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Abstract

In engineering, gelled acids play a crucial role in facilitating reactive flow phenomena across diverse mediums. This study undertakes a comprehensive numerical investigation into the reactive flow dynamics within fracture-vuggy carbonates, employing gelled acid as the agent. The mathematical model intricately couples thermal, hydrological, and chemical aspects to provide a holistic understanding of the process. Fractures are meticulously modeled using a pseudo-fracture approach, while vugs are delineated as highly porous matrix clusters. The simulation meticulously examines the influence of vugs and fractures, in conjunction with the rheological behavior of gelled acid, on the dissolution process. Our findings reveal that compared to hydrochloric acid, gelled acid is more effective in treating high-temperature carbonate rocks. A lower power law index induces a more pronounced response in shear stress, resulting in a more uniform dissolution pattern. Moreover, the presence of vugs and fractures exerts a significant impact on both the trajectory of wormhole growth and its penetration depth. As the length of fractures increases and their number multiplies, their dominant influence on the growth of wormholes becomes more pronounced. Furthermore, an abundance of fractures may attenuate the influence of vugs. This study highlights the importance of controlling the power-law index and understanding the complex interactions between fractures and vugs for reactive flow.
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1 Introduction
Reactive flow within porous media is a critical phenomenon exerting significant influence on a diverse array of geological and chemical processes, as well as engineering applications [1]. It lies at the core of comprehending processes such as diagenesis [2–4], karstification [5–7], geologic sequestration of carbon dioxide [8–11], contaminant transport in groundwater resources [12–14], safe disposal of nuclear waste [15], and the acidizing treatment of reservoir [16–18]. To investigate the reaction-dissolution mechanism of acid in porous media, researchers have conducted numerous experimental studies [19–23]. The results of the core acidization experiments show that the dissolution pattern resulting from acid-rock dissolution correlates with parameters such as the type of acid, core size, and injection rate. Nonetheless, reproducing the intricate environments and multifaceted influences encountered in actual reservoirs presents challenges in laboratory experiments. Hence, researchers frequently turn to numerical simulations to delve deeper into reactive flow processes.
Numerical simulations encompass various influencing factors and intricate geological conditions, thereby furnishing forecasts and interpretations of observed phenomena and behaviors in actual reservoirs [18, 24–37]. In numerical simulations of various reaction flows, reactions can be classified based on reaction kinetics into irreversible reactions and reversible reactions. For instance, the reaction of hydrochloric acid with carbonate rocks [38, 39] is considered an irreversible reaction, while the reaction of carbon dioxide solution with rocks [40–42] is classified as a reversible reaction. Additionally, there exist multi-step reactions, such as the flow reaction of hydrofluoric acid in sandstone [43–45]. Among these, reactive flows in carbonatite media are valued for their extensive applications across multiple fields [10, 46, 47].
To investigate the dynamics of hydrochloric acid dissolution in carbonate rocks, Panga et al. [25] developed a two-scale continuum (TSC) model. This model delineated the flow and transport of acid at the Darcy scale while characterizing the dynamic alterations of pore-scale parameters through empirical formulations. Subsequently, Kalia et al. [48] examined the influence of media heterogeneity on wormholes utilizing this model. It was observed that heterogeneity within a rock not only influences the structure of patterns formed during reactive dissolution but also affects the quantity of acid required to achieve a specific increase in permeability. Recognizing the significant impact of heterogeneity on the dissolution dynamics of acidic rocks, researchers began exploring the effects of larger-scale heterogeneity, such as the presence of fractures and vugs, on the reaction process and dissolution outcomes. Izgec et al. [49] examined the characteristics of vuggy carbonate rocks during reactive flow through experiments and numerical simulations. Chen et al. [50] and Khoei et al. [51], respectively, solved the fractured medium reaction flow model based on the unified pipe-network method and the finite element method. Huang et al. [52] treated vugs as anomalous matrices with high porosity, employing COMSOL software to solve the reaction flow model and investigate the influence of vug presence on wormhole growth and development structure. Liu et al. [53] tailored for fractured carbonate reservoirs, integrating concepts from the discrete fracture model and the TSC model. Utilizing the finite volume approach, the model effectively examined the impact of fracture characteristic parameters on wormhole formation. Qi et al. [54] regarded fractures as matrices with specific high porosity and utilized COMSOL software to explore the influence of fracture geometry on the initiation and propagation of wormholes. Through parameter sensitivity analysis, Jia et al. [55] examined the reaction flow processes of two typical core scales of vugular carbonate rocks as well as isolated vug carbonate rocks. They found that the vug filling degrees and vug diameter all had a significant effect on the reactive flow of fluids in carbonate rocks. Asl et al. [56] simulated the reaction flow process by combining the pseudofracture approach with the TSC model, wherein Darcy’s law governed the flow within the matrix and vugs, while the cubic law mimicked the flow within the fractures. They elucidated the impacts of individual fractures and vugs and analyzed the effects of various arrangements of fractures and vugs on reactive flow. Wang et al. [57] devised a statistical model of natural fractures employing the Monte Carlo method. This model integrates the matrix porosity model, fracture distribution model, and TSC model to simulate the formation mechanism of wormholes in naturally fractured reservoirs under radial flow conditions. Liu et al. [58] extended the TSC model to encompass fracture-vuggy porous media. They solved the model under both linear and radial conditions in three dimensions and conducted sensitivity analysis on the parameters associated with vugs and fractures.
In specific domains of geoengineering, non-Newtonian fluid acids find application in injection operations. For instance, in geothermal reservoir acidization, gelled acid is frequently employed to moderate the reaction rate owing to the reservoir’s elevated temperature. Investigating the reactive flow of such non-Newtonian acid types in carbonatite media, Ratnakar et al. [59] utilized the TSC model in conjunction with an empirical rheological model to elucidate the reactive transport of gelled acids on the Darcy scale. Their study explored the impact of rheological parameters on dissolution phenomena. Similarly, Maheshwari et al. [60] examined the three-dimensional reactive dissolution of gelled acid utilizing the two-scale continuum model, with a specific focus on the implications of non-Newtonian behavior on wormhole propagation. Liu et al. [61] introduced a coupled Thermal-Hydrological-Chemical (T-H-C) model to delineate the acidization dissolution of carbonate rock using gelled acid. This model scrutinized the dynamics of polymer adsorption, temperature variations, and the non-Newtonian behavior of the introduced acid. However, prevailing research on the reactive flow of gelled acid predominantly concentrates on the rock without field-scale heterogeneities. Given that carbonate reservoirs commonly encompass fractures and vugs, the significance of these geological structures in the reactive flow process cannot be overstated. To enhance the fidelity of reactive flow simulations in real formations, it is imperative to consider the effects of fractures and vugs, thereby facilitating a comprehensive evaluation of the mechanism underlying wormhole formation induced by gelled acid.
This study extends the T-H-C coupled model established by Liu et al. [62] to encompass fracture-vuggy porous media. Vugs are characterized as matrix clusters with significantly elevated porosity, as described by Liu et al. [58], while fractures are delineated using the pseudo-fracture model [63]. For computational simplification, the matrix, vugs, and fractures are all discretized within the same grid system.
The paper is structured as follows: Section 2 presents the development of a comprehensive mathematical model to describe the reaction flow behavior of gelled acid in carbonate fracture-vuggy systems. The alterations in the in situ viscosity of the gelled acid are elucidated using a rheological model. In Section 3, the model from Section 2 is rendered in a dimensionless form. Section 4 outlines the numerical algorithm utilized for solving the model. Section 5 conducts pertinent numerical simulations aimed at scrutinizing the influence of rheological behavior, fractures, and vugs on the reaction flow process. Finally, Section 6 summarizes the paramount findings of this study.
2 Mathematical model
2.1 Rheological model
Gelled acids exhibit non-Newtonian fluid behavior, which differs from the flow properties of Newtonian fluids [60]. The whole rheological model, which takes into account temperature, shear-thinning behavior, and polymer concentration, shows how the in situ viscosity changes [61]. It is written as[image: thumbnail](1)where μsitu represents the viscosity of gelled acid; μHCl indicates the concentration of pure HCl; μ0 is the gelled acid’s zero shear viscosity at temperature T0 and polymer concentration cp0; and K is the porous media’s effective permeability. The constant ξ is affected by the fluid’s properties.
2.2 Reaction transport model
This subsection mainly describes heat transfer, injected acid flow in fracture-vuggy carbonate rocks, changes in rock porosity in porous media, and species transport [64, 65]
The equations are expressed as follows:[image: thumbnail](2)where μsitu and u, respectively, represent the viscosity and velocity of the gelled acid; t denotes the time; ϕ signifies the porous media’s porosity; K stands for the porous media’s permeability; ch denotes the hydrogen ions cup-mixing concentrations; cp denotes the cup-mixing concentrations of polymers; av is the specific surface area; kc defines the local mass-transfer coefficient; ks is the constant for the surface reaction rate.; Dep and De are efficient dispersion tensors for polymers and hydrogen ions, respectively; [image: equation] and [image: equation] stand for the specific heat capacities of the gelled acid and the rock, respectively; [image: equation] and [image: equation] are the thermal conductivities of the gelled acid and the rock, respectively; ρl and ρr are the densities of the gelled acid and the rock, respectively; and ΔHr(T) signifies the temperature-dependent exothermic heat of the reaction per mole of hydrogen ions consumed.
2.3 Pore-scale model
For the reaction transport model, some physical parameters such as pore-specific surface area, permeability, the local mass-transfer coefficient, and pore radius are required. However, these parameters undergo changes due to the dissolution reaction, which constantly alters the porous media’s pore structure. To determine these parameters, the porescale model [64] can be employed to calculate their values using empirical equations. Subsequently, these parameters are applied in reaction transport model to describe transport and fluid flow behavior in porous media.
The pore-scale equation is expressed as follows:[image: thumbnail](3)
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[image: thumbnail](8)where ϕ0, K0, r0, and a0 denote initial porosity, initial permeability, initial pore radius, and initial specific surface area, respectively; The pore radius is rp; Df refers to the fractal dimensions of pore space; DT refers to the fractal dimensions of tortuosity; dE denotes the Euclidean dimension, which is assigned a value 2 for a two-dimensional space. The smallest and greatest pore diameters are represented by λmin and λmax, respectively. Sh∞ indicates asymptotic Sherwood number; Rep indicates pore Reynolds number; Sc indicates Schmidt number; |u| indicates the magnitude of Darcy’s velocity; DeL denotes the diffusion coefficient in the acid injection’s direction; DeT denotes the diffusion coefficient in the direction perpendicular to the acid injection direction; αos, λL, and λT are pore structure-related constants.
2.4 Initial and boundary conditions
The gelled acid is introduced continuously at a constant velocity from the inlet, with the outlet pressure being consistently maintained at a predetermined value.
In terms of fluid flow, the subsequent conditions are applicable:[image: thumbnail](9)

Pe is a representation of the outlet boundary’s fixed pressure.
Regarding the transport of polymers and hydrogen ions, the boundary conditions are as follows:[image: thumbnail](10)where ch0 and cp0 are the inlet hydrogen ions and polymer concentrations; u0 is the constant injection rate.
For heat transfer,[image: thumbnail](11)where Tf is the temperature at which the acid is injected.
For the transverse boundaries in the context of linear flow cases, the imposition of no-flux conditions serves to confine fluid, solute, and heat within the domain.[image: thumbnail](12)

Periodic boundary conditions are applied across transverse boundaries in the case of radial flow in order to regulate solute transport, fluid flow, and heat transfer, mirroring the following:[image: thumbnail](13)

The initial conditions for the system are defined as follows:[image: thumbnail](14)

For fracture-vuggy carbonate formations, the establishment of the spatial arrangement encompassing pores, fractures, and vugs is mainly divided into three parts:
	1. 
Establishing a random porosity field [62].



	2. 
For the realization of fracture generation and simulation. First, we simulate the distribution characteristics of porosity in the formation by using the initial porosity field with specific correlation length and heterogeneity constructed in step 1. Then, create a random fracture model in two-dimensional space using random numbers to determine the central location, orientation, length, and aperture of fractures [58, 63]. These fractures are represented as line segments. We deal with fractures beyond the physical area using the circular window [58] perimeter clipping approach, which allows simulation to adapt to radial flow conditions. The fracture grid is recognized during the numerical simulation stage by looking to see if the edge of each grid cell intersects the fracture. The adjacent grid crossing that edge is designated as a fractured grid if a grid cell’s boundary crosses a fracture. Finally, high porosity values are assigned to these grids to reflect the permeability of the fractures. The permeability of fracture grid is calculated by the formula Kfr = b
2/12. b is the fracture aperture, whose value is 1 mm in simulation. The calculated fracture permeability is 8 × 107 md. The porosity of the fracture grid is calculated by equation (15) where the average porosity is 0.35 and the average permeability is 0.1 md, which means that the fracture porosity is 0.99.





[image: thumbnail](15)

	3. 
During the process of constructing a vug distribution model, regions in the porosity field with porosity exceeding the average porosity are first identified and designated as vug units [58]. Subsequently, the index positions of these vug units within the grid are determined, and their porosity values are adjusted accordingly. The porosity of the vug areas is set within the range between the average matrix porosity to 1. In this study, we have set the porosity of the vug units to 0.99 and mapped them onto the porosity field. By adjusting the spatial correlation length and heterogeneity coefficient, we are able to generate random vug models with varying densities, volumes, and connectivity.





3 Dimensionless model
The following dimensionless parameters are defined.[image: thumbnail]where the subscript letter D indicates dimensionless; For radial flow conditions, L symbolizes the characteristic length along the flow direction, corresponding to the core radius under radial flow conditions; U represents the dimensionless velocity; ka refers to the dimensionless effective permeability; [image: equation] is the Thiele modulus at the pore scale; η signifies the pore-to-domain scale ratio; AE denotes the dimensionless activation energy; and HD stands for the dimensionless reaction exothermic.
The following non-dimensional form can be obtained to express the mathematical model mentioned above.[image: thumbnail](16)
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Boundary and initial conditions:[image: thumbnail](25)
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4 Numerical methods
The equations (16)–(21) are decoupled and solved using the sequential method for simulation of the injection of gelled acid through the rock. The following steps outline the simulation process:
	
Determine the initial values: Use the hydrogen ions, polymer concentration, temperature, porosity, and velocity field at time t0 as initial values.



	
Solve the flow equations (16) and (17) to compute the velocity U
n+1 at t + Δt.



	
Substituting U
n+1 into the species equations (18) and (19), along with the heat transfer equation (20), couple them with the dissolution equation (21) to determine the distributions of hydrogen ions, polymer concentration, temperature, and porosity at t + Δt.



	
Using the obtained solutions, update the pore-scale parameters.



	
Shift from time n + 1 (i.e., t + Δt) back to time n (i.e., t).



	
Return to step 2 and repeat the process until the injected acid breakthrough occurs.






In brief, the process involves solving the species and heat transfer equations from initial values and flow equations. The process of injecting gelled acid through rock is simulated by continuously updating the pore-scale parameters and repeating the solution.
Since the gelled acid’s in situ viscosity is a nonlinear function of the Darcy velocity, iterations are performed to obtain an accurate solution. In each iteration, the current viscosity value is substituted into equations (16) and (17) to solve for the velocity. The obtained velocity is then used in the viscosity equation (1) to calculate the new viscosity value. This process of iteration persists until convergence is attained.
For the calculation of polymer, hydrogen ions concentration, and temperature distribution, the reaction-transport process is decoupled using the operator splitting method. For a more detailed description of the solution process, interested readers may refer to [61].
5 Simulation results and analysis
In real reservoir acidizing operation, acid flow is radial. Therefore, we adopted the numerical simulation under the condition of two-dimensional radial flow. The corresponding simulation results are given in this section. Table 1 provides a list of the simulation’s input parameters. Unless otherwise stated, all parameters remained unchanged throughout the research.
Table 1 
List of parameter values for the simulation


5.1 Dissolution modes by accordance with various injection rates
Wormhole growth and development in high-temperature carbonate rocks are significantly influenced by the rate of acid injection. Therefore, in this study, the dissolution effects of HCl and gelled acid at different injection rates were compared at 375 K. In the simulation, the initial porosity distribution of all cores is consistent. The simulation conditions are set as follows: fractures are 10, the length is 2 R/6, the average orientation is 60°, and the standard deviation of the orientation is 20°. Set the associated length of the vug to lx = ly = 0.09. Other parameters remain unchanged, as shown in Figure 1, where Figure 1a represents the initial fracture-vuggy structure, and Figures 1b–1f show the dissolution mode formed under different injection speeds, and each letter corresponds to the same injection speed value.
	[image: thumbnail]	Fig. 1 The dissolution modes of HCl and gelled acid were compared at different injection rates at 375 K. (A) HC1 (B) Gelled acid (a) initial fracture-vuggy structure, (b) 1/Da = 10−6, (c) 1/Da = 10−5, (d) 1/Da = 10−4, (e) 1/Da = 10−3, (f) 1/Da = 1.




Through comparative analysis, we can see that under a high-temperature environment, compared with HCl, gelled acid can form wormhole dissolution mode at a lower injection rate, and its dissolution range is wider. At the same injection rate, the wormhole formed of gelled acid has stronger breathability, a larger coverage area of the wormhole, and a better dissolution effect. In addition, from the breakthrough volume data required for injected acid to break through the core (Fig. 2), the amount required for gelled acid under the same conditions is less than the amount of HCl. This indicates that gelled acid not only has high dissolution efficiency under high-temperature conditions but also has less dosage.
	[image: thumbnail]	Fig. 2 The breakthrough volume required for HCl and gelled acid injection under different injection rate conditions.




In summary, in the acidization treatment of high-temperature carbonate rocks, gelled acid shows more obvious advantages compared with HCl because of its lower amount required for acidization and more uniform dissolution effect.
5.2 Effect of rheological properties on wormhole propagation
The properties of gelled acid are affected by rheological parameters. According to equation (1), rheological property is related to power-law index. The characteristics of fluid viscosity with shear rate are described by the power-law index. There is a power law relationship between the fluid’s viscosity and shear rate. This section uses the power-law index to examine how rheological characteristics affect wormhole propagation.
5.2.1 Power-law index
In this subsection, we analyze the power-law index’s impact on the dissolution dynamics. The power-law index, denoted by n, is varied as n = 0.1, 0.3, 0.5, and 0.7. While holding other variables constant, the gelled acid is injected into the core at various rates. The simulation results are presented in Figure 3, where columns (A) to (D) represent different power-law index values and rows (a) to (e) indicate injection rates ranging from low to high.
	[image: thumbnail]	Fig. 3 Effect of power-law index n on the structure of the dissolution. (A) n = 0.1, (B) n = 0.3, (c) n = 0.5, (D) n = 0.7. The rate of gelled acid injection in different rows are: (a) 1/Da = 10−9, (b) 1/Da = 10−6, (c) 1/Da = 10−4, (d) 1/Da = 10−3, (e) 1/Da = 1.




In row (a) of Figure 3, face dissolution occurs when 1/Da = 10−9. As shown in row (b), when 1/Da = 10−6, conical dissolution patterns are formed. Rows (c) and (d) in Figure 3 depict the formation of wormholes when 1/Da = 10−4 and 1/Da = 10−3, respectively. In row (e) of Figure 3, a ramified wormhole is formed when 1/Da = 1. The breakthrough volume (PVbt
) under different injection rates and power-law indices is illustrated in Figure 4.
	[image: thumbnail]	Fig. 4 Effect of power-law index n on the breakthrough volume.




Examining column (A) in Figure 3, we observe that under different injection rates, the branching of wormholes is more prominent for n of 0.1 compared to the other three conditions. This behavior can be attributed to the gelled acid’s viscosity gradually decreasing with rising shear stress (Greater than the critical shear stress) when the power-law index is less than 1. Generally speaking, the viscosity is more susceptible to shear stress the smaller the power-law index is. As a result, gelled acid with a power law index value of 0.1 has the highest sensitivity. Due to the rock’s heterogeneity, the different regions’ permeability is different. This leads to the gelled acid spreading to highly permeable regions. This high permeability results in greater shear stress in these regions. The viscosity of the gelled acid decreases dramatically and becomes more fluid, allowing more acid to flow into these areas. This uneven acid dissolution process results in the branching phenomenon of wormholes. Therefore, compared to acids with higher power-law indices, those with lower power-law indices exhibit a more uniform dissolution pattern.
At low injection rates, the breakthrough volumes (PVBT) of acids with different power-law indices are relatively similar, resulting in face dissolution and conical dissolution. Under conditions of moderate injection rates, the breakthrough volume (PV
bt) corresponding to n = 0.3 is the smallest. However, as shown in Figure 3 (row (c), column (B)) and (row (d), column (B)), the resulting wormholes are short and exhibit poor branching. High-permeability channels formed in these cases do not effectively enhance reservoir conditions. Conversely, acids with power-law indices of 0.5 and 0.7 exhibit better dissolution effects.
Furthermore, it can be observed from the figures that regardless of the dissolution mode, when the injected acid comes into contact with fractures, it preferentially grows and develops along them. Fractures provide relatively low-resistance channels, enabling the acid to penetrate the rock more rapidly. This growth and development process inhibits the formation of other wormholes because the acid concentration and flow rate in other areas are lower compared to fractures, resulting in relatively weak dissolution. Thus, fractures play a guiding and concentrating acid role in the dissolution process, preventing the formation of wormholes in other locations. Consequently, the injected acid cannot uniformly penetrate all parts of the carbonate reservoir, leading to reduced uniformity in the treatment effect.
5.3 Effect of fracture parameters
5.3.1 Fracture density
This subsection investigates the effect of fracture number on wormhole propagation by varying the number of fractures Nf. The fracture’s orientation and length were kept constant, while the number of fractures ranged from 6 to 30. The fracture length was set as 2 R/3, with a standard deviation is 20° and an average orientation is 60°. Each numerical simulation has a different fracture length and orientation because fractures are generated at random.
In Figure 5, Column (A) illustrates the initial location of the vugs and fractures, with the vugs fixed. Column (B) shows a comparison of the dissolution structure of acid breakthrough cores at different fracture numbers. From Figure 5, it can be observed that at a small number of fractures, such as 6, the distribution of fractures appears sparse, with individual fractures separated from each other. During the propagation of the wormhole, the acid must dissolve a portion of the matrix to establish connections between fractures and vugs. The wormhole primarily grows along the vugs, which become part of the wormhole and contribute to the formation of more branches. This is because the vugs have more permeability than the matrix, which causes the acid to flow into the vugs preferentially. Thus, when there are few fractures, the growth of the wormhole is primarily controlled by the vugs. Additionally, the volume of acid breakthrough is the greatest at a fracture number of 6.
	[image: thumbnail]	Fig. 5 Fracture number’s impact on the structure of the dissolution. (A) Distribution of vugs and fractures during initial dissolution. (B) dissolution structure when acid breakthrough. (a) Nf = 6, (b) Nf = 12, (c) Nf = 20, (d) Nf = 30.




The connectedness between fractures gets better as the number of fractures rises. Consequently, the impact of vugs diminishes. Fractures become more dominant in the growth of the wormhole, and the injected gelled acid flows predominantly along the fractures. When there are 30 fractures, the effect of vugs is almost negligible. The injected acid directly reaches the outlet from the inlet along the fractures, largely bypassing contact with the matrix. The resulting wormhole structure is formed primarily along a few fractures, while other areas receive less treatment, limiting the extent of acid coverage throughout the reservoir. Moreover, Figure 6 demonstrates that the breakthrough volume (PV
bt) decreases with the increasing number of fractures at the same injection rate. When there are 30 fractures, the corresponding breakthrough volume (PV
bt) is smallest. This is because dissolution within the fractures causes the acid to pass through quickly, reducing the amount of acid dissolved into other areas of the rock.
	[image: thumbnail]	Fig. 6 The injected acid’s breakthrough volume corresponding to different fracture number.




Furthermore, as depicted in Figure 5 (Column (B)), when the dissolution process is complete, it will be found that the gelled acid does not pass through every fracture. Only a portion of the fractures becomes part of the wormhole. Fractures closer to the core are more likely to be accessible to the acid, while fractures at the edges of the core are rarely affected by the acid.
5.3.2 Fracture orientation
This subsection investigates the fracture orientation’s influence on the wormhole’s structure. In this case, the number and length of fractures were kept constant. Specifically, there were 20 fractures with a length of 2 R/3, a standard deviation of 5°, and the values of θf were set to 0°, 30°, 90°, and 150°, as shown in Figure 7 (Column (A)). The resulting wormhole structures corresponding to different fracture orientations are presented in Figure 7 (Column (B)).
	[image: thumbnail]	Fig. 7 Varying fracture orientation’s influences on the structure of the dissolution. (A) Distribution of fractures and vugs during the initial dissolution (B) dissolution structure when gelled acid breakthroughs. (a) θf = 0°, (b) θf = 30°, (c) θf = 90°, (d) θf = 150°.




From Figure 7, it can be observed that when the fracture orientation is 0°, as depicted in Figure 7 (row (a), column (B)), the fracture direction runs parallel to the wormhole’s growth direction. Injection’s gelled acid dissolves a portion of the rock and then connects with the fracture. The wormhole primarily grows in the direction of the fracture, resulting in a thin wormhole with fewer branches. The final wormhole generated aligns with the radius of the core.
When the fracture orientation is 30° or 150° (−30°), as shown in Figure 7 (row (b), column (B)) and (row (d), column (B)), respectively, the wormhole still grows in the direction of the fracture, but with more branching. In contrast, when the fracture orientation is perpendicular to the core radius, as shown in Figure 7 (row (c), column (B)), the branching of the wormhole is strongest. The wormhole no longer grows in the same direction as the fracture. After passing through the vertical fracture, the injected acid extends along the matrix, following the path of least resistance for penetration.
In conclusion, for radial flow, the wormhole’s growth direction depends on the core’s radius direction. The orientation of the fracture does not solely determine the development direction of the wormhole; however, it does influence the growth path and the final morphology of the wormhole. The interaction between the fracture orientation and the injection process leads to variations in the branching pattern and the overall structure of the wormhole.
5.3.3 Fracture length
The fracture length’s impact on the structure of the wormhole is examined in this subsection. The study keeps the number of fractures and the fracture orientation constant. Specifically, there are 20 fractures with a standard deviation of 20°, and the lengths are taken as 2R/6, 2R/3, and 2R, as depicted in Figure 8 (Column (A)). Figure 8 (Column (B)) displays generated wormhole structures corresponding to various fracture lengths.
	[image: thumbnail]	Fig. 8 Analysis of the impact of fracture length of (a) 2 R/6, (b) 2 R/3, (c) 2 R on dissolution structures. (A) Distribution of fractures and vugs during the initial dissolution (B) dissolution structure when acid breakthrough.




When the fractures are short, as illustrated in Figure 8 (row (a), column (B)), the acid dissolves a portion of the matrix and then connects with the fracture. The resulting wormhole is relatively wide, exhibits branching, and possesses an erratic growth pattern. As the fracture length increases, as shown in Figure 8 (row (b), column (B)) and (row (c), column (B)), the dissolution area of the wormhole decreases, and the branching becomes weaker. The generated wormhole assumes a more regular shape. Because the fractures are more permeable than the matrix, the acid preferentially flows into the fractures during the acid-rock reaction. When fracture length reaches the edge of the core, the injected gelled acid can break through the core more rapidly. Consequently, the breakthrough volume gradually decreases as the fracture length grows. The wormhole lines up with the fracture’s direction, which becomes an integral part of the wormhole structure.
5.4 Effect of vug size
This subsection investigates the impact of vug size on dissolution structure. Figure 9 shows the outcomes of the simulations. The corresponding dissolution structures of the vug distributions are illustrated in Figure 9 (column (B)).
	[image: thumbnail]	Fig. 9 Two-dimensional distribution of vug (A) and dissolution structures (B) at (a) lx = 0.05, ly = 0.05; (b) lx = 0.1, ly = 0.1; (c) lx = 0.2, ly = 0.2.




From Figure 9 (column (B)), it is evident that, regardless of size, the injected acid does not preferentially flow into the vugs. Only a subset of vugs within the dissolution structure participates in the reaction, while the remaining unreacted vugs remain intact. The growth and propagation of wormholes mainly occur in the direction of fractures, rather than along the vug direction. This finding implies that vugs have little to no impact on wormhole propagation. On the contrary, fractures play a more crucial role in the carbonate rocks’s reaction flow process, as they facilitate the propagation and interconnection of wormholes.
As depicted in Figure 9, the injected acid dissolves a portion of the matrix first and then connects the vugs and the fractures. Fractures serve as highly permeable channels for acid injection, enabling the acid to flow preferentially through the channels with the least resistance. This preferential flow inhibits the acid from reaching other areas. Due to their ability to extend over longer distances and occur in greater numbers, fractures have a more pronounced influence on fluid permeability and the propagation of wormholes in rocks. Conversely, the number of vugs is limited, and their sizes are relatively small, resulting in a comparatively minor effect on wormhole propagation.
6 Conclusion
In this paper, a T-H-C coupled model is established to simulate the reaction flow process in deep-buried carbonate rocks with vugs and fractures. Analysis of the influence of the rheological properties, fracture-vuggy parameters on the propagation of the gelled acid wormhole from a two-dimensional radial flow perspective has led to the following conclusions:
	
Gelled acid with a lower power-law index exhibits a more uniform dissolution pattern compared to that with a higher power-law index. This uniform reaction flow enhances the efficiency and effectiveness of the entire treatment process.



	
Carbonate rocks with fractures are more susceptible to acid erosion compared to rocks without fractures.



	
Carbonate rocks often contain fractures and vugs, and their existence alters the flow dynamics of injected acid. They significantly affect the distribution and transport efficiency of gelled acids in rocks. Among them, fractures have a higher influence on the growth and evolution of wormholes compared to vugs.



	
In cases with fewer fractures, wormholes predominantly grow along vugs. But as the quantity of fractures rises, the influence of vugs diminishes while fractures become more significant. Therefore, in carbonate reservoirs with well-developed vugs, the focus can be placed on utilizing these vugs to promote wormhole propagation. On the other hand, if there are significant fractures concentrated around the wellbore, it is advisable to seal these fractures to achieve a more uniform treatment effect.



	
When fractures are perpendicular to the radial direction, they hinder wormhole propagation. Conversely, when the angle between fractures and the radial direction is smaller, wormhole propagation is promoted. Hence, in the study of reactive flows, priority should be given to areas where fractures are approximately parallel to the radial direction. Fractures in these areas are more likely to contribute to wormhole propagation and have a greater impact on the results.



	
Increasing the fracture length leads to a faster growth rate of the wormhole but weaker branching. To ensure better dissolution effects in practical applications, sealing of long fractures can be conducted prior to acid injection.



	
Vug size has only a small impact on wormhole growth. Regardless of vug size, the dissolution pattern remains unchanged.





Although the presence of fractures can accelerate acid penetration and dissolution, too many fractures may lead to problems of uneven acid distribution and small coverage. In conclusion, since gelled acids have limited effectiveness in deep-buried reservoirs with numerous fractures, the focus of our future work has shifted to self-diverting acid. Exploring the potential of self-diverting acids in reservoirs with complex fracture networks.
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