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INTRODUCTION
With the continuous development of the energy industry, oil and gas exploration is transitioning toward unconventional oil and gas. Oil and gas exploitation from low-permeability and tight oil reservoirs has been increasingly receiving attention from various countries. The reserves of carbonate reservoirs account for 50% of the world’s proven oil reserves and 60% of the world’s total oil and gas production, with huge production potential and economic benefits (Zhang et al., 2014; Zhang et al., 2018). Carbonate reservoirs have the features of complex pore structures, diverse storage space, variable connectivity, and strong heterogeneity, which brings great difficulties to oil and gas exploitation. The exploration and development of carbonate reservoirs is now a hotspot and difficulty in current research (Li, 1989; Guo et al., 2012; Wang et al., 2012; Guo et al., 2023).
Organic acids produced by thermal evolution of hydrocarbon generation have a corrosive effect on carbonate reservoirs, resulting in different cavity structures in reservoirs. The widespread existence of vugs is an important reason for the diversity of reservoir fluid flow patterns (Mai and Kantzas, 2007; Hu et al., 2014). For this reason, scholars use different flow mechanisms to describe fluid flow. On the other hand, well logging data and seismic inversion have limited effect on fractured-vuggy reservoirs with a deep buried depth and strong heterogeneity, while well testing interpretation has more advantages in the analysis of fractured-vuggy carbonate reservoirs (Yao, 2014; Jiao, 2019). Pressure transient analysis is the most common method in well testing analysis, which can be used to understand the fluid dynamic characteristics of the reservoir. It relies on the well testing model to establish dimensionless flow equations and obtains reliable formation parameters by solving and fitting. Therefore, this paper summarizes the relevant research studies on the fluid flow mechanisms and well testing interpretation model for the carbonate reservoirs, and points out the shortcomings of current studies and challenges faced by future research, in order to provide methodological references for the development of carbonate reservoirs.
CARBONATE RESERVOIR PROPERTIES AND FLUID FLOW MECHANISMS
The vug structure widely exists in carbonate reservoirs, which has an important influence on fluid flow and puts forward different requirements for well testing interpretation. Compared with conventional reservoirs, carbonate reservoirs have the following characteristics: 1. Diverse storage space. Vugs comprise the main reservoir space and secondary fluid migration channel (Yang et al., 2011), and the fracture system is the main transportation channel (Xiu et al., 2008). 2. Carbonate reservoirs have strong heterogeneity, complex fracture network connectivity, and diverse flow modes between fractures and vugs (Xiong et al., 2011). 3. The scale span of reservoir media is large, and fluid flow patterns are diverse with complex flow mechanisms (Kang, 2010; Jiao, 2019).
Fractured-vuggy carbonate reservoirs comprise three media systems: fractures, matrix, and vugs. There are significant differences in the fluid flow states in different media. The carbonate reservoirs can be divided into two categories according to vug scales. The size of a vug in the first category of reservoirs ranges from microns to centimeters, and it is widely distributed in the bedrock system. Many researchers use Darcy’s law to describe the fluid flow in the reservoir and put forward the dual-porosity and triple-porosity models, and have achieved significant research results (Liu et al., 2018; Luo et al., 2019; Lin et al., 2021). The size of a vug in the second category of reservoirs is above meter scale and even reaches hundreds of meters. They are discretely distributed in bedrock. Since researchers have different understandings of fractures and vugs, various theories are used to describe the fluid flow states. Lomize (1951) considered that the reservoir was isotropic and established the cubic law of fluid flow, which was first verified by experiments. After that, the cubic law was also modified and extended to more accurately determine the fluid flow states (Neuzil and Tracy, 1981; Zhou and Xiong, 1996). Kang et al. (2005) believed that the fluid exists in the form of pipe flow in the tubular vug, and the fluid flow state is theoretically studied based on the cubic law and Hagen–Poiseuille law. Lin et al. (2007) proved that the fluid flow in the fracture follows Darcy’s law, and the fluid in the vug flows in a tube and satisfies Bernoulli’s equation. Xiu et al. (2008) utilized Bernoulli’s equations to describe the fluid flow states in large fractures, and Neale and Nader (1973) applied Navier–Stokes equations to describe the fluid flow in vugs. Popov et al. (2009) used Stokes–Brinkman equations to describe the multi-scale nature of porous media. Compared to the first category of reservoirs, research on the well testing model of the second type of reservoir is still in its infancy.
ANALYTICAL MODELING OF CARBONATE WELL TESTING
Small-scale vug well testing models
Barenblatt et al. (1960) first proposed a dual-porosity theory for fractured reservoirs and established a dual-porosity well testing analysis model. The dual-porosity model was also developed by improving accuracy, defining geometric characteristics, and supplementing seepage law (Warren and Root, 1963; Kazemi, 1969; De, 1976). Based on the main concept of the Warren–Root model, Abdassah and Ershaghi put forward a triple-porosity model including the matrix, fractures, and vugs. After that, a variety of triple-porosity models were developed, which facilitates the characterization of reservoir seepage properties (Abdassah and Ershaghi, 1986; Zhu, 2011). Liu et al. (2008) and Nie et al. (2011) studied the triple-porosity single-permeability model, where fluids in the vugs and matrix enter the fracture through crossflow and undergo seepage toward the wellbore through the fracture. Al-Ghamdi and Ershaghi (1996) and Zhang et al. (2008) successively proposed the triple-porosity dual-permeability and triple-porosity triple-permeability models. Furthermore, the effects of wellbore storage, stress sensitivity, threshold pressure gradient, and fractal theory on carbonate reservoirs were also studied, and the triple-porosity model was further expanded to make it more suitable for actual reservoir geology and production conditions (Tong et al., 2010; Liu et al., 2018; Luo et al., 2019; Lin et al., 2021).
The study of seepage theory and the well testing method in triple-porosity carbonate reservoirs can provide theoretical support for well testing interpretation with obvious triple-porosity features, such as Jialingjiang Fm (Zhu, 2011). The continuum model established based on the theory of continuum has been practically applied in well testing interpretation. However, they are not suitable for well testing analysis of reservoirs with large vugs (Kang, 2010; Li and Yun, 2010; Yao et al., 2010).
Large-scale vug well testing models
Carbonate reservoirs produce complex pore structures and large pores after being subjected to dolomitization and corrosion. The large-scale vug well testing model couples the vug with the continuity equation in the form of a vug storage coefficient, resulting in a stage where the pressure derivative curve has a slope of 1. This property is different from the continuum model and more suitable for the measured bottom-hole pressure data on reservoirs with large-scale vug structures, such as the Tahe Oilfield.
In the formation containing large-scale vugs, the fluid flow is a coupling of seepage and free-flowing, and the Darcy–Stokes coupling model can be used for its simulation. However, it is difficult to obtain the accurate position and related parameters of the interface between the reservoir porous media and the vug fluid, which makes the application of the model limited (Liu et al., 2007; Popov et al., 2009; Wang, 2018). Considering the shortcomings of numerical simulation, many mathematical models for well testing interpretation were established. Lin et al. (2007) simplified the vug into a cylindrical shape and put forward a coupled system model of tubular flow and seepage. It was a preliminary study of fluid flow mechanisms in cavernous reservoirs in China. Gao et al. (2016) explored the drilled vug reservoirs and proposed a composite reservoir model. Xing et al. (2018) established a well testing analysis model that considered skin effect and wellbore storage to express matrix plasticity and corrosion expansion of vug boundaries caused by acidification and fracturing. Du et al. (2019) developed a well testing model that coupled with oil flow and wave propagation to qualitatively describe the vug volume. In addition, on the basis of drilling reservoirs without encountering a vug, Du et al. (2020) simplified vugs into concentric rings and developed a radial multi-layer and multi-cavity composite reservoir well testing analysis model, which quantitatively characterizes the number of vugs. Li et al. (2020) and Li et al. (2021) proposed a theoretical well testing model of seam-hole-type carbonates with a bead structure. In summary, different models for well testing interpretation of carbonate reservoirs with large vugs were developed and applied in example production. However, as ideal models built on numerous assumptions, they still have certain limitations in production applications. Table 1 summarizes the main characteristics of well testing analysis models mentioned previously.
TABLE1 | Well testing model and its characteristics of carbonate reservoirs.
[image: T1]CHALLENGES AND PROSPECTS
In view of the fact that the continuum model cannot explain the reservoirs with large vugs, several new well testing models have been successfully developed. However, due to the complex flow mechanisms, variable vug structures, and diverse storage spaces, the well testing model does not have good universality. There are still many challenges in well testing analysis of gas-bearing reservoirs containing large-scale vugs, and they can be improved from the following aspects.
1) Accurately characterize the changes in the permeability of vug boundaries caused by acidification and fracturing. The matrix molding and corrosion expansion at the boundaries of other vugs communicating with fractures due to acidification and fracturing have rarely been reported, so more complex boundary conditions need to be considered.
2) Further develop the vug filling well testing analysis model. The fillings can be divided into three categories: collapsed breccia fillings, mechanical deposit fillings, and chemical deposit fillings. The chemical deposit fillings do not show the storage and permeability performance, but the remaining fillings can provide storage space for oil and gas (Hu et al., 2014). It is necessary to consider the effect of fluid flow brought by the fillings and study the analytical model of vug filling testing wells.
3) Compositely build the model for vugs with multi-shape and multi-distribution. The existence form of a vug in the model is relatively simple. It is necessary to further study the multi-combination and multi-scale flow mechanisms of a vug and establish a more practical well testing model.
4) Intensively research the multi-phase flow in the carbonate reservoirs. In actual carbonate reservoirs, due to gas drive, water drive, and bottom water, the fluid flow is multi-phase rather than single-phase flow, as previously studied. Establishing a multi-phase flow model for well testing and analysis will provide a more accurate interpretation and wider application of the actual production data.
SUMMARIES
In this paper, the flow characteristics of carbonate reservoirs are stated in detail. The size of the vug can be divided into reservoirs with a small-scale vug and large-scale vug. Two different categories of reservoirs need to be targeted to establish well-testing models for well testing analysis, although researchers conducted various studies on carbonate reservoirs and also applied them in actual production. However, due to the complex nature of the reservoirs, especially the diverse characteristics of the vug, the current model still has shortcomings in well testing analysis. To attain a clearer understanding of carbonate reservoirs, we need to supplement the mathematical description of the effect of fracturing on a non-wellbore-connected vug as much as possible, model the shape and location distribution of more vugs, and explore the mathematical expression of the vug filling in the vug in a more realistic way.
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