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Abstract

:

High resolution micro-computed tomography images for multiphase flow provide us an effective tool to understand the mechanism of fluid flow in porous media, which is not only fundamental to the understanding of macroscopic measurements but also for providing benchmark datasets to validate pore-scale modeling. In this study, we start from two datasets of pore scale imaging of two-phase flow obtained experimentally under in situ imaging conditions at different water fractional flows under water-wet and mixed-wet conditions. Then, fractal dimension, lacunarity and succolarity are used to quantify the complexity, clustering and flow capacity of water and oil phases. The results show that with the wettability of rock surface altered from water-wet to mixed-wet, the fractal dimension for the water phase increases while for the oil phase, it decreases obviously at low water saturation. Lacunarity largely depends on the degree of wettability alteration. The more uniform wetting surfaces are distributed, the more homogeneous the fluid configuration is, which indicates smaller values for lacunarity. Moreover, succolarity is shown to well characterize the wettability effect on flow capacity. The succolarity of the oil phase in the water-wet case is larger than that in the mixed-wet case while for the water phase, the succolarity value in the water-wet is small compared with that in the mixed-wet, which show a similar trend with relative permeability curves for water-wet and mixed-wet. Our study provides a perspective into the influence that phase geometry has on relative permeability under controlled wettability and the resulting phase fractal changes under different saturations that occur during multiphase flow, which allows a means to understand phase geometric changes that occur during fluid flow.
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1. Introduction


Multiphase flow in porous media is of great importance for many scientific and industrial fields, including enhanced oil recovery [1,2], geologic carbon sequestration [3] and groundwater flow in soil [4], etc. Wettability plays an important role in multiphase flow in porous media [5,6] and is the main factor in the control of the fluid location and spatial distribution in porous media [7]. Wettability on multiphase flow has been shown to affect fluid properties, such as saturation and relative permeability [7,8,9,10]. Recent advances in high resolution micro-computed tomography imaging technology combined with laboratory flooding experiments allow for pore-space multiphase images collected from displacement processes under in situ flow conditions and provide useful information on wettability on a pore-by-pore basis [11].



This imaging technology not only provides direct visualization for pore-scale displacement flow but also an alternative means to measure flow properties of capillary pressure and relative permeability in complex porous systems [12,13]. More recently, pore scale images have been used to characterize the effects of the configuration of the pore space and the fluids in it on transport. Liu et al. [14] demonstrate that Euler characteristics determined from multiphase high resolution images which are used for determining spatial connectivity are strongly correlated with the relative permeability for the non-wetting phase in porous media. Zou et al. [15] analyzed nonwetting phase connectivity at different water fractional flows from the images obtained from water-wet and mixed-wet Bentheimer sandstone. The results for the Euler characteristic indicate a decrease of non-wetting phase relative permeability with wettability altered from water-wet to mixed-wet on the same rock. Moreover, a pore-by-pore basis on pore and throat fluid occupancy [16,17], fluid/fluid interfacial areas [18], curvatures [19,20], and contact angles [21,22] have been conducted on high-resolution imaging under water-wet and mixed-wet conditions and adopted to explain the pore-scale physics that control the measured macroscopic relative permeability under various wettability conditions [23]. Overall, using a combination of flow experimentation and imaging provide insight into the effects of the configuration of the pore space and the fluids in it on transport.



Fractal geometry is a powerful analytical tool for the characterization of complex materials. Fractal geometric parameters measured directly from pore scale images can also be volume-averaged, which thus reveal the influence of pore structure on macroscale parameters like permeability [24,25,26,27]. Fractal dimension is a scale-invariant parameter that characterizes the extent of complexity of pore space geometry [28]. Katz et al. [29] showed the pore spaces of several sandstones are fractal geometries and adopted the fractal statistics to predict the correct porosity. Apart from the fractal dimension, there are two other counterparts to the fractal dimension: lacunarity and succolarity, which are used for characterizing the translational homogeneity, and percolation degree of a system, respectively [30,31,32]. Compared with fractal dimension widely used for pore structure characterization, lacunarity and succolarity are rarely used for porous media. In previous work, Roy et al. [33] adopted lacunarity to characterize the clustering of fracture networks and other research described the heterogeneity of porous media as lacunarity and investigated the relationship between lacunarity and permeability [34,35]. Xia et al. [25,30] analyzed pore space microstructures of reservoir rocks in terms of fractal parameters by using 3D images and demonstrated that lacunarity can quantitatively characterize the heterogeneity of the overall pore structure in core samples. They also found that succolarity showed an exponential relationship with permeability and provide an understanding of the influence of heterogeneous structure on permeability [36]. Compared with the aforementioned studies characterizing the impact of pore structure on transport properties, there are relatively a few studies quantifying the wettability effect on fluid distributions during multiphase flow in terms of fractal geometry.



Herein, the goal of our study is to consider how the fluid geometric parameters change during multiphase flow under different wettability conditions and how the parameters can correlate with relative permeability. We hypothesize that the phase state of a porous medium during multiphase flow can be described in terms of fractal geometry that characterize the geometric state of immiscible fluids and furthermore, provides a link between the relative permeability measured experimentally and fractal parameters. We extend Xia et al.’s [30] work for a two-phase flow system in porous media. We firstly statistically calculate fractal dimension, lacunarity and succolarity for water and oil phases directly from three-dimensional multiphase images from imaging core floods. Next, we correlate the parameters with the flow behavior that occurs during multiphase flow and thus, relative permeability. Our findings reveal the pore-scale physics that control the flow properties under different wettability conditions. In principle, the studies associated with the geometric characterization of immiscible fluids in porous media could be applied to any porous media with complex fluid distributions.




2. Materials and Method


In this section, we firstly explain image datasets obtained from imaging core floods that are used for fractal geometrical calculations. Next, a belief description of wettability characterization is presented. Finally, the fractal-based algorithms used to calculate fractal dimension, lacunarity and succolarity directly from images are clarified, respectively.



2.1. High Resolution Image Datasets from Core Flooding Experiments


In this study, microcomputed tomography datasets of flow experiments under water-wet and mixed-wet conditions are used for fractal calculations. Fluid arrangements are imaged under water-wet and mixed-wet conditions during a steady state flooding experiment to generate fluid distributions at various water saturations. The rock sample used in our study is Bentheimer sandstone. The core sample is 10 mm in diameter and 21 mm in length. For the fluid systems, Soltrol-130 is used as the oil phase and water doped with 0.4 Mol NaI is used for the wetting phase. The interfacial tension between these two fluids is measured to be 38 mN/m. Then, on the same sandstone rock, wettability is altered to oil-wet by hydrophobic chemical solutions [37]. Afterward, steady state tests are carried out on the altered core. Brine and oil are co-injected into the core with four water fractional flows (Fw = 0.9, 0.5, 0.1 and 0) to cover the entire range of saturations for in situ fluid distributions. After a steady state is reached, the entire core length was scanned for roughly 14 h with fluids being injected using a helical imaging scanner housed in a lead-lined room at the University of New South Wales, Australia. The detail of the setup is referred to in our previous works [15]. All the partially saturated images were firstly registered with a reference to the dry image of the imaged Bentheimer sandstone [38]. Therefore, the partially saturated and dry images were overlaid for the same section of rock to superimpose the dry image segmented data for the solid phase over the partially saturated image [38]. Hence, we could clearly segment images into rock, clay, brine and oil phases. Further details on the imaging processing and segmentation were reported in Sheppard et al. [39,40]. The images used for calculations at four water fractional flows are 10243 subvolumes corresponding approximately to 5.52 mm3 of the core sample. The images for 0.5 water fractional flow are visually shown in Figure 1a–d.



Moreover, we adopt image datasets of water-wet and mixed-wet from Lin et al. [41,42] for results’ comparison and validation. Lin et al. [41] conducted a steady-state fractional flow experiment of the brine and oil phase on water-wet Bentheimer sandstone. For the water-wet case, imaged fluid distributions were obtained under steady state conditions in sequence through injecting at different fractional flows (Fw = 0, 0.05, 0.15, 0.3, 0.5, 0.85, 1) with a total flow rate of 0.02 mL/min and the original image data size is 1000 cube with approximately 3.58 mm3. For fractal parameters calculated by the box-counting method, we resampled the original image data to 512 cube for further analysis for computational efficiency. For mixed-wet conditions in Lin et al. [42], the brine and oil phase were co-injected with different water fractional flows (Fw = 0.02,0.06,0.24,0.5,0.8,0.9,1) while keeping the total volumetric flow rate at a constant of 0.03 mL/min. A central 10243 volume (approximately 3.67mm3) is extracted from each of the original CT images and then resampled to 5123 volume for analysis for computational efficiency. The images for 0.5 water fractional flow are demonstrated in Figure 1e–h. The image data information obtained from steady state tests for these four image datasets is summarized in Table 1.




2.2. Wettability Characterization from Image Datasets


The image data information obtained from steady state tests for these four image datasets is summarized in Table 1. It is noted that for our study, the same Bentheimer rock was used for imaging steady state tests for both water-wet and mixed-wet cases. For Lin’s work, two different Bentheimer rocks were adopted. The porosity and throat radius distributions of the rocks are plotted in Figure 2. The detailed information of pore and throat for water-wet and altered-wet Bentheimer in Lin’s work can be referred to in Lin et al. [42] and Foroughi et al. [43]. The image datasets for four works at water fractional flow Fw = 0.5 used for fractal-based calculation are visually displayed in Figure 1. The three-dimensional datasets used for fractal calculations as well as the two-dimensional cross-sectional views in a selected region of the pore space under water-wet and mixed-wet conditions are shown in Figure 1 as an example. From Figure 1, we visualize oil residing in large pores under water-wet conditions, while it occupies some small pores and corners for the mixed-wet case. Combined with the contact angles measured shown in Table 1, it can be seen that wettability has been altered from water-wet to mixed-wet in both works. Average contact angles were measured experimentally to be 34° and 57° for water-wet and mixed-wet in our previous study [44], respectively, while 47° and 97° were measured from image datasets by an automatic algorithm for water-wet and mixed-wet in Lin et al. [41,42], respectively.




2.3. Fractal-Based Analysis and Phase Properties


In this section, we explain the methods to calculate the fractal dimension, lacunarity and succolarity based on image datasets for the water and oil phase separately. The detailed calculation procedure is illustrated below.



2.3.1. Fractal Dimension Calculation for Two-Phase Flow


In this study, fractal dimension is used to separately quantify the characteristic of oil and water distributions in water-wet and mixed-wet cases. The pore scale fluid distributions are available from image datasets of core flooding described in the previous section. The box-counting method is performed on three-dimensional segmented fluid phases acquired from in situ pore scale imaging during steady state flow experiments. The box-counting method is performed on image datasets from core flooding experiments illustrated in Section 2.1. The water and oil phase are calculated separately for fractal dimensions by using the box-counting method [30,45,46].




2.3.2. Lacunarity Calculation for Two-Phase Flow


In this study, we used the 3D gliding box algorithm to calculate the lacunarity of the CT multiphase images.



The lacunarity Λ(r) at length scale r is obtained by the gliding box-counting method, which is calculated by the statistical moment function ZQ [30,47]


  Λ  ( r )  =    Z Q   ( 2 )     ( r )       [   Z Q   ( 1 )     ( r )   ]   2     



(1)







In order to eliminate the effect of porosity on the analysis of lacunarity, the calculated value from the gliding box algorithm is normalized. The maximum lacunarity is Λmax = 1/ϕ while minimum value is Λmin = Λ(l) =1 (ϕ is porosity). The value of Λmax shows that different values of ϕ will change the value of lacunarity. Hence, to eliminate the effect of porosity on the analysis for lacunarity and reflect only the impact of pore clustering, the calculated value from the gliding box algorithm is normalized. Normalizing the lacunarity parameter can be rewritten as below:


   Λ ∗  ( r ) =   Λ ( r ) −  Λ  min      Λ  max   −  Λ  min     = ϕ   Λ ( r ) − 1   1 − ϕ    



(2)







The normalized lacunarity is extended to characterize the fraction of fluid phase occupation in the pore space and eliminate the effect of ϕ. Therefore, Equations (1) and (2) are employed for each phase to demonstrate the impact of wettability alteration on fluid distributions.




2.3.3. Succolarity Calculation for Two-Phase Flow


The principle for calculating succolarity was detailed in de Melo and Conci [31], which adopted an ideal box-counting approach for 2D images. Xia et al. [30] extended his work for 3D images. As for the 3D Succolarity calculation method, the pseudo pressure fields are added to the 3D images in six directions. For each direction, the values of pressure applied on the images depend on the number of image voxels and the scale size of the measurement box. Then, the fluid flow will be simulated through all the connected pore voxels in each direction while the fluids are not allowed to flow through solid pixels with non-flow boundaries within the confines of the images.



Afterward, succolarity is predicted by adjusting the size of the measurement box in the images based on the ideal box-counting method. The target fluid flow area is then divided into equal sizes of boxes in the images and is denoted as BS(k), where k represents the number of possible partitions of an image in the boxes. Then the occupation percentage for each box size of image is measured directly on the images and denoted as OP(BS(k)). Next, for each box size k, the pressure value is expressed as follows:


    ∑   k = 1  n  O P  (  B S  ( k )   )  × P R  (  B S  ( k )  , p c  )   



(3)




where n is the number of possible divisions and PR(BS(k),pc) represents the pressure over the centroid of the box k on the scale of consideration.



Next, to make the succolarity value dimensionless, the value of succolarity can be characterized as the pressure occupation value (Equation (3)) divided by the maximum possible pressure occupation value:


  S u  (  B S  ( k )  , d i r  )  =     ∑   k = 1  n  O P  (  B S  ( k )   )  × P R  (  B S  ( k )  , p c  )      ∑   k = 1  n  O P  (  B S  ( k )   )  × m a x P R  (  B S  ( k )  , p c  )     



(4)




where dir represents the direction, for instance, left to right.



Finally, 3D succolarity is obtained by calculating the percentage of pressure occupation with Equations (3) and (4).






3. Results


First, we calculate the fractal dimension, lacunarity and succolarity values of the water and oil phases for image datasets obtained from core flooding illustrated in Table 1. We then compare these results with varying degrees of saturations and wettabilities to investigate the influence of phase fractal characteristics on flow. Finally, coupled with macroscopic measurements of relative permeability measured on the corresponding rock samples, we identify succolarity as a significant parameter for oil phase relative permeability under various wettability conditions.



3.1. Phase Configuration Characterized by Fractal Dimension and Lacunarity during Multiphase Flow


3.1.1. Fluid Complexity Characterized by Fractal Dimension


Fractal dimensions characterize the complexity and heterogeneity of spatial fluid distributions in porous media. From Figure 3, the results show that at highwater saturation, there is nearly no difference of oil fractal dimension between water-wet and mixed-wet cases. With the decrease of water fractional flow and more oil flooded into the pore space, the fractal dimension of the oil phase in the water-wet cores is obviously larger than that in the mixed-wet cases. The observations can be explained that at high water saturation, a few amounts of oil droplets tend to locate in big pores in both water-wet and mixed-wet cores. Hence, oil distributions are similar, indicating the same value of fractal dimensions. With the increase of oil saturation, the oil phase in mixed-wet core is well connected which forms continuously to reach a very low water saturation. While for the water-wet case, the oil phase can be trapped or retained in the pore space, indicating complicated oil distributions. On the other hand, the fractal dimension for the water phase in mixed-wet is larger than the corresponding fractal dimension in water-wet. Overall, fractal dimensions for the water phase in Zou’s work [15] in water-wet and mixed-wet cases are consistently larger than those in Lin’s work [41,42]. It is most likely due to uncertainty when segmenting the water phase on imaging datasets below the image resolution. There exists an uncertainty when determining the water phase in both the water-wet and mixed-wet systems for Zou’s study since water can exist as films covering grain surfaces which may not be fully resolved with imaging. The trend shows that with wettability altered from water-wet to mixed-wet, the complexity of water phase distributions is increased since in the mixed-wet case, water phase distribution mainly depends on water-wet pores which are distributed more scattered than original water-wet conditions.




3.1.2. Fluid Heterogeneity Characterized by Normalized Lacunarity


The principles for normalized lacunarity calculation are illustrated in Section 2.3.2. In order to eliminate the effect of box size computed on each dataset, the value r in the gliding box algorithm for calculating 3D lacunarity (see Equations (1)–(3)) is selected as 16 voxels for comparison and then the normalized values of lacunarity are all between 0 and 1. Lacunarity values calculated for the water and oil phase separately located in the same core sample can statistically provide an indication of the impact of wettability alteration on fluid distributions. This can be explained by the fact that in the box-counting method, the more concentrated the distribution of pores (bigger lacunarity and higher heterogeneity), the fewer the number of boxes that cover pores for a certain r. The results of normalized lacunarity for water-wet and mixed-wet cases in two scenarios (shown in Figure 4) demonstrate that with the decrease of water fractional flows, lacunarity values for both the water phase and oil phase decreases, indicating more homogenous spatial fluid distributions at low water saturations.



In detail, the trends of normalized lacunarity values for the water phase and oil phase in Zou’s study are both consistently larger than those in Lin’s work. The results are probably because the extent of wettability alteration in the two cases are different, which can be referred to as contact angle measurements tabulated in Table 1. The extent of mixed-wet in Zou and Armstrong [44] is not as strong as that in Lin’s work [42]. The results in Zou and Armstrong’s work show that the 34 degree contact angle is measured for the water-wet case and the the contact angle of mixed-wet case is approximately 57 degrees (see Table 1). The initial water saturation was 0.42 by air flooding in two directions to get a uniform desired water saturation and wettability was altered by organic saline chemical-Octadecyltrichlorosilane (OTS) to render the exposed pore surface hydrophobic [44]. On the other hand, in Lin’s work [42], a uniform water saturation for the sample was established to be approximately 0.1 by centrifugation followed by crude oil aging to generate mixed-wet conditions across the pore space in the Bentheimeh sample [42]. Two-phase fluid displacement experiments also showed that the contact angle was 47 degrees while the mixed-wet angle was 95 degrees [11]. Thus, it indicates that more oil-wet surfaces were generated in Lin’s study than those in Zou’s work, resulting in more homogeneous distributions for oil-wet surfaces and more unform wetting conditions. Therefore, fluid distributions are less clustered due to uniform oil-wet conditions in Lin’s work with smaller values for lacunarity. Hence, the results show the influence of the degree of wettability alteration on fluid spatial distributions. The clustering degree of the fluid phase distributions affected by the heterogeneous wettability on the rock sample is larger than that by homogeneous wettability rock.





3.2. Flow Capacity Characterized by Succolarity and Relative Permeability Curves


We further examine the impact of wettability alteration on fluid percolation in terms of succolarity. Succolarity values are calculated for the water and oil phases under the water-wet and mixed-wet cases according to Equations (3) and (4) which are detailed in Section 2.3.3. The direction of Succolarity calculations was chosen to be consistent with the direction of fluid flow injection (Z direction). The results of succolarity calculations are plotted in Figure 5. We then compared the relative permeability results measured by the core flooding experiment at steady state for water-wet and the mixed-wettability Bentheimer in [15,41,42] which are detailed in Table 1. The relative permeability curve is shown in Figure 6.



Regarding the succolarity results, we can see that for the oil phase in the water-wet case (Figure 5a), the Succolarity result is higher than that in mixed-wet while water succolarity value in water-wet is lower than that in mixed-wet conditions in both scenarios (shown in Figure 5b). The trends are consistent with our experimental observations and relative permeability results under different wettability conditions [5,9] shown in Figure 6. Thus, in Figure 6, oil relative permeability in water-wet (shown in solid square and circle) is larger than Kro in mixed-wet cases (shown in hollow square and circle) since in the mixed-wet core, the oil is confined to smaller pores and the water will form continuous channels or fingers through the centers of the larger pores [48]. For the water phase, the succolarity values in the mixed-wet cases are slightly larger than those in the water-wet cases since the brine tends to imbibe into the small pores and corners in the water-wet case while in the mixed-wet case with the pores altered to oil-wet, the water phase tends to locate in big pores [49]. Overall, the trends for succolarity values at various saturations shown in Figure 5 are consistent with relative permeability results measured at steady state laboratory experiments in water-wet and mixed-wet for four scenarios which are plotted in Figure 6. The succolarity values can provide an indication of the impact of the wettability on fluid capacity. We then further explore the relationship between succolarity values and relative permeability for the oil and water phase in the following section.




3.3. The Relationship between Succolarity and Relative Permeability


Based on the above results shown in Figure 5 and Figure 6, we find that succolarity results show a similar trend with relative permeability results. We then correlate the relationship between the permeability of the oil phase and succolarity along flow direction for four scenarios and the relationships are shown in Figure 7. All the data points are fitted to an exponential model y = a   e  b  s u     , where Su is the abbreviation for succolarity. The parameters a and b for the corresponding work are listed in Table 2. All the fittings are good as R2 is larger than 0.976. Based on Figure 7, we can see that parameter a for water-wet cases is consistently one magnitude larger than that in mixed-wet cases while parameter b is smaller in water-wet cases. Overall, the relative permeabilities for the oil phase under water-wet and mixed-wet both have a strong correlation with succolarity. Thus, succolarity values effectively reflect the trend of relative permeability results under different wettability conditions.





4. Conclusions and Discussion


In this study, we adopt fractal parameters to analyze the geometric characteristics of two-phase flow under different water fractional flows. By using fractal dimension, lacunarity and succolarity, we quantify spatial fluid distributions directly from pore scale imaging, fully investigate complexity, clustering and flow capacity of two-phase flow and probe the impact of wettability alteration on fluid flow in terms of fractal geometry. Geometric analysis shows that fractal dimensions well characterize the complexity of the spatial fluid distributions. Lancuccity can indicate the extent of wettability alteration on fluid occupancy at different fluid saturations and demonstrate that the distributions of wetting pore surface play a major role in the heterogeneity of fluid distribution. Moreover, succolarity can provide a useful indication of the wettability effect on the flow capacity for each fluid in the porous media, which is consistent with our experimental results of the impact of wettability alteration on relative permeability.



Overall, we provide a first look at the relationship between the fractal geometrical parameters and flow behavior that occurs during multiphase flow as well as relative permeability. Our work provides a perspective into the influence that phase geometry has on relative permeability under controlled wettability and the resulting phase fractal changes under different saturations that occur during multiphase flow. A complete characterization of pore scale geometry characteristics under controlled wettability for two-phase fluid flow allows a means to understand phase geometric changes that occur during fluid flow and provides a benchmark datasets to validate pore-scale models.
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Figure 1. Image datasets of water-wet (a,b) and mixed-wet (c,d) used for fractal-based calculations (approximately 5.52 mm3) are displayed in three-dimensional datasets and the two-dimensional cross-sectional views In Zou et al. [15]’s work. Image datasets of water-wet (e,f) and mixed-wet (g,h) used for fractal-based calculations (approximately 3.58 mm3) are displayed in three-dimensional datasets and the two-dimensional cross-sectional views in Lin et al. [42]. The original image datasets are documented in Section 2.1 and then reproduced for visualizations here. All images shown here are steady-state tests at fw = 0.5. 
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Figure 2. Histogram plot showing the distribution of pores radius (a) and throats radius (b) for Bentheimer rock used in [15,41,42]. 
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Figure 3. Comparison of fractal dimensions for water phase (a) and oil phase (b) in water-wet and mixed-wet cases. 
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Figure 4. Comparison of the normalized lacunarity results for water phase (a) and oil phase (b) in water-wet and mixed-wet cases. 
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Figure 5. Comparison of succolarity results along flow direction for water phase (a) and oil phase (b) in water-wet and mixed-wet cases. 
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Figure 6. Comparison of relative permeability results measured by the laboratory for water phase (a) and oil phase (b) in water-wet and mixed-wet cases for Zou’s [15] and Lin’s work [41,42]. 
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Figure 7. Kro versus succolarity of the works and the fitting exponential model. 
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Table 1. Summary of two-phase imaging experiments conducted under in situ imaging condition flow between this work and previous works for water-wet and altered-wet conditions.
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	Work
	Porosity Based on CT Image
	Total Flow Rate (mL/min)
	Imaging Resolution

(μm)





	Zou et al. [15]—Water-wet
	0.245
	1
	5.56



	Zou et al. [15]—Mixed-wet
	0.245
	1
	5.56



	Lin et al. [41]—Water-wet
	0.348
	0.02
	3.58



	Lin et al. [42]—Mixed-wet
	0.231
	0.03
	3.58
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Table 2. Parameters for the exponential model fit y = a   e  b  s u      listed in Table 1.
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	Work
	Parameter a
	Parameter b





	Zou et al. [15]—Water-wet
	0.0372
	13.523



	Zou et al. [15]—Mixed-wet
	0.0069
	19.027



	Lin et al. [41]—Water-wet
	0.0658
	13.919



	Lin et al. [42]—Mixed-wet
	0.0079
	23.77
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