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Abstract: The exploration and development of new hydrocarbon deposits is facing increasing chal-
lenges as the global shift to renewable energy sources, such as shallow geothermal deposits, wind
farms, and photovoltaics, reduces the dependence on hydrocarbons. To navigate this evolving
landscape, it becomes crucial to find solutions that optimize the energy extraction efficiency while
maximizing the use of hydrocarbon deposits. This requires exploring opportunities in existing
fields and wells, including those slated for decommissioning. This article discusses the potential for
extracting resources from seemingly depleted fields, where some 60–70% of the resources remain
unrecoverable due to low reservoir energy. Meeting this challenge requires the implementation of
secondary and tertiary EOR methods that involve the introduction of external energy to increase
reservoir pressure and enhance resource recovery. One of the proposed innovative tertiary meth-
ods involves reaming the reservoir using multiple small-diameter radial boreholes generated by a
hydraulic drilling nozzle. This strategy is designed to intensify the contact between the production
hole and the reservoir layer, resulting in increased or commenced production in certain cases. The
described method proves to be a practical application in hydrocarbon deposits, offering the dual
benefits of mitigating environmental pollution by eliminating the need for drilling new boreholes and
providing a cost-effective means of accessing resources in decommissioned deposits with insufficient
reservoir energy for self-exploitation. Another article points out the design variation of a hydraulic
drilling nozzle tailored specifically for reaming a reservoir layer. Taking the above into account, this
article provides very practical information for future projects in which paths should be sought for
the design and development of hydraulic wellheads, among other things, in order to intensify the
production from hydrocarbon deposits.

Keywords: hydraulic drilling; nozzle; rotary nozzle; EOR methods; small-diameter borehole;
high-pressure jet; nozzle drilling technology; cavitation; hydraulic radial drilling

1. Introduction

The diversification of oil supplies and potential price increases in the global market
call for a reassessment of enhanced oil recovery (EOR) methods to increase production. As
such, there is an urgent need to explore and implement solutions focused on creating new
technologies or applying existing ones, deepening our understanding of the underlying
phenomena, and generally enhancing knowledge and practices related to field produc-
tion. Escalating global expenses associated with making hydrocarbon deposits accessible
are compelling companies to invest in innovative technologies [1]. However, each new
method presents unique challenges in terms of design, decision-making, and execution,
requiring thorough consideration before application. This involves economic and logis-
tical comparisons with conventional drilling methods [2]. The overarching objective of
these endeavors is to decrease the well-drilling costs while maximizing the exploitation
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of existing deposits. Given the increasing importance of supporting the decision-making
process, there is a critical need to minimize the risk associated with investments, especially
concerning technologies like directional drilling or hydraulic fracturing. This is crucial
to avoiding ill-considered decisions and ensuring a sensible approach to technological
progress in the oil industry.

The search for innovative solutions to enhance extraction has given rise to the de-
velopment of radial borehole drilling, executed from a base hole using the high-pressure
jet energy of hydraulic radial drilling nozzles. The unique characteristics of this technol-
ogy, specifically, the capability to achieve an exceptionally short radius of curvature, of
approximately 30 cm, and the remarkable increase in the angle of curvature of the hole
(100–250◦/30 m), have led to the classification term URRS (Ultrashort-Radius Radial Sys-
tem) [3–5]. Radial drilling finds application in both existing and new production as well
as exploration wells [1,6,7]. In this context, “radial drilling” does not solely refer to a
small radius of curvature but emphasizes the ability to drill in various directions at the
same level. Typically, two to four small-diameter boreholes are drilled, depending on the
deposit structure, layer characteristics, and production requirements. The exceptionally
small radius of curvature and the correspondingly compact dimensions of the drilling set
necessitate the application of unconventional drilling techniques. Various methods were
considered, but hydraulic radial drilling, utilizing a high-pressure liquid jet expelled from
the nozzles of the rotary head, emerged as the most effective. This approach enables a
remarkably high concentration of fluid energy per unit area of rock, thereby facilitating
hydraulic radial drilling.

2. Development of the Radial Drilling Technology

Radial drilling represents an unconventional technique employing a small-diameter
steel conduit, such as a capillary or a coiled tubing, to bore a hole with a diameter ranging
from 50 to 60 mm and a length of up to 200 m. This process utilizes a high-energy fluid
stream propelled through a nozzle at elevated pressures [6,8,9]. Economically, the radial
drilling technology proves effective for drilling horizontal channels extending up to 900 m
from an existing vertical borehole. It becomes particularly valuable when other tertiary
methods prove ineffective or to enhance the efficiency of existing Enhanced Oil Recovery
(EOR) methods [6,10–12]. The concept of processing materials with a high-pressure water
jet dates back to the 1960s, with applications ranging from cutting metals, rocks in min-
ing, and ceramics, to cutting plastics in shipbuilding and the automotive industry. These
techniques vary in water pressure, incorporating abrasive agents to aid the process. As
high-pressure technology advanced, covering more industries, attempts were made in the
late 1960s to introduce this technique into the oil industry. However, technological limita-
tions and capabilities at that time temporarily hindered its development. In subsequent
years, scientific studies by Maurer and others contributed to the refinement of this drilling
technique. Dickinson [3] introduced a borehole drilling system with a 0.1 m diameter and
lengths ranging from 30.48 to 60.96 m, utilizing a hydroturbine and achieving drilling
speeds of 30.5–60.9 mm/s. Dickinson [13] employed a 0.032 m diameter coiled tubing,
resulting in boreholes ranging from 0.87 to 52.2 m in length after passing through a casing
window, resulting in a tenfold increase in oil production. Presently, the successful drilling of
multiple radial wells from the main well using a drum-wound conductor [14] demonstrates
their contribution to increased reservoir production and improved reservoir ratios, while
minimizing damage to the near-wellbore zone. The expense associated with drilling and
reaching a depth of 2500 m using conventional methods, such as rotary methods with
bottom and top drives, surpasses EUR 7–8 million. Notably, standard-diameter directional
drilling accounts for at least 40% of this cost. For planned new wells, a pivotal challenge in
the decision-making process lies in selecting the spatial trajectory for the horizontal part.
The efficacy of applying the directional drilling technology hinges on the accuracy of the
design and execution of the assumed well trajectory [15,16]. Considering the anisotropy of
reservoirs’ physical properties, opting for an optimal trajectory is crucial to ensuring an
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efficient inflow of hydrocarbons. The radial wells proposed in this article, drilled with a
rotary hydraulic nozzle, offer a solution that enables the intensification of production and
enhances the connection between the well and the reservoir. Conversely, when dealing
with wells exhibiting low or zero productivity, a decision must be made regarding either
decommissioning them or undertaking costly intensification procedures. Hydraulic radial
boreholes will help develop the production from reservoirs without drilling new horizontal
wells in the reservoir zone.

The solution to the challenges outlined and the growing demand lies in a technology
that enables the drilling of multiple small-diameter radial lateral wells from an existing
drilled and cased well [17]. With the cost of radial drillings (four boreholes) from a single
production zone, covering a range of up to 200 m from the main vertical hole, being less
than EUR 600,000, this technology facilitates the acquisition of valuable reservoir data.
This, in turn, mitigates the risk of erroneous decisions and unnecessary financial losses
amounting to millions of euros. The proposed technology not only provides a cost-effective
approach but also allows for the redevelopment of old and decommissioned deposits with
a depletion rate of 30–40%. When combining radial drilling with hydraulic fracturing
in low-permeability deposits, there is a potential to significantly increase the volume of
extractable resources from the reservoir layer [7]. Particularly in favorable lithological
conditions, radially reaming the production seam up to 200 m from the main well enables
the inflow of reservoir fluid that was previously inaccessible due to insufficient reservoir
energy. The hydraulic rotary head described in this article, utilizing the energy of the
jet for drilling small-diameter boreholes, facilitates precise decision-making regarding
the reconstruction, intensification treatments, or the decommissioning of the well. In
instances where lithological conditions are favorable, the drilled wells can enhance the
inflow of reservoir fluid to such an extent that expensive intensification treatments may not
be necessary.

3. Stages of Drilling a Radial Borehole

The hydraulic radial drilling technique for drilling small-diameter boreholes necessi-
tates a departure from traditional methods of transmitting mechanical energy to the drill
bit. This departure includes implementing mechanisms such as rotating drill pipes, torque
from a downhole motor, or impact energy generated either mechanically or indirectly
through a hydraulic medium. By harnessing the energy of the flowing jet from the nozzles,
this method allows for the utilization of hydraulic energy, a direct application that was
not previously employed, to hydro-turbine hard rock. The same principle applies when
abrasive particles are introduced into the direct excavating fluid, enhancing the impact
force on the hydroprobing rock surface. Maurer, in his study, provided an example of
developing drilling head solutions using the rock hydro-sanding method [18]. The measure
of the energy required to drill a unit volume of rock during the drilling process is termed
specific drilling energy. In the case of hydraulic radial drilling, it is more common to refer
to the energy used to create a fracture in the rock [18]. This is calculated by dividing the
energy by the product of the depth and width of the fracture and the velocity during the
fracture-cutting process. In contrast, classical drilling discusses the total specific energy
of drilling (TSE), expressed as the sum of the energy of rotational motion, the progressive
motion of the drill pipe, and the hydraulic energy necessary to drill a unit volume of rock
during the drilling process [2,19,20].

Based on analyses of production data from a specific deposit, as well as on geophysical,
petrophysical, and other pertinent analyses, the parameters for reaming the deposit are
determined. This includes selecting the appropriate levels within the deposit to be reamed
and determining the length and number of radial boreholes to be drilled. These decisions
are informed by a comprehensive understanding of the deposit’s characteristics, ensuring
that the radial drilling process is tailored to optimize production and reservoir performance.
In order to search for a novel solution, the literature was reviewed in terms of requirements
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and limitations regarding this technology. The main assumptions are compacted in the
Figure 1.
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Figure 1. The main components of a drilling nozzle taken into account during the literature review.

The process of drilling a single radial borehole involves the following sequential
steps [21,22]:

• Pulling out the production equipment: the first step is to retrieve the production
equipment from the well, along with any existing downhole equipment.

• Cleaning the borehole: the borehole is then cleaned to prepare it for the subsequent
drilling process.

• Determining the correct depth and orienting the deflector outlet: The correct depth
is determined, and the deflector outlet is oriented using appropriate tools, such as a
gyroscope. This operation can be performed after fastening the anchor.

• Casing: Casings are installed on the borehole. A radial borehole drilling set enables
drilling a window in the casing for further drilling behind them and includes compo-
nents such as a deflector, an anchor, and other elements (control section).

• Fastening the anchor: the anchor is securely fastened in place.
• Fastening the window cutting tool: a tool for making a window in the casing pipe is

attached to the capillary.
• Making a window in the casing: using the window cutting tool, a window is created

in the casing.
• Pulling out the tool: the window cutting tool is then removed from the well.
• Arming the capillary: The capillary is equipped with a flexible high-pressure elastic

hose with a nozzle and is inserted into the deflector. Drilling is initiated to the specified
length using the drilling set.

• Retracting the drilling set: the drilling set is retracted from the hole while simultane-
ously flushing the borehole to remove the drill cuttings.

• Pulling out the drilling set: The drilling set is completely removed from the well. The
anchor is unhooked, and if necessary, the orientation of the deflector is changed for
drilling another window and borehole.

• Completing the operation: the final step involves pulling out the entire downhole set
and securing the production equipment back into the well.

This detailed sequence outlines the systematic process involved in drilling a single
radial well, ensuring precision and efficiency throughout each step of the operation.

4. Cavitation Jet Drilling

Drilling into rock using a continuous fluid stream becomes feasible when surpassing
a threshold pressure, which, especially for hard rocks like granite and basalt, can often
exceed 200 MPa, representing the rock’s compressive strength limit. However, the high
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threshold pressure poses challenges due to issues with the seals employed in high-pressure
equipment, limiting the applicability of such methods. To circumvent these challenges,
solutions involving a jet with pulsating pressure are often utilized, employing devices like
jet cannons to momentarily increase the pressure to high values. An alternative approach
involves drilling using a continuous cavitation jet, which incorporates gas bubbles. These
bubbles contribute to an increase in the backpressure acting on the rock. The pressure
induced by a continuous fluid stream can be mathematically expressed by the following
equation of the pressure of stagnation P0 in a fluid stream, which can be written using
Bernoulli’s equation, describing the relationship between the fluid’s pressure, density,
and velocity:

P0 = P +
1
2

ρv2 (1)

where

P0—pressure of stagnation;
P—static pressure;
ρ—liquid density;
v—jet velocity.

This equation demonstrates how the pressure of stagnation (P0) is composed of the
sum of the static pressure (P) and the dynamic pressure term, 1

2 ρv2, which is dependent on
the density (ρ) and the velocity (v) of the fluid jet.

Conn [23] showed that for isothermal compression, the build-up pressure pi produced
by the cavitation flux is expressed by Equation (2):

pi =
ps

6.35
exp

(
2

3α

)
(2)

where

pi—build-up pressure produced by the cavitation flux;
ps—saturation vapor pressure;
α—parameter influencing the cavitation process (the gas content of the liquid, expressed as
the ratio of the partial pressure of the gas to the stagnation pressure at the beginning of
bubble destruction).

Conn and Rudy [23] assumed that the angle α varies from 1/6 to 1/10, as shown in
Figure 2. In this case, backpressure and stagnation pressure are related by Equation (3).
Johnson [24] concluded that stagnation pressures as high as 1380–2700 MPa are produced
by cavitating fluxes.

pi = (8 ÷ 124)ps (3)

Tests were conducted in hydronautics [25] on coal samples subjected to liquid jet
drilling. The tests were carried out at a pressure of 13.2 MPa with a jet diameter of 6.4 mm
and a 15 cm/s rate of penetration, as illustrated in Figure 3. Under these conditions,
a cutting gap of 6–20 cm in diameter was achieved. The results presented in Table 1
reveal variations in specific energy based on different parameters. Specifically, the specific
energy decreased as the rate of penetration (ROP) increased and increased with a larger
nozzle diameter. The collected data indicate that the lowest specific energy value was
observed when using the smallest nozzle, measuring 1.8 mm, coupled with a maximum
ROP of 91.4 cm/s. These findings suggest that there exists an optimal combination of nozzle
diameter and rate of penetration speed, resulting in minimized specific energy requirements
for the hydraulic drilling of coal samples using a cavitation jet. This information is valuable
for optimizing the process and enhancing the efficiency of radial drilling in coal utilizing
this technology.
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As mentioned earlier, a cavitation jet allows for drilling through rock at lower pressures
generated by pumps, even in hard rock, compared to a continuous jet. However, it is
important to note that the specific energy required to cut a fracture using a cavitation jet,
as discussed by [18], is higher than that needed with a continuous jet. For instance, a
continuous jet with a diameter of 0.58 mm, operating at 69 MPa, with ambient pressure
equal to the atmospheric pressure, requires 63 J/cm2 to drill into Berea sandstone [26].

In contrast, when using a 6.4 mm diameter cavitation jet drilling at the same ambient
pressure, the energy requirement increases significantly to 1390 J/cm2, as shown in Table 1.
Part of the increased energy requirement can be attributed to the fact that the cavitation jet
produces a fracture with a larger gap of 87 mm, compared to 20 mm, when the jet diameter
is larger (6.4 mm versus 0.58 mm). This emphasizes the trade-off between the advantages of
reduced pump pressure and the higher specific energy needed when employing a cavitation
jet for rock drilling, particularly with large-diameter jets.
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Table 1. Data for cavitation hydraulic jet drilling [27].

Test Conditions,
MPa

Jetting Velocity,
cm/s

Width of the
Crack,

cm

Length of the
Crack,

cm

Stream Power,
kW

Specific Energy
per Unit of

Crack Volume,
J/cm2

Berea
Sandstone

ATM * 9.5 0.87 5.48 71.8 1390

3.45 9.45 2.30 3.18 71.8 2390

6.90 9.45 1.67 2.95 71.8 2580

13.80 9.45 1.27 3.02 71.8 2520

20.70 9.45 1.43 1.91 71.8 3980

Indiana
Limestone

ATM * 9.45 1.43 0.40 71.8 19,000

3.45 9.45 1.59 0.33 71.8 23,000

6.90 9.45 1.19 0.33 71.8 23,000

20.70 9.45 1.19 0.41 71.8 16,200

* ATM means atmospheric pressure.

The distance of the nozzle from the rock formation is a crucial factor influencing the
quality of the work performed by cavitation jets (Figure 4a,b) [28]. Tests were conducted
with cavitation jets operating both submerged and in the air. The results illustrated in
Figure 4a indicate that submerged cavitation jets removed approximately twice as much
material as cavitation jets operating in the air.
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For a cavitation jet submerged in liquid, the optimal distance from the target was de-
termined to be 7.7 cm. In contrast, for a jet operating at atmospheric pressure, the optimum
distance was slightly reduced to 6.5 cm. This information emphasizes the significance of
the distance between the nozzle and the target in influencing the efficiency of cavitation
jet operations.

It is worth noting that the focus of this article is on conducting a study of hydraulic
radial drilling using a continuous high-pressure jet, providing valuable insights into the
dynamics of the process.

5. Drilling Nozzles Using a Continuous High-Pressure Liquid Stream

Currently, the jet nozzle drilling technology is widely employed for cutting, hydraulic
jet drilling, or pipeline cleaning due to its capability to concentrate energy effectively in
the jet [29]. The general equipment and tool scheme for creating radial holes using a
high-energy liquid jet flowing through a nozzle at high pressure is depicted in Figure 5.
This solution is commonly encountered in various forms and is extensively documented in
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numerous publications and some patents [4,8,9,11,21,30–32]. While individual solutions
may vary in technical details, the fundamental approach to drilling radial boreholes remains
rooted in hydraulic jet drilling techniques.
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Figure 5. Scheme of drilling radial boreholes with an ultrashort angle of curvature [33]. Figure 5. Scheme of drilling radial boreholes with an ultrashort angle of curvature [33].

In the process of drilling such radial boreholes, the sections are typically horizontal,
ranging in length from 100 to 300 m, with diameters falling between 40 and 60 mm. The
considerable variation in the horizontal section lengths is attributed to specific requirements
for the drainage zone length. The varying diameter of the radial boreholes is due to the
nature of hydraulic radial drilling using a rotary nozzle, the structure of the wellbore
medium, and various technological factors and parameters related to the reservoir rock.
Figure 6 shows an enlarged diagram illustrating the nozzle going through the deflector.
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Summers conducted fracture-cutting tests in six different types of rocks [33], employ-
ing 0.58 mm diameter jets operating at pressures as high as 172 MPa. The results showed
that the depth of the fracture in these rocks experienced a decrease ranging from 60% to
80% when the penetration rate was increased within the range from 4.6 to 152 m/min, as
illustrated in Figure 7.

Labus [34] conducted a series of fracture-cutting tests involving a 0.5 mm diameter
water jet moved across Indiana limestone at ROP ranging from 10.1 to 40.64 cm/s, as
presented in Tables 2 and 3. These tests were executed at pressures as high as 1100 MPa.
The data obtained from these experiments revealed that both the cracks-cutting specific
energy and the specific energy decreased as the jet pressure decreased. This observation
suggests that jets exhibit greater efficiency at lower pressures [34–36].
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Additionally, when the ROP was increased from 10 to 40 cm/s, the cracks became
narrower (0.2 cm versus 0.31 cm) and slightly shallower. These findings underscore the
influence of jet pressure and ROP on the efficiency and dimensions of the cracks formed
during the fracture-cutting process.

An increased rate of penetration has a significant effect on reducing the specific energy
of fracture cutting, particularly at higher pressures [26,30,36]. For example, at pressures
ranging from 1000 to 1100 MPa, the specific energy (specific drilling energy) of slot cutting
decreased from 7240 to 1660 J/cm2 when the ROP was increased from 10 to 40 cm/s. This
represents a substantial 77% reduction in power requirements for the slot-cutting tool in
this rock. Similarly, at pressures of 200–300 MPa, the specific energy of the slot-cutting tool
decreased from 1400 to 300 J/cm2, resulting in a 79% reduction in power demand.
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Table 2. Influence of the jet pressure value on the specific energy of slot cutting at a rate of penetration
v = 10.1 cm/s for Indiana limestone [34].

Stream
Pressure,

MPa

Jetting
Velocity,

m/s

Average Crack
Depth,

cm

Average Crack
Width,

cm

Stream Power,
kW

Specific Energy
of Jet Drilling,

J/cm3

Specific Energy of
Jet Drilling per
Unit of Crack

Volume,
J/cm2

1000–1100 10.1 4.20 0.31 307 6630 7240

900–1000 10.1 4.12 0.31 259 5570 6220

800–900 10.1 4.60 0.31 230 4420 4950

700–800 10.1 3.75 0.31 190 5240 5020

600–700 10.1 3.64 0.31 138 6040 3750

500–600 10.1 3.91 0.31 117 7100 2960

400–500 10.1 3.30 0.31 76 4910 2280

300–400 10.1 3.32 0.31 56 5220 1670

200–300 10.1 2.68 0.31 38 2760 1400

100–200 10.1 1.67 0.31 14 2620 830

0–100 10.1 1.11 0.31 5 1490 445
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Table 3. Influence of the jet pressure value on the specific energy of slot cutting at a rate of penetration
v = 40.64 cm/s for Indiana limestone [34].

Stream
Pressure,

MPa

Jetting Velocity,
m/s

Average Crack
Depth,

cm

Average Crack
Width,

cm

Stream Power,
kW

Specific Energy
of Jet Drilling,

J/cm3

Specific Energy
of Jet Drilling

per Unit of
Crack Volume,

J/cm2

1000–1100 40.64 4.28 0.20 289 5160 1660

900–1000 No data available

800–900 40.64 4.76 0.20 223 4000 1150

700–800 40.64 3.33 0.20 164 3740 1210

600–700 40.64 3.60 0.20 140 3470 960

500–600 40.64 2.96 0.20 106 3960 880

400–500 40.64 2.75 0.20 83 3750 740

300–400 40.64 2.97 0.20 57 1900 470

200–300 40.64 2.69 0.20 33 1370 300

100–200 No data available

0–100 No data available

Under specific operating conditions (rock type, nozzle size, pressure drop), there exists
an optimal tool rate of penetration that minimizes the specific energy of fracture cutting.
This optimal rate corresponds to the speed at which the exposure factor of the fracture
surface (ROP × fracture depth) is maximized. Figure 8 illustrates that at 4896 bar, the
slot-cutting operation with a 0.5 mm diameter jet was optimized at the ROP of 40 cm/s. At
7655 bar, the optimum velocity exceeded 50 cm/s, as evident from the continuing increase
in the curve at this rate of penetration. Labus observed that interference between the jet
and the walls of the drilled borehole decreased the efficiency of hydraulic jet drilling.
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6. Conclusions

To identify directions for searching for an original solution, the authors observed
that the fundamental components of a radial borehole drilling system typically involve
nozzles crafted from robust materials such as hard stainless steel, tungsten carbide, or
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ceramic. These nozzles feature an outlet hole or holes located in the head or face tool of
the rotary drilling nozzle, with the direction coinciding with the axis of the nozzle body
or inclined in the plane of the axis. The nozzle itself can rotate relative to the axis of the
nozzle head body, and the flexible hose coupling provides control over the direction of
radial borehole propagation.

To explore an original solution, it is crucial to consider various factors and components
that directly and indirectly influence the quality of continuous hydraulic jet drilling. Based
on the observations above, the following conclusions were drawn:

• The jet exhibits high-velocity vortex motion in the bottom zone from the frontal outlet
hole(s) of the nozzle. This motion allows for an erosive action, ensuring the contact of
the jet with the rock surface.

• Backward outlet holes either allow for or assist the advance of the high-pressure
flexible hose tool during hole propagation. Depending on their angle, they may also
contribute to widening the excavated borehole.

• The swirling stream of fluid from the reverse openings not only aids in the advance of
the flexible hose but also facilitates the cuttings transport to the main wellbore.

• The swirling motion of the outlet jet(s) can be optimized by changing the angle of the
nozzle back holes, possibly spiraling through the housing wall and separating the
front segment of the rotating nozzle.

• The ROP (Fp) is determined by the equation Fp = Fs (jet force) − Fd (pressure force
acting on the nozzle face) − Ft (frictional force of the nozzle drill head, flexible hose,
friction and bending of the elastic hose in the deflector knee). This force is limited by
the increasing length of the hose with the head in the horizontal borehole. Equilibrium
is reached when the frictional forces are equal to the jet force in the nozzle, defining
the maximum end length of the borehole.

• The circumferential component forces of the vortex streams induce torsional moments
from both the forward and the reverse vortex streams. Balancing these moments is
critical to prevent excessive torsional stresses in the high-pressure flexible hose that
could lead to buckling and vibration of the whole system. The angles and diameters
of the front and rear nozzle outlets, as well as the potential bearing of the front of the
rotating nozzle, affect the balance of these moments.

• The introduction of an internal arrangement of inclined vanes, discs, or rotors to
achieve a rotating fluid stream in the nozzle also affects the torsional stresses in both
the flexible high-pressure hose and the nozzle, and this must be taken into account.

• Optimal distance between the backward outlets and the facetool of the nozzle is crucial
to maintain pressure balance in the rotary drilling nozzle.

• When introducing a new solution that combines elements from known solutions, new
functions or improvements to existing activities/functions should be meticulously
identified. In addition, consideration should be given to reducing or enhancing the
disadvantages associated with the new solution.

These considerations highlight the complexity of hydraulic jet drilling systems and the
need for a careful design to optimize the performance and ensure stability during hydraulic
radial drilling.

In the design solutions for equipment dedicated to hydraulic radial drilling of small-
diameter boreholes, drilling nozzles stand out as a key area of interest. These nozzles can
be simplified into a system comprising several components of the drill head (sometimes
referred to under modified names) and the functions inherent to the designed system.

These functions include:

• Hydraulic pressure: 70 MPa.
• Jet speed: 300 m/s.
• Distance of the nozzle outlet holes from the excavated rock sample.
• Efficiency of adding an abrasive mass.
• Type of abrasive material.
• Shape of the abrasive grains.
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• Size and hardness of the abrasive materials.
• Length and diameter of the nozzle.
• Diameter of the nozzle outlet hole.
• Rate of penetration, calculated as the difference between the force of the streams

directed toward the back of the nozzle and that of liquid streams flowing out of the
face of the nozzle.

Each of these parameters plays a crucial role in the effectiveness and efficiency of
the hydraulic radial drilling process, particularly in the context of small-diameter hole
applications such as drainage. The optimization of these factors contributes to the overall
performance and success of the hydraulic radial drilling equipment.
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