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Abstract

An offset of roller cone rotation centerlines is used to increase the mechanical penetration rate while drilling
in soft rocks. This enables increasing the area of a cutting structure teeth contact with a bottom hole. The
analysis of offset cone drill bit (cutting structure) teeth wear showed that particularly significant wear is
characteristic of the transition zone from the heel cone to the nose cone, which leads to significant reduction
in the mechanical rate of penetration and a rapid decrease in the hole diameter. The purpose of this paper is to
conduct a theoretical research on the nature and conditions of interaction between heel and peripheral nose
cones of offset roller cone bits with a bottom hole, which is aimed at improving the efficiency of rock cutting
by offset roller cone bits. To achieve the purpose, the authors analyzed data on the nature and causes of wear
of existing offset roller cone bit cutting structure (teeth); developed a mathematical model in a cylindrical
coordinate system allowing to determine the location and geometric parameters of the gage cone contact
area with the hole wall for different roller cone bits sizes; developed a computer solid model for checking the
adequacy of the mathematical model by comparing these two models; prepared recommendations for further
improvement of the design of existing offset roller cone bit cutting structure (teeth). The research was carried
out by the method of mathematical simulation of geometric figures and bodies corresponding to roller cones
and a hole. The research has revealed that significant adjustments need to be made to the geometry of the
roller cone teeth (currently being patented). This would allow decreasing the areas of cone heel blunting
by 15-20 % as well as providing more prolonged contact of base and gage cones with bottom hole and wall
surfaces. This allows to reduce wear of teeth in the transition zone of the generatrix from the peripheral nose
cone to the gage (heel) cone of the roller cone and to maintain the required specific pressure on the cut rock
for a longer period of time and, as a result, to increase both the mechanical penetration rate and the service
life of the drilling tools.
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AHHOTauus

IIJist yBeNTMUeHMsT MEXaHMYECKOI CKOPOCTH OypeHMs Mpyu OypeHUy MSTKUX MOPOJ VCIIONb3YIOT CMeIleHNe
oceil BpallleHMsl apollek, KOTOPOe MO3BOJISIeT YBEIUYUTD MTPOCKaIb3bIBaHYE 3yObeB BOOPYKEHMS TI0 BCeii
riomaay 3a60s. AHaIM3 M3HOCA 3y6UATOTO BOOPYKeHMSI 6yPOBOTO MHCTPYMEHTA CO CMEIIEHHBIMU OCSIMU
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BpallleHys IIapoLIeK I10Ka3all, YTO IIPOUCXOAUT CylleCTBeHHOe M3HallMBaHue («3aaM3blBaHye») [epexos-
HOJ1 30HBI OT ThUIbHOTO KOHYCa K OCHOBHOMY, ¥ 9TO IPMBOJUT K CYLI[eCTBEHHOMY CHVDKEHUIO MeXaHMUUeCKO
CKOpPOCTM GypeHMSI U OBICTPOMY YMEHbBIIEHNIO AyaMeTpa CKBaKMHBI. Llebio paGoThl SIBISIETCS] TIPOBee-
HMe TeOopeTUYecKUX MCCAeN0BAaHNI XapaKTepa U YCJIOBUII B3aUMOMECTBUS ¢ 3a60€M THUIbHBIX U TIE€PU-
(bepumitHBIX KOHYCOB NIAPOINEK JAHHOTO BUAA GYpPOBOTO MHCTPYMEHTA IJIsl MOBBIMIEHUS 3bdOEKTUBHOCTH
paspylieHus Mmopoabl 320605 MIAPOIIEYHBIM OYPOBBIM MHCTPYMEHTOM CO CMELIEHHBIMU OCSIMM BpallleHUs
mapoiiek. [IJist JOCTYDKeHMS TOCTaBAeHHOI 1eJiv B paboTe MPOBeIEH aHAIN3 XapaKkTepa M3Hoca 3y64aToro
BOOPY>KEHUST ¥ TIPUYMH €r0 BOSHMKHOBEHMS Y CYI€CTBYIOIIMX KOHCTPYKIIMIA IIaPOIIEYHOr0 GYpOBOTO MH-
CTpyMeHTa; pazpaboTaHa MaTeMaTuUuyecKasi MOZelb B IMWJIMHIPUYECKON CrCTeMe KOOPAWHAT, MTO3BOJISIO-
I1ast ONpesiesIsiTh PACIIONIOKEHME Y reOMeTpUYeCKye mapaMeTpbl 30HbI KOHTAKTa KaJIMOPYIOLIEro KOHyca co
CTEHKOI CKBasKMHBI JIJISI PA3JIMUHBIX TUIIOPA3MEPOB IIAPOIIEUHbBIX OYPOBBIX TOJIOT; pa3paboTaHa KOMIIbIO-
TepHas TBepAOTeIbHAsI MOAEIb JIS POBEPKM aleKBATHOCTY PaGOThl MaTeMaTUUYeCKO MOZENN IMTyTEM UX
CpaBHEHUs ; pa3paboTaHbl peKOMEHAAIMY 110 Ja/IbHEIIIeMY COBEPIIEHCTBOBAHUIO KOHCTPYKIIVH 3y6UaTOTO
BOOPYKEHMSI MIAPOLIEYHOTO GYPOBOTO MHCTPYMEHTA CO CMEIéHHbIMM OCSIMY BpalieHus maporrek. Vccre-
JIOBaHMUsS ObUIM MPOBEAEHbI METOJOM MaTeMaTUUeCKOTO MOJEIMPOBAHMS reOMeTpUYeCcKux QUTyp U Tel,
COOTBETCTBYIONIMX IIAPOIIKAM U CKBaXMHe. B pe3ynbraTe MccieqoBaHUil ONpeneneHo, UTO HeOOX0aUMO
BHECTM CYIlleCTBEeHHbIe KOPPEKTMBBI B FeOMETPUIO 3yOUaTOTO0 BOOPYKEHMS Iapoliek (Ha JaHHbI MOMEHT
MaTeHTyeTCs ), To3BoJsoNMe Ha 15-20 % yMeHbIIUTD TIOMAM TUIOIIAIOK TPUTYILIEHNS TTepudepUuitHbIxX
BEHIIOB IIapOIIEK, & TAKKe 06eCcreynTh 60siee IIUTENbHBI KOHTAKT OCHOBHBIX M KaJUOPYIOMIX KOHYCOB
IIapoIIeK C MOBEPXHOCTbIO 326051 U CTEHKU CKBAKMHBI. ITO MO3BOJUT CHU3UTH TTOBBIIIEHHBIN U3HOC 3Y-
O6beB BOOPY)KEHMS B 30HE ITepexoia 06pasyioleii OT mepmudepuitHOro 0CHOBHOTO K KaaMOpyoIieMy KOHYCY
[IapoIleK M JacT BO3MOXKHOCTh 3y6UaTOMY BOOPYKEHMIO IIapouiek 6osiee IIUTeNbHBIN Mepuos, BpeMeHN
COXPaHSTh TpebyemMoe yaenpHOe NaBIeHMe Ha pa3pyliaeMyro Mopojy, AMaMeTp 40j0Ta U, Kak CleCcTBue,
obecreunT yBeaueHe Kak MexaHu4ecKoii CKopocTu 6ypeHusl, Tak U pecypca 6ypoBOro MHCTPYMEHTA.

KnioueBble cnoBa
6ypoBoe [107I0TO, LIapOIIKa, CKBaskIHA, IIapolieyHoe OypeHye, MaTeMaTUIeckoe MOAeIMpoBaHue, paspylie-
HI€e TTIOPOAbI, UHCTPYMEHT
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Introduction

At present, different approaches are known for es-
timating the drilling efficiency of a roller-bit, which de-
pends on a large number of diverse factors. They can be
divided into process and design ones.

In terms of design, a roller cone bit is a rock destruc-
tion tool equipped with toothed wheels (roller cones
or cones) capable of rotating around their own center-
lines [1, 2]. In most cases, the bit designs do not provide
for offset of a roller cone rotation centerline relative to
a bit rotation centerline. This allows reducing the wear
of the bits when drilling hard rocks (of high and medium
hardness), as well as rocks of increased abrasiveness [3].
Figure 1 shows examples of tricone and two-cone drill
bits without the cone rotation centerline offset. Parti-
cular emphasis in the Figure is made on the transition
of a cone generatix from peripheral nose teeth rows to
heel cones (teeth rows), which are gage cones and form
a hole diameter and walls.

But such bits cannot provide the highest me-
chanical penetration rate and specific penetration
rate (per bit) when drilling through soft rocks. To in-
crease mechanical penetration rate while drilling soft
rocks, parallel offset of roller cones rotation center-
lines is applied, allowing to increase the area of roller
cone teeth contact with a bottom hole [4]. In contrast,

most foreign companies primarily use angular offset
of roller cone centerlines, which results in a smaller
teeth contact area but allows to increase the size of
roller cones [5-7].

However, the analysis of offset roller cone bit wear
after running in the field drilling of oil and gas holes
allowed establishing some important features of this
process [8]. The main feature is the “licking” (wear)
of the angle formed by the intersection of a periph-
eral nose cone (teeth row) and a gage cone of a roller
cone (Fig. 2). This leads to an increase in the area of
the peripheral nose teeth rows “blunting area” that
inevitably leads to the reduction of the specific pres-
sure on a bottom hole surface and, as a consequence,
to a reduction in the destructive capacity of the roller
cone [9].

Analysis of drill bit cutting structure (teeth)
wear in the case, when the rotation centerlines of
roller cones are offset relatively to the rotation cen-
terline of the drill bit, showed that the wear of the
transition zone from a heel cone to a nose cone was
rather intensive. An intensive wear of this surface
leads to increasing the “blunting area” of the roller
cone peripheral teeth, the most energy-consuming
zone working simultaneously both for gauging and
destruction of the peripheral area of a bottom hole,
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since this part of a roller cone comprises the larg-
est teeth forming the hole diameter and, respective-
ly, experiencing the highest impact and abrasion
loads [10]. Moreover, this leads to a rapid loss in the
bit diameter and, correspondingly, in the diameter of
the hole itself.

As a rule, an increase in the performance of a roll-
er cone drilling tool derives from reduced energy con-
sumption during the drilling by aligning the geometry
of the roller cone with the operating conditions of each
of the roller cone teeth rows in the annular sections
of the bottom hole and the physical and mechanical
properties of the drilled rock. Thus, the task of improv-

a
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ing the design of roller cone drilling tools is still quite
urgent at present [11, 12]. Therefore, it is necessary to
examine the reasons for the aforementioned adverse
processes occurring during drilling with offset roller
cone bits.

Research tasks and objectives
The main objective of this study is to increase the
performance of bottom hole rock destruction using
offset roller cone bits by means of theoretical research
of the nature and conditions of interaction between
the roller cone heel and peripheral nose cones with the
bottom hole.

b

Fig. 1. Options of new (unused) bit designs: a - tricone bit; b — two-cone bit

Fig. 2. Wear (“licking”) of peripheral nose and heel cone teeth rows of offset roller cones
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In order to achieve this objective, the study ad-
dressed the following tasks:

1. Analysis of the nature of existing roller cone
cutting structure (teeth) wear and its causes.

2. Development of a mathematical model in cy-
lindrical coordinate system, allowing to determine
the location and the geometry of the contact area
of a gage cone with a hole wall for different types of
roller cone bits.

3. Development of a computer-assisted solid
model to check the adequacy of the mathematical
model by comparing these models.

4. Development of recommendations on further
improvement of the design of teeth of offset roller
cone bits.

Research techniques

The studies on determining the position of the
contact area between the large base of a gage cone and
a hole wall were performed by the method of mathe-
matical simulation of geometric figures and bodies,
corresponding to the roller cones and the hole, taking
into account a number of simplifications and assump-
tions [13]. For example, it is known that structurally
all drill bit roller cones consist of a roller cone body
and the cutting structure, which are milled or tungsten
carbide teeth. In its turn, a roller cone body consists of
several interconnected cones, which in general can be
split into two bodies: the nose cone and the gage cone,
as shown in Fig. 3. Thus, structurally, a standard roller
cone design is a twin cone (nose cone + gage cone). An
important feature of this design is that the transition
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zone is formed at an angle of y = 90° between the gen-
eratrixes of the base and gage cones.

Another simplification in the model is the form of
the modeled body itself - it is the nose cone and the
transition plane 0, which is common to both the nose
cone and the gage cone. This plane is of particular
scientific interest for the research since the contact
area with a hole wall belongs to it.

The mathematical simulation was based on the
methods of coordinate transformation, the system
of equations of the cylinder, the inclined cone and
the transition plane 0 passing through their contact
point (Fig. 4). For this purpose, at the first stage, we
have created a geometric description of the exami-
ned bodies in the cylindrical coordinate system for
a roller cone without its centerline offset relative to
a hole centerline.

As can be seen from Fig. 4, the point M of the con-
tact of the cone and the hole belongs to both the hole
cylinder wall and the base (bottom) of the hole. This
position provides perfect contact of lateral surface of
a gage cone with hole wall allowing minimizing the
wear of peripheral teeth rows. Fig. 2 demonstrates un-
favorable position and contact.

Then, the centerline of the cone geometric model
is offset along X and Y axes relative to the centerline
of geometric model of the hole by distances dx and
dy, respectively. At this offset of the cone centerline,
the point M changes its spatial position, moving up
the wall of the hole cylinder, and “overhanging” over
the bottom hole, losing contact with it. In this posi-
tion, sharp indentation of the peripheral teeth rows

Fig. 3. Simplification of roller cone geometry before simulation:
a — model of a roller cone with milled teeth; b — sketch of a longitudinal section of cones of a roller cone; I — nose cone; 2 — gage
cone; 3 - rib of transition surface 6 (large base of gage cone); 4 - rib of small base of gage cone; y — angle between the generatrixes
of the nose and gage cones
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into a rock takes place, resulting in their increased
wear and formation of a rounded transition zone.
Let us introduce two coordinate systems OXYZ and
O'X'Y'Z' (Fig.5) in the considered geometrical model
to define the equation of cone and the equation of
cylinder.

Taking into account the parallel translation of dx
and dy and the rotation of the system O'X'Y'Z' relative
to OXYZ through the angle 3, we obtain:

x"=(x—dx)cosP+ zsinp;

y' =y-dy; (1)
Z’=zcosP—xsinf.

The problem of finding the coordinates of point
M was converted to finding the point of contact of
a cylinder given by the corresponding equation and
a cone “angled” at the angle p with the base given by
the plane 0.

The equation of cylinder has the following form:

X’ +y*=R% (2)
The equation of cone in canonical form in the

OX'Y'Z' coordinate system is written as follows:

212

T )

where c is a cone constant (angular coefficient).

X/Z +y;2 —

A

Hole wall

Large base of a gage cone

Nose cone
of a roller cone

Fig. 4. Geometric model of a roller cone without

centerline offset:
M - point of contact of the large base of a cone and a hole;
M, - center of the large (transitional) base of the cone
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The section of a cone by the plane OY'Z' is given
by the following equation: z = *cy. Then the angular
coefficient of the straight line of section c (Fig. 6, a) is
written as follows:

c=1g(90-a)=ctgo. 4)
Equation (3) will take the following form:
,2
X/Z + ’2 — 4 . 5
Y ctg’ o ©)
Bearing in mind that:
1
=tga,
ctgo & ©)
o =90°-B = tg(90°-P) =ctgp, (7

and the transformation (1) of translation and rotation,
we obtained the equation of cone in the OXYZ coordi-
nate system:

((x—dx)cosB+zsinP)* + (y—dy)* =
= (zcosp —xsinp)’ ctg?B. ®)

The plane 6 passing through point M, perpen-
dicularly to the normal vector N(A4;B;C), in a gene-
ral way, is given by the following equation:

A(x-x,)+B(y-y,)+C(z-z,)=0. 9)

A

Large base of a gage cone

Hole wall

A Nose cone
of a roller cone

Fig. 5. Geometric model of offset roller cone:
o — angle between O'Z' and cone generatrix;
B — angle of cone centerline rotation relative to OZ;
dx - offset of cone centerline relative to OX;
dy - offset of cone centerline relative to OY
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sinf3

X

b

Fig. 6. O'X'Y'Z'cone geometric model:
a- O0'X'Y'Z' cone geometric model; 6 — determination of the coordinates of the plane 6 normal vector; o. — cone angle

Taking into account that the normal vector of
the plane 0 is the centerline of cone obtained by the
rotation relative to OY axis by the angle f (Fig. 6, b),
we obtain N(sinf; 0; cosp).

Then the equation of the plane 0 is written as
follows:

sinB(x—-x,)+cosP(z-z,)=0. (10)

Research Findings
Thus, to find the point M, it is necessary to solve
a system of nonlinear equations:

XZ +y2 — RZ,

(x —dx)(cosB+zsinPB)* +(y—dy)* =

= (zcosB - xsinP)’ ctg* B; an
sinB(x—x,)+cosP(z—-z,)=0.

The resulting system of equations (11) will make
it possible to determine the coordinates of point M for
different bit sizes when drilling holes of different di-
ameters.

After mathematic simulation, a computer-gene-
rated solid model of the roller cone, similar to its geo-
metric model, and a model of a hole cylinder were built
to check the coincidence of the results and visualise
the desired contact area. Fig. 7 shows the models of
roller cones and a hole created in the domestic com-
puter-aided design system KOMPAS-3D.

The Figure shows that in the solid model, the
gage cone contact area is defined in the same area as
in the mathematical model. This testifies to the ade-
quacy of both models and the correctness of the ob-
tained results.

To minimize fast wear and formation of “blun-
ting area” in an offset roller cone bit, it is necessary to
achieve full contact of lateral surface of a gage cone
with a hole wall, as is the case in standard bits with no
offset [14]. To ensure such contact, it is necessary to
increase the angle y between the generatrixes of the
nose and gage cones until the small base of the gage
cone touches the hole wall in the same way and si-
multaneously with its transition plane 6. We obtained
such position iteratively in the computer-assisted
solid model presented in Fig. 7, d.

To achieve this result, several successive itera-
tions were simulated to increase the angle y to a value
that ended up being 97.7913°. The longitudinal dx and
transverse dy offsets according to the scheme (Fig. 7, b)
amounted to +5.4839 mm and +11.8789 mm, respec-
tively, and were also determined iteratively. According
to the simulation result, the required geometry of the
gage cone can be determined mathematically, similarly
to the mathematical model of the transition plane con-
tact area with the hole wall.

Due to this roller cone design, it will be possible
to maintain the required specific contact pressure for
the efficient destruction of a rock for a longer period
of time [15]. This all will allow increasing mechanical
penetration rate and keeping hole diameter for the
whole period of the drilling tool operation.

Areas of further research
To finally meet the purpose of this research, it is
necessary to determine the full geometry of a gage
cone, at which the contact of its surface with a hole
wall will be along the line connecting the point M be-
longing to the transition plane 6 and a similar point
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Transverse
offset
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‘:O
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Fig. 7. The result of 3D simulation of the contact area of plane 8 with a hole:
a is a model of the location of the cone models inside the hole cylinder model; b is a scheme of the offset of the roller cone model
rotation centerline; c is the result of the contact area simulation; d is the result of 3D simulation of the areas of simultaneous
contact of the gage cone two bases with the hole wall; I — hole model wall; 2 — hole model centerline; 3 - roller cone model

belonging to the small base, the coordinates of which
are determined on the basis of the developed mathe-
matical model, taking into account the angle of incli-
nation y. For this purpose, a mathematical model will
be developed describing the specified line, which be-
longs to both the inner side surface of the hole cylinder
and the lateral surface of the gage cone, which provides
a uniform "contact spot” (this model is currently being
patented).

Conclusion

1. The performed theoretical studies made it pos-
sible to establish the causes of uneven wear of cutting
structures (teeth) of offset roller cone bits: this is an
inconsistency between the geometry/position of the
cutting structures (teeth) and the curvature of a hole
wall in the transition zone of the generatrix of a nose
cone to a gage one, as well as the kinematic features of
offset roller cone bits.
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2. A mathematical model of the intersection of
the plane 6 of the roller cone model transitional base
in the area of its contact with the cylinder of a hole
model was developed. The model provides the possi-
bility of creating the geometry of roller cone cutting
structure (teeth) which can significantly reduce the
uneven wear of the cone heel teeth and their gau-
ging surfaces in such a way that when the teeth are
subject to wear, the teeth "blunting area" is 15-20%
smaller than that of similar standard roller cones.
The mathematical model was verified by its compa-
rison with the results of solid-state computer simu-
lations, which showed good correlation of the model
and simulation results.
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3. The researches showed that it is necessary
to make significant adjustment to the geometry of
roller cone cutting structure (teeth) (at the moment
they are being patented). This would allow decrea-
sing the areas of cone heel blunting by 15-20% as
well as providing more prolonged contact of nose
and gage cones with bottom hole and wall surfaces.
This allows reducing the teeth wear in the area of the
transition of generatrix from a peripheral nose cone
to a gage cone of a roller cone and enables keeping
the required specific pressure on the cut rock for
a longer time and as a result increasing both the
mechanical penetration rate and the life time of the
drilling tools.

References
1. Paliy P.A., Korneev K.E. Drill bits. Handbook. 3 Ed., Moscow: Nedra Publ.; 1971. 445 p. (In Russ.)

2. Maslennikov I.K., Matveev G.I. Tools for drilling boreholes. Reference manual. Moscow: Nedra Publ.;

1981. 335 p. (In Russ.)

3. Shigin A.O., Gilev A.V., Shigina A.A. Stresses and stability of rolling cutter bits in complex-structure
rock masses. Mining Informational and Analytical Bulletin. 2013;(4):325-333. (In Russ.)

4. Serikov D.Yu., Pikanov K.A. Some methodology of determining location of momentary rotational axis
of a drill bit cutter. Construction of Oil and Gas Wells on Land and Sea. 2014;(5):20-22. (In Russ.)

5. Warran T.M. Penetration-rate performance of roller-cone bits. SPE Drilling & Completion.

1987;2(01):9-18. https://doi.org/10.2118/13259-PA

6. Hamrick T.R. Optimization of operating parameters for minimum mechanical specific energy in drilling.
[Dissertation of Doctor of Philosophy.] Morgantown, West Virginia. 2011. 147 p.

7.Hea W., ChenY., He]J., Xiong W., Tang T., OuYang H. Spherical contact mechanical analysis
of roller cone drill bits journal bearing. Petroleum. 2016;2(2):208-214. https://doi.org/10.1016/

j.petlm.2016.03.002

8. Agoshashvili T.G. Qualitative analysis of teeth slippage values in offset roller cone bits. In: Scientific
works VNIIBT Publ. “Theory and technique of drilling”. 1967. Rel. 17. Pp. 144-154. (In Russ.)

9. Bliznyukov V.Yu., Serikov D.Yu. A drill bit with sphero-conical rolling-cutter drill bits. Construction
of Oil and Gas Wells on Land and Sea. 2020;(5):28-32. (In Russ.) https://doi.org/10.33285/0130-3872-2020-

5(329)-28-32

10. Bogomolov R.M. Methods to increase the efficiency of rock destruction when drilling with roller
cone bits. [Doctoral thesis in Engineering Science]. Moscow: NPO “Drilling Technics”; 2001. 434 p.

(In Russ.)

11. Steklyanov B.L. Increasing the performance of rock destruction drilling tools based on a comparative
analysis of the kinetic characteristics of their cutting structures. [Doctoral thesis in Engineering Science].

Moscow; 1988. 393 p. (In Russ.)

12. Povalihin A.S., Bliznyukov V.Yu. Learning to use novel technologies for well construction on the
basis of key well drilling. Inzhener-Neftyanik. 2014;(2):5-9. (In Russ.) URL: http://www.ids-corp.ru/files/oil

engineer/pdf/in2014-2.pdf

13. Bykov I.]., Smirnov A.L., Borejjko D.A. Stress-deformed state of cylindrical specimen with artificial
defects: computer modeling. Inzhener-Neftyanik. 2013;(1):40-43. (In Russ.) URL: http://www.ids-corp.ru/files/

oil engineer/pdf/in2013-1.pdf

14. Bogomolov R.M., Nosov N.V. Drilling tools. Encyclopedia of Inventions. (In 2 parts). Moscow:
Innovatsionnoe Mashinostroenie Publ.; 2015. 826 p. (In Russ.)

15. Bogomolov R.M., Serikov D.Yu. Improvement of the cutting structures of the rolling cutter
drill bits. Equipment and Technologies for Oil and Gas Complex. 2018;(5):24-28. (In Russ.) https://doi.

org/10.30713/1999-6934-2018-5-24-28

238



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(3):231-239 Boreiko D. A. et al. Theoretical studies on the nature and conditions of interaction of heel and peripheral nose cones...

Information about the authors

Dmitry A. Boreiko - Cand. Sci. (Eng.), Head of the Department of Machines and Equipment of Oil and
Gas Industry, Ukhta State Technical University, Ukhta, Russian Federation; ORCID 0000-0002-0248-4526,
Scopus ID 56912272500; e-mail diacont_dboreyko@mail.ru

Alexander A. Lutoev - Cand. Sci. (Eng.), Associate Professor of the Department of Advanced
Mathematics, Ukhta State Technical University, Ukhta, Russian Federation; Scopus ID 57208719323; e-mail
allyutoev@yandex.ru

Dmitry Yu. Serikov — Dr. Sci. (Eng.), Associate Professor of the Department of Standardization, Certification
and Quality Management of Oil and Gas Equipment Manufacturing, National University of Oil and Gas
“Gubkin University”, Moscow, Russian Federation; ORCID 0000-0003-3256-580X, Scopus ID 6506405788;
e-mail serrico@yandex.ru

Received 23.03.2022
Revised 28.08.2022
Accepted 01.09.2022

239



