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Abstract
This research investigates the operational performance of ejection systems integrated into drilling rock-breaking as-

semblies. The object of the study is a near-bit reaming-ejection device (RED), which is installed in the bottom hole
assembly (BHA) and is intended to improve bottom hole cleaning efficiency during drilling through the operation of
integrated ejection systems that ensure effective entrainment of drilling fluid jets from the near-bit region enriched with
drilled cuttings and fragmented rock. The subject of the study is the flow of drilling fluid through ejection nozzles with
different cross-sectional geometries, which determine the hydrodynamic characteristics of the fluid flow. The design
of the near-bit RED combines two systems — a drilling reamer and ejection devices — which makes it possible to reduce
the space occupied within the BHA, improve borehole diameter stabilization, and enhance bottom hole cleaning effi-
ciency simultaneously. Computational fluid dynamics simulations of ejection nozzles with various cross-sectional
geometries (circle, triangle, square, pentagon, regular hexagon, and specially oriented hexagon) showed that the
increase in the velocity of the fluid-flow core issuing from the nozzle model with a specially oriented hexagonal cross-
section amounted to approximately 4.5 % compared with the baseline design (circular cross-section) and approximately
5.5 % compared with the remaining models. It was found that the nozzle design with a specially oriented hexagonal
cross-section enables the fluid flow to be directed at an angle toward the borehole wall. The results of additional com-
putational fluid dynamic simulations made it possible to establish a relationship between the angle of deviation of the
drilling fluid flow from the vertical and the value of the control angle of the specially oriented hexagonal cross-section
of the ejection nozzle. This relationship provides an opportunity for purposeful control of the drilling fluid trajectory
through modification of the nozzle geometry. This capability may be used for additional sealing of borehole walls
without significant deviation from the designed borehole diameter.
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Introduction

A key factor in improving the productivity and service life of drilling tools is the development
of rational designs, engineering solutions, and methods for their reinforcement [1, 2]. However, re-
gardless of the type of drilling tool used and the characteristics of the drilling equipment employed,
bottom hole cleaning is of particular importance during drilling operations. This technological pro-
cess is a key factor in the successful execution of drilling operations, since it performs a number of
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essential functions, including the prevention of drilling-related complications (bottom hole cuttings
accumulation, tool wear, increased material and financial costs, etc.) [3-5]. At the same time, the
efficiency of drilling tools largely depends on the successful operation of the circulation system,
which plays one of the key roles in the well drilling process [6, 7]. Under modern conditions,
characterized by a tendency toward increasing well depths and more complex geological condi-
tions, a properly designed circulation system becomes critically important. It not only improves
drilling efficiency but also significantly minimizes the likelihood of technological problems
associated with the formation of stagnant zones and deterioration of reservoir parameters [8, 9].
Imperfections in the design of circulation units contribute to increased wear [10, 11], thereby
affecting the rate of penetration of drilling tools, resulting in greater deviations from the designed
wellbore diameter and potentially having a negative impact on the stress-strain state of the drill
string.

The drilling process is influenced by numerous factors, including geological conditions (rock
and reservoir properties), equipment and tools (drill bits, circulation systems), technological pa-
rameters (rotational speed, drilling fluid flow rate, etc.), physicochemical properties of the drilling
fluid, and other factors (human factors, weather conditions, etc.) [12, 13]. Since geological features
of the formation cannot be controlled, adaptability and innovation in rock-breaking tool designs,
as well as in annular space cleaning technologies, become key factors for increasing drilling effi-
ciency [14]. In this regard, more advanced designs of rock-breaking tools and bottom hole cleaning
systems make it possible to optimize drilling and cleaning processes while maintaining high well
productivity.

A key component of a roller-cone drill bit is the circulation system, the operability and
durability of which critically affect the efficiency of the entire rock-breaking process during well
drilling [15, 16]. Conventional bottom hole cleaning schemes for roller-cone bits have long
been known and are classified into three types: side cleaning, central cleaning, and combined
cleaning [17, 18]. Modern trends in drilling-tool design are aimed at improving these systems,
further emphasizing their importance in enhancing drilling performance [7, 19, 20]. A wide
range of specialized cleaning-system designs for roller-cone bits has been developed to increase
their efficiency and optimize the transportation of drilled cuttings from the bottom hole area
to the near-bit region and subsequently to the wellhead [21, 22]. All of these innovations
are intended to ensure more efficient distribution and utilization of the kinetic energy of the
drilling fluid.

Existing circulation systems of roller-cone drill bits are characterized by several design short-
comings that negatively affect bottom hole cleaning quality and the efficiency of drilled-cuttings
removal from the operating zone, thereby increasing tool wear. The main disadvantages are as
follows [13, 20, 23]:

« circulation-system designs that are unsuitable for specific drilling conditions and well characteris-
tics, such as improper distribution, orientation, or shape of nozzles that fail to provide efficient direction
of drilling fluid flow;

« drilling fluid velocities inside the nozzle exceeding recommended values, which may lead to
erosive damage of circulation channels and roller-cone-bit components;

« insufficient efficiency of drilled-cuttings removal from the operating zone of the roller cones
into the near-bit annular space.

Considering the evolution of drilling-tool designs and the experience gained from implementing
various innovative solutions, these problems can only be solved through a comprehensive approach
that includes both optimization of cleaning-system operation and improvement of its functionality
(for example, the use of asymmetric circulation schemes, application of the ejection principle, in-
stallation of vortex chambers in drill bits, implementation of pulse-cleaning systems, and other
methods) [24, 25].

28
This is an open access article under the CC BY 4.0 license



To reduce the negative impact of shielding effects created by high-velocity jets during drilling,
methods involving modifications to drill-bit designs are widely used [26, 27]. These modifications
include the creation of openings in the bit legs for efficient removal of drilled cuttings from the
contact zone between the roller-cone teeth, the bottom hole, and the borehole wall. In particular,
the bit legs located directly above the bearings are equipped with channels connecting the area near
the bit-bottom hole contact zone with the near-bit annular space. However, according to scientific
studies, this approach allows the removal of only up to 11 % of the drilled cuttings through these

openings [17, 28], indicating limited efficiency and suggesting
that the remaining cuttings may undergo secondary grinding
by the drilling tool.

Thus, the development and improvement of equipment in-
tended to enhance bottom hole cleaning efficiency is an im-
portant task that contributes to increasing the efficiency of
rock destruction during the construction of oil and gas wells.

Previous studies have demonstrated the potential and
effectiveness of integrating an ejector pump into a drilling
reaming device to improve rock-breaking efficiency and well-
bore cleaning [29]. The reaming-ejection device (RED) is capable
of simultaneously reaming the borehole wall and creating an
ejection effect that entrains drilling fluid containing drilled cut-
tings into the near-bit region. The device is integrated into the
body of a standard blade-type reamer of modified design, allowing
redistribution of drilling fluid flows and directing them upward
through the annular space [30] (Fig.1).

The near-bit RED consists of a hollow cylindrical body
equipped with a system of reaming blades of different lengths.
All blades are reinforced with carbide elements, while the
shorter blades contain special openings of two configurations
(horizontal and vertical) into which special nozzles are in-
stalled. The pressure-distribution system operates due to a throt-
tling nozzle located in the lower part of the internal circulation
channel. An important parameter is the ratio between the area
of the throttling nozzle and the total area of all ejection nozzles,
which prevents insufficient cooling of the drilling tool.

The operation of the device begins when the drill string
rotates together with the drill bit 11. During operation, the ro-
tating roller cones interact with the bottom hole, their cutting
structure 15 destroys the rock, and the reinforced inserts of the
reamer stabilize the borehole wall. Bottom hole cleaning is
achieved through circulation of drilling fluid through the drill
pipes, the internal channels of the RED 8, and the drilling
tool 10, thereby ensuring removal of cuttings from the rock-
destruction zone. The fluid passing through channel 8 encoun-
ters resistance from the throttling nozzle 9, which creates the
pressure required within the system and directs the flow into the
ejection channels. The operating principle of the RED is based
on the Bernoulli effect, according to which an increase in fluid-
flow velocity results in a decrease in static pressure within the
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Fig.1. Design and operating principle of the

drilling reaming-ejection device [30]
1 — carbide-reinforced wear-resistant inserts;

2 —body; 3 — ejection chamber; 4 — ejection nozzle;

5, 6 — flow channels; 7 — ejection blade;

8 — central drilling fluid circulation channel;
9 — throttling nozzle; 10 — rock-breaking tool;
11 —roller-cone drill bit; 12 — bit legs;

13 — journals; 14 — roller cones; 15 — teeths
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mixing zone. The drilling fluid enters through the ejection nozzle 4 into a specially formed chamber
bounded by the borehole wall, the reamer body, and two adjacent long blades that are part of the RED
body. In this zone, high-velocity fluid jets from nozzles 4 mix with slower upward flows containing
rock particles and drilled cuttings transported from the bottom hole through the spaces between the
blades into the ejection chamber 3. Interaction of these flows leads to the formation of an integrated
ejected flow characterized by significantly higher velocity and lifting capacity compared with the
original flow. At the same time, a low-pressure zone is formed in the near-bottom hole region, creating
favorable conditions for efficient rock destruction. This effect is achieved through a reduction in the
differential pressure acting on the bottom hole, which significantly facilitates the drilling process.
These processes reduce the probability of secondary grinding of drilled rock and decrease the wear
intensity of drilling tools.

It is well known that increasing the contact area between the drilling fluid jet and the side surface
of the nozzle can improve the removal of drilled cuttings to the surface and increase the performance
of nozzles used in rock-breaking tools. This is because a larger contact area can improve the efficiency
of energy transfer from the jet to the drilled rock by increasing the jet velocity. Analysis of the calcu-
lated data confirms the evident advantage of a hexagonal nozzle profile in the process of drilling fluid
jet formation. The design feature of this type of nozzle is that it generates a fluid flow with a signifi-
cantly larger contact area with the working medium in the near-bottom hole zone compared with
conventional circular nozzles. Such a design provides more effective interaction between the drilling
fluid flow and the hydraulic environment of the bottom hole [9, 28].

This design solution ensures a more efficient involvement of large volumes of bottom hole
hydraulic medium containing drilled cuttings in the circulation process. Consequently, the quality of
cleaning of both the drilling tool and the entire near-bottom hole zone is improved. Therefore,
the correct selection of nozzle type 4 and cross-sectional geometry directly affects the density and
velocity of the emerging jet, which ultimately determine the operating efficiency of the RED.

Methods

To ensure a rational and well-founded selection of the optimal design of the RED ejection
nozzles, this study proposes an investigation and comparison of cross-sections of different geome-
tries (circular, triangular, square, pentagonal, regular hexagonal, and specially oriented hexago-
nal) using Computational Fluid Dynamics (CFD) simulation, which is one of the most accurate
methods and has been validated in a sufficient number of similar applied studies [22, 31, 32]. For
a detailed investigation of this issue, the design parameters of ejection nozzles with cross-sections
of different geometric shapes were analyzed: circle, triangle, square, pentagon, regular hexagon,
and specially oriented hexagon. The main initial condition of the simulation was the equality of
the nozzle cross-sectional areas at the inlet and outlet, as well as equal nozzle height and outer
cylinder diameter.

For numerical simulation of hydrodynamic processes in the CFD software package, the following
initial system parameters were specified: working volume 0.017 m?; distance between the outlet nozzle
and the boundary of the computational domain 0.4 m; fluid flow rate at the nozzle inlet 0.03 m¥s;
process medium — liquid phase with a density of 1200 kg/m?; outlet pressure 0.2 MPa.

The computational domain used for the simulation is shown in Fig.2, a, while the geometric
shapes of the modeled cross-sections are presented in Fig.2, b. The dimensions of the computational
domain correspond to the overall dimensions of the ejection chamber formed by the borehole wall
and the adjacent long blades of the RED body. The lower plane of the computational domain coin-
cides with the nozzle inlet cross-section.

A submerged vertical jet of liquid with a density of 1200 kg/m? issuing from the nozzle was simu-
lated. An ejection nozzle with a circular cross-section was selected as the reference case for analysis
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Fig.2. Input data for the simulation of fluid flow through an ejection nozzle:
a — computational model and simulation domain; b — geometries of the modeled nozzle cross-sections

because the prototype of the RED ejection nozzles is the hydraulic monitor nozzle of drilling rock-
breaking tools, which predetermines their future interchangeability.

It is important to note the following limitations of the model:

« the model does not account for drill-string rotation effects and the associated dynamic loads;

« idealized boundary conditions were adopted;

« dynamic changes in the rheological properties of the drilling fluid during actual drilling opera-
tions were not considered,

« the results were obtained for steady-state conditions, whereas real drilling is characterized by an
inherently unsteady process.

These limitations should be taken into account when interpreting the results and applying them
in practice. Additional studies are recommended to refine the obtained relationships under actual
drilling conditions.

The geometric feature of the specially oriented hexagonal cross-section is that it consists of
three angles of one size (B1 = 2= B3) and three angles of another, smaller, size (a1 = a2 = a3) (Fig.3).
In the design of the drilling RED, the ejection nozzle with this cross-section is fixed against rotation
relative to the ejection blade. One of the vertices formed by the smaller angles is oriented toward
the RED axis, while the second is directed toward the leading face of one adjacent long blade. The
third vertex formed by the smaller angles is directed toward the trailing face of the other adjacent
long blade [30].

Discussion of the results

The main indicators characterizing the efficiency of ejection
nozzles are the velocity and height of the core of the drilling fluid
jet issuing from the nozzle. Among these parameters, flow velocity is
the most important, since it directly affects the occurrence and intensity
of the ejection (suction) effect, which draws fluid from the operating
zone of the drilling tool into the near-bit region and subsequently
accelerates it upward through the annular space, thereby improving
cleaning efficiency [15, 17]. The simulation results are presented

in Fig.4 as a comparative analysis of the velocity and height of Fig.3. Geometric

the jet core for nozzles with the investigated cross-sectional parameters of specially
tri oriented hexagonal

geometries. cross-section
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Fig.4. Results of CFD simulation of drilling fluid flow through ejection nozzles with different cross-sectional geometries
(jet-core velocity at the end of the potential core, m/s / maximum height of the main flow, mm): a — circular (111/226);
b — triangular (110/231); ¢ — square (110/238); d — pentagonal (110/222); e — regular hexagonal (110/223);

f — specially oriented hexagonal (116/228)

All nozzles with different cross-sectional geometries, except for the specially oriented hexagonal
nozzle, exhibited the same flow velocity. The increase in the velocity of the fluid-flow core issuing
from the nozzle model with a specially oriented hexagonal cross-section amounted to approximately
4.5 % compared with the baseline design (circular cross-section) and approximately 5.5 % compared
with the remaining models. This contributes to an increase in the velocity of the integrated mixed
flow and improves the efficiency of drilled-cuttings removal from the bit operating zone, which in
turn enhances bit reliability by reducing the probability of secondary rock grinding. Therefore, it can
be concluded that the drilling RED equipped with ejection nozzles having a specially oriented
hexagonal cross-section will operate more efficiently than the baseline circular nozzle and the other
investigated designs.

As a result of the simulations, it was established that the nozzle with a specially oriented hexagonal
cross-section deflected the fluid flow from the vertical by 2° (Fig.4, f). A detailed analysis showed
that this deviation occurred toward one of the three smaller angles, a3, whose value was 105°50". This
observation prompted an additional investigation in which nozzles with different values of a3
(85°, 95°, 115°, and 125°) were modeled while maintaining the principal simulation condition,
namely, equality of the inlet and outlet cross-sectional areas. The jet-deflection angle from the vertical
was designated as B. The simulation results for fluid flow through asymmetric hexagonal cross-
sections with different oz values are presented in Fig.5.
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Based on the additional data obtained, a graph was constructed showing the relationship between
the deviation angle B of the drilling fluid flow from the vertical and the angle as of the specially
oriented hexagonal ejection nozzle (Fig.6). The following relationship was established between the
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Fig.6. Dependence of the drilling fluid flow deviation angle  from the vertical
on the control angle oz of the specially oriented hexagonal cross-section of the ejection nozzle
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deviation angle B of the drilling fluid flow and the control angle as of the specially oriented hexagonal
cross-section: p = 0.001203> — 0.351903 + 26.084. This relationship indicates that as the angle as
increases, the deviation angle B also increases, confirming the possibility of purposeful control of the
drilling fluid flow direction through modification of nozzle geometry. The coefficient of determina-
tion R? = 0.9633 indicates a high degree of reliability of the established relationship. The obtained
coefficient of determination falls within the range typical of precise engineering measurements,
demonstrating the high reliability of the relationship and the possibility of its practical application.

The physical meaning of this phenomenon can be explained as follows. When the nozzle
geometry changes (through variation of the control angle oz), the flow pattern of the fluid also
changes. This leads to a redistribution of flow velocities, changes in the pressure distribution within
the system, and the emergence of lateral forces that deflect the flow. The quadratic relationship indi-
cates that the influence of the control angle on flow deviation is nonlinear: at small values of as, its
effect on B is relatively weak, whereas with increasing oz the deflection effect increases nonlinearly.
Thus, for different drilling conditions, optimal angle ranges can be identified in which maximum flow
deflection is achieved.

Conclusion

Based on the conducted studies, it was established that the increase in the velocity of the drilling
fluid flow core issuing from the nozzle model with a specially oriented hexagonal cross-section
amounted to approximately 4.5 % compared with the baseline design (circular cross-section) and
approximately 5.5 % compared with the remaining models. In addition, it was found that the nozzle
design with a specially oriented hexagonal cross-section also makes it possible to direct the fluid flow
at an angle toward the borehole wall.

The results of the additional numerical simulations made it possible to establish a relationship
between the deviation angle of the drilling fluid flow from the vertical and the control angle of the
specially oriented hexagonal cross-section of the ejection nozzle: B = 0.0012032 — 0.3519a3 + 26.084.
This relationship provides an opportunity for purposeful control of the drilling fluid trajectory through
modification of nozzle geometry. In practice, this capability may be used for additional sealing of
borehole walls without significant deviation from the designed borehole diameter. However, to in-
crease the efficiency of this process, it is necessary to additionally employ modern innovative drilling
fluids, such as those described in [33, 34].

As a result of the conducted study, relationships governing the influence of ejection-nozzle
geometry on the hydrodynamic characteristics of drilling fluid flow, as well as on the possibility of
influencing the flow trajectory in a controlled manner, were established. These findings expand the
scientific understanding of ejection processes in rock-breaking drilling tools.

The obtained results create prerequisites for further research aimed at optimizing the design pa-
rameters of ejection nozzles (including hydraulic monitor nozzles of drill bits), investigating the
influence of new geometric parameters on the efficiency of circulation systems as a whole, and de-
veloping methodologies for selecting optimal parameters for specific drilling conditions. In the future,
these developments may be of considerable importance for the advancement of well drilling technolo-
gies and may be applied in the design of modern drilling tools to improve rock-breaking efficiency
and the quality of bottom hole cleaning.
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