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Abstract. The article examines the operating conditions of drilling equipment, particularly drill pipes. The purpose of
this study is to develop drill pipes based on the load they experience and the material they are made of. Factors influenc-
ing the wear of drill pipes are identified, including friction at pipe joints, thermal wear, abrasive wear, oxidative wear, and
others. The working conditions and loads on drill pipes under various drilling scenarios are analyzed, including the max-
imum loads encountered during the drilling of hard rock using roller bits. The functions of drill pipes are considered, such
as transmitting axial force and torque, transporting drilling fluid to the drilling site, removing rock debris from the wellbore.
The study justifies and selects materials for drill pipes that balance strength and cost while meeting the requirements of
drilling equipment. To achieve this goal, the stress-strain state of drill rods during rotary drilling under operational loads
was studied, considering the displacement of working loads or the misalignment of the drill rod and bit axes. Mathemati-
cal calculations and data processing are performed using the engineering software package MATHCAD for drill pipes
with an outer diameter of DD and an inner diameter of dd, depending on the physical and mechanical properties of the
pipe material, axial load on the drill string, and the torque transmitted by the drill pipes. The article provides calculations
for drill pipes used in roller drilling of 200 mm diameter wells in hard rock. Connections between drill pipes are analyzed,
particularly a specialized locking threaded connection with an increased thread profile height. The study reviews designs
used in international practice and domestic drilling equipment manufacturing. A design and calculation of the threaded
connection for drill pipes made of 40X steel are presented, along with drawings of the calculated thread profile.

The operating conditions of drilling equipment and factors affecting the wear of drill pipes are examined, and rec-
ommendations for extending their service life are provided, which can be utilized in the design of new drilling equipment.
Suggestions and structural solutions to enhance the performance characteristics of drill pipes are proposed, allowing the
selection of optimal material parameters and structural elements of drill pipes based on the operating conditions of the
drill string.
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1. Introduction

In open-pit mining, drilling blast holes is one of the most labor-intensive and cost-
ly operations. The development of deposits composed of hard and extremely hard
rocks necessitates the implementation of drilling and blasting operations.

According to the data, approximately 30% of the total cost of rock excavation is
spent on well construction.

The uninterrupted operation of well construction directly affects the seamless
functioning of subsequent processing plants. The roller cone drilling method is pre-
dominantly used for well construction, accounting for over 80% of all drilling meth-
ods. Rotary drilling with cutting tools constitutes approximately 16% of drilling ac-
tivities, while the remaining 4% is attributed to percussive-rotary drilling, thermome-
chanical, thermal, and other methods.

The service life of roller cone bits and drill pipes depends on the physical and me-
chanical properties of the rocks, moisture content, temperature conditions, and other
factors.
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One of the primary challenges in open-pit mining is the physical and moral aging
of drilling equipment. The choice of drilling method and tools depends on the physi-
cal and mechanical properties of the rocks, climatic conditions, and other factors. In
most cases, roller cone bits made of various steel grades are selected, which, together
with drill pipes, operate under extremely harsh conditions. There are single-, double-,
triple-, and quadruple-cone bits, but in the mining industry, triple-cone bits are pre-
dominantly used. These bits can be either self-cleaning or non-self-cleaning. To re-
move crushed rock from the well, water or air is injected. The rock fragments that
come into contact with the pipe surfaces cause wear. To extend the service life of
drill pipes, the steel grade and the technologies for connecting the pipes are carefully
chosen. Additionally, to reduce abrasive wear, innovative anti-corrosion coatings that
provide enhanced wear and corrosion resistance must be applied. During well drill-
ing, fluctuations in axial force and torque occur. It is known that the loads on the
drilling rig and drill machines due to axial and tangential oscillations can exceed the
feed axial force by a factor of 4, and their frequency can be three times higher than
the rotational frequency of the drill bit [1]. Therefore, the durability of the equipment
Is a critical scientific and technical issue, upon which the successful operation of min-
ing production depends.

2. Methods

The reliability of mining equipment is a highly relevant issue. Equipment reliabil-
ity is defined as the ability to maintain, within specified limits over time, all parame-
ters that characterize its capability to perform required functions under given operat-
ing conditions, maintenance, and repairs.

The properties of safety, durability, maintainability, and preserveability.

Durability is the property of the object to maintain a workable state until the ap-
pearance of the limit state at the established limit of maintenance and repair.

When designing components, it is essential to understand friction and material
wear. A key characteristic of external friction, which occurs on contact surfaces dur-
ing their interaction, is the process of bond formation between these surfaces, their
operation, and eventual destruction.

When external forces act on an object, physical, chemical, and mechanical pro-
cesses occur in the surface layers of the friction pair.

The processes of friction and wear of contacting surfaces were studied by many
researchers [9], but the most comprehensive study was conducted by B.l. Kostetsky
[10], who determined that each component and connection undergoes a clearly de-
fined key type of wear, which determines the component's durability during operation

Wear of the first kind, known as adhesive wear, occurs during sliding friction at
low relative velocities of the contacting surfaces in the absence of lubrication or a
protective oxide film. This wear arises from plastic deformation of the surface layers
of the metal components between the friction surfaces. As a result of bond destruc-
tion, particles of metal are either detached from the friction surfaces or adhere to
them.
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When the friction surfaces move relative to each other, there is a metallic bond
formed at their contact points.

With continued movement, at the points where adhesive wear occurs, strengthen-
ing takes place, and particles of the softer metal are detached from the surfaces, or
scratching occurs in the strengthened areas of the contacting surface layer.

In the case of oxidative wear, the material wears down as a result of microplastic
deformations in the surface layers and the diffusion (penetration) of oxygen into the
plastically deformed volume of the metal (for iron, FeO, Fe203, Fe304). Oxidative
wear can occur both during sliding friction and rolling friction.

Thermal wear occurs when heating, caused by friction, leads to high localized
temperatures on the friction surfaces due to high specific pressures and sliding
speeds. As a result, the surfaces heat up to elevated temperatures, which can cause
processes such as recrystallization, annealing, hardening, or melting. These changes
lead to a sharp reduction in the metal's strength and its rapid wear. Thermal wear oc-
curs during sliding friction at high relative sliding speeds.

Abrasive wear shares many similarities with metal cutting processes. In this type
of wear, abrasive particles, when they come into contact with the friction surfaces,
deform and shear off the surface layer. As a result, numerous scratches appear on the
contacting surfaces, leading to material degradation and the eventual destruction of
the component, causing changes in its shape and dimensions.

Abrasive particles can include hard inclusions from the material of the compo-
nent, wear products, or external abrasives that have entered the contact area.

Pitting wear occurs during rolling friction as a result of microplastic deformations
and the hardening of surface layers.

Boundary friction and wear in machine joints is the process of mechanical and
physico-chemical interaction between the contacting surfaces of solid bodies.

There are several tasks involved in managing the processes of friction and wear,
including:

- expansion of the range of mechanical loads and environmental conditions that
allow normal friction without causing destruction;

- Optimization of friction forces and minimization of wear rate within the normal
friction range.

Another way to reduce wear is alloying the materials of the friction pair to in-
crease hardness. This is achieved by using additives in lubricants.

The use of technological means ensures the maximum resistance to the action of
abrasive particles. These methods include the use of special steels and alloys, as well
as thermal, chemical-thermal, and other methods of surface hardening treatment. Re-
sistance to abrasive wear is achieved through the application of overlay coatings
made from special alloys, which provide high hardness, strength, and toughness of
the surface layers of components.

The reduction in the intensity of oxidative wear when friction nodes operate in
abrasive environments can be achieved through the use of various strengthening
technologies that increase the hardness of the surface layer, thereby facilitating the
formation of oxide films. As research has shown, the cause of fatigue wear (spalling)
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Is the plastic deformation of the surface layers. Therefore, to prevent it, contact
stresses should not exceed the yield strength of the surface layer of the metal, which
Is in a special stressed state. A high level of ductility is ensured by using special al-
loyed steels and strengthening through thermal treatment.

During operation, it is necessary to maintain a temperature regime that preserves
the stability of the strength characteristics of the surface layers. Wear reduction in
rolling friction can be achieved by limiting the intensity of oxidative processes. For
this purpose, four groups of measures can be used:

- Reduction of the plastic deformation size and uneven distribution of the load
across the contact area.

- Increasing the hardness of the friction surface to maximum values (VRC 62-64).

- Ensuring a high surface cleanliness grade;

- Coating the rolling surface with a thin layer of ductile metal.

As research has shown, improving the cleanliness grade and coating with a thin
layer of ductile metal ensures an increase in the actual contact area and a more uni-
form distribution of stresses on the friction surface. Increasing the surface hardness
leads to a reduction in the depth and intensity of plastic deformation.

During the rotary drilling process, rocks are subjected to destruction by steel or
carbide teeth of the rock bits (steel cylinders or cones with teeth or reinforced cylin-
drical pins) that rotate at high speeds (60—600 rpm) on the drill bit bearings. The rock
bits are capable of withstanding pressures up to 2000 Pa. As the rock bits rotate, their
teeth create stresses at the contact points with the rock, leading to its destruction
through crushing and chipping.

During operation, elements of rotary rock bits are subjected to both static and dy-
namic loads caused by the impact nature of the interaction between the drill bit's
rock-breaking components and the rock to be broken. The cyclical loading of the
metal leads to the formation of fatigue cracks and the destruction of both the rein-
forcement elements and the bearing components of the drill bit.

The drill string acts as a drive shaft from the drilling rig to the rock-breaking tool,
transmitting axial force and rotational torque that turns the downhole assembly.

perform the following functions:

- supply drilling fluid to the bottom of the borehole;

- transport drilled rock and serve as a connecting link when extending drill rods as
the depth of the well increases.

Drill rods serve to transmit torque and axial force to the drill bit, as well as to
supply compressed air to the bottom of the hole for the removal of cuttings from the
well. The drill rod set includes one end rod (drill stem) and several main working
rods. The nipples of the working rods have internal threads of a smaller diameter for
connection with the swivel spindle, through which air and water are supplied. To en-
sure normal conditions for the removal of drilled rock from the well and to achieve
the required upward flow velocity (2075 m/s depending on the density of the mate-
rial being removed), the diameter of the rod should be 2050 mm smaller than the
diameter of the drill bit. For example, with a drill bit diameter of 244.5 mm, rods with
an outer diameter of 215 mm are used. The rods are made from seamless cold-rolled
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(GOST 8734-75) or hot-rolled (GOST 8732-78) steel tubes. Since the rods for drill-
ing wells work under particularly severe conditions, they are made from steels al-
loyed with molybdenum, nickel, tungsten, and vanadium, which increase the service
life up to 10 times compared to rods made from non-alloyed steels.

Mathematical calculations and data processing were carried out using the engi-
neering software package MATHCAD for drill rods with an outer diameter D and an
inner diameter d, depending on the physical and mechanical properties of the rocks,
axial load P and the torque M[5, 8].

Input parameters: D =160 mm, D =200 mm; P =1000 kN; M, =4.2 kKN-m;

[0]= e,e,ookif2 ~323.62 MPa; [1]= 2400"if2 ~235.36 MPa;
cm cm

or =y[o]? +[t]? =/323.622 +235.362 ~ 400.16 MPa;

5] )

where S = E(D2 —d2) — cross-sectional area; W = L(D“ — d4) — polar moment
4 16D

of inertia of the cross-section.

After substituting d = D+/t, and other transformations, we will obtain a fourth-
order equation:

2 2 212 2
n°DoR n°DoR n°D oR
Let's express equation (1) in the form:
t*~K(D)t* ~m(D)t+N =0, )

where K(D), m(D) — the coefficients oft, N — the constant term:

16P?

K(D)#2+——— .
(D)= +n2D40§'
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32P?
m(D)=——— .
22 2
N:1—16P D2 -EZEGMk
"D oR

Substitute the value D=160 mm into equation (2) and solve the equation for «t» in

the MatCAD program. The solution has two real positive roots. From them, we
L _ d?

choose only the one that corresponds to the substitution d = D+/t, i.e. tz?’ and

satisfies the condition o<t <1, since D>d .

We obtain the value of t~0.876 for the diameterD, and then using the formula
d = D/t we determine d =160+/0.876 =149.71 mm.

Similarly, we obtain the values ford for a diameter o =200 mm, where t =~ 0.92,
d =200+/0.92 ~191.87 mm.

3. Results and discussion
Calculation of threaded connection. Mechanical properties for steel 40X

Outer diameter of the ring: @=120.3 mm. Inner diameter of the ring: @=57.3 mm.
Calculation of the connection for axial load

3.14.120.3° 3.14.572
P= F’[GT]:[ 1 _

J-56900 ~515.2T,

where P is the calculated longitudinal load for the threaded connection, T; F is the
cross-sectional area of the drill pipe, mm?.
Calculation of the connection for the torque:

My =W, -1=0.2-(D*-d*)-(0.577-56900) = 0.2- (120° —57%)- (0.577-56900) =
= 0.2- (1728000 -185193) - (32831.3) ~105.2 kN -m,

where W, — polar moment of resistance of the rod, mm2,

The proposed special locking thread with an increased profile height, instead of
the U-007 profile according to standard 7 ANSI (GOST R 50864), has a strength that
Is 1.41 to 1.86 times higher than the standard. The described design of the adapter
with a removable threaded tip ensures the rotation of the rods in both directions.
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These recommendations are applicable for underground drilling of degassing and gas
extraction wells in coal mines.

Machine-building plants in Ukraine have mastered the production of drilling rigs
for various purposes and technical specifications: well diameters from 100 mm to
1500 mm, well depths from 150 to 1500 m, drive power from 26 kW to 540 kW, and
pulling force from 20.0 kN to 1360.0 kN. The drilling rigs are equipped with drilling
pipes of various designs and specifications: welded pipes with diameters ranging
from 28 mm to 110 mm for drilling with well flushing, solid rods (without internal
channels) (3aecy Touno rod) for creating wells using penetration methods, followed
by expansion to the designed diameter using tensioned drilling rods or steel cables.
An example of the design of drilling rods is shown in Fig. 1.
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a — tube part with welded threaded ends, company Witch Ditch; b — variant of the 28 mm rod with
welded threaded ends by friction; ¢ — rod without central channel

Figure 1 — Types of drilling rods

The main threaded connection for rods is the lock cone thread according to the
standard APl 7 of the American Petroleum Institute. For rods with small diameters
(28-54 mm), profile VI according to GOST R 50864 (V-0.05 as per API 7) is used
(Fig. 2). Rods of this series were manufactured with special locking threads featuring
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a Z-30Sp thread profile. The difference in the profile Lies in increased working
height, which ensures a 1.76 times increase in the wear resistance of the profile
(2.192: 1.242) and an increase in the working life of the locking connection by 1.5 to
1.7 times.

In the technical specifications of drilling rigs for horizontal directional drilling of
wells, the values of pull force for the formation of wells are provided. In the practice
of creating horizontally directed wells in weak unconsolidated rock formations
(sometimes of the "quicksand" type), accidents involving rods occur due to the failure
of the threaded ends. Therefore, it is necessary to perform thread quality control and,
if necessary, reduce the pulling force.
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Figure 2 — Types of lock threads

There are known methods for calculating the strength of tapered lock to determine
the permissible loads on drill rods. The material for the lock connections is steel
grade 40XN according to GOST 4543-71, with heat treatment, based on the follow-
Ing parameters:

Tensile strength limit, MPa ... 900;
Yield strength from, MPa ..........cooiiiiiii e 700;
Relative elongation %0 ..........cooiiiiiiiiiiiiiee e 15;

Brinell hardness HB ....oonrieeieeee e 282.
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The methodology for calculating the load that causes shear of thread turns under
uniform distribution includes determining the force while considering the thread pa-
rameters and the allowable stresses in the material of the threaded connection. The
load is determined using the formula

Qcalc:”'dp'ks'z-c N,

where Q.,.— the calculated force of the thread turns in the threaded connection, N;
n =3.14 — coefficient 7; d - diameter of the cone circle in the reference plane, mm;
k, = 0.7 — coefficient of the completeness of the locking thread; r, — calculated shear
stress in the threaded connection, MPa.

7. =(0.6...0.7) - o, MPa.

The diameter of the cone circle in the reference plane is determined by the formu-
la:

0.5d, :r+l- R+2r,
3 R+r

tge mm,

where | is the thread length (mm); R is the radius of the large base of the thread cone
(mm); r is the radius of the small base of the thread cone (mm); ¢ is the angle of the

thread cone (degrees).

Another dangerous factor for thread failure is the bending of the thread turns. The
calculation of the bending stress in the thread turns is performed using the following
formula:

“bszn(;g :?).. MP,

where o, is the thread pitch tension, MPa; S is the thread pitch, mm; dg is the outer

diameter of the thread, mm; d; is the inner diameter of the thread, mm.

The shear stresses are determined under the condition of applying the calculated
cutting load of the thread. The actual values of the drilling machine travel are lower
than the calculated ones.

In addition to using the Z-30Sp thread profile, it is recommended to use inter-
changeable adapters in drilling machine adapters. The use of interchangeable thread-
ed adapters will significantly extend the service life of the adapter by several times
due to the use of replaceable parts. Even when the worn interchangeable adapter is
removed, the adapter with the internal unworn thread can still be used, effectively
doubling the service life of the adapter.
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4. Conclusions

Based on the conducted analysis and the research performed, the main conclu-
sions can be formulated.

Depending on the physicomechanical properties of the rocks being drilled, roller
cone bits of various steel grades are selected. There are single-, double-, triple-, and
quadruple-cone bits, but in the mining industry, 3-cone roller bits are used, which can
be either self-cleaning or non-self-cleaning. Water or air is used to clean the well
from the crushed rock. The parts of the rock that come into contact with the surface
of the rods cause wear on their surface.

To increase the service life of the rods, the steel grade and the technologies for
connecting the rods are selected. Additionally, anti-abrasive coatings are used to re-
duce abrasive wear. A justification and selection of materials for the drilling rod were
made. The chosen material for the drilling rod will ensure an optimal balance be-
tween strength and cost and meet the requirements for drilling equipment. Its proper-
ties make it a suitable option for manufacturing drilling rods under conditions of ap-
plied calculated loads.

Threaded connections are used to join the rods. Improving the efficiency of drill-
ing equipment requires taking into account the operational factors that arise during
drilling operations.
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MIABULLEHHA EKCMNYATALIMHUX BMIACTUBOCTEW BYPOBUX LUTAHI ANA NPOBEAEHHS BYPO-
BUBYXOBUX POBIT
Mineee C., lNasuHiy A., aHKkesuyY B., Kiba B., Jlisak O., AKyniHiH ., lNpoHiHa .

AHoTauis. Y cratTi po3rnsHyTo ymoBK poboTn BypoBoro obnagHaHHs, 3okpema 6ypoBux wraHr. MeToto iei cTaTTi
€ po3pobka GypoBMX LUTAHT B 3aNEXHOCTI Bif HABAHTAXEHHS HA HUX Ta maTtepiany, 3 SKOr0O BOHW BUIOTOBMSKOTHC.
Bu3HaueHi hakTopu, Ski BNNMBaKTb HA 3HOC BYPOBUX LUTAHT, Taki IK TEPTS B MICLAX 3'€AHAHHSA LUTAHT, TENOBUI 3HOC,
abpasnBHWIA 3HOC, OKMCMIOBANbHIN 3HOC Ta iHLi. [okasaHi yMoBM po60TK BYPOBMX LUTAHT Ta HABAHTAXEHHS HA LUTAHMM
Y pi3HMX ymoBax OypiHHSI, @ TaKOX 3HAYEHHS MAKCUMarbHUX HaBaHTaXeHb, SIKi BUHUKAKTb Npu OYpPiHHI MiLHUX TipCbKMX
nopig WapoLwkoBuMK JornoTtamu. PosrngHyTi  doyHKUii OypoBuX LTaHr, Taki £K nepegada OCbOBOMO 3ycunns,
obepTanbHOr0 MOMEHTY, TpaHCMOpTyBaHHS OypoBOTO pO34MHY Ha Micue OypiHHS, TpaHCMOPTyBaHHS MPOAYKTIB
PYMHYBaHHS TiPCHKMX MOPIL 32 MEXi CBEPAJSIOBMHM Ta iHWI. BukoHaHo oOrpyHTyBaHHs Ta BWGip matepiany Oyposoi
LUTaHrK, Skuin 3abe3neuntb 6anaHc Mix MILHICTIO Ta BapTICTIO, NPM LibOMY Bi4MNOBIAA0YM BUMOraM, WO CTaBNsATHCA A0
OypoBoro obnagHaHHs. [N QOCATHEHHS OaHOi METU BMKOHAHO OOCMIMKEHHSI HanpyxeHo-4edOopMOBAHOTO CTaHy
WwTaHrm ans obeptoBoro OypiHHS 3a ekcrnryaTaliiHiX HaBaHTaXeHb B 3aNeXHOCTi Bif HAsBHOCTI 3MilLeHHs po6o4oro
HaBaHTaXEHHS YW OCel WTaHrM Ta gonota. [poBedeHO MaTeMaTuyHuil po3paxyHoK Ta 0bpobky OaHuX B MaKeTi
itkeHepHux nporpam MATHCAD pans ©ypoBux WTaHr 3 30BHilUHIM giameTpoMm D Ta BHYTpiWHIM giameTpom d B
3anexHoCTi Bif (i3UKO-MexaHiYHWX BMacTMBOCTEN MaTepiany LUTaHr OCbOBOTO HaBaHTaXeHHs Ha BypoBui CTaB Ta
0bepTanbHOr0 MOMEHTY, WO nepedaetbcs OypoBWMM LuTaHramu. HaBedeHuin pospaxyHOK OypoBuX LWTaHr Ans
LuapoLLkoBoro OypiHHs ceepanosuHK giametpom 200 MM MO MiLHMM ripCbkM mopogam. PosrnsaHyTi Micus 3'eqHaHHs
OypoBuX LUTAHT 30KpeMa crelianbHe 3amkoBe pisb00Be 3'eaHaHHS 3 MiABWLLEHOK BUCOTOW npodinto. B pobori
PO3rNSHYTI BapiaHTW, SIKi BUKOPUCTOBYIOTHCA B 3aKOPAOHHIN MpakTMUi i Ha BITYM3HAHMX 3aBodax OypoBOi TEXHIKM.
lMokasaHo BMPIO Ta po3paxyHOK pi3bOOBOrO 3'€4HaHHSA Mix AaHUMKM LITAHraMu Ans matepiany wraHr 3i ctani 40X Ta
HaBefeHi KpecneHHs Npodhinio po3paxoBaHoi pisbbn. PoarnsHyTo ymoBu poboTu 6ypoBoro obnagHaHHs Ta daktopu, ki
BMAIMBAIOTb HA 3HOC BYPOBWX LUTAHT, 3aMpONOHOBaHO NPONO3uLi WOAO NiABMLLEHHS TEPMiHY CryxOm WwTaHr 6ypoBoro
obragHaHHs, ki MOXyTb BYTI BUKOPUCTaHI NPK NPOEKTYBaHHI HOBOTO 6ypoBoro 0bnagHaHHs.

3anponoHoBaHO MPOMO3uLii Ta KOHCTPYKTUBHI PiLUEHHS ANS NIABULIEHHS eKkcnnyaTaliiHuX BNacTUBOCTEN LTaHr
OypoBoro obnagHaHHs, WO [03BONAOTL NPU MPOEKTYBaHHI HOBOro obrnagHaHHs BubMpaTy paLioHanbHi napameTpu
Martepianis Ta KOHCTPYKLiHUX eNEeMEHTIB LUTaHT B 3aMeXHOCTI Bif yMOB ekcnnyaTtauji 6ypoBoro cTasy.

KnioyoBi cnoBa: OypoBa utaHra, GypoBuit CTaB, LapowkoBe OypiHHS, rpaHWYHi HaBaHTaXEHHs, pi3bbose
3'eJHaHHS.
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