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Abstract

:

Radial waterjet drilling technology presents a modern solution to enhance oil recovery. This technology has already established itself at a number of oilfields, but selecting the best operational and technical parameters for radial waterjet drilling channels remains an open and poorly studied question. The purpose of this work is to study the process of radial channel drilling in detail by means of bench tests in laboratory conditions. The study models static and dynamic waterjet stimulation and determines the optimum values of operating parameters affecting waterjet nozzle speed in the channel that is being drilled. As a result of the conducted experiments, it was found that the dynamic mode of stimulation is more effective than the static mode. Therefore, development and introduction of additional modules to the equipment arrangement to ensure constant forced linear reciprocating motion of the waterjet nozzle will significantly improve the efficiency and speed of waterjet drilling. Further design and practical application of the aforementioned novel technical solution will significantly improve the performance of radial drilling technology in enhanced oil recovery.
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1. Introduction


Radial drilling of high-permeability waterjet channels is an unconventional technology for drilling multiple small-diameter radial channels in oil-producing wells by using high-pressure jets of working agent [1]. This technology is characterized as cost efficient [2] but has a number of disadvantages: lack of the possibility to determine and control the trajectory of waterjet channel drilling, lack of knowledge of the best operational and technical parameters to be considered in selecting and operating special equipment. Nevertheless, the technology of radial drilling of waterjet channels can be highly effective in the oil production industry, as it offers a number of undeniable advantages cited in [3]. Consolidation of the results of modern research and technical achievements will soon make it possible to draw an unambiguous conclusion about the high efficiency of practical application of radial drilling technology.



Figure 1 shows a schematic diagram of the working principle of the jet drilling. The drilling fluid is fed into the nozzle, which in turn forms the front and rear jets. The main function of the front jets is to destroy the rock and form a hole with a diameter of several feet. The function of the back jets is to increase the pulling force of the nozzle, and they can also enlarge the hole by cleaning the wall of the hole while removing sludge. The process of nozzle movement and rock destruction depends on the balance of the acting forces, or rather on the distribution of volumes and velocity of the front and rear jets. In more detail, the fundamental principles of radial jet drilling and the mechanisms of self-promotion of nozzles through the created channel are discussed in the article [4].



In [5], the authors describe the experience of modeling the process of drilling radial channels in a fractured type of reservoir, which is evaluated as successful further in the study; in particular, the waterjet channel in the fractured type of reservoir connects the existing fractures, thereby improving filtration in the reservoir zone under effect.



In addition to the proven efficiency in laboratory conditions, the technology of radial drilling of waterjet channels also shows good results in industrial conditions. For example, [6] presents the results of oil production increase in five target wells by 135% on average. In [3], the technology under consideration was applied at the Tarim gas condensate field (China), where a 200% increase in oil production was obtained. Similar positive effects resulting from the application of radial drilling technology were obtained at such oil fields as Donelson West (USA) [7], Belayim (Egypt) [8], Vakhitovskoye (Russia) [9], etc. Study [10] presents the results of experimental application of waterjet radial drilling technology at three oil producing wells and one gas well in India. As a result of pilot application of the technology, a significant increase in the yield of oil-producing wells was obtained, but there was no effect on the gas well. Study [9] analyzes Russian experience in the application of waterjet radial drilling technology at Vakhitovskoye oil field, where oil yield increased between 1.5–5.0 times in different producing wells. Study [11] aimed at investigating the effect of using an acid compound as a disintegrating agent for carbonate rock. The authors conducted a comparative study using fresh water and an acid compound containing 15% HCl. Based on the obtained photos of the test results, the waterjet channel drilled with fresh water has clearly defined “rays” (rock excavations in the form of rays), while when using an acid compound, the space between the rays is partially exposed to destruction which further expands the channel. Studies [12,13,14] show that the application of waterjet radial drilling technology is most effective in environments with increased oil viscosity, which typically have stagnant zones in low-permeability areas of the reservoir. In studies [15,16], methods of statistical analysis were used to demonstrate that the waterjet radial channel technology is more effective in comparison with the technology of hydrochloric-acid treatment of bottomhole formation zone and the technology of “reperforation/quick-gain perforation”.



Today, multiple equipment configurations are used for waterjet stimulation both in the oil and gas industry and in the construction and public utility sector, including waterjet nozzles of various designs. For example, study [17] investigates energy converting efficiency and proposes the most optimal design of the waterjet nozzle determined by numerical modeling.



As a rule, waterjet nozzles have separate holes for front and rear jets. The waterjet nozzle is self-propelled, i.e., its movement inside the rock along the radial channel it creates is propelled by the reactive forces of jets from the rear holes of the nozzle. Literature [4] also describes important aspects of influence of distance between the waterjet nozzle and the rock under stimulation on the efficiency of radial drilling, but these phenomena are not fully studied. The main tool for radial drilling was borrowed from the municipal economy. Hydraulic monitoring nozzles are widely used for cleaning the inner surface of various types of pipelines. Pipe blockages are removed using through-type nozzles, rotary type nozzles or punch type. Figure 2 schematically shows the specified types of nozzles. Most often, through-type nozzles are used to intensify oil or gas production. The bodies of such nozzles are monolithic and have separate holes for front and rear jets. This specific nozzle type is reliable from a constructive point of view, however, the area of impact of the frontal jets will depend on the number of front separate holes. The rotary nozzle type has a housing consisting of two different parts, one of which rotates due to the pumped flow through the nozzles. In the literature [18,19], there are nozzle designs with both a front rotating part and a rear one. The use of this type of nozzle makes it possible to cover the treated area more evenly. In the case of oil and gas production, this nozzle type will enable the creation of highly permeable radial channels of the correct geometry with a circular cross section. However, this type of nozzle is prone to a large number of breakdowns. The third type of nozzle does not have front separate holes and is not used in oil and gas production. This nozzle type is used only in the communal sector. Further in this article, only through-type nozzles are considered as the most common in the oil and gas industry at the moment.



The process of radial drilling of highly permeable channels comprises several key stages: cutting off the side channel (cutting off the metal casing), hydraulic jet destruction of the rock, and washing out the resulting sludge to the surface. Each of the listed stages must be considered separately in detail. For example, the issue of raising cuttings by liquid flows during the radial drilling process is discussed in detail in [20]. However, this article is devoted to a detailed study of only the stage of rock destruction in order to create a highly permeable channel.



In [20], the authors made a significant contribution to the study of waterjet nozzle movement and the forces propelling it. The study presents the results of mathematical modeling of the thrust force of the waterjet nozzle motion and shows an example of determining the optimal design parameters of the waterjet nozzle. The authors made very important conclusions that underlie the most effective approach to practical application of radial drilling technology for the purpose of enhanced oil recovery, specifically:




	
Self-propulsion capability of the waterjet nozzle decreases significantly as the number of front holes increases.



	
The angle of the front holes has a negligible effect on the self-propulsion capability of a waterjet nozzle.



	
An increase in the number of rear holes increases the self-propulsion force and contributes to the radial bore expansion.



	
The angle of the rear holes significantly affects the self-propulsion capability of the waterjet nozzle and the diameter of the radial channel that is being drilled. However, exact determination of the optimum rear hole angle remains an open question.








As a result of the analysis of the scientific literature, it was concluded that jet drilling technology is modern and highly technological, but the issues of selecting effective technological drilling modes have not been fully resolved. Also, the literature does not reflect aspects of the comparative study of the influence of static and dynamic exposure modes, as well as the influence of the distance between the nozzle and the frontal part of the created hydrodynamic channel. The main purpose of this research is to study the process of creating a radial channel in aerated concrete blocks in laboratory conditions under static and dynamic waterjet stimulation modes. The research also aimed at determining the optimal values of operating parameters for the movement speed of the waterjet nozzle along the channel being drilled.




2. Materials and Methods


In order to solve this problem, full-scale modeling of the processes of drilling waterjet channels was carried out using a specially designed laboratory bench. The process flow diagram of the developed test bench is shown in Figure 3.



The flow diagram of the developed test bench (Figure 3) shows low-pressure pipelines and hoses in blue, and high-pressure sections in red. The high-pressure hydraulic laboratory bench operates as follows: the working disintegration agent is fed from the storage tank T-1 through ball valves 1 and 2 to the primary filtration unit consisting of two filters F-1 and F-2 installed in series. The letter designations “P” indicate pressure gauges. The rock disintegrating agent from the primary filtration unit is fed to the intake of Pump-1 high pressure pump. Pump-1 high-pressure pump is powered by a 35 hp M gasoline engine. Downstream of Pump-1 high-pressure pump, the working agent, passing through the pressure reducer PR and the rotary coupling RC, enters the high-pressure hose (shown in the flow diagram with a thick red line). The high-pressure hose delivers the working agent to the waterjet nozzle (shown in the figure with a red arrow). This way, the flow of the working agent stimulates the rock samples at a high velocity of jets, thus creating holes using the method of waterjet drilling. The spent working agent is collected in the bottom sump; Pump-2 (drain pump) pumps it through the spent working agent purification unit consisting of two mechanical purification filters F-3 and F-4 connected in series. Structurally, the spent working agent purification unit is similar to the primary filtration unit. Downstream of the spent working agent purification unit, the working agent is fed back to the storage tank T-1.



Table 1 shows technical characteristics of the main equipment and special tools used to create a laboratory high-pressure bench.



The experiments studied the technological process of waterjet drilling with 6 different through-type waterjet nozzles with an overall size of 18.3 × 31.3 mm, with different numbers and diameters of front and rear diffusers (holes). Table 2 shows the technical characteristics of the waterjet nozzles under consideration.



Modeling of radial channel drilling was carried out in aerated concrete blocks with density of 500 kg/m3 and strength between 25–32 kg/cm2.




3. Results


3.1. Results of Experiments for Drilling Radial Channels Using Waterjet Method in Laboratory Conditions under Static and Dynamic Stimulation Modes


The first series of experiments was aimed at studying the process of specimen disintegration using different manufactured waterjet nozzles, whose characteristics are summarized in Table 2. The study mode was characterized as static, i.e., no control of the waterjet drilling process was performed by the operator. In this case, the waterjet nozzle is in direct contact with the disintegrating object in front of it. The first starting section of the pipeline was attached to the crushed object, simulating the previously created hydrodynamic channel in the rock. This approach, using an imitation of an already created channel, is also used in all subsequent experiments. All experiments of the first series were conducted for 10 min at a constant flow rate of the working agent (in this case, water) equal to 21 L/min. Figure 4 shows visual results of modeling the process of radial channel drilling using waterjet method under static mode.



The second series of experiments was devoted to the study of dynamic stimulation of the disintegrating specimen, i.e., during the study, the waterjet nozzle performed forced linear reciprocating motion (with a constant periodicity, the waterjet nozzle was pulled 20 cm back and released to rush forward toward the disintegrating object). Thus, three experiments were carried out with a duration of 2 min, 5 min and 10 min, respectively. The studies were conducted with the use of waterjet nozzle No.1 at a constant flow rate of the working agent equal to 21 L/min. Figure 5 shows visual results of modeling the process of radial channel drilling by waterjet stimulation under dynamic mode.




3.2. Results of Determining the Optimal Values of Operating Parameters of Waterjet Nozzle Movement Speed along the Waterjet Channel Being Drilled


In [17], the authors conducted laboratory studies to determine the magnitude of the generated thrust force of the waterjet nozzle. In general, the question of thrust force is the most well-studied aspect of radial drilling technology, but the results of field tests studying the influence of radial channel size on the speed of the waterjet equipment assembly are still not published. The present study describes an experiment using a specially designed laboratory bench and additionally fabricated pipelines 11 m long with inner diameters of 106 mm, 62 mm, 48 mm and 38 mm, respectively. The first one-meter section of the pipelines under consideration was a starting section and was not taken into account when processing the results. In the course of the study, the passage velocity of the waterjet nozzle No.1 with the ratio of the area of the front diffuser to the total area of the rear diffusers equal to 0.33 (or 1 to 3) was measured for each of the considered pipeline sizes. Figure 6 shows the results of this experiment. It is worth noting that this experiment does not fully reflect and does not take into account the geometric features of the created channels, since in Section 3.1 triangular channels were obtained as a result of jet drilling. Nevertheless, when comparing the relative movement of the nozzle through channels of different diameters, there is a clear tendency to change the traction force. Based on the conducted experiment, numerical similarity can be used in the case of further use of the rotary nozzle type. In our case, we use a qualitative level of similarity and understanding of the results obtained from a mechanical point of view.



From the obtained results presented in Figure 4, the present authors can conclude that as the inner diameter of the channel through which the equipment assembly is propelled increases, the passage time increases, and, accordingly, the speed of movement of the waterjet nozzle decreases. In studying the process of movement of the waterjet nozzle through the pipeline with an internal diameter of 106 mm and at a flow rate of the working agent of 10.5 L/min, the movement of the equipment assembly was extremely slow.





4. Discussion of the Obtained Results


4.1. Peculiarities of Dynamic and Static Waterjet Stimulation


Based on the obtained results of the first series of experiments, it is concluded that the design of waterjet nozzles No.1 and No.2 allows for effective disintegration of the aerated concrete block sample—deep point channels were created, which facilitated making a through channel. However, the diameter of the created channel is not enough to fully accommodate the equipment assembly. This conclusion is explained by Figure 7.



In addition, based on Figure 4 the authors can conclude that increasing the number of diffusers on the front part of the waterjet nozzle helps increase the diameter of the created channel (coverage by waterjet drilling). However, this reduces the efficiency of the drilling process itself, as nozzles No.3 and No.4 do not create a through channel. Therefore, the authors assume that it is necessary to estimate the ratio of specific flow rate of the working agent to the unit of total area of both front and rear diffusers. Table 3 shows the calculation of the aforementioned specific flow rate of the working agent for the considered types of through-type waterjet nozzles.



Exact determination of the value of optimal specific flow rate of the working agent for different types of rock remains open and requires additional bench tests; however, given the current results, we can already make an unambiguous conclusion that it is necessary to consider this parameter in the design of waterjet nozzles, as well as to use at least three diffusers on the front surface of the nozzle to ensure effective waterjet coverage. Thus, for effective disintegration of aerated concrete blocks, the ratio of specific flow rate of working agent to the unit of total area of front and rear diffusers should tend to 26.75 L/(min-mm2).



Based on the results of the second series of experiments (Figure 3), the following conclusions are drawn:




	
The dynamic mode of stimulation appears to be much more effective and high-performing in comparison with the static mode, because over the same period of time, the dynamic mode of operation resulted in a waterjet channel through which the waterjet nozzle can be advanced further. When the back-and-forth motion is created, the rock is cut and abraded. Also, the presence of a constantly changing distance between the nozzle and the frontal wall of the created channel makes a significant effect in the destruction of the rock in front of itself. In the case of static impact, the hydromonitor nozzle is tightly pressed with the frontal part into the rock, which does not allow the front jets to cover a large cross-sectional area of the created channel. Thus, the required channel expansion does not occur so that the hydrodynamic nozzle can move forward and connect the rear jets to the channel expansion process.



	
Expansion of the waterjet channel is accomplished due to the effect of the rear jets of the nozzle. Similar results were also obtained and published in [7].









4.2. Results of Determining the Optimal Values of Operating Parameters Affecting the Speed of Movement of the Waterjet Nozzle along the Created Waterjet Channel


During this study, visual representation was made for spatial positioning of the waterjet nozzle during its movement through pipelines of different diameters; specifically, the waterjet nozzle was either pressed against the upper part of the pipeline (Figure 8a for the following modes of stimulation: Din = 38 mm and Q = 21 L/min; Din = 38 mm and Q = 10.5 L/min; Din = 48 mm and Q = 21 L/min; Din = 48 mm and Q = 10.5 L/min; Din = 62 mm and Q = 21 L/min) or against the bottom part (Figure 8b for the following modes of stimulation: Din = 62 mm and Q = 10.5 L/min; Din = 106 mm and Q = 10.5 L/min; Din = 106 mm and Q = 21 L/min). A schematic representation of this fact is shown in Figure 8.



Taking into account the spatial position of a waterjet nozzle in pipelines with different diameters, two technological coefficients were obtained according to the results of the conducted research: coefficient of the nominal position of the waterjet nozzle, which characterizes the position of the waterjet nozzle in the center of the created channel, and the coefficient of the actual position (Equations (1) and (2)), which provide a numerical estimation of the waterjet nozzle motion:


    K   n o m   =   2 ·   D   n o z z l e         D   i n   −   D   n o z z l e       ,  



(1)






    K   a c t u a l   =   18.3     H   2     ,  



(2)




where Knom—coefficient of the nominal position of the waterjet nozzle, which characterizes the position of the nozzle in the center of the created channel; Kactual—coefficient of the actual position of the waterjet nozzle during drilling; Dnozzle—nozzle outer diameter, mm; Din—inner diameter of the created radial channel; H2—actual value of deviation from the wall of the created radial channel, mm.



The proposed coefficients were calculated for the considered modes of study, the results of calculations are shown in Table 4.



The conducted study has shown that at mode No.3, the shortest time of passing the modeled section of the waterjet channel was recorded, and accordingly, the thrust force of the waterjet nozzle at this mode of stimulation was the greatest in the specified experimental conditions. The question of determining the optimal values of the proposed coefficients to ensure the most efficient process of waterjet drilling in different types of rock requires an additional in-depth study. However, even now can an unambiguous conclusion be drawn that under the experimental conditions it has been established that the highest efficiency is achieved with the following values of the proposed coefficients: Knom ≥ 1.86, Kactual ≥ 0.93.





5. Conclusions


The waterjet method of creating radial channels presents a promising technology for enhanced oil recovery. The existing equipment arrangements for radial drilling are characterized by low metal requirement, while the technological operations are time- and relatively cost-saving.



As a result of the conducted experiments, it was found that the dynamic mode of stimulation is more effective in comparison with the static mode. Thus, the development and introduction of additional modules to the equipment arrangement to provide constant forced linear-reciprocating motion of the waterjet nozzle will significantly increase the efficiency and speed of waterjet drilling.



As a result of the conducted bench tests, the optimal operating parameters were determined to achieve an effective process of waterjet channel creation under experimental conditions:




	
The optimum ratio of the number of front-to-rear diffusers (assuming they have the same diameter) is 1/3.



	
The permissible number of front diffusers is at least three.



	
The value of the specific flow rate of the working agent per unit of total area of the front and rear diffusers shall tend to 26.75 L/(min-mm2).



	
The proposed calculation coefficients should be within: Knom ≥ 1.86, Kactual ≥ 0.93.








In addition, on the basis of the obtained results, an assumption is made about the method of increasing the useful area of the created radial channel by using rotary-type waterjet nozzles (with rear diffusers rotating around the central axis). The questions of selecting the most effective modes of dynamic stimulation of rocks with different mechanical properties and studying the effectiveness of using rotary-type waterjet nozzles require additional research and bench tests, but the obtained results will allow to develop a methodology for selection of equipment arrangement and technological parameters of radial drilling for rocks with different mechanical properties.



As a result of the conducted research, the group of authors set the following task: to design and manufacture an underground equipment arrangement to ensure dynamic stimulation (constant forced linear reciprocating motion of the waterjet nozzle) taking into account the specified values of operating parameters.
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Figure 1. Schematic diagram displaying the working principle of the jet drilling. 
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Figure 2. Specified types of nozzles: (a) through-type; (b) rotary type; (c) punch type. 
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Figure 3. Process flow diagram of the developed test bench for modeling the processes of drilling waterjet channels: F-1—filter №1; F-2—filter №2; F-3—filter №3; F-4—filter №4; T-1—Tank; PR—pressure reducer; RC—rotary coupling; P-1–7—manometer. 
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Figure 4. First series of experiments. Results of modeling the process of radial channel drilling under static waterjet stimulation using different through-type waterjet nozzles. (a) Nozzle No.1. (b) Nozzle No.2. (c) Nozzle No.3. (d) Nozzle No.4. (e) Nozzle No.5. (f) Nozzle No.6. 
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Figure 5. Second series of experiments. Results of modeling the process of radial channel drilling under dynamic waterjet stimulation using different through-type waterjet nozzles: (a) dynamic stimulation for 2 min; (b) dynamic stimulation for 5 min; (c) dynamic stimulation for 10 min. 
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Figure 6. Results of studying the effect of the size of the created radial channel on the speed of movement of the equipment assembly. 
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Figure 7. Characteristics of created radial channels in static mode of waterjet stimulation: (a) when using waterjet nozzle No.1; (b) when using waterjet nozzle No.2. 
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Figure 8. Schematic location of the waterjet nozzle captured during the experiment: Din—inner diameter; H2—actual value of deviation from the wall of the created radial channel. 
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	Item on the Process Flow Diagram
	Technical Characteristics





	H-1
	Maximum throughput 1260 L/h (21 L/min)

Working pressure 480–500 bar



	Gasoline engine
	Motor power 35 hp (25.74 kW)

Fuel consumption 3.8 L/h



	Red line (high-pressure flexible hose)
	Hose length 100 m

Inner diameter DN, 8 mm

Outer diameter, 14.5 mm

Working pressure WP 600 bar

Burst pressure BP 2400 bar










 





Table 2. Technical characteristics of the waterjet nozzles under test.
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	Nozzle Number
	Image of the Manufactured Nozzle
	Nozzle Type
	Number of Diffusers on the Front Part/Diameter of One Diffuser, mm
	Number of Diffusers on the Rear Part/Diameter of One Diffuser, mm
	Ratio of the Area of the Front Diffusers to the Rear Diffusers





	No.1
	[image: Applsci 14 01149 i001]
	Through-type
	1/0.5
	3/0.5
	0.33 (3)



	No.2
	[image: Applsci 14 01149 i002]
	Through-type
	1/0.5
	3/1.0
	0.083 (3)



	No.3
	[image: Applsci 14 01149 i003]
	Through-type
	4/0.5
	4/1.0
	0.33 (3)



	No.4
	[image: Applsci 14 01149 i004]
	Through-type
	4/0.5
	6/1.0
	0.16 (6)



	No.5
	[image: Applsci 14 01149 i005]
	Through-type
	5/0.7
	6/1.0
	0.408 (3)



	No.6
	[image: Applsci 14 01149 i006]
	Through-type
	5/0.7
	6/1.2
	0.283










 





Table 3. Values of the calculated specific flow rate of the working agent per unit of the total area of the front and rear diffusers for the tested waterjet nozzles.
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	Waterjet Nozzle Arrangement No.
	Number of Diffusers on the Front Part/Diameter of One Diffuser, mm
	Number of Diffusers on the Rear Part/Diameter of One Diffuser, mm
	Specific Flow Rate of the Working Agent Per Unit of Cumulative Area of Front and Rear Diffusers, L/(min × mm2)





	1
	1/0.5
	3/0.5
	26.75



	2
	1/0.5
	3/1.0
	8.23



	3
	4/0.5
	4/1.0
	5.35



	4
	4/0.5
	6/1.0
	3.82



	5
	5/0.7
	6/1.0
	3.17



	6
	5/0.7
	6/1.2
	2.41










 





Table 4. Results of calculations of the proposed coefficients and their correlation with the obtained results of waterjet nozzle velocity studies.
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