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There are serious drilling fluid loss problems in fractured reservoirs during drilling and completion. Indoor evaluation of the drilling fluid lost control effect is an important basis for on-site plugging formula design, but there are some problems in drilling fluid lost control evaluation, such as the inability to evaluate specific loss types. Therefore, based on the classification of loss causes, this paper defines the main control factors of drilling fluid lost control efficiency of different loss types and puts forward a method for recognizing loss types. The influence of fracture module and experimental steps on the drilling fluid lost control efficiency was evaluated through laboratory experiments. Based on the analysis method of indoor and field drilling fluid lost control efficiency, the best laboratory experimental conditions of different loss types were recommended, and then, the experimental evaluation method of the drilling fluid lost control efficiency considering various loss types was established. This method can comprehensively evaluate and grade the lost control ability of the plugging formula. Through the verification in Block K of the Tarim Basin, the test results are closer to the field lost control results, and the evaluation results of the drilling fluid lost control efficiency are better, which can guide the field leakage control evaluation.
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1 INTRODUCTION
The lost control of drilling fluid in deep fractured formation has become a common problem encountered in the field of oil and gas, and deep geothermal engineering. Lost circulation will not only directly cause significant economic losses and increase non-productive time but also induce safety accidents [1–3]. Reservoir loss will seriously hinder the discovery and production of oil and gas resources. Scholars have conducted a lot of research work on the drilling fluid loss control from aspects of the lost circulation type, lost circulation mechanism, new plugging materials, and plug formula optimization [4–8]. According to the causes of loss, loss can be divided into three categories, which include induced fracture type loss, fracture propagation type loss, and natural fracture type loss [9–11]. Induced fracture loss refers to the undisturbed intact rock mass near the wellbore. When the effective pressure of the drilling fluid column is greater than the formation breakdown pressure, fracture occurs and extends. Fracture propagation type loss refers to the phenomenon that after the pressure of the drilling fluid column is transmitted to the fracture surface, the geometric size of the fracture increases due to the comprehensive influence of positive pressure difference, temperature, and seepage, and finally, the solid and liquid phases of the drilling fluid enter the formation. Natural fracture loss refers to the phenomenon that the drilling fluid enters formation freely through a natural fracture connecting wellbore and formation once pressure difference is observed.
Drilling fluid lost control efficiency is the comprehensive embodiment of the effect and ability of controlling loss. Laboratory experiments are often carried out to evaluate the plugging ability of the plugging formula. Since 1960s, scholars have been continuously improving the experimental means to simulate and evaluate the formation loss and to evaluate the appropriate plugging materials and technologies. However, at present, laboratory instruments are diversified, such as the API static plugging tester, crevice plugging tester, and high-temperature and high-pressure drilling fluid loss dynamic evaluation tester [8, 12–17]. There are different experimental methods, such as thin-fractured plate fracture plugging, standard core fracture plugging, and long core fracture plugging [17–25]. Therefore, this will lead to deviation of the experimental results, which cannot reflect the evaluation results of the drilling fluid lost control efficiency of specific loss types. Commonly used indicators to characterize the effect and ability of drilling fluid lost control include the pressure bearing capacity, sealing time, loss amount, and loss rate [24–32]. However, when evaluating the effect and ability of lost control, single or several indicators are mostly used, which lead to the evaluation results being not systematic, sufficient, and accurate. In order to comprehensively evaluate the effect and ability of drilling fluid lost control in fractured formations, this paper presents an experimental evaluation method of the drilling fluid lost control efficiency considering loss types. By analyzing the control efficiency and main control factors of drilling fluid loss, the relative weight ratio of main control factors is defined. Based on the coincidence degree of the indoor and field drilling fluid lost control efficiency, the reasonable fracture module parameters and experimental steps for indoor evaluation of the drilling fluid lost control efficiency are put forward, and then, the application strategy of the experimental evaluation method of the drilling fluid lost control efficiency in fractured formation is formed. By the field test in Block K in the Tarim Basin, the feasibility of this method is verified, providing ideas for field drilling fluid lost control.
2 METHODOLOGY
The flow of the experimental evaluation method of the drilling fluid lost control efficiency is shown in Figure 1. First, according to the geological data on the work area and the drilling fluid loss situation, the drilling fluid loss type was determined, the main control factors of the lost control efficiency were analyzed, and the weight proportion of the main control factors was calculated. The formula of field plugging slurry is adopted, and the formula of indoor and field plugging slurry is consistent. The influence of fracture module parameters and experimental steps on the drilling fluid lost control efficiency is studied by a single factor. Based on the analysis of the coincidence degree between the indoor and field drilling fluid lost control efficiency, the best indoor experimental conditions for different types of losses are determined. Then, an indoor crack plugging simulation experiment is carried out, and the evaluation result of the plugging formula is obtained so as to guide the indoor evaluation of the field lost control.
[image: Figure 1]FIGURE 1 | Flow chart of the experimental evaluation method for the drilling fluid lost control efficiency.
2.1 Judgment of the drilling fluid loss type in fractured formation
The loss types of fractured formation can be divided into induced fracture loss, fracture propagation loss, and natural fracture loss. By collecting the field engineering geological characteristic data on fractured formation and referring to the dynamic model of drilling fluid loss, the drilling fluid loss rate–time characteristic curve of the loss model is made as the characteristic layout, the data on the drilling fluid loss rate in the early stage of drilling fluid loss in the well to be determined are recorded, the drilling fluid loss rate–time curve is drawn, and the field drilling fluid loss rate–time curve is compared with the characteristic charts of different loss types to determine the drilling fluid loss types in fractured formation.
2.2 Drilling fluid lost control efficiency and main control factors
2.2.1 Analysis of the drilling fluid lost control efficiency
The effect and ability of drilling fluid lost control are comprehensively influenced by the strength, efficiency, and compactness of the fracture plugging zone. Commonly used indicators to characterize the effect and ability of drilling fluid lost control include the pressure bearing capacity, sealing time, loss amount, and loss rate, but there is no uniform standard and requirement for the application of evaluation indicators at present. These conditions lead to differences in the evaluation results of indoor experiments. In this paper, the plugging strength, plugging efficiency, and plugging compactness of the fractured plugging zone are comprehensively considered; the control efficiency of the drilling fluid loss in fractured formation is determined by the three factors; and the plugging strength, plugging efficiency, and plugging compactness are measured by the pressure bearing capacity, initial loss, and cumulative loss. The strength of the bearing capacity is a comprehensive reflection of the strength and structural stability of a fracture sealing zone. The strength of the fracture sealing zone can be characterized by measuring the strength of bearing capacity [33]. Bearing capacity refers to the difference between the corresponding wellbore liquid column pressure and formation pressure when the fracture sealing zone is destroyed. The greater the bearing capacity, the stronger the resistance of the fracture sealing zone to external forces and the more stable the structure. The initial loss reflects the formation efficiency of the fracture sealing zone, that is, the sealing efficiency. Initial loss refers to the loss of drilling fluid before the formation of the fracture sealing zone after the plugging material enters the fracture, which is characterized by the loss 1 min before the formation of the sealing zone. The smaller the initial loss is, the shorter the time it takes for the lost circulation material (LCM) to bridge and form the fracture sealing zone. The cumulative loss is a comprehensive reflection of the structural compactness of the fracture sealing zone. The denser the fracture plugging zone structure, the less drilling fluid will be lost. Cumulative loss refers to the loss of drilling fluid from the time the LCM enters the fracture to the time when the fracture plugging zone is destroyed. The smaller the cumulative loss, the denser the structure of the fracture sealing zone.
2.2.2 Controlling factors of the drilling fluid lost control efficiency
The main control factors of the drilling fluid lost control efficiency are different with different loss types, and the influence of plugging strength, plugging efficiency, and plugging compactness on the drilling fluid lost control efficiency is different, which makes the pressure bearing capacity, initial loss, and cumulative loss of the plugging zone have different weights in the comprehensive evaluation of the drilling fluid lost control efficiency.
Loss occurs when the working fluid density is very high for a low-pressure formation. The longer the fracture extends, the harder it is to plug. In addition, the more drilling fluid leaks, the harder it is to plug. Fluid lost control should include both prevention treatment and plugging treatment. The fluid lost control should be fast and efficient to avoid formation failure and further extension of fractures. The plugging effect depends on the fracture restart pressure and propagation pressure after the lost circulation control. For induced fracture loss, plugging fracture in time is the key to improving the plugging efficiency and drilling fluid lost control efficiency.
Fracture propagation type loss means the condition under a comprehensive influence of positive pressure difference, temperature and seepage, fracture propagation, and the solid–liquid two-phase drilling fluid flow. The fracture extends from the original width to loss fracture width and then a fracture network. The plugging effect depends on the fracture propagation pressure and plugging zone strength. For this type, the improving drilling fluid lost control efficiency should focus on plugging operation time and plugging intensity.
Natural fracture type loss refers to the type that the conventional plugging technology can successfully plug the fracture, which is often accompanied by fracture expansion and extension, making the conventional plugging method difficult to work.
The drilling fracture opening has reached the loss opening and is connected into a network. As the sealing range becomes wide, the number of weak sealing points increases. The main goal should be sealing the lost channel. The plugging effect depends on the strength and compactness of the plugging zone. Natural fracture type leakage does not require a high plugging efficiency as long as the leakage channel can be plugged to make the fracture plugging zone have a certain strength. The control efficiency of drilling fluid loss depends on whether it can be plugged and the plugging strength.
It is summarized that the main control factor of the induced fracture type lost control efficiency is the plugging efficiency. The main control factor of the fracture propagation type lost control efficiency is the plugging efficiency and plugging intensity. In addition, the main control factor of the natural fracture type lost control efficiency is plugging intensity and plugging compactness.
2.3 Analysis of weight proportion of main control factors
The main control factors of the drilling fluid lost control efficiency are different for different loss types, and the pressure bearing capacity, plugging efficiency, and plugging strength have different influences on the drilling fluid lost control efficiency. The square root method is used to calculate the relative weight of each index, and the calculation steps are as follows.
1) Based on the analysis of the drilling fluid lost control efficiency in Section 2.2, the index quantification standard is established, as shown in Table 1.
2) Calculate the geometric mean mi of all elements in each row of the judgment matrix by using the square root method, and form all the obtained mi into vector M, as shown in Formula 1.
[image: image]
TABLE 1 | Index quantification standard.
[image: Table 1]In the formula, [image: image], i=(1,2,3, … , n)
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In the formula, [image: image], i=(1,2,3, … , n).
3) After calculating the geometric average of each row of elements, calculate the relative weight of each influencing factor with Formula 2.
4) Construction of the judgment matrix: Taking natural fracture loss as an example, the sealing strength and sealing compactness of the fracture sealing zone determine the control efficiency of drilling fluid loss. According to the field test data, laboratory test results, and the experience of experts and engineers, the importance of the main control factors is divided and the judgment matrix of the drilling fluid lost control efficiency is constructed [34], as shown in Table 2.
5) Consistency test: In order to ensure the validity of the judgment matrix, it is necessary to test the consistency of the evaluation results of the judgment matrix (as shown in Formulas 3, 4).
[image: image]
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TABLE 2 | Judgement matrix of the drilling fluid lost control efficiency.
[image: Table 2]RI—— the average random consistency index;
CI― the consistency coefficient, which is related to the order n and the maximum characteristic root of the matrix;
λmax― the maximum eigenvalue of the judgment matrix;
n― the order of the judgment matrix.
The consistency test results of the judgment matrix show that the evaluation system of the drilling fluid lost control efficiency for natural fractures meets the consistency standard.
Through the aforementioned steps, the weight proportion of main control factors of the drilling fluid lost control efficiency for natural fracture type loss can be obtained. Similarly, the weight proportion of main control factors of the induced fracture type and fracture propagation type drilling fluid lost control efficiency can be obtained, which is convenient for the analysis and calculation of subsequent experimental results. One decimal point is reserved. The results are shown in Table 3.
TABLE 3 | Weight proportion of main control factors of different types of the drilling fluid lost control efficiency.
[image: Table 3]2.4 Fit analysis method of the lost control efficiency
There will be deviations between the indoor experiment results and the field application results. In order to further make the indoor experiment fit with the field, an analysis method of the lost control efficiency fit degree is proposed (as shown in Table 4). In the laboratory, the fracture plugging simulation experiment is carried out by different evaluation methods using the formula of the plugging slurry used in the field, including different fracture module parameters (the fracture module height, fracture module inclination angle, and fracture surface roughness) and different experimental steps (pressurization mode, single pressure increase, and pressure stabilization time). Differences between the indoor and field lost control results upon the pressure bearing capacity, initial loss, and cumulative loss are weighted in each loss type, according to the results shown in Table 4. In addition, the fit degree of this drilling fluid lost control efficiency evaluation method on each loss type is analyzed through the formula in Table 4. The grading of the evaluation results of the drilling fluid lost control efficiency is classified as “very good,” “good,” “general,” “poor,” and “very poor,” according to the aforementioned values 90%, 80%–90%, 70%–80%, 60%–70%, and less than 60%, respectively.
TABLE 4 | Fit analysis method of the indoor and field drilling fluid lost control efficiency.
[image: Table 4]2.5 Evaluation of the lost control ability of the plugging formula under different loss types
Since the best experimental conditions are determined, fracture plugging experiments should be carried out for further analysis. A comprehensive score of different loss plugging formulas can be calculated by the evaluation method shown in lines 5 to 7. Then, the leakage plugging formulas can be graded according to the lost control capability grading system. Through this method, these loss plugging slurry formulas are classified as “very good,” “good,” “general,” “poor,” and “very poor,” according to the aforementioned values 9.5, 8–9.5, 6.5–8, 5–6.5, and less than 5, respectively.
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2.6 Laboratory evaluation experiment of the drilling fluid lost control efficiency
In order to establish the experimental evaluation method of the drilling fluid lost control efficiency, it is necessary to determine the best laboratory experimental conditions for the efficiency evaluation experiment of the plugging formula. It is necessary to adopt the original plugging formula used in the field and use different evaluation methods to compare the indoor and field drilling fluid lost control efficiency. Taking Well A in Block K of the Tarim Basin as an example, the results of well lost control show that the initial loss is 14.0 mL, the cumulative loss is 41.0 mL, and the pressure bearing capacity is 13.5 MPa, which successfully blocks the fracture. The field data analysis shows that the lost circulation interval of Well A is mainly induced fracture loss, and the maximum particle size in the lost circulation formula is basically less than 3 mm. The particle size distribution range of bridging material in the formula is 1.64–2.96 mm, and the particle size distribution range of filling material is 0.17–2.12 mm. The fracture type corresponds to the indoor 3–1 mm wedge fracture.
2.6.1 Laboratory sample
In the lost circulation case of well A, the formula for successful lost control is “water-based drilling fluid+3% LCM-S2+5% LCM-F1+5% LCM-F2+0.5% LCM-X1.” According to the formula of the basic plugging slurry on site, the LCMs used in indoor experiments are selected. In the experiment, 3D wedge-shaped plungers with the same fracture width (3 mm–1 mm) and different fracture heights, fracture inclination (defined as the ratio of the fracture height to fracture length in this paper), and fracture surface roughness were selected as experimental plungers to study the effects of fracture height, fracture inclination, and fracture surface roughness on the drilling fluid lost control efficiency. The parameters of each plunger are shown in Table 5.
TABLE 5 | Related parameters of each plunger.
[image: Table 5]To study the influence of experimental steps on the control efficiency of drilling fluid loss, the experimental plungers all use unified plungers. On the premise that the fracture width is fixed at 3–1 mm, the most commonly used 3D printing wedge plunger with the fracture height of 18 mm, the dip angle of 1.5, and the JRC coefficient of the fracture surface of 1 is selected.
2.6.2 Laboratory installation
An indoor fracture plugging simulation experiment was conducted with a self-made portable damage assessment instrument [31]. When exploring the influence of experimental steps on the control efficiency of drilling fluid loss, different experimental steps are set. The preliminary preparation work and the experimental process remain unchanged. In addition, the pressurization mode, the single pressure increase, and the pressure stabilization time will be changed. Table 6 represents the specific scheme.
TABLE 6 | Experimental scheme of the influence of experimental steps on the drilling fluid lost control efficiency.
[image: Table 6]3 RESULTS AND DISCUSSION
The loss control results of Well A in Block K were studied as an example, and the method was used to evaluate the induced fracture loss. In addition, the weighting proportion of main fluid lost control factors and the experimental steps were reconfirmed.
3.1 Effect of fracture parameters on the drilling fluid lost control efficiency
3.1.1 Effect of fracture height
The experimental results of the influence of the fracture height on the drilling fluid leakage control efficiency are shown in Figure 2. Plungers with experimental heights of 18 mm, 14 mm, and 10 mm were selected. According to the analysis method of the indoor and on-site drilling fluid lost control efficiency fit shown in Table 4, the calculation results of the indoor plunger with different fracture heights and the on-site drilling fluid lost control efficiency fit are obtained.
[image: Figure 2]FIGURE 2 | Experimental results of different height fracture modules: (A) pressure bearing capacity of fracture modules with different heights and (B) loss of different height fracture modules.
The results show that the lost control efficiency of the plunger drilling fluid with a fracture height of 18 mm is in the highest agreement with the field results, and the evaluation result of the drilling fluid lost control efficiency is “good.” The lost control efficiency of the plunger drilling fluid with a fracture height of 10 mm has the lowest agreement with the field results, and the evaluation result of the drilling fluid lost control efficiency is “average.” For the plunger with a fracture height of 18 mm, the fracture height: fracture entrance width is 6: 1. For a plunger with a fracture height of 10 mm, the fracture height: fracture entrance width is about 3: 1. Therefore, when the ratio of the fracture height to fracture entrance width is larger, the coincidence degree of indoor and field drilling fluid lost control efficiency is higher. Combined with this experimental data, when the fracture height: fracture entrance width is 6: 1, the evaluation result of the drilling fluid lost control efficiency is the best.
3.1.2 Effect of fracture dip angles
The experimental results of the influence of fracture inclination on the drilling fluid lost control efficiency are shown in Figure 3. Select plungers with experimental inclination angles of 0.5, 1.0, and 1.5. According to the analysis method of indoor and field drilling fluid lost control effectiveness, the calculation results of indoor plungers with different inclination angles and field drilling fluid lost control effectiveness are obtained.
[image: Figure 3]FIGURE 3 | Experimental results of fracture modules with different dip angles: (A) pressure bearing capacity of fracture modules with different dip angles and (B) loss of different dip angle fracture modules.
The results show that the lost control efficiency of plunger drilling fluid with fracture inclination angles of 0.5 and 1.5 is higher than that of the field, and the difference between them is very small. The evaluation results of both the drilling fluid lost control efficiency are “good.” However, the lost control efficiency of plunger drilling fluid with a fracture inclination of 1.0 is the lowest, and the evaluation result is “poor,” which is close to “very poor.” The length of plunger fracture with a crack inclination of 0.5 is 100 mm. The length of plunger fracture with a fracture inclination of 1.5 is 50 mm. When the fracture dip angle is greater than 1 and close to 1.5 or less than 1 and close to 0.5, the indoor and on-site drilling fluid lost control efficiency fits well. Combined with the experimental data, the fracture dip angle ranges from 0.5 to 1.5, and the evaluation effect of the drilling fluid lost control efficiency is the worst when the dip angle is 1. Therefore, when evaluating the drilling fluid lost control efficiency, the value of the fracture dip angle should deviate from 1 as much as possible.
3.1.3 Effect of fracture surface roughness
The experimental results of the influence of the fracture JRC coefficient on the drilling fluid lost control efficiency are shown in Figure 4. The plunger with the JRC coefficient of the fracture surface of 1, 10, and 20 mm was selected in the experiment. According to the analysis method of indoor and field drilling fluid lost control effectiveness, the calculation results of the indoor JRC coefficient plunger and field drilling fluid lost control effectiveness are obtained.
[image: Figure 4]FIGURE 4 | Experimental results of fracture modules with different JRC coefficients: (A) bearing capacity of fracture modules with different JRC coefficients of fracture surfaces and (B) loss of different JRC coefficient fracture modules.
The results show that the lost control efficiency of the plunger drilling fluid with the JRC coefficient of the fracture surface of 20 is the highest in accordance with the field, and the evaluation result of the drilling fluid lost control efficiency is “good.” The lost control efficiency of plunger drilling fluid with a fracture JRC coefficient of 1 is the lowest, and there is an obvious linear relationship between the lost control efficiency of indoor and field drilling fluid and the roughness of the fracture surface. In a certain range, the coarser the fracture surface is, the greater the JRC coefficient of the fracture surface is, and the higher the lost control efficiency of indoor and field drilling fluid is.
3.2 Effect of experimental steps on the drilling fluid lost control efficiency
3.2.1 Effect of the pressurization mode
The experimental results of the influence of different pressurization methods on the drilling fluid lost control efficiency are shown in Figure 5. The pressurization methods selected in the experiment are step pressurization and continuous pressurization. The calculation results of the coincidence degree between different pressurization methods and on-site drilling fluid lost control efficiency are obtained.
[image: Figure 5]FIGURE 5 | Experimental results of different pressurization modes: (A) bearing capacity of fracture modules with different pressurization modes and (B) loss of different pressurization modes.
The results show that there is no obvious difference between the indoor and field drilling fluid lost control efficiency in two different pressurization methods, and the evaluation results of the drilling fluid lost control efficiency are all “good.” According to the analysis, stepped pressurization gradually pushes the plugging material into the fracture by pressurization–pressure stabilization–pressurization, while continuous pressurization pumps the displacement fluid at a constant rate. No matter which pressurization method is used, it has little influence on the initial loss, and the plugging efficiency has no obvious change. For the induced fracture loss, the plugging efficiency accounts for the largest proportion of the drilling fluid lost control efficiency, which is 0.6. Therefore, there is no obvious difference between the drilling fluid lost control efficiency of the two different pressurization methods and the on-site fit degree.
3.2.2 Effect of single pressurization increase
The experimental results of the influence of different single pressurization increases on the drilling fluid lost control efficiency are shown in Figure 6. Different single pressure increases of 1.25 MPa, 2.5 MPa, and 5.0 MPa were selected in the experiment. Determine the calculation results of the coincidence degree between different single pressure increases and the on-site drilling fluid lost control efficiency.
[image: Figure 6]FIGURE 6 | Experimental results of different single pressurization increases: (A) bearing capacity of fracture modules with different single pressurization increases and (B) loss of different single pressurization increases.
The results show that when the single pressure increase is 5 MPa, the drilling fluid lost control efficiency is the highest in accordance with the field, and the evaluation result of the drilling fluid lost control efficiency is “good.” When the single pressure increase is 1.25 MPa, the drilling fluid lost control efficiency is the lowest in correspondence with the field, and the evaluation result of the drilling fluid lost control efficiency is “poor.” Moreover, there is an obvious linear relationship between the coincidence degree of the drilling fluid lost control efficiency in the field and indoor and the single pressure increase. In a certain range, the greater the single pressure increase, the higher the coincidence degree.
The main control factor of the lost control efficiency for induced fracturing drilling fluid is the plugging efficiency, which is characterized by the initial lost in the experiment. The higher the plugging efficiency, the less time it takes to form an effective plugging zone and the lower the initial loss. When the single pressure increase is different, with the increase of the single pressure increase, the time required for the LCM to enter the fracture to form a plugging zone is less, the plugging efficiency is higher, and the initial loss is less, thus improving the drilling fluid lost control efficiency. When the single pressure increase is small and the indoor drilling fluid lost control efficiency is poor, with the increase of the single pressure increase, the lost control becomes better and the coincidence degree of the indoor and field drilling fluid lost control efficiency is improved.
3.2.3 Effect of pressure stabilization time
The experimental results of the influence of different pressure stabilization time on the drilling fluid lost control efficiency are shown in Figure 7. In the experiment, the different pressure stabilization time is 2 min, 4 min, and 6 min. Determine the calculation results of the coincidence degree between different pressure stabilization time and the on-site drilling fluid lost control efficiency.
[image: Figure 7]FIGURE 7 | Experimental results of different pressure stabilization time: (A) bearing capacity of fracture modules with different pressure stabilization time and (B) loss of different pressure stabilization time.
The results show that when the pressure stabilization time is 2 min, the coincidence degree of the indoor and field drilling fluid lost control efficiency is the highest and the evaluation result of the drilling fluid lost control efficiency is “good.” However, when the pressure stabilization time is 6 min, the fitting degree is the lowest and the evaluation result of the drilling fluid lost control efficiency is “average.” In a certain range, the coincidence degree of the indoor and field drilling fluid lost control efficiency is negatively correlated with the pressure stability time.
According to the above three series of analysis and experimental results, it can be seen that the evaluation method of out-of-control efficiency of experimental drilling fluid induces fracture loss. When the fracture height: fracture entrance width is 6: 1, the degree of fracture inclination deviation of 1° is high and the fracture surface is rough; then, the indoor and field drilling fluid lost control efficiency fits well. For induced fracture loss, a perfect experimental evaluation method of the drilling fluid lost control efficiency will be supported by this result. As for the evaluation of experimental steps, in the pressurization mode, there is no significant difference between the indoor and field drilling fluid lost control efficiency. In addition, the drilling fluid lost control efficiency is less affected by the evaluation of the pressurization mode. However, the choice of the single pressure increase is more suitable for the evaluation of the drilling fluid lost control efficiency with a higher single pressure increase, and the evaluation results are more consistent with the field. Regarding the selection of pressure stabilization time, when the pressure stabilization time exceeds 1 min, the shorter the pressure stabilization time is and the higher the coincidence degree of the indoor and field drilling fluid lost control efficiency is. Aiming at the induced fracture loss, the perfect experimental evaluation method of the drilling fluid lost control efficiency will be supported by the aforementioned comprehensive analysis results.
3.3 Experimental evaluation method and application strategy of the drilling fluid lost control efficiency
Combined with the experimental analysis results of the influence of fracture module parameters and experimental steps on the drilling fluid lost control efficiency, as shown in Section 3.1 and Section 3.2, an experimental evaluation method of the drilling fluid lost control efficiency for the induced fracture loss is established.
3.3.1 Experimental method of the drilling fluid lost control efficiency considering various loss types
For induced fracture loss, the best fracture height, fracture dip angle, fracture surface roughness, the best pressurization mode, single pressure increase, and pressure stabilization time are defined so as to evaluate the drilling fluid lost control efficiency systematically. At the same time, experiments have been carried out on fracture propagation type loss and natural fracture type loss, and the experimental conditions, as shown in Table 7, have been established.
TABLE 7 | Experimental scheme of the influence of experimental steps on the drilling fluid lost control efficiency.
[image: Table 7]3.3.2 Application strategy
Considering that more than one type of drilling fluid loss can present in some cases, it is necessary to determine the loss types and analyze proportion of each loss type so as to determine the major and secondary loss types. The ideas are as follows:
(1) Determine the loss type. Determine the primary and secondary loss types, and analyze the weight proportion of different loss types by AHP; refer to the analysis method of weight proportion of evaluation indicators in Section 2.4, analyze the weight proportion of different loss types, and determine that the proportion of induced fracture loss, fracture propagation loss, and natural fracture loss are M, N, and O (if there are three loss types at the same time), respectively, and if there are two loss types at the same time, determine the weight proportion of M and N, respectively (M, N, O are all ∈ [0,1]).
(2) Use the experimental evaluation method of the drilling fluid lost control efficiency aiming at different loss types; after the main loss types are determined, the evaluation method corresponding to the main loss types is selected to evaluate the drilling fluid lost control efficiency through Table 7. If the main loss type is induced fracture type, the drilling fluid lost control efficiency will be evaluated according to induced fracture type loss, and the remaining cases are the same.
(3) Make a comprehensive evaluation on the lost control ability of the plugging slurry formula and give the grading results.
According to step 1), among the loss types of fractured formation, the determined proportions of induced fracture type loss, fracture propagation type loss, and natural fracture type loss are M, N, and O (if there are three types of leakage at the same time), respectively. Determine the comprehensive score of the lost control ability of plugging slurry.
[image: image]
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where x, y, and z are the specific scores of bearing capacity, initial loss, and cumulative loss in the lost control results, respectively, which are obtained by combining the specific values of the three indicators with Table 1.
For the final R value, refer to Table 8 to determine the grading result of the lost control ability of the plugging slurry formula.
TABLE 8 | Indoor experiment evaluation method.
[image: Table 8]4 FIELD TEST
Well D is an evaluation well located in Block K of the Tarim Basin, and it has developed micro-fractures. When drilling to the well depth of 5694–5819 m, loss occurred. The on-site plugging slurry formula was oil-based drilling fluid (1.88) +4%NTS-M (medium coarse) +7% NTS-S (type II, medium coarse) +5% NTS (type I, coarse) +2%GYD-coarse +3%GYD-medium coarse +5%GYD-fine. Carry out indoor experiments with the same formula.
According to the evaluation method proposed in this paper, the coincidence degree with the on-site drilling fluid lost control efficiency exceeds 90%, and the evaluation result is rated as “very good.” The indoor conventional evaluation method, which is just over 80% consistent with the on-site drilling fluid lost control efficiency, has a rating between “good” and " general.” Two different indoor evaluation methods are used to evaluate the effectiveness of drilling fluid lost control. The evaluation method proposed in this paper is closer to the field lost control result, and the evaluation result of drilling fluid lost control effectiveness is better.
When the conventional laboratory experiment method is adopted, the evaluation method of the lost control ability of the natural fracture type loss plugging slurry formula is adopted, where the value of X can be determined as 2 by referring to Table 1 with the pressure bearing capacity of 4.6 MPa, and similarly, Y and Z can be determined as 8 and 7, respectively. R = 4.6 can be obtained, and the result is graded as “very poor,” according to the lost control ability grading system of the loss slurry formula.
When the method proposed in this paper is adopted, according to the judgment result of loss type, R = 0.5 × 3 + 0.1 × 7 + 0.4 × 5 = 4.2 can be obtained, and the result is classified as “poor,” according to the classification system of the lost control ability of the slurry loss formula. The evaluation method proposed in this paper is the same as the conventional indoor evaluation method in grading the evaluation results of the same plugging slurry formula, which verifies the feasibility of the evaluation method proposed in this paper. In addition, the evaluation method can realize the reasonable evaluation of on-site lost control, and the efficiency of indoor and on-site drilling fluid lost control is in high agreement with good evaluation results. This method can effectively guide on-site lost control evaluation, such as oil and gas fractured reservoirs and EGS of deep hot-dry rock.
5 CONCLUSION
In this paper, the control efficiency of drilling fluid loss is analyzed and the relative weight ratio of main control factors is defined. Based on the correspondence between the indoor and field drilling fluid lost control efficiency, the reasonable fracture module parameters and experimental steps for indoor evaluation of the drilling fluid lost control efficiency are put forward, and the experimental evaluation methods for the drilling fluid lost control efficiency in fractured formations with different loss types are established. The main achievements and understandings are as follows
(1) The control efficiency of drilling fluid loss is the comprehensive embodiment of the strength, sealing efficiency, and sealing compactness of the fracture sealing zone formed when controlling the loss. These three important indexes are characterized by the pressure bearing capacity, initial loss, and cumulative loss in the laboratory.
(2) The main control factors of the drilling fluid lost control efficiency of different loss types and the weight ratio of main control factors are defined. For induced fracture loss, the best fracture height, fracture dip angle, fracture surface roughness, the best pressurization mode, single pressure increase, and pressure stabilization time are defined so as to evaluate the drilling fluid lost control efficiency systematically. Make a comprehensive evaluation on the lost control ability of the plugging slurry formula and give the grading results. A method for judging drilling fluid loss types in fractured formations is proposed based on the relationship between the loss rate and time.
(3) The experimental evaluation method of the drilling fluid lost control efficiency considering various loss types is established. According to the analysis method of the experimental results of the drilling fluid lost control efficiency, the indoor evaluation method with the highest coincidence degree with the on-site drilling fluid lost control efficiency is obtained, including the height of the fracture module with the highest coincidence degree, fracture inclination, fracture surface roughness, pressurization mode, single pressure increase, and pressure stabilization time. Considering the simultaneous existence of multiple losses, a comprehensive evaluation and grading method of the lost control ability of the plugging slurry considering multiple loss is put forward. Through the aforementioned method, the field lost control evaluation can be effectively guided, which is of great significance to drilling fluid lost control and reservoir protection.
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