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Abstract

:

The article explores the potential for modification of the well-known salt cavern leaching process for brine production or/and hydrocarbon or hydrogen storage facilities, enabling the acceleration of the pace of acquiring new storage capacities with their increased geomechanical stability. The innovative technology is based on the use of high-pressure water jet technique for disc niche cutting in salt rock. The effect of such operations is a significant increase in the contact area of the water with the rock during cavern leaching and faster concentrated brine recovery already in the first leaching phase. This aspect was tested in 67 tests performed for three different types of rock salt: green, pink, and Spiza salt. Laboratory tests of the successive cutting of niches with a stream of water at 500 bar were carried out. The effectiveness of water jet was demonstrated and the possibilities of effective cutting of niches. Significant relationships were found between the obtained depth of niches at a given stream pressure and the duration of individual operations. Depending on the type of salt, the rate of increase in their depth was determined. The presented test results precede the much larger upscaling project, currently at the preparatory stage.
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1. Introduction


For several decades, salt caverns in many salt deposits around the world have been used as underground caverns—storage of liquid and gaseous hydrocarbons, hydrogen [1] and other useful substances [2,3,4,5]. Due to the planned increasing share of renewable energy in electricity production in Poland, the issue of underground hydrogen storage will become increasingly relevant. The storage caverns are made by leaching technology, borehole mining from the surface, originally used only for the production of brine. Depleted salt caverns, designed only as mining excavations, may under certain circumstances and after prior adaptation, meet the conditions of underground storage of some liquids, e.g., crude oil, [6]. There are four key points in the well leaching technology that affect its efficiency: ways of water injection and the brine outflow, shape of the cavern, leaching process development, and preparation of the cavern for exploitation. Cavern shape may be controlled by monitoring the development trend of its current dimension, which allows fitting of the designed shape to the maximum extent by adjusting the parameters such as circulating mode [6]. The shape of the caverns in practice is more or less irregular cylindrical, conical, or bell-like shapes, single or grouped (connected each other) [3]. The technology of making storage caverns, although generally known, requires each time to be adapted to the geological conditions in a given deposit [5]. Variation in the shapes requires the technology used within one single cavern to be changed from stage to stage, to secure construction the best quality of the storage facility, including required shape and volume at the right time. Some theoretical considerations on cavern shape irregularity, which reduces its volume and the utilization ratio of the salt formations, and its correction method were confirmed in field tests or numerical studies [7,8]. An interesting test, based on self-resonating cavitating water jet, generating high frequency ultrasonic waves, showed a method to accelerate salt diffusion and finally the construction rate [9].



The authors of the article assumed that modification of the standard cavern solution technology can be accelerated and improved by cutting a disc niche in the leaching well [2]. In this regard, the preliminary tests were undertaken and carried out under laboratory conditions. The research methodology is based on the use of a high-pressure water jet stream to cut out niches in rock salt samples under laboratory conditions to test efficiency of this process. Both the salt leaching process and the water jet cutting technique have been known for many years and are well described theoretically [4,10,11]. Water cutting has many applications, both with the use of water alone and with an abrasive additive significantly supporting this process [12,13,14,15,16]. It is successfully used for stress relaxation in underground mines to prevent rock burst hazard [17,18] or to support excavating by roadheaders in coal mines [19,20] and in selective mining methods [21,22].



Based on the experiments, efficiency of water jet cutting of salt rocks is confirmed with 500 bar pressure that allows to assume preliminary input parameters for planned full scale salt leaching tests with disc niche cutting on the construction of the new installation. Controlled cuttings of niches in various salt rocks allowed determination of the range and expected velocity and trends of the process. The positive findings will serve the development of the innovative, faster salt leaching technology extending fuel storage facilities.




2. Salt Deposits, Borehole Leaching, and Brine Production in Poland


Rock salt deposits of industrial importance occur in Poland within two different salt age formations: Zechstein (upper Perm) and Miocene (Neogene). Zechstein salts occur in the area of the Polish Lowlands in the central, southwest, and northwest of the country. They usually lie at a great depth of several thousand meters, but in a few areas they are shallower, at a depth available for exploitation. Those are:




	
Central Poland and adjacent areas to the north and northwest with salt dumps; Zechstein salts occur here at a depth of less than 1000 m only in the form of salt dumps, breaking through completely or partially through the Mesozoic overburden;



	
Fore-Sudetic area with salt seams, extending in the direction of NW–SE from the area of new salt, through hawthorn and further towards SE;



	
The Baltic area with salt deposits, from Łeba in the west to the Gdańsk Bay in the east.








In each of these areas there are deposits currently exploited. Deposits of Miocene salt are found in the Carpathian Foreland. They lie in a narrow Carpathian belt starting east of Krakow and reaching for Tarnów in the east. The exception is the on-board deposit in the region of Rybnik in Upper Silesia. Generally, Podkarpacie deposits take the form of a folding system and tectonic scales. These deposits are currently not exploited. The production of brine in Poland by the method of well leaching from the surface takes place nowadays in Inowrocław Salt Mines SOLINO S.A., ORLEN Group in the “Góra” and “Mogilno” mines on the dome salt deposits of Góra and Mogilno I. The construction of another leaching mine on the off-shore salt deposit in Lubień Kujawski is planned, and formal and legal proceedings are pending. The amount of salt production in brine in previous years is shown in Table 1.




3. Underground Storage Facilities in Leaching Salt Caverns


In 2017, there were 671 underground gas storage facilities in the world with a total capacity of 417 billion cubic meters, of which 70% is in the USA, Russia, Ukraine, Canada, and Germany. It is estimated that by 2035, volume in underground gas storage will increase by up to 54%, i.e., up to 640 billion m3. Currently, there are over 100 gas storage facilities in salt caverns [24]. In the last 20 years, due to the demand for storage capacities in the country, three underground gas and fuel storage warehouses in salt deposits were built in Poland, established in salt leaching caverns (Table 2). The first to be launched at the turn of 1997–1998 was the Cavern Underground Gas Storage Mogilno, KPMG Mogilno [25] in the Mogilno II salt mine. A few years later, in 2002, an underground oil and fuel storage facility in the Góra salt dome [26] was opened in the depleted mining caverns of the “Góra” Salt Mine. In 2014, KPMG Kosakowo [25] started operating in the Mechelinki seam type deposit. The construction of a storage planned for completion in 2022 is currently underway. The brine produced during the leaching of the caverns is completely discharged into the Baltic Sea. In the coming years, another underground gas storage facility at the Damasławek dome will be built by the Operator Gazociągów Komunikacyjnych Gaz-System S.A.




4. Salt Caver Leaching Technology


Salt cavern leaching is a long-term process. The time measured from the start of leaching in the borehole to reach the final dimensions of the cavern lasts from several to several or more years, and the individual stages of the cavern leaching usually takes several to several months or more. The cavern leaching time depends on:




	
Expected final dimensions,



	
Geological structure of the deposit and type of salt rocks within the cavern,



	
Accepted leaching technology.








Construction of storage caverns consists of creating an underground space in the salt deposit using the leaching technique, in which brine is produced. A characteristic quantity here is the rate of underground space formation as a result of salt dissolution in the bed, i.e., the rate of cavern volume increase, expressed in (m3/h). The brine output from the cavern and its concentration inform about the rate of cavern volume increase. The technology of leaching salt caverns using the borehole method has not changed significantly for several decades. It consists of enabling access from the surface to rock salt deposits by means of a vertical borehole (well), which is then equipped with two free hanging columns of leaching pipes (casings), thus creating three spaces with which one can properly inject water as a leaching medium or collect liquid/brine. The outer space is intended for the medium insulating the ceiling of the leached cavern. Currently, solar oil or nitrogen is most commonly used for this purpose. Depending on which space the water is injected and which brine is collected, we are talking about reverse or direct circulation.



4.1. Shape, Rock Properties, and Cavern Stability


Depending on the type of circulation selected, the rate of increase in brine concentration varies, and the resulting caverns have different shapes. In reverse circulation, the leaching medium (water) is fed through a pipe fixed in the borehole and ends in the ceiling of the planned location of the cavern. The string of brine production casing is placed concentrically in relation to the water pipes and reaches the bottom of the leached interval. This arrangement is characterized by a high concentration of obtained brine and the shape of the cavern in the form of an inverted cone (Figure 1a).



In direct circulation, the water is fed through a central pipe with the smallest diameter and the brine is collected outside. In this way, a lower concentration of brine is obtained, while the cavern shape is regular and close to the cylinder, (Figure 1b), which allows it to be used as a storage cavern with increased capacity and much better geomechanical stability compared to the previous one. The final shape of the caverns is also influenced by local geological conditions, in particular the presence of insoluble layers (e.g., anhydrites, clays) and quickly leaching potassium magnesium salts.



In mining caverns, insoluble layers limit the amount of salt that can be extracted, and as a consequence, at certain intervals, the cavern depth is reduced in diameter, which reduces the leaching efficiency. In the case of design and construction of storage caverns, they can be a potential place of cavern leakage or create so-called “traps” for the stored product. Consequently, when designing the location of the storage cavern, such places are ignored due to the reduction of their potential capacity. When the salt quickly leaches in the lithological profile, the permissible cavern diameters may be exceeded and, as a consequence, its geomechanical stability may be lost. In addition, when geological layers are inclined at a large angle, then there may be an adverse change in the leaching direction along this layer, which will eventually lead to an unfavorable shape of the cavern, which deviates significantly from the designed one. Such layers are also potential places for leaks in caverns, as well as accidental connections with other voids or caverns.




4.2. Salt Leaching Rate


In the brine production process, its characteristic parameter is its concentration and flow rate, informing about the amount of salt in the brine extracted from the cavern. Usually, the so-called industrial concentration required by the recipients is sought. In standard, commonly used technology, in the early stages of cavern leaching, brine is obtained with a much lower concentration. The reason for this is the initial small contact surface of the salt leached in the cavern with the leaching medium (surface area of the borehole wall with a diameter of about 0.3 m), which grows as it leaches. Experience to date [4] shows that:




	
The average speed of lateral leaching of the vertical wall of the salt rock mass, with clean water at a temperature of 20 °C, is within 8–12 mm/h.



	
The rate of floor leaching can vary more than the speed of side leaching—the ratio of floor to side leaching can vary between 1.2 and 3.



	
There are no significant differences between the average leaching rates for individual deposits in the world.








The possibility of increasing the contact surface already in the early stages of cavern development according to innovative technology (patent pending) [17], currently in the research and development phase, creates extremely favorable conditions for the following reasons:




	
Shortening of the total cavern production time.



	
Obtaining higher concentration brine.



	
Limited freshwater intake.



	
Reduction of energy consumption in the technological process.



	
Decrease in demand for storage capacities for non-industrial brine.








Preliminary laboratory tests of static leaching of rock salt samples carried out by the authors, in which fissures (niches) were mechanically cut out, indicated that this increase may allow acceleration of cavern production by up to about 20%, as compared to the technologies currently used worldwide.





5. Experimental Cutting of Samples with a High-Pressure Water Jet


The long-term goal of the research program is to demonstrate the possibility of making niches (fissures) in the salt rock mass using a high-pressure water jet. In the event of success and commercialization of innovative technology, with the disc niche depicted in Figure 1b, as a consequence, much faster and more efficient technology of underground borehole leaching can be expected, especially for the needs of underground storage caverns. At the current stage of research, laboratory experiments were carried out to determine the most important relationships between, on the one hand, the properties of rocks and the rock mass, and on the other the parameters of the high-pressure water jet and the effects obtained during the experiments. The test stand is shown in Figure 2. Prepared cubic samples of rocks with a side length of 100 mm were placed on the table of a water-cutting machine manufactured by STM Stein-Moser GmbH enabling the achievement of a narrow water jet pressure of several thousand bars, flowing through a nozzle with a hole diameter of 1 mm (Figure 3). For the purposes of the experiment, due to the anticipated future solutions on a full technical scale and the possibility of achieving and using a pressure of about 500 bar, laboratory tests were carried out for the same pressure. The water jet velocity was about 25 m/s, with a capacity of about 1.18 L/min.



5.1. Petrographic Characterization of Salt Samples


Cubic rock salt samples with dimensions of about 100 × 100 × 100 mm were used for the tests. The samples came from the Wieliczka and Kłodawa rock salt deposits and represent three lithological types of salt: green salt (samples Z1, Z2, Z3) and Spiza salt (samples S1, S2, S3) from Wieliczka and pink salt (samples R1, R2, R3) from Kłodawa (Figure 4a–c).



Kłodawa is a salt dome of Zechstein (upper Permian) salt formation in Central Poland. The geographical location and the simplified geological cross-section of the dome is shown in Figure 5a. Three samples: R1, R2, R3 represent the PZ4 Youngest Halite litostratigraphic level of the PZ4 cyclotheme of Zechstein (Figure 5b). In Kłodawa mine salts from this level are called pink salts, because of the pink and orange colors. Pink salts from Kłodawa dome are generally pure rock salt, which consists of about 97% of the mineral halite and a small amount of impurities, mainly anhydrite. The samples R1 and R2 are typical pink salt. The R3 sample represents anhydrite with halite, which occurs as interlayers, bands, and irregular accumulations within the Youngest Halite complex.



Wieliczka is a Miocene (Badenian) salt deposit occurring in the Subcarpathian zone, Southern Poland (Figure 6a). The irregular deposit consists of evaporitic and clastic layers strongly folded, thrust over the Miocene sediments, and uplifted. The samples come from two stratigraphic levels, the Upper Spiza (Bronze) Salts and Green Salts (Figure 6b). Samples Z1, Z2, and Z3 represent the Green Bedded Salts stratigraphic level. Green Bedded Salts consist of mainly coarse crystalline halite seams with significant quantity of anhydrite and clay impurities, giving them a gray-green color. Samples S1, S2, and S3 come from the upper part of the Upper Spiza Salts (Bronze Salts) stratigraphic level. The salts consist of various crystalline halite with a big quantity of clastic impurities, mainly quartz sand and clay.



5.1.1. Green Salt


Sample Z1. Green rock salt (Figure 4a), white-grey, different crystalline: medium and thick crystalline, pure. Sample Z1, similarly to Z2, involves contact of a transparent, off-white salt with a grey salt. Halite crystals have different colors: colorless transparent and off-white, light grey, and single crystals are milky. The largest crystals reach a dimension of 10 mm. The white, colorless salt shows the directional arrangement of crystals and their elongated shapes. Inclusions in crystals are also visible. The salt is very clean, locally slightly contaminated by the concentration of anhydrite sand.



Sample Z2. White-grey rock salt, different crystalline: medium and thick crystalline, pure. The sample involves contact of a transparent, colorless, off-white salt with a grey salt. In the sample, halite crystals have a different color: in white salt they are colorless transparent and whitish—in grey salt they are light grey. Some individual beans are dairy. The largest dimensions of the crystals reach 17 mm. Salt is slightly contaminated with dark grey clay material unevenly: in grey salt in the form of streaks and clouds, in white salt impurities are not visible or insignificant.



Sample Z3 (cut under water). Green rock salt is grey and differently crystalline: fine, medium, and coarsely crystalline, clean, slightly contaminated with clay and charred organic matter. Halite crystals are transparent, colorless and grey, and among them are scattered milky crystals. The largest dimensions of the crystals reach 17 mm. Visible impurities are anhydrite in the form of whitish fine clusters of 2–3 mm in size, spot-scattered black terigenic material and carbonized organic matter, and local detritus of skeletons of marine animals.




5.1.2. Spiza Salt (Bronze Salt)


Sample S1. Rock stone salt (Figure 4b), is dark grey, finely crystalline, with a random texture, heavily contaminated with sandy and clay terigenic material. Usually, quartz sand is the main component of the rock, which was then in salt sandstone, in which halite is a binder for crumb material. Additionally, also appearing in the rock are single whitish anhydrite clumps of 0.5–1 mm in size and a few loose admixtures of cherry sand. The sample is cut with irregular two veins of pure, colorless salt, 0.3–1 cm wide.



Sample S2. Dark grey, fine-crystalline rock salt, with a random texture, heavily contaminated with grey clay, quartz sand, small clusters of charred organic matter and small clusters of anhydrite in the form of debris and sand. There are single large halite crystals up to 28 mm in the rock. Fine-crystalline halite is colorless, transparent with black spots of organic or clay matter inside the crystals and a large amount of quartz sand between them. In rock, usually the terigenic material prevails over halite.



Sample S3 (cutting under water). Dark grey, fine-crystalline rock salt, with a random texture, contaminated with densely dispersed carbonized organic matter and clay material and, to a lesser extent, quartz sand. Halite crystals are transparent, colorless. There are numerous admixtures of anhydrite in the form of lumps of 0.5–2 mm in salt. In this sample, halite quantitatively prevails over impurities.




5.1.3. Pink Salt


Sample R1. Pink rock salt (Figure 4c), is pale orange, medium and thick crystalline, pure. The color of the crystals varies from transparent colorless to orange. The dimensions of the crystals usually reach from 5 to 10 mm. The texture is random. The only visible pollution is a few whitish aggregates and smears of anhydrite sand.



R2 sample. Pale orange rock salt, medium and coarse crystalline, pure. Sample R2 represents the same type of rock salt as sample R1. The color of the crystals varies from transparent colorless to orange. The largest dimensions of crystals reach 15 mm, 22 mm. The texture is generally random, but the localized arrangement of elongated crystals is locally visible. The salt is clean, slightly contaminated with whitish anhydrite sand in the form of smears and streaks.



Sample R3 (cut under water). Anhydrite with pale orange rock salt. The sample includes anhydrite rock overgrowing with rock salt. Anhydrite rock is whitish, cream, and crypto-crystalline. Forms porous irregular aggregates, debris, crusts and growths on halite crystals. It is overgrown with fine and medium crystalline salt. The dimensions of the largest halite crystals reach 30–40 mm.






6. Discussion


The specific fissure resulted in the procedure of water jet cutting is called a niche which are cut intentionally to improve the technology, while typical geological fissures are naturally created in rock mass discontinuity resulting mostly from a change in the system of forces loading its specific areas. The last types of discontinuities are usually irregular and more or less chaotically distributed. The niche created by the action of a strong, directed water jet has a predictable shape and location.



The specificity and purpose of the research set out at the beginning is related to the determination of the effects of the high-pressure water jet action on salt rocks. In such an experiment, two phenomena coexist. The first and most pronounced effect is the gradual formation of a kind of void (niche) as a result of shear forces resulting from a narrow (about 1 mm diameter) and high-pressure (500 bar) water jet. The second effect is the dissolution (leaching) of a relatively easily soluble salt, not only because of the obvious surface “rinsing” effect of the sample due to the interaction of fresh water, but also due to the additional accompanying phenomenon of uptake by the jet of fine particles of crushed salt, which increases the degree of saturation of the resulting brine. In Table 3, Table 4 and Table 5 the results of the measurements carried out on the three samples of rock salt described above and for comparison on additional samples of sandstone and granite were matched (Table 6 and Table 7). Column No. 8 provides the average values of measured local niche heights cut out in one, 1-min cycle. Each subsequent cutting cycle, as a result of which the previously cut niche was deepened, lasted 1 min. Due to the fixed position of the water nozzle, its distance H in subsequent cycles was greater than the previous one by the average value of depth increase. In each of the tables column 9 shows the value of the average rate of increase of niche depth for all cycles of the experiment performed on each sample of a particular type of salt. Each time, this value is the result of a linear approximation of the measurement results (Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13). In column 10, analogous values are given, which in this case are the result of measurements in each completed cycle.



6.1. The Speed of Cutting the Nozzle in Salt Samples


A single niche cutting cycle lasted 1 min and covered the entire sample width of 100 mm, which means that the speed of the water jet along the cutting path was v = 100 (mm/min). All tests were carried out with the same initial parameters. As indicators of the efficiency of cutting out niches, the following were adopted: depth h (mm) obtained at individual stages of the experiments, the average rate of increase of this depth Vh (mm/min), and the average depth increase in one cycle dh (mm). The measurement results, taking into account the current nozzle distance H (mm), for which position the other parameters were measured, are summarized in the tables.



Samples of green salt (Table 3, Figure 7 and Figure 8). Niches cut out in samples of green salt Z1 and Z2, with a jet passing through the air, deepened at a similar speed. Based on the linear approximation of the experimental results, with high correlation coefficients with values R2 = 0.9987 and R2 = 0.9977, these values were determined for samples Z1 and Z2, respectively: 13.97 and 14.90 (mm/min), with variability of measured local depths (i.e., at measuring points with current coordinates: 0; 25; 50; 75; 100 mm) in the range from 13.11 to 17.36 mm in sample Z1 and from 10.93 to 16.38 mm in sample Z2. The resulting shape of the niches was regular, with smooth, even, and flat walls.



The niche cut in sample Z3 by means of a jet passing through water showed a greater depth increase rate, which was estimated based on approximation, with a lower correlation coefficient R2 = 0.9879, at 16.23 (mm/min) and local depth variations from 14.06 to 22.09 mm. In this case, a very irregular niche was obtained, with stepped channels deep into the sample. The cutting process was different than in previous samples, where the nozzle was located above the water surface. In this case, a much stronger influence of the leaching process on the deepening (and widening) of the niche was observed. Irregular shaping of the niche is most likely related to the petrographic characteristics of the Z3 sample, where the presence of larger anhydrite grains was found, which, as the rocks of much stronger and non-leaching, were released chaotically creating “abruptly” subsequent voids.



Samples of Spiza salt (Table 4, Figure 9 and Figure 10). Niches cut in these samples S1 and S2, with a jet passing through the air, deepened at a rate about 30% lower compared to the salt of green salt samples. The linear approximation of the results of experiments, with very high correlation coefficients with the values R2 = 0.9941 and R2 = 0.9993, shows that these values are for samples: 10.41 and 10.57 (mm/min), with variability measured local depths at analogous measuring points to green salt, in the range from 8.65 to 11.58 mm in sample S1 and from 7.07 to 16.90 mm in sample S2. The resulting shape of the niches was regular, with smooth, even, and flat walls.



The niche cut in sample S3 by means of a jet passing through water showed a lower depth increase rate, which was estimated based on approximation, with a high correlation coefficient R2 = 0.9981, at the level of 8.10 (mm/min) and local depth variations from 5.79 to 10.14 mm. The result of the experiment was a niche of regular shape, but compared to cutting with a jet in the air, its final width was clearly larger (eventually about three times), which may be the result of a greater effect of leaching.



Pink salt samples (Table 5, Figure 11 and Figure 12). When cutting out niches in samples R1 and R2 with a jet passing through the air, the highest depth increase rates were achieved compared to those previously tested. This increase was higher than the analogous in green samples by about 30% and clearly higher by about 80% compared to the low salt. The linear approximation of the results of experiments, with very high correlation coefficients with the values R2 = 0.9982 and R2 = 0.9889, shows that these values are for R1 and R2 samples: 18.57 and 18.14 (mm/min), respectively, with variability of measured local depths at analogous measuring points to the green salt, in the range from 15.87 to 21.98 mm in sample R1 and from 10.99 to 23.34 mm in sample R2. The resulting niches were irregular, with uneven walls, on which anhydrite sand was visible. The niche cut in sample R3 by means of a jet passing through water showed a lower depth increase rate, which was estimated based on approximation, with a high correlation coefficient R2 = 0.9981, at the level of 8.10 (mm/min) and local depth variations from 6.52 to 18.36 mm. During the experiment, it was found that the exposed anhydrite shells and anhydrite sand disturbed and inhibited the leaching and niche formation slightly. The niche walls were irregular, with grains of faster leaching salt visible.




6.2. Impact of Nozzle Distance on the Amount of Niche Depth Increase


As mentioned earlier, during the tests, the position of the water nozzle was at a certain, fixed distance from the top surface of the sample. Subsequent cutting cycles, continued in the same niches, took place at successively larger distances H, which resulted from the increase in depth of the previous cycle. The current distance H was measured between the outlet of the nozzle and the current depth of the niche (position of the bottom of the niche) at the beginning of a given cycle, which is marked on the graphs (Figure 2).



Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 show the results of measuring the relationship between the nozzle distance and the obtained increments in niche depth. Linear approximation of results indicates a lack of clear relationships or trends in this area. A relatively large spread of results as well as variable volatility trends are noted. The lack of such a relationship is probably due to the relatively small absolute distances and depth of niches. Such relationships will probably be easier to grasp in the planned technical tests of this new technology when we are dealing with distances of the order of one or several meters, as well as a much longer duration of individual cycles.




6.3. Changing the Cutting Effect Due to the Flow of the Water Jet on the Samples Placed Below Water Level


There was no clear difference between the variation in the value of the increase in nozzle depth dh between the experiment with the jet flowing in water and in air. In both cases, there is a lack of trend and similarly, difficult to determine at the current stage of research, a variety of directions and values of increments (Figure 8, Figure 10 and Figure 12).



The rate of increase in niche depth (Table 8), when cutting with a jet passing through water, decreases in the case of tested samples of the salt (S) by about −23% and pink (R) by about −43%, while it increases when testing the green salt (Z) by approximately +12% compared to an air jet.




6.4. Influence of Rock Type on the Cutting Effect


Analogous comparative studies were carried out on samples radically different from salt samples (UCS = 40 MPa). Tests were carried out on another sample of sedimentary rock—sandstone (UCS = 100 MPa) and igneous rock, i.e., granite (UCS = 150 MPa). The samples were diversified both in petrographic and geomechanical terms (brittleness, plasticity, deformability, compressive strength). As could be intuitively assumed, the cutting progress achieved was definitely smaller for stronger rocks, and amounted to 1.95 (mm/min) on sandstone and 0.64 (mm/min) on granite on average. Salt susceptibility in this range is several times higher (Table 8).





7. Conclusions


The high-pressure water jet cutting tests carried out on the three types of salt rocks samples, sandstone, and granite, under laboratory conditions, confirmed the possibility of effective cutting out of niches. The following conclusions can be drawn regarding rock type significance for the process, cutting tool location, cutting rate achieved, jet flow environment, and technological remarks for future industrial well leaching technology:




	a

	
Rock type—based on comparative tests carried out on samples radically different from salt samples, i.e., granite and sandstone, diversified both petrographically and geomechanically, the strong relationship between rock properties and niche cutting efficiency was confirmed. Salt susceptibility in this range is several times higher. In rocks of greater strength (sandstone, granite), the width of the cut niche was similar to the diameter of the nozzle (jet).




	b

	
Cutting tool position—the relationship between the distance of the nozzle from the rock surface (the bottom of the niche being cut out) and the increase in the depth of the niche is not clear and within the range of the tested depths it changes within relatively wide limits, which at this stage does not provide grounds for determining the trend.




	c

	
Cutting rate—the speed of making a niche depends on the type of rock salt and can vary from 30% to even 80%. In salt rocks, the width of the obtained niche gradually increased with the time of conducting the experiment. At the end of the test cycle, it was 5 to about 35 times larger than the nozzle diameter, reaching 35 mm.




	d

	
Jet flow environment—the result of cutting out a niche with a high-pressure jet passing entirely through the water, located between the surface of the tested sample and the nozzle, is much more diverse compared to the situation when the jet flows in the air. In addition to the main water jet effect, with given flow parameters, intensive expansion of the niche results from the effect of the reflected water jets.




	e

	
Leaching technology—it should be assumed that in technical conditions, a high-pressure water jet flowing in the water environment, or rather brine of increasing concentration due to the ongoing leaching process, may weaken the final cutting effect. Salt cutting, in contrast to stronger rocks, is additionally accompanied by a process of dissolution, as well as the removal of larger grains of structural samples.




	(a)

	
Depending on the particular type of salt, it may happen that the solid particles (salt, anhydrite, etc.) that are removed by the jet will assist in cutting out the niche. The cut niche in the technical borehole creates extra contact surfaces of water and rock, which in turn may significantly accelerate the industrial leaching process.















The successful conducted tests and their positive results precede the currently prepared experiments aimed at developing innovative technology for making salt caverns on a semi-technical and full technical scale.
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Figure 1. Salt caverns: (a) reverse leaching; (b) direct leaching. 
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Figure 2. Test stands for cutting out niches in rock samples: (a) water jet in the air; (b) water jet in water; 1—rock sample; 2—water nozzle; 3—water jet. 
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Figure 3. Water nozzle (STM Stein-Moser GmbH) during the salt rock cutting test. 
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Figure 4. Salt rock samples after with niches cut by means of high-pressure water jets: (a) “green salt”; (b) “spiza” (bronze) salt; (c) “pink salt”. (The shallower niches were cut mechanically). 
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Figure 5. (a) Cross-section of the upper part of the Kłodawa salt dome, Central Poland (after Burliga 2004 [27], simplified by the authors); (b) stratigraphic profile of the Upper Permian (Zechstein) in the Kłodawa salt dome with matched Youngest Halite stratigraphic level (after Wachowiak 2010, [28], simplified and modified by the authors). 
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Figure 6. (a) Cross-section of the Wieliczka salt deposit, Central Poland (after Poborski 1977, [29], simplified by the authors); (b) stratigraphic profile of the Miocene (Badenian) salt deposit in Wieliczka mine, with matched Spiza Salt and Green Bedded Salts stratigraphic levels (after Garlicki 1979, [30], simplified and modified by the authors). 
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Figure 7. Comparison of average depth of cut niche as a function of water cutting time for various rocks. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Figure 8. Dependence of the nozzle’s distance from the salt contact surface and average increases in niche depth after one cycle. Nozzle’s displacement velocity v = 100 mm/min. Water jet pressure p = 500 bar. 
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Figure 9. Average depth of cut niche as a function of water cutting time—Spiza salt. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Figure 10. Dependence of the nozzle’s distance from the salt contact surface and average increases in niche depth after one cycle. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Figure 11. Average depth of cut niche as a function of water cutting time-pink salt. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Figure 12. Dependence of the nozzle’s distance from the salt contact surface and average increases in niche depth after one cycle. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Figure 13. Average depth of cut niche as a function of water cutting time—granite and sandstone. Nozzle’s displacement velocity v = 100 (mm/min). Water jet pressure p = 500 bar. 
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Table 1. Salt production in brine in Poland [23].
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Mine/Deposit

	
Salt Yield in Brine, in Thousand Tons

	
Contribution in the National Production (%)




	
Year

	
Year




	
2014

	
2015

	
2016

	
2017

	
2018

	
2014

	
2015

	
2016

	
2017

	
2018






	
Góra and Mogilno I

	
2950

	
2706

	
3125

	
3243

	
2817

	
70.4

	
78.03

	
76.6

	
69.6

	
68.3




	
Mechelinki

	
469

	
256

	
474

	
609

	
432

	
11.2

	
7.4

	
11.6

	
13.1

	
10.5











[image: Table] 





Table 2. Underground storages in salt caverns, Poland.
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Salt Deposit

	
Enterprise

	
Stored Product

	
Storage Capacity (mln m3)






	
Mogilno II, salt dome

	
KPMG Mogilno

	
Natural gas

	
585.40




	
Góra, salt dome

	
PMRiP Góra

	
Crude oil

	
4.250




	
Petroleum

Heating oil

	
1.880




	
Mechelinki, salt seam

	
KPMG Kosakowo

	
Natural gas

	
239.40
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Table 3. Results of measurements of high-pressure water jet niche cutting parameters—“green salt” type.
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Green Salt—Sample Z1




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
22.70

	
19.58

	
13.15

	
21.78

	
17.48

	
18.94

	
14.90

	
18.94




	
2

	
68.94

	
39.47

	
36.89

	
32.24

	
37.95

	
34.92

	
36.29

	
17.36




	
3

	
86.29

	
54.65

	
44.95

	
51.86

	
51.15

	
46.12

	
49.75

	
13.45




	
4

	
99.75

	
66.19

	
70.01

	
63.28

	
67.00

	
59.72

	
65.24

	
15.49




	
5

	
115.24

	
73.77

	
81.40

	
80.96

	
87.35

	
68.29

	
78.35

	
13.11




	
6

	
128.35

	
92.90

	
100.00

	
100.00

	
95.30

	
86.80

	
95.00

	
16.65




	

	

	

	

	

	

	

	

	
min:

	
13.11




	

	

	

	

	

	

	

	

	
max:

	
17.36




	
Green Salt—Sample Z2




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
12.57

	
13.87

	
15.04

	
14.32

	
13.26

	
13.81

	
13.97

	
13.81




	
2

	
63.81

	
28.18

	
32.26

	
32.15

	
26.18

	
29.27

	
29.61

	
15.80




	
3

	
79.61

	
42.43

	
45.70

	
43.28

	
36.98

	
34.30

	
40.54

	
10.93




	
4

	
90.54

	
55.72

	
63.53

	
60.84

	
47.64

	
43.96

	
54.34

	
13.80




	
5

	
104.34

	
79.33

	
79.32

	
75.32

	
60.20

	
59.40

	
70.71

	
16.38




	
6

	
120.71

	
93.70

	
92.76

	
90.00

	
72.46

	
72.02

	
84.19

	
13.47




	
7

	
134.19

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
15.81




	

	

	

	

	

	

	

	

	
min:

	
10.93




	

	

	

	

	

	

	

	

	
max:

	
16.38




	
Green Salt—Sample Z3 (below Water)




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h(mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
52.70

	
20.62

	
20.65

	
17.23

	
11.64

	
16.22

	
17.27

	
16.23

	
17.27




	
2

	
69.97

	
48.60

	
45.90

	
36.80

	
36.20

	
33.80

	
40.26

	
22.99




	
3

	
92.96

	
63.92

	
54.70

	
55.33

	
54.20

	
49.90

	
55.61

	
15.35




	
4

	
108.31

	
72.60

	
76.46

	
73.18

	
64.11

	
61.99

	
69.67

	
14.06




	
5

	
122.37

	
100.00

	
77.70

	
74.00

	
100.00

	
67.00

	
83.74

	
14.07




	

	

	

	

	

	

	

	

	
min:

	
14.06




	

	

	

	

	

	

	

	

	
max:

	
22.99
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Table 4. Results of measurements of high-pressure water jet niche cutting parameters—“Spiza (bronze) salt” type.
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Spiza Salt—Sample S1




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
11.33

	
9.89

	
9.92

	
12.39

	
9.14

	
10.53

	
10.41

	
10.53




	
2

	
60.53

	
18.22

	
19.37

	
20.68

	
22.80

	
20.26

	
20.27

	
9.73




	
3

	
70.27

	
28.60

	
31.40

	
33.68

	
34.71

	
27.60

	
31.20

	
10.93




	
4

	
81.20

	
39.22

	
39.02

	
38.25

	
41.05

	
41.70

	
39.85

	
8.65




	
5

	
89.85

	
51.83

	
50.52

	
52.07

	
50.70

	
46.10

	
50.24

	
10.40




	
6

	
100.24

	
61.22

	
65.09

	
60.04

	
60.20

	
62.50

	
61.81

	
11.57




	
7

	
111.81

	
72.61

	
75.15

	
72.12

	
71.02

	
67.51

	
71.68

	
9.87




	
8

	
121.68

	
82.10

	
85.64

	
81.40

	
84.03

	
83.15

	
83.26

	
11.58




	
9

	
133.26

	
95.67

	
93.98

	
98.37

	
93.41

	
87.02

	
93.69

	
10.43




	

	

	

	

	

	

	

	

	
min:

	
8.65




	

	

	

	

	

	

	

	

	
max:

	
11.58




	
Spiza Salt—Sample S2




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
9.60

	
9.66

	
7.09

	
7.54

	
5.32

	
7.84

	
10.57

	
7.84




	
2

	
57.84

	
21.41

	
19.46

	
21.10

	
18.41

	
14.71

	
19.02

	
11.18




	
3

	
69.02

	
34.06

	
30.38

	
31.80

	
27.70

	
22.15

	
29.22

	
10.20




	
4

	
79.22

	
39.10

	
53.73

	
40.40

	
46.08

	
33.22

	
42.51

	
13.29




	
5

	
92.51

	
54.36

	
56.22

	
51.30

	
47.13

	
39.41

	
49.68

	
7.18




	
6

	
99.68

	
100.00

	
65.20

	
61.10

	
55.66

	
50.95

	
66.58

	
16.90




	
7

	
116.58

	
100.00

	
72.55

	
71.12

	
65.82

	
58.77

	
73.65

	
7.07




	
8

	
123.65

	
100.00

	
81.31

	
80.46

	
77.10

	
67.40

	
81.25

	
7.60




	
9

	
131.25

	
100.00

	
100.00

	
90.58

	
88.75

	
77.78

	
91.42

	
10.17




	

	

	

	

	

	

	

	

	
min:

	
7.07




	

	

	

	

	

	

	

	

	
max:

	
16.90




	
Spiza Salt—Sample S3 (below Water)




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h(mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
52.70

	
8.81

	
8.75

	
9.14

	
7.98

	
7.25

	
8.39

	
8.10

	
8.39




	
2

	
61.09

	
16.10

	
16.75

	
20.08

	
19.55

	
14.05

	
17.31

	
8.92




	
3

	
70.01

	
25.46

	
26.02

	
28.44

	
33.03

	
17.35

	
26.06

	
8.75




	
4

	
78.76

	
33.08

	
33.45

	
36.55

	
42.33

	
29.20

	
34.92

	
8.86




	
5

	
87.62

	
39.40

	
41.71

	
40.54

	
50.45

	
37.13

	
41.85

	
6.92




	
6

	
94.55

	
49.97

	
48.15

	
50.80

	
59.69

	
44.65

	
50.65

	
8.81




	
7

	
103.35

	
57.23

	
54.95

	
74.25

	
65.01

	
48.47

	
59.98

	
9.33




	
8

	
112.68

	
58.49

	
65.63

	
73.77

	
70.74

	
60.24

	
65.77

	
5.79




	
9

	
118.47

	
61.02

	
73.31

	
82.42

	
80.35

	
65.40

	
72.50

	
6.73




	
10

	
125.20

	
64.30

	
80.39

	
100.00

	
100.00

	
68.52

	
82.64

	
10.14




	

	

	

	

	

	

	

	

	
min:

	
5.79




	

	

	

	

	

	

	

	

	
max:

	
10.14
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Table 5. Results of measurements of high-pressure water jet niche cutting parameters—“pink salt” type.
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Pink Salt—Sample R1




	
Cycle time, t(min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
19.82

	
20.20

	
15.73

	
11.82

	
11.80

	
15.87

	
18.57

	
15.87




	
2

	
65.87

	
38.29

	
38.24

	
32.16

	
29.35

	
33.63

	
34.33

	
18.46




	
3

	
84.33

	
58.65

	
57.67

	
49.14

	
46.60

	
50.99

	
52.61

	
18.28




	
4

	
102.61

	
88.84

	
71.41

	
61.76

	
60.11

	
64.32

	
69.29

	
16.68




	
5

	
119.29

	
100.00

	
89.00

	
74.84

	
92.50

	
100.00

	
91.27

	
21.98




	

	

	

	

	

	

	

	

	
min:

	
15.87




	

	

	

	

	

	

	

	

	
max:

	
21.98




	
Pink Salt—Sample R2




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H(mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
17.40

	
11.12

	
8.70

	
11.35

	
6.40

	
10.99

	
18.14

	
10.99




	
2

	
60.99

	
31.80

	
21.34

	
30.80

	
31.97

	
18.54

	
26.89

	
15.90




	
3

	
76.89

	
38.98

	
39.65

	
33.82

	
44.81

	
32.90

	
38.03

	
11.14




	
4

	
88.03

	
64.40

	
63.01

	
60.47

	
73.88

	
42.64

	
60.88

	
22.85




	
5

	
110.88

	
84.20

	
85.40

	
100.00

	
89.46

	
62.03

	
84.22

	
23.34




	
6

	
134.22

	
100.00

	
100.00

	
100.00

	
100.00

	
95.00

	
99.00

	
14.78




	

	

	

	

	

	

	

	

	
min:

	
10.99




	

	

	

	

	

	

	

	

	
max:

	
23.34




	
Pink Salt—Sample R3 (below Water)




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
52.70

	
17.60

	
10.53

	
4.50

	
22.60

	
19.07

	
14.86

	
10.30

	
14.86




	
2

	
67.56

	
31.30

	
22.25

	
8.25

	
29.62

	
19.27

	
22.14

	
7.28




	
3

	
74.84

	
35.84

	
33.83

	
11.85

	
36.75

	
32.90

	
30.23

	
8.10




	
4

	
82.93

	
44.42

	
37.30

	
12.58

	
53.22

	
45.46

	
38.60

	
8.36




	
5

	
91.30

	
54.77

	
38.28

	
13.08

	
62.30

	
57.15

	
45.12

	
6.52




	
6

	
97.82

	
64.77

	
55.45

	
27.70

	
85.79

	
73.72

	
61.49

	
16.37




	
7

	
114.19

	
79.71

	
79.00

	
58.06

	
94.22

	
88.26

	
79.85

	
18.36




	

	

	

	

	

	

	

	

	
min:

	
6.52




	

	

	

	

	

	

	

	

	
max:

	
18.36
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Table 6. Comparative results of measurements of niche cutting parameters for granite.






Table 6. Comparative results of measurements of niche cutting parameters for granite.





	
GRANITE—Sample G




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
0.08

	
0.13

	
0.82

	
1.39

	
1.08

	
0.70

	
0.64

	
0.70




	
2

	
50.70

	
0.12

	
1.15

	
1.27

	
1.40

	
1.15

	
1.02

	
0.32




	
3

	
51.02

	
0.76

	
1.31

	
1.70

	
2.03

	
1.76

	
1.51

	
0.49




	
4

	
51.51

	
1.20

	
1.65

	
1.70

	
2.40

	
4.30

	
2.25

	
0.74




	
5

	
52.25

	
1.51

	
1.75

	
2.70

	
4.30

	
4.51

	
2.95

	
0.70




	
6

	
52.95

	
2.73

	
2.22

	
2.78

	
6.05

	
5.60

	
3.88

	
0.92




	

	

	

	

	

	

	

	

	
min:

	
0.32




	

	

	

	

	

	

	

	

	
max:

	
0.92




	
Granite—Sample G (below Water: 52.7 mm)




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
52.70

	
0.05

	
0.58

	
0.67

	
0.34

	
0.22

	
0.37

	

	
0.37
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Table 7. Comparative results of measurements of niche cutting parameters for sandstone.






Table 7. Comparative results of measurements of niche cutting parameters for sandstone.





	
Sandstone—Sample P1




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
3.91

	
4.72

	
4.10

	
4.42

	
5.22

	
4.47

	
1.90

	
4.47




	
2

	
54.47

	
6.74

	
7.51

	
6.69

	
8.12

	
7.90

	
7.39

	
2.92




	
3

	
57.39

	
8.96

	
9.42

	
8.88

	
10.79

	
10.18

	
9.65

	
2.25




	
4

	
59.64

	
11.01

	
10.92

	
10.46

	
12.54

	
12.47

	
11.48

	
1.83




	
5

	
61.48

	
11.54

	
12.99

	
11.93

	
13.11

	
14.25

	
12.76

	
1.28




	
6

	
62.76

	
13.20

	
14.92

	
13.26

	
14.27

	
15.34

	
14.20

	
1.43




	

	

	

	

	

	

	

	

	
min:

	
1.28




	

	

	

	

	

	

	

	

	
max:

	
2.92




	
Sandstone—Sample P2




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
50.00

	
4.32

	
4.08

	
4.65

	
4.90

	
5.75

	
4.74

	
1.99

	
4.74




	
2

	
54.74

	
7.26

	
7.11

	
7.43

	
7.14

	
8.74

	
7.54

	
2.80




	
3

	
57.54

	
9.44

	
9.37

	
10.94

	
9.54

	
11.83

	
10.22

	
2.69




	
4

	
60.22

	
11.20

	
11.47

	
13.60

	
12.01

	
13.85

	
12.43

	
2.20




	
5

	
62.43

	
12.89

	
12.58

	
14.26

	
12.86

	
15.61

	
13.64

	
1.21




	
6

	
63.64

	
14.20

	
13.45

	
15.33

	
14.09

	
15.65

	
14.54

	
0.90




	

	

	

	

	

	

	

	

	
min:

	
0.90




	

	

	

	

	

	

	

	

	
max:

	
2.80




	
Sandstone—Sample P3 (below water: 52.7mm)




	
Cycle time, t (min)

	
Nozzle-rock surface distance, H (mm)

	
Local depth of niche, hi (mm)

	
Average depth, h (mm)

	
Average depth increase rate, Vh (mm/min)

	
Average depth increase of niche in a cycle, dh (mm)




	
Current measuring position, xi (mm)




	
0

	
25

	
50

	
75

	
100




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
1

	
52.70

	
3.62

	
2.89

	
2.74

	
2.61

	
3.66

	
3.10

	
1.97

	
3.10




	
2

	
55.80

	
5.94

	
4.40

	
3.50

	
4.19

	
7.15

	
5.04

	
1.93




	
3

	
57.74

	
8.04

	
5.76

	
5.84

	
4.33

	
8.07

	
6.41

	
1.37




	
4

	
59.11

	
8.22

	
7.85

	
7.35

	
5.22

	
9.56

	
7.64

	
1.23




	
5

	
60.34

	
11.30

	
11.90

	
11.10

	
12.15

	
11.77

	
11.64

	
4.00




	
6

	
64.34

	
11.47

	
12.17

	
13.70

	
13.10

	
12.15

	
12.52

	
0.87




	

	

	

	

	

	

	

	

	
min:

	
0.87




	

	

	

	

	

	

	

	

	
max:

	
4.00
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Table 8. Average depth increase of niches cut with water jet for various types of rocks.






Table 8. Average depth increase of niches cut with water jet for various types of rocks.





	
Type of Rock

	
Average Depth Increase of Niche, dh (mm/min)




	
Sample

	
Sample below Water




	
Min

	
Max

	
Average

	
Min

	
Max

	
Average






	
Green salt

	
10.93

	
17.36

	
14.44

	
14.06

	
22.99

	
16.23




	
Spizowa salt

	
7.07

	
16.90

	
10.49

	
5.79

	
10.14

	
8.10




	
Pink salt

	
10.99

	
23.34

	
18.36

	
6.52

	
18.36

	
10.30




	
Strong rocks




	
Granite

	
0.32

	
0.92

	
0.64

	
-

	
-

	
0.37




	
Sandstone

	
0.90

	
2.92

	
1.95

	
0.87

	
4.00

	
1.97




	
Water jet parameters




	
Diameter of jet (nozzle). d (mm)

	
1.00




	
Pressure. p (bar)

	
500




	
Jet flow velocity. V (m/s)

	
25.40




	
Nozzle’s displacement velocity. v (mm/min)

	
100




	
Flow rate Q (liter/min)

	
1.18
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