the coreflood 312 

experiment discussed above, MTC is a fixed value that was obtained by tuning production 313 

data (tune-MTC). Therefore, for a fixed MTC value, the injection rate can be reduced or core 314 

length can be increased to assure that the simulation performed based on the local equilibrium 315 

assumption, is acceptable. Hence, for this specific coreflood experiment, if a new CWI 316 

experiment is designed so that the original injection rate is decreased by three times or using 317 

a core plug with a length three times longer than the original core length, it can be said that 318 

E300 can be used to simulate it with acceptable accuracy.  319 

 320 

3.2. Reservoir-scale Simulation  321 

To check the validity of the Ne constraint explained above for the equilibrium state, it is 322 

worth comparing the prediction of E300 and our model for a large-scale setup. This will help 323 

to discover if the results of our model and E300 are consistent at reservoir-scale. It seems that 324 

for a large-scale model where oil and water have enough time to exchange the CO2, the 325 
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equilibrium assumption can be valid. To investigate this, a large synthetic 1-D model was 326 

created using the same fluid and rock data as those from the above discussed coreflood 327 

experiment. We can study a 1-D model because our simulator is based on one-dimensional 328 

flow. The dimensions of the model were selected to be 1500 ft ×10 ft ×10 ft and was only 329 

discretized in the ‘x’ direction. As the dimension in the ‘x’ direction is very large relative to 330 

the dimensions in the ‘y’ and ‘z’ directions, it can be assumed that the flow is one-331 

dimensional. Figure 5 shows the front view of the model with injection and production wells.  332 

 333 

Figure 5. The front view of the model. 334 
 335 

The injection well was operated under a constant injection rate while the production well 336 

was controlled by a constant bottom-hole pressure. The operational conditions (i.e. the 337 

constraints) of the wells were chosen to mimic the operational conditions used during the 338 

coreflood experiments and also to maintain the local equilibrium conditions. In other words, 339 

we need to have similar conditions for the reservoir model as those of the coreflood 340 

experiment in terms of equilibrium situation and also active forces. Under similar conditions 341 

that can be controlled through Ne and also capillary number (Nc) values, we are able to use 342 

the core-scale MTC discussed above (i.e., tune-MTC) at a large-scale whilst maintaining the 343 

equilibrium conditions. Therefore, the capillary number (Nc) is also considered to have a 344 

similar Nc value at both core- and reservoir-scale. Capillary number represents the ratio of 345 

viscous to capillary forces [37, 38] and is defined as follows [39-41]: 346 

NQ= uμφσ =
qinjμ	
φσA  (5) 
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where u and μ are the velocity and viscosity of displacing fluid, respectively. σ is the 347 

interfacial tension between displacing (carbonated water here) and displaced fluid (n-decane 348 

here). Table 4 shows the values needed for calculation of Nc in the experiment.  349 

 350 

 351 

Table 4: The capillary number calculated for the coreflood experiment. 352 

qinj 

(m3/day) 
Area (A) 

(m2) 
μμμμwwww 

(kg/m.sec) 
σ

* 
(N/m) 

 
φφφφ 

 
u 

(qinj/A) 
(m/day) 

 
Nc 

(Eq.5) 

480×10-6 19.5 ×10-4 0.66×10-3 20×10-3 0.19 0.25 5×10-7 
   *: estimated from [42] for carbonated water-decane at reservoir conditions. 353 

 354 

 355 

As calculated in Table 4, Nc is 5×10-7 which is in the range of typical capillary dominated 356 

flow observed during reservoir-scale water flooding projects[39, 40]. The injection rate 357 

should be selected to meet the criteria imposed by capillary and equilibrium numbers. Table 5 358 

shows the maximum injection rate which can be used in order to satisfy the constraints 359 

imposed by capillary and equilibrium numbers. 360 

 361 

Table 5: Injection rate obtained based on the constraints imposed by equilibrium and capillary 362 

numbers. 363 

Ne Nc 
MTC 
(sec-1) 

cross section 
area 
(ft2) 

L 
(ft) 

Maximum 
injection rate 
based on Nc 

(Rbbl/d) 

Maximum 
injection rate 
based on Ne 

(Rbbl/d) 

0.2 5×10-7 5×10-7 100 1500 
 

14.6 
 

 
5771 

 
 364 

Table 5 shows that we can inject carbonated water with a high rate of 5771 Rbbl/day 365 

without violating the equilibrium criterion imposed by the Ne value. That is, if the injection 366 

rate is equal or smaller than 5771 Rbbl/day, Ne will be equal or greater than 0.2 when the 367 
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tune-MTC is used. This is because for a large-scale model, even though the inherent 368 

interphase mass transfer rate that is controlled by MTC value might be low, but the fluids still 369 

have enough contact time for mass exchange. Moreover, due to the size of the model, even at 370 

high injection rates, the resident time of fluid inside the reservoirs is long enough to reach the 371 

local equilibrium state. On the other hand, to have a similar capillary dominated flow at this 372 

large-scale, based on Nc criterion, the maximum injection rate that can be used is 14.6 373 

Rbbl/day. It should be noted that in this example the cross sectional area was small because 374 

we were forced to make a 1-D model. This resulted in the small injection rate calculated 375 

based on Nc value. If the cross sectional area was larger, a larger rate could be estimated 376 

based on the Nc criterion (based on Eq. 5), and a very large injection rate based on Ne 377 

criterion (based on Eq. 4). It is worth mentioning that, in real 3-D reservoir models, as the 378 

cross sectional area is large, a large value for injection rate can be used assuring both criteria 379 

of Nc and Ne are met. That is, the equilibrium state is not a concern at large-scale. In this 380 

example, the injection rate should be smaller than 14.6 (based on Nc criteria) and 5771 381 

Rbbl/day (based on Ne criteria). An injection rate 6.77 Rbbl/day was selected such that the 382 

interstitial velocity is 2 ft/day as the typical velocity of fluids in reservoirs[43]. Our model 383 

was used to simulate both WI and CWI for this large-scale setup. However, first a sensitivity 384 

analysis was performed to select the optimum number of the gridblocks. CWI is simulated 385 

during this sensitivity experiment because, a finer grid size is expected for CWI due to the 386 

presence of CO2. The numbers of grids (Nx) were increased from 5 to 30. It was observed 387 

that increasing the grid numbers above 10 does not have a considerable effect on RF 388 

predicted by our model. Based on this sensitivity analysis, to be on the safe side, the model 389 

was discretized and divided into 30 gridblocks in ‘x’ direction each with a length of 50 ft 390 

(i.e., 30 × 50 ft=1500 ft).  391 
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Figure 6 compares the RF of the WI predicted by E300 and by our model in black-oil 392 

mode. It can be observed that they have generated similar results. This shows the good 393 

performance of the developed model for a large-scale case. Next the CWI was simulated. It 394 

was explained above that for a large-scale model, the assumption of local equilibrium should 395 

be valid. This was discussed when the equilibrium number was introduced and investigated. 396 

Therefore, it is expected that our model and E300 result in the same RF if the original tune-397 

MTC value (i.e. 5×10-7 sec-1) was used.  398 

 399 

Figure 6. RF of the WI predicted by E00 compared to that by our model. 400 

Figure 7 compares the RF of the CWI predicted by E300 and by our model. It can be 401 

observed that the results predicted by these two different simulators are similar. This 402 

experiment was repeated using the higher injection rate of 14.6 Rbbl/day. Both our simulator 403 

and E300 predicted the same recovery factor profile as that obtained for 6.77 Rbb/day case.  404 
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 405 
Figure. 7. RF of the CWI predicted by E00 compared to that by our model.   406 

 407 

This example demonstrates that if the CO2 has enough time to be transferred into the oil 408 

phase, it can reach its equilibrium concentration as captured in these simulations. However, it 409 

is important to run more simulations and investigate different cases to further support these 410 

results. It is worth mentioning that in our core-scale study, we did not have the effect of 411 

gravity (as the core had been positioned horizontally during the experiment) and 412 

heterogeneity (as the core was homogeneous) and accordingly we did not include them in the 413 

large-scale model discussed above. In other words, we wanted to compare two similar 414 

systems with the only difference in capturing the mass transfer mechanisms.  415 

 416 

3.3. CO2 Storage 417 

CO2 will be stored in the system as a dissolved component in remaining oil and water 418 

(solubility trapping). Figure 8 shows the CO2 storage curves predicted by the core-scale and 419 

reservoir-scale models. The plot shows the ratio of total volume of CO2 stored relative to total 420 
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volume of CO2 injected versus the pore volume of injected carbonated water. It can be 421 

observed that at reservoir-scale, more volume of CO2 can be stored. It is expected, because at 422 

large-scale, CO2 has enough time to be transferred to oil phase before being produced from 423 

the production well. In other words, if the system cannot reach the equilibrium state during 424 

CWI process, less volume of CO2 will be stored in the formation.   425 

 426 

 Figure. 8. CO2 storage curves predicted by core-scale and reservoir- scale models. 427 

 428 

 429 

4. SUMMARY AND CONCLUSIONS 430 

In this study, the simulation of the CWI process was investigated in core-scale and also in 431 

reservoir-scale using our non-equilibrium based model as well as the equilibrium based 432 

ECLIPSE 300 (E300) simulator. A new dimensionless number, i.e. equilibrium number (Ne), 433 

was introduced by performing a sensitivity analysis using the core-scale simulation results. It 434 

was shown that during the coreflood experiments, Ne is constant and within a specific range 435 

of Ne, it can be assumed that the equilibrium state will be reached during CWI. A synthetic 436 

one-dimensional reservoir-scale setup was then created to meet the criteria imposed by the 437 

capillary and equilibrium numbers. The data of coreflood experiment (rock and fluid data, Kr 438 

and pc curves) were used for this reservoir-scale system. The setup was used to simulate a WI 439 

and its corresponding CWI using both our model and E300. The goal was to investigate the 440 
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performance of our model for large-scale setups. The RF predicted by E300 were the same as 441 

those predicted by our model for both WI and CWI cases. This exercise showed that for the 442 

large-scale model, the criterion imposed by Ne value was met as a result of the reservoir size 443 

and the assumption of equilibrium was valid. In other words, it can be explained that for CWI 444 

at reservoir-scale, there is enough time for CO2 to be transferred and distributed between oil 445 

and water phases based on its equilibrium concentration. As a result, available compositional 446 

simulators such as E300 can be used for simulation of CWI at reservoir-scale. In addition, as 447 

a result of equilibrium, higher oil recovery factor and CO2 storage were obtained for the 448 

reservoir-scale model compared to those from the core-scale model.  449 

 450 

Nomenclatures 451 

&'�(: Mass fraction of component ‘I’ (oil, water or CO2) in phase ‘α’  (oil or water). 452 

U����(: CO2 concentration (g/cm3) in phase ‘α’  (oil or water).  453 

U����(∗: CO2 concentration (g/cm3) in phase ‘α’  (oil or water) at the equilibrium state. 454 

k:; : Distribution coefficient, here is 9.6. 455 

MTC: Pseudo inter-phase mass transfer coefficient (MTC) (sec-1). 456 

p : phase pressure (atm). 457 

s: phase saturation. 458 

V	: porosity. 459 

k: absolute permeability (mD). 460 

A: cross sectional area. 461 

qinj: injection rate. 462 
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 468 

APENDIX: NUMERICAL SOLUTION TECHNIQUE 469 

The four coupled governing equations together with the associated boundary and initial 470 

conditions were solved simultaneously for pressure, saturation and mass fractions as the main 471 

dependent variables, using the finite difference technique. The fully implicit solution 472 

technique was used to solve the governing equations for the variables of p�, s , ω��� and 473 

ω����  . 474 

Substituting Eqs. (2a) to (2c) in Eqs. (1a) to (1d) and discretizing the equations will give: 475 

 476 

φ∆t[ρO	�1-sW�	ω���]=∆x[ρ�	ω���		λ�	∆xp�]	 �1-A� 
 477 

φ∆t[ρ�	�1-s �	�1-ω����]=∆x[ρO	�1-ω����	λo	∆xpO]+U			 (2-A) 

 478 

φ∆t[ρW	sW	�1-ω���� �]=∆x[ρw	�1-ω���� �	λw	∆x�pO-pc�] �3-A� 
 479 

φ∆t[ρW	s 	ω���� \=∆x[ρ 	ω���� 	λ 	∆x�p�-pc�\-U �4-A� 
 480 

where 	λ� = k	Kr?μO , λ =
k	KrB
μW , ∆x[	]=

Δ[	]
Δx  and ∆t[	]= Δ[	]Δt  . The equations can be written in the 481 

following residual forms:		 482 

 483 

Ro-O	n+1=∆x[ρ�	ω���		λ�	∆xp�]n+1-φ∆t[ρO	�1-sW�	ω���]	 �5-A� 
 484 

R	Q��-O	n+1 =∆x[ρO	�1-ω����	λo	∆xpO\n+1 +Un+1-φ∆t[ρ�	�1-s �	�1-ω����]  �6-A� 
 485 

Rw-W	n+1		=∆x[ρw	�1-ω���� �	λw	∆x�pO-pc�]n+1-φ∆t[ρW	sW	�1-ω���� �]		 �7-A� 
 486 
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Rco2-W	n+1 =∆x[ρ 	ω���� 	λ 	∆x�p�-pc�\
n+1-Un+1-φ∆t[ρW	s 	ω���� \ �8-A� 

where 	R'�( is the residual value of each equation written for component I in phase α. ‘n+1’ 487 

shows that the calculation is performed at the new time step (i.e. implicit solution). The 488 

residual values of each equation should be zero that is achieved by employing the Newton-489 

Raphson iterative method (Eq. 9-A).  490 

Xitr+1n+1 =Xitrn+1-
RI-αn+1�Xitrn+1�
∂RI-α	n+1�Xitrn+1�
∂Xitrn+1

		or				JR�	Xitrn+1��	Xitr+1n+1 -Xitrn+1�	=	-	RI-αn+1�Xitrn+1�					 �9-A� 

where ‘itr’ is the iteration number and ‘X’ is the vector of dependent variables (X = [p�, s , 491 

ω���, ω���� ]. JR�	Xitrn+1� is the Jacobin matrix (or derivative matrix) of residual values 492 

which its components are 
∂RI-α	n+1�Xitrn+1�
∂Xitrn+1

  [44, 45].  493 

 494 
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ACCEPTED MANUSCRIPT

• Mass transfer effect during core and reservoir scales simulation of carbonated water injection 
(CWI) process is investigated. 
• A dimensionless number is introduced that describes the criteria needed to reach the 
equilibrium state during CWI process. 
• Contrary to core-scale simulation, CWI can be simulated at reservoir-scale assuming 
instantaneous equilibrium state. 


