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Abstract

:

CO2 diffusion coefficient plays a crucial part in saline aquifers for the CO2 storage and the safety of long-term sequestration. Therefore, it is particularly important to measure the diffusion coefficient accurately. As far as we know, there are currently no CO2 brine diffusion data in real cores under reservoir temperature and pressure conditions. In this paper, a study on the CO2 diffusion coefficient diffused in a brine-saturated Berea core along the radial direction was conducted at temperatures of 313.15 K to 373.15 K and pressures of 8 MPa to 30 MPa. On account of the experimental results, the effect of permeability, NaCl concentration, temperature and pressure on the CO2 diffusivity is analyzed. The results in this study indicate that the diffusion coefficient increases with increasing permeability, pressure and temperature and decreases with increasing NaCl concentration. However, the relationship between pressure and the diffusion coefficient is not linear. As the pressure gradually increases, the effect of pressure will become weak. In addition, an empirical correlation of the relationship between temperature–pressure and the CO2 diffusion coefficient could be obtained based on the experimental data. The data in this paper fill the blank on the study of the CO2 diffusivity in brine under reservoir conditions, which has positive significance for the study of supercritical CO2 diffusion in a brine-saturated core.
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1. Introduction


It is widely believed that the main cause of the rise in global average temperature in the 20th century was greenhouse gas emissions caused by industrial activities [1,2,3]. CO2 is the largest contributor to the greenhouse effect. Therefore, a lot of technologies have been proposed to reduce CO2 emissions [4,5,6,7]. One of the technologies with a great development prospect is carbon capture and storage (CCS). It can reduce CO2 concentration in the atmosphere and minimize the impact of human activity on the climate [8,9,10,11,12,13]. Saline aquifers have a well-developed trap structure, so they have become significant CO2 storage reservoirs [14,15,16,17]. The diffusion coefficient of CO2 determines the mass transfer rate [18]. Therefore, the CO2 diffusion coefficient is of great significance for risk assessment and long-term storage in saline aquifer storage [19,20,21]. Accurate measurement of diffusion coefficient is of significant reference value for the sequestration of saline aquifers. Since 1930, the pressure volume temperature (PVT) method was mostly used to study CO2 diffusion process [22,23,24,25]. It is common to discuss diffusion process by combining the PVT method with the pressure decay method. The constant volume PVT cell was used as the diffusion cell. The pressure-time distribution curve was obtained by measuring the pressure change in the diffusion cell in real time, and then the diffusion coefficient could be predicted according to the mathematical model [26]. The CO2 diffusivity in the saline aquifer is closely relevant to the ambient temperature and pressure conditions. Some scholars have studied the CO2 diffusion in pure water, but the experimental conditions in these studies are far from the actual reservoir conditions. For instance, Tang and Himmelblau [27] used a large liquid-jet method to study the diffusion process of CO2 in water at room temperature. Tamimi et al. [28] used a wetted-sphere absorption apparatus to discuss the CO2 diffusion process in a temperature range of 293.15–368.15 K. Hirai et al. [29] reported CO2 diffusion coefficients using laser-induced fluorescence in pure water at 286.15 K and at 9.40 MPa to 39.20 MPa.



So far, there are few literatures on measuring the CO2 diffusion coefficient under reservoir conditions. Wang et al. [30] obtained the CO2 diffusion coefficient in NaCl solution at the pressure of 1.52–5.18 MPa. Azin et al. [31] studied the CO2 diffusion process in brine at the pressure of 5.90–6.90 MPa and the temperature of 305.15–323.15 K. Zarghami et al. [32] reported the influence of concentration on CO2 diffusion process at pressure up to 17.45 MPa and temperature up to 341.15 K. Z. Shi et al. [33] measured the diffusion coefficient of CO2 in brine with porous media using pressure decay method. The temperature and pressure conditions were 323.15 K and 6 MPa. Table 1 lists a summary of the CO2 diffusion coefficient in pure water or brine reported in the literature.



It can be observed intuitively from Table 1 that the diffusivity values vary greatly in different studies. Experimental conditions are inconsistent with actual reservoir conditions, while experimental data for porous media under high temperature and pressure are scarce.



In this study, the influence of pressure, temperature, porous media permeability and salt concentration on CO2 diffusion in brine were analyzed. Experimentally, the CO2 diffusion coefficients in a brine-saturated Berea core under 33 different conditions were measured. The pressure and temperature range covered from 8 MPa to 30 MPa and 333.15 K to 373.15 K, respectively. The conditions in this study simulate the actual environment well. In the experiment, the CO2 diffusion direction is radial diffusion instead of axial diffusion, which makes the experimental results more credible [8]. The empirical formula of the CO2 diffusion coefficient in a brine saturated core based on pressure-temperature was established. The principal goal of this study is to calculate the CO2 diffusion coefficient and its affecting factors in cores saturated with brine. This study will provide exhaustive experimental data for CO2 transport in consolidated porous media in saline aquifers.




2. Calculation Model


2.1. Physical Model of the Diffusion Experiment


Figure 1 shows the experimental diffusion model. H is the diameter of the reactor; r0 is the core radius. The ends of the Berea core are sealed with resin to ensure that CO2 could only diffuse into the brine-saturated core along the transverse direction. The s of the core is employed to calculate the diffusion coefficient. It can provide a greater contact surface, and more gases are used in the experiment. Thus, the results are more reliable.




2.2. Assumptions


The hypotheses in this study are as follows:




	
The Berea core is homogeneous, and the solution is uniformly distributed in it.



	
The swelling effect of NaCl solution is not considered in the experiments.



	
The diffusion coefficient in the core is constant.



	
Water evaporated in the experiment is negligible.









2.3. Mathematical Model


The CO2 diffusivity in the brine-saturated homogenous core can be obtained from the continuity equation and Fick’s first law, as shown in Equation (1)


    ∂ C   ∂ t   =    D  e f f    r   ∂  ∂ r    (  r   ∂ C   ∂ r    )   



(1)







The initial conditions and the boundary conditions for this expression are


  C = 0 ,   0 < r <  r 0  ,   t = 0  



(2)






  C =  C 0  ,   r =  r 0  ,   t ≥ 0  



(3)




where C is the concentration of CO2 in the core, mol/m3; r is the radius of CO2 diffusion; 0 < r < r0, m; r0 is the core radius, m; t is the diffusion time, t ≥ 0, s; Deff is the CO2 effective diffusion coefficient, m2/s.



After conversion and simplification, the formulas for calculating the CO2 diffusion coefficient are as follows [8,44].


  Δ P = k  t   



(4)






   D  e f f   =  π 4     (     r 0  kV    N ∞  Z R T    )   2   



(5)




where ∆P is the pressure variation value, Pa; k denotes the slope; t is the diffusion time, s; and V is the volume between the reactor and the core sample. N∞ is the mass of CO2 entering the core after diffusion is complete, mol. Z is the compression factor. R denotes the gas constant, 8.314 J/(mol·K).





3. Experiment


3.1. Materials


Three kinds of Berea cores were prepared with different permeability. The porosities were 10.3%, 16.5% and 17.7%, respectively. Table 2 shows the properties of the Berea cores used in the experiment. Both ends of the Berea core were sealed to guarantee that CO2 could diffuse into the brine-saturated core along the radial direction. Pure CO2 was supplied by Dalian Special Gas Co. Ltd., China with a purity of 99.999%. Different aqueous concentrations of NaCl solution were prepared with pure NaCl.




3.2. Apparatus


The experimental device diagram is shown in Figure 2. The experimental apparatus mainly includes a vacuum pump, a gas cylinder, a piston intermediate container, a pump, a diffusion cell, an oil bath, etc. The oil bath (CORID CD series, JULABO Inc., Seelbach, Germany) was used to set and maintain the temperature of the reactor with an accuracy of ±0.03 K. The pump (D250L, Jiangsu Haian Oilfield Scientific Instrument Co., LTD., Jiangsu Province, China) was used to control and adjust the pressure in the reactor. The experimental pressure and temperature were measured and recorded by a pressure sensor (UNIK 5000, GE Druck Ltd., Seelbach, Germany) with an accuracy of  ± 0.02 MPa and a temperature sensor (JM618I, Jinming Instrument Co., Guangdong Province, China) with an accuracy of ±0.2 K, respectively.




3.3. Experimental Process


The detailed steps for each diffusion coefficient test is described as follows:




	
Different aqueous concentrations of NaCl (0.5 mol/L, 1 mol/L, 1.5 mol/L and 2 mol/L) were prepared with sodium chloride and preserved.



	
The core was completely immersed in a beaker filled with NaCl solution, vacuumed with a vacuum pump, and then allowed to stand for 24 h.



	
The pipe was purged with N2 to ensure that there was no impurity gas in the pipe.



	
High pressure N2 was injected into the system to ensure that there is no leakage.



	
After putting the core into the reactor, the reactor was vacuumed by a vacuum pump to guarantee that the reactor is in a vacuum state.



	
The reactor was heated to the predetermined temperature using the oil bath.



	
The CO2 in the intermediate container was pressurized to higher than 50% of the experimental value to guarantee that the pressure in reactor could quickly reach the expected value.



	
After the intermediate container reached the expected pressure, open the valve to allow CO2 to enter the diffusion cell. The pressure in the reactor was measured by the pressure sensor during the diffusion process and recorded in real time.



	
The diffusion process was over when the pressure in the reactor reached a steady state, and data recording was terminated. The CO2 was released from the exhaust port, and then the Berea core and the reactor were rinsed and dried carefully.










4. Results and Discussion


4.1. Experimental Repeatability and Reliability


To ensure the experimental reliability, repeated experiments were conducted with conditions of 15 MPa, 50 °C and 50 mD as an example, and the results are shown in Figure 3.



It can be seen from Figure 3 that at the beginning of the experiment there was little difference in the speed of the pressure drop in each group, which may be caused by an injection of high-pressure gas. Generally, the repetitive experiment maintained good consistency with the original experiment, which ensured the reliability of the experiment.




4.2. Experimental Data Summary


In this study, the control variable method was used to explore the effect of pressure, temperature, NaCl concentration and permeability on the CO2 diffusivity in brine saturated cores. All experimental data under various conditions are shown in Table 3. The CO2 diffusivity in the brine saturated core is on the order of 10−11. It is noteworthy that the value of the data obtained in this study is much smaller than that in bulk brine. This is because the existence of the real core changes the diffusion path and reduces the influence of natural convection, thus greatly hindering the diffusion process. The data obtained in this experiment are also smaller than those obtained in other experiments with porous media. This is mainly caused by the following aspects. Compared with glass sand and sand cores, real cores have lower permeability, which is closer to the reservoir condition. In previous studies, CO2 was in the gas phase. Nevertheless, CO2 was in the supercritical state in this study, which has a larger density and viscosity compared with those in the gas phase. The diffusion process is greatly hindered, which decreases the diffusion coefficient. Generally, the conditions in this study are closer to the actual reservoir underground. Therefore, the data from this experiment have stronger practical meaning.




4.3. Effect of Temperature and Pressure on the Diffusion Coefficient of CO2


To explore the influence of temperature, a number of experiments were carried out at 313.15 K, 323.15 K, 333.15 K, 343.15 K, 353.1 K and 373.15 K, respectively, under the same pressure. Berea cores with the NaCl concentration of 1 mol/L and the permeability of 50 mD were used in each group. The CO2 diffusion coefficient could be obtained according to the pressure decay curve and Equation (5). The effect of temperature was shown in Figure 4.



As demonstrated in Figure 4, the diffusion coefficient increases synchronously with the temperature. This phenomenon could be explained in this way: (1) the main affecting factor in the diffusion process is the movement of thermal molecules. As the temperature increases, the movement of gas molecules becomes violent and the kinetic energy of gas molecules also increases, thereby enhancing the diffusion process. (2) As the temperature increases, the viscosity of the liquid decreases. This also accelerates the diffusion process.



In this experiment, to study the effects of pressure, experiments were conducted under the conditions of 8 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa and 30 MPa, while the temperature and salinity remained unchanged. Each group used the Berea core with the NaCl concentration of 1 mol/L and the permeability of 50 mD. Figure 5 shows the influence of pressure on the CO2 diffusivity. As shown from the diagram, increased pressure leads to increased diffusion coefficient. The increasing pressure leads to an increase in the supercritical CO2 concentration in the reactor, so the diffusion rate is accelerated. However, when the experimental temperature is constant, the viscosity of CO2 increases with increasing pressure, thereby hindering the CO2 diffusion process. The rate at which the diffusion coefficient increases with increasing pressure is reduced.



Under the condition of salinity of 1 mol/L and permeability of 50 mD, considering the influence of temperature and pressure, the empirical correlation for temperature–pressure and the CO2 diffusion coefficient can be obtained based on the experimental data in Table 3. The empirical correlation is shown as Equation (6).


  D = 0.19122 ×  T  0.4681   ×  P  0.51717    



(6)







Formula (7) can be obtained by non-dimensional processing of Formula (6).


   D ¯  =  D   D c    =    T  0.4681   ×  P  0.51717      T c  0.4681   ×  P c  0.51717     =    (   T   T c     )    0.4681   ×    (   P   P c     )    0.51717    



(7)




where   D ¯   is the contrast diffusion coefficient 10−11 m2/s; D is the CO2 diffusion coefficient, 10−11 m2/s; P is the pressure, MPa; Pc is the critical pressure, MPa; T is the temperature, °C; Tc is the critical temperature, °C.



As shown in Figure 6, the empirical correlation obtained in this paper fits well with the experimental data. The R2 of the empirical correlation is 0.9877.




4.4. Effect of NaCl Concentration on the CO2 Diffusion Coefficient


To study the relationship between NaCl concentration and the diffusion coefficient, under the conditions of 323.15 K, 15 MPa and 50 mD, four groups of experiments with different NaCl concentrations were conducted. Figure 7 shows that the diffusion coefficient decreases as the NaCl concentration increases. The reasons for this phenomenon are as follows: the solubility of CO2 and the viscosity of NaCl solution are related to NaCl concentration. When the NaCl concentration increases, the CO2 solubility decreases, and the NaCl solution viscosity increases. This hinders the diffusion process of CO2. It is instructive for us to choose the storage address. Saline aquifers with relatively low salinity are a better choice for CCS.




4.5. Effect of Permeability on Diffusion Coefficient


Figure 8 shows the effect of core permeability on the CO2 diffusivity. All the experiments in the figure were performed under the conditions of a 323.15 K, 15 MPa and 1 mol/L NaCl solution. It is obvious that the increase of permeability leads to the increase of diffusion coefficient. The permeability of the core has a reciprocal relationship with the curvature of the core. The increase in permeability means a decrease in core curvature. The lower the curvature of the core, the smoother the supercritical CO2 flow in the core, and the CO2 diffusivity also increases.





5. Conclusions


In this paper, the CO2 diffusion coefficient in brine-saturated porous media along the radial direction was measured. It can provide a greater contact surface and makes the results more reliable. In addition, in this experiment the real core was used instead of the sand core, the pressure was up to 30 MPa and the temperature was up to 373.15 K, which simulated the underground reservoir conditions better. Overall, 33 groups of experiments were conducted at pressures ranging from 8 MPa to 30 MPa, temperatures ranging from 313.15 to 373.15 K, NaCl concentration ranging from 0.5 mol/L to 2 mol/L, and permeability ranging from 10 mD to 100 mD. The data in this paper fill the blank in the study of the CO2 diffusion coefficient in brine under reservoir conditions.



Through experiments and result analysis, the effect of temperature, pressure, NaCl concentration and permeability on the diffusion coefficient was obtained. The CO2 diffusion coefficient increases with increasing temperature caused by the intensification of molecular thermal motion. The increase in pressure also leads to an increase in the diffusivity. As the pressure continues to increase, the influence of pressure will decrease. In the experimental temperature and pressure range, the diffusivity decreases with increasing salinity and increases with increasing permeability. Moreover, the pressure–temperature-based empirical correlation was successfully developed to predict the CO2 diffusion coefficient under reservoir conditions.
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Figure 1. Schematic diagram of the CO2/brine diffusion model. 
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Figure 2. Schematic diagram of the CO2/brine diffusion coefficient. 
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Figure 3. (a) Repeatability experiment under the conditions of 323.15 K, 15 MPa and 50 mD; (b) pressure attenuation curve with error bars and partial enlarged graph in the area between 0–200 S. 
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Figure 4. Diffusion coefficient of CO2 at different temperatures. 
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Figure 5. Diffusion coefficient of CO2 at different pressures. 
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Figure 6. Comparison between empirical formula and experimental data. 
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Figure 7. Diffusion coefficient of CO2 under different NaCl concentration. 
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Figure 8. Diffusion coefficient of CO2 under different permeability. 
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Table 1. CO2 diffusion coefficient in brine or pure water from the literature.






Table 1. CO2 diffusion coefficient in brine or pure water from the literature.





	Source
	Solution
	Method
	Porous Media
	Temperature, K
	Pressure, MPa
	Diffusivity, 10−9 m2/s





	Azin [31]
	Brine
	Pressure decay method
	/
	305.15–323.15
	5.90–6.90
	3.52–6.16



	Raad [34]
	Brine
	Pressure decay method
	/
	303.15–313.15
	5.88–6.27
	0.6–23



	Renner [26]
	Brine
	Pressure decay method
	/
	311.15
	1.54–5.83
	3.07–6.86



	Chaodong Yang [4]
	Brine
	Pressure decay method
	/
	300.15–331.15
	2.60–7.50
	170.7–269.8



	Wang [35]
	Brine
	Pressure decay method
	/
	311.15
	1.52–5.18
	2.925–4.827



	Zarghami [32]
	Brine
	Pressure decay method
	/
	323.15–348.15
	17.45
	6.5–8.2



	Zhang [36]
	Brine
	Pressure decay method
	/
	298.15
	1.17
	1.5–1.91



	Z. Shi [33]
	Brine
	Pressure decay method
	Beads, quartz
	323.15
	6.00
	1.25–82



	Rasoul Nazari Moghaddam [37]
	Brine
	Pressure decay method
	Sand
	310.15
	3.44
	0.825–94.6



	Belgodere [38]
	Pure water
	situ Raman spectroscopic measurement
	Porous media
	294.15
	4.00
	1.71



	Cadogan [39]
	Pure water
	Taylor dispersion method
	/
	298.15–423.15
	15.00–45.00
	2.233–12.21



	Farajzadeh [40]
	Pure water
	Pressure decay method
	/
	298.15–303.15
	0.80–5.00
	2.75–245



	Frank [41]
	Pure water
	Taylor−Aris dispersion method
	/
	298.15–328.15
	0.10
	1.97–3.67



	Hirai [29]
	Pure water
	laser-induced fluorescence
	/
	286.15
	9.40–39.20
	1–1.5



	Lu [42]
	Pure water
	situ Raman spectroscopic measurement
	/
	268.15–473.15
	20.00
	0.7–1.6



	Sell [43]
	Pure water
	Microfluidic method
	/
	299.15
	0.50–5.00
	1.86



	Tamimi [27]
	Pure water
	liquid-jet method
	/
	293.15–368.15
	0.10
	2.11



	Wang [35]
	Pure water
	Pressure decay method
	/
	318.15
	3.43–8.02
	233.6–251.34
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Table 2. Properties of the porous media.






Table 2. Properties of the porous media.





	
Number

	
Diameter, m

	
Length, m

	
Permeability, mD

	
Porosity, %






	
1

	
0.025

	
0.060

	
10

	
10.3




	
2

	
50

	
16.5




	
3

	
100

	
17.7











[image: Table] 





Table 3. Value of the CO2 diffusion coefficient under different conditions.
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	Feeds
	Pressure, MPa
	Temperature, K
	Permeability, mD
	NaCl

Concentration,

mol/L
	Diffusion Coefficients,

10−11 m2/s





	1
	8.28
	313.15
	50
	1
	2.97



	2
	10.05
	313.15
	50
	1
	3.56



	3
	15.26
	313.15
	50
	1
	4.36



	4
	20.25
	313.15
	50
	1
	5.27



	5
	25.83
	313.15
	50
	1
	5.83



	6
	30.23
	313.15
	50
	1
	6.47



	7
	10.22
	323.15
	50
	1
	3.96



	8
	15.15
	323.15
	50
	1
	4.88



	9
	20.78
	323.15
	50
	1
	5.55



	10
	25.06
	323.15
	50
	1
	6.36



	11
	29.68
	323.15
	50
	1
	7.06



	12
	10.07
	333.15
	50
	1
	4.30



	13
	15.36
	333.15
	50
	1
	5.33



	14
	20.14
	333.15
	50
	1
	6.18



	15
	25.27
	333.15
	50
	1
	6.84



	16
	30.57
	333.15
	50
	1
	7.67



	17
	15
	343.15
	50
	1
	5.74



	18
	20.07
	343.15
	50
	1
	6.69



	19
	25.1
	343.15
	50
	1
	7.39



	20
	30.27
	343.15
	50
	1
	8.05



	21
	10.88
	353.15
	50
	1
	4.85



	22
	15.09
	353.15
	50
	1
	6.25



	23
	20.09
	353.15
	50
	1
	7.14



	24
	30.91
	353.15
	50
	1
	8.50



	25
	11.55
	373.15
	50
	1
	5.30



	26
	15.28
	373.15
	50
	1
	7.71



	27
	19.7
	373.15
	50
	1
	7.89



	28
	30.94
	373.15
	50
	1
	9.61



	29
	15.06
	323.15
	100
	1
	9.50



	30
	15
	323.15
	10
	1
	1.66



	31
	15.03
	323.15
	50
	0.5
	5.21



	32
	15.07
	323.15
	50
	1.5
	4.24



	33
	15.06
	323.15
	50
	2
	3.77
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