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The decline rate of gas wells varies with production time and is related to reservoir and working system. A typical single well numerical model of low permeability gas wells is established. The variation law of decline rate and its main influencing factors are studied by single factor analysis method. The results show that there are two stages of rapid and slow decline for the decline rate of gas wells, and the decline rate tends to be stable after the gas wells entering the decline period of 2–3 years; the decline rate increases with the increase of permeability, gas saturation and wellhead pressure, and decreases with the increase of porosity and well-controlled reserves; the decline rate in late production does not change with the change of reservoir thickness, initial production allocation and formation pressure. Then the decline rate model is and Then the decline rate model and the non-linear model of each factor are established by using response surface method are used to predict the decline rate quickly and accurately. According to the prediction model, the larger the well-controlled reserves, the smaller the permeability and the smaller the decline rate. In order to reduce production decline rate in gas well production process, it is suggested that the influence of various parameters on production decline rate should be considered comprehensively, and the well-controlled reserves of gas well should be increased as far as possible.
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1 INTRODUCTION
The conventional ARPS method is inaccurate in judging the decline type [1, 2]. It is proposed that the modern production instability analysis method be used to evaluate the dynamic reserves to optimize the decline type and the dimensionless decline rate chart be used to improve or distinguish the decline type, which greatly improves the efficiency and accuracy of field workers in judging the decline type [3–11]. At the same time, the decline of production is primarily due to geological conditions. Because of the constraints restraint, the decline analysis should look for the decline factors from the geological origin, and analyze the relationship between the decline and the geological factors. Many petroleum workers have studied and analyzed the factors of affecting the decline [12–20], but they mainly focus on the reservoir engineering indicators such as oil production rate, production pressure difference, and production fluid index and so on. There is no perfect theoretical method to study the geological factors affecting the decline stage.
The purpose of this paper is to find out the relationship between decline rate and reservoir physical properties, pressure, working system and well-controlled reserves. By means of numerical simulation of gas wells, the main factors affecting production decline of low permeability gas wells are determined by orthogonal experimental design method. On this basis, the prediction model of decline rate under different production conditions is obtained by response surface test design method. It not only avoids the complexity and inaccuracy of identification of decline type, but also provides a new method and new idea for analysis and prediction of decline rate and production decline for “L” type production decline gas wells.
2 ANALYSIS OF AFFECTING FACTORS FOR PRODUCTION DECLINE IN LOW PERMEABILITY GAS RESERVOIRS
A large number of analysis results show that the law of production decline of gas wells is directly related to geological conditions, production methods and technology [21–27]. Geological conditions mainly include gas reservoir structure type, trap type, reservoir space type, driving type, seepage condition, reserves and so on. Reservoir-seepage condition and driving type play a leading role in gas reservoir decline and ultimate recovery. Mining methods mainly include well pattern deployment, well type, working system, etc. The rationality of well layout is related to whether formation energy can be fully utilized, whether underground reserves can be fully utilized and whether gas reservoirs can be balanced exploitation, which is one of the important factors affecting the decline of gas well production. Technology is an important symbol of the level of gas field development, and plays an important role in ensuring the normal production of gas reservoirs in the later stage of development. If the technology is good and the problem can be solved effectively, the production decline can be effectively slowed down and the life of gas wells (reservoirs) can be prolonged.
3 NUMERICAL SIMULATION RESEARCH OF INFLUENCING FACTORS PRODUCTION DEGRADATION IN LOW PERMEABILITY GAS RESERVOIRS
Through analysis, the main factors of affecting production decline of gas wells include reservoir physical parameters, well-controlled reserves, formation pressure and working system. In order to analyze the relationship between factors and decline rate, a typical single well model of gas wells is established by numerical simulation method, and the decline rate is studied from qualitative and quantitative perspectives. The basic parameters of the basic model are shown in Table 1, from which a typical gas well mechanism model is obtained.
TABLE 1 | Basic parameters of typical single gas well model.
[image: Table 1]3.1 Single Factor Analysis
On the basis of typical gas well mechanism model, eight factors including reservoir permeability, porosity, reservoir thickness, gas saturation, formation pressure, well-controlled reserves (well-controlled radius), initial production allocation and wellhead abandonment pressure are designed.
3.1.1 Permeability
For tight reservoirs (permeability <1.0 × 10–3 μm2), there is no stable production period under 40,000 cubic meters/day production allocation in the gas wells, and it directly decline production of gas wells; for low and medium permeability reservoirs (1–10×10–3 μm2), the higher the permeability of gas wells, the longer the stable production period, and when the permeability is greater than 4 × 10–3 μm2, the growth rate of the stable production period slows down. In order to study the influence of different reservoir permeability on production decline law, this design studied seven sets of contrast schemes of reservoir permeability of 0.01, 0.05, 0.1, 0.5, 1, 4, and 8 mD, respectively. It can be seen in Figure 1 that the greater the reservoir permeability, the greater the decline rate; and the decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years.
[image: Figure 1]FIGURE 1 | Effect of Permeability on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Permeability.
The regression decline index n of annual decline rate and annual gas production is calculated. The smaller the value of n, the faster the decline. The regression formula is as follows:
[image: image]
It is shown that the decline index n decreases with the increase of reservoir permeability, which indicatesthe that greater the permeability, the faster the decline. When the permeability K is less than 1 × 10–3 μm2, it is more in line with hyperbolic decline, and when the permeability K is more than1×10–3 μm2, it is more in line with near exponential decline. The permeability increases from 0.01 × 10–3 μm2 to 8 1 × 10–3 μm2, the decline index n changes from 0.987 to 0.0104, and the decline type changes from harmonic to index, which shows that permeability has a great influence on the decline.
3.1.2 Porosity
In order to study the effect of different reservoir porosity on production decline law, five contrast schemes with reservoir porosity of 0.05, 0.07, 0.09, 0.11, and 0.13 were studied respectively in this design. It is shown in Figure 2 that with the increase of porosity, the longer the stable production time is, the porosity increases by 1%, and the stable production time prolongs by about 0.5 years. The bigger the reservoir porosity is, the smaller the decline rate is. The decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years.
[image: Figure 2]FIGURE 2 | Effect of porosity on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Porosity.
It shows that the decline index n increases with the increase of reservoir porosity. The law of decline is more in line with the exponential decline. Decline index n increases from 0.0145 to 0.0686 when the porosity ranges from 5% to 13%, which indicates that porosity has a relatively small effect on decline.
3.1.3 Gas Saturation
In order to study the influence of gas saturation of different reservoirs on production decline law, five contrast schemes with gas saturation of 0.5, 0.6, 0.7, 0.8, and 0.9 were studied respectively in this design. It is shown in Figure 3 that with the increase of porosity, the longer the stable production time is, the porosity increases by 1%, and prolongation of stable production time by about 0.5 years. The bigger the reservoir porosity is, the smaller the decline rate is. The decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years.
[image: Figure 3]FIGURE 3 | Effect of Gas Saturation on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Gas saturation.
It is shown that the decline index n decreases with the increase of reservoir gas saturation. Its decline type is close to exponential decline. The gas saturation increases from 50% to 90%, and the decline index n is always less than 0.1, which indicates that the effect of gas saturation on the decline is relatively small.
3.1.4 Reservoir Thickness
In order to study the influence of different reservoir thickness on production decline law, five contrast schemes with reservoir thickness of 1, 3, 5, 7 and 9 m were studied respectively in this design. It is shown in Figure 4 that with the increase of thickness, the longer the stable production time is, the thickness increases by 2 m, and the stable production time prolongs by 2 years. The bigger the reservoir thickness is, the smaller the decline rate is. The decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years, and the decline rate hardly changes with the change of thickness in the later stage of production.
[image: Figure 4]FIGURE 4 | Effect of Reservoir Thickness on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Effective thickness.
It is shown that the decline index n increases with the increase of reservoir thickness. Its decline type is close to exponential decline. The formation thickness increases from 1 m to 9 m, and the decline index n is always less than 0.1, which indicates that the influence of gas saturation on the decline is relatively small.
3.1.5 Formation Pressure
In order to study the influence of different formation pressures on production decline law, five contrast schemes with formation pressure of 10, 15, 20, 25, and 30 Mpa were studied respectively in this design. It is shown in Figure 5 that with the increase of formation pressure, the longer the stable production time is, the formation pressure increases by 5 Mpa, and the longer the stable production time is about 1 year. The bigger the formation pressure is, the bigger the decline rate is. The decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years, and the decline rate hardly changes with the change of thickness in the later stage of production.
[image: Figure 5]FIGURE 5 | Effect of Formation Pressure on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Formation pressure.
It is shown that the greater the formation pressure, the more sufficient the formation energy, the larger the decline index, and the slower the overall decline. Its decline type is close to exponential decline. When formation pressure increases from 10 Mpa to 30 Mpa, the value of decline index n changes slightly, always less than 0.1, which indicates that formation pressure has relatively small influence on decline.
3.1.6 Well-Controlled Reserves
In order to study the influence of different well-controlled reserves on production decline law, seven contrast schemes of well-controlled reserves are studied by changing well-controlled radius in the model, which are 0.1, 0.2, 0.4, 0.8, 1.0, 2.0, and 4.0 × 108 m3, respectively. It is shown in Figure 6 that with the increase of well-controlled reserves, the longer the stable production time is, the more multiple the stable production time is with the increase of well-controlled reserves. The bigger the well-controlled reserves are, the smaller the decline rate is. The decline rate consists of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years.
[image: Figure 6]FIGURE 6 | Effect of well-controlled reserves on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Well-controlled reserves.
It is shown that the larger the well-controlled reserves, the larger the decline index, and the slower the overall decline. When well-controlled reserves are more than 100 million cubic meters, it is in line with hyperbolic decline, and when well-controlled reserves are less than 100 million cubic meters, it is in line with exponential decline. When well-controlled reserves increase from0.1 × 108 m3 to 4 × 108 m3, the value of decline index n varies greatly, which indicates that well-controlled reserves have a relatively large impact on decline.
3.1.7 Constant-Gas-Production-Rate Period
In order to study the effect of different single well production allocation on production decline and decline rate, this study was carried out by designing five contrast schemes with constant production of 2, 3, 4, 6, and 8 × 104 m3. It is shown in Figure 7 that with the increase of constant yield, the longer the stable yield time is, the more multiple the stable yield time is. The bigger the constant output is, the bigger the decline rate is; the decline rate is composed of two stages: rapid decline and slow decline, and the decline rate tends to be stable after 2–3 years, and the decline rate in the later stage of production hardly changes with the change of the constant output.
[image: Figure 7]FIGURE 7 | Effect of constant-gas-production on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Constant-gas-production-rate period.
It is shown that the larger the constant-gas-production, the smaller the decline index and the faster the overall decline. When the fixed gas production increases from2×104 m3/d to 8 × 104 m3/d, the value of decline index n varies greatly, which indicates that the constant-gas-production has a relatively large impact on the decline.
3.1.8 Wellhead Abandonment Pressure
Five contrast schemes of 2, 3, 4, 5, and 6.4 MPa for wellhead abandonment pressure were designed. To study its impact on yield decline and decline rate. It is shown in Figure 8 that the higher the wellhead pressure, the shorter the stable production period; with the increase of production time, the decline rate of gas wells decreases, and tends to be stable after 2–3 years. The higher the wellhead pressure, the greater the decline rate. The bigger the wellhead pressure, the smaller the decline index and the faster the overall decline. The type of decline accords with near exponential and hyperbolic decline. When wellhead pressure increases from 2 MPa to 6.4 MPa, the value of decline index n decreases from 0.2705 to 0.0468, which shows that the influence of wellhead pressure on decline is relatively large.
[image: Figure 8]FIGURE 8 | Effect of wellhead abandonment pressure on Annual Decline Rate and decline index. (A) Decline rate vs. Production time. (B) Decline index vs. Wellhead abandonment pressure.
3.2 Quantitative Analysis of Multivariate Response Surface
3.2.1 Establishment of Model
Response Surface Regression Analysis (RSRA) [28, 29] is a research method which combines mathematical method, experimental design and statistical analysis. It is usually used to study the mathematical model between different influencing factors and their corresponding response output. It is a qualitative and quantitative analysis method. Five levels of response surface analysis including permeability, well-controlled reserves, and gas allocation and formation pressure are designed. In this method, as shown in Table 2 the center point represents with the axis “0.” The cube point represent with “±1,” and the axial point represent with “±α.” There are four factors in our experiment, according to the law of central composite design in Response Surface Regression Analysis, the α equal 2, and we can get the experiment design from it. 31 groups of experiments are designed to respond to the decline rate, and the influence of interaction among factors on the decline rate can be considered. Production was simulated for 20 years through 31 schemes were simulated by reservoir numerical simulation method.
TABLE 2 | Response surface of 4 factors and result of 5 Levels.
[image: Table 2]According to the fitting effect, the quadratic regression model of quaternion is selected to fit, and its general form is as follows:
[image: image]
Where, y-target value, x1、x2 … … xk—The input of regression model; β0、βi、βij、βij-regression coefficients; ε-error in response variables。
Taking the decline rate of the first year as an example, the analysis of variance was used to analyze the significance of the interaction of multiple factors and the accuracy testing of regression model. The results of decline rate response surface analysis for the first year were obtained, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Analysis diagram of response surface; (A) Three-dimensional diagram; (B) Two-dimensional diagram.
Multiple regression and binomial fitting were performed for each factor to determine regression coefficients. First, a linear regression equation was fitted with the test data of two horizontal factors including the center point. If the surface is found to have a tendency to bend, consider adding a binomial regression equation, until fitting out the perfect binomial equation. The regression model between response output and factor is shown in Eq. 3 (A is permeability, B is formation pressure, C is well-controlled reserves, D is working system, R is decline rate):
[image: image]
Then, through the normal probability distribution of residual and the comparison between the actual value of R1 and the predicted value of the model, it can be seen that all the data point is near the central line in both picture, which means the prediction value is just much close to the actual value. It proves that the model has high accuracy and reliability (as shown in Figures 10, 11), so the decline rate can be predicted by using the model.
[image: Figure 10]FIGURE 10 | Normal probability distribution of residuals
[image: Figure 11]FIGURE 11 | Contrast Diagram between Actual and Prediction Value of R1.
3.2.2 Case Analysis
After obtaining the response surface model, the decline rate and gas production of the eleven wells from G1 to G11 are validated with the model. The results are shown in Table 3. The experimental results show that the applicable conditions of the model are: well-controlled reserves are between 0.1 and 400 million, permeability is 0.1–8 mD, formation pressure is 10–30 MPa, and production is 2–80,000 cubic meters per day. The average absolute error between the initial annual decline rate calculated by response surface model and the actual well initial annual decline rate is 1.31%.
TABLE 3 | Response surface model verification table.
[image: Table 3]On this basis, the decline rate and gas production of each year after the decline of these 11 wells are predicted, and the well G1 are taken as examples for specific analysis. The results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Comparison of Response Surface for G1 and Traditional Method: (A) decline rate; (B) production.
The mechanism model and the actual production of gas wells show that the decline type and decline index are constantly changing, while it must determine a decline index firstly for the conventional ARPS method. This model can directly calculate the decline rate without determining the decline type and decline index. Three gas wells prove that the response surface decline rate prediction model can be used to predict the change trend of decline rate and production through the case analysis of three gas wells.
4 CONCLUSION
It shows that there are two stages of fast and slow for the decline rate of gas wells through the numerical simulation, and the decline rate tends to be stable after the gas wells enter the decline period of 2–3 years; the decline rate increases with the increase of permeability, gas saturation and wellhead pressure, and decreases with the increase of porosity and well-controlled reserves; the decline rate of late production has nothing to do with reservoir thickness, initial production allocation and formation pressure. The numerical simulation analysis of the response surface for gas well shows that the degree of influence on production decline rate is well-controlled reserves, permeability, working system and formation pressure in turn; the calculation result of the initial decline rate prediction model of gas well established by using multi-factor response surface analysis and considering the interaction of factors is 1.31% absolute error with the actual well, which meets the production requirements and can be used for rapid prediction for decline rate of gas well.
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