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AHAJIN3 3PPEKTUBHOCTY TEIIJION3OJIALUNN
PYKABOB BbICOKOI'O JABJIEHS BYPOBOU
YCTAHOBKMU YPB-2A2 HA OCHOBE

MATEMATHUYECKOI'O MOIOEJIMPOBAHUA
J. M. Tatapunos', U. A. Eropos', A.E. Konecos'

T CeBepo-BocTouHbl defepanbHblii yHuBepcuteT nMmeHn M. K. AMMOocCoBa, T. AKyTck, Poccus

AHHOMauus: TEMOJ CTaThy SIBJISETCS Ipo6GIeMa 3aMep3aHusl I'MIPaBIMUYECKO CUCTEMBI
IIpy 3KCIUTyaTalluy TeXHMKU B CYPOBBIX KMMaTuueckux ycaobusix CeBepo-Bocroka u Ap-
KTuKYU Poccuiickoit ®enmeparun. B naHHOI pa6oTe aBTOPHI JAlOT IOIPOGHOE ONMMCaHMeE OC-
JIO)KHEHMSIM, KOTOpble BO3HMKAIOT BCJ/IE[ICTBME HEraTMBHOIO BJIMSIHMSI HU3KUX TeMIlepaTyp
OKpYJKalolllell cpefibl Ha TMIpPaBINYeCKYI0 cucTeMy TexHMKMU. [Ipy npoBefeHun uccaenosa-
HYSI GBIJIO YCTAHOBJIEHO, YTO OCHOBHOJ IIPMUYMHOJ OTKa3a TEXHUKM B 3UMHeEEe BpeMsl SIBJISI-
eTCsl HapylleH)e epMeTMYHOCTM PyKaBOB BBICOKOTO [IaBJIeHMS BCJIE/ICTBME IIOTEPU YIIPY-
TMX CBOJMCTB Pe3MHOBBIX COCTABJISIIOLIMX, U3 KOTOPbIX OHM M3TOTOBJIEHBI U3-3a HETATMBHOIO
BO3MIeJICTBUSI HU3KMX TeMIIepaTyp OKPYsKalollell cpeibl Ha IMpaBIndeckoe 060pyLoBaHue.
B kauecTBe peleHys BblllleyKa3aHHO IIPOG6JIeMbl aBTOPAMM CTAThy IIPe/iJIaraeTcsi Cocod co-
BEPIIEHCTBOBAHNSI I'M/IPaB/IMYECKOI CUCTEMBI CTAH/IAPTHOTO Ie0JIOr0pa3BeOuHOr0 060PYI0-
BaHUSI Ha NIpuMepe G6ypoBoro cTaHka YPB-2A2 myTeM yTeruleHus: eé ruipaBIniecKoii CucTe-
MBI TeIJIOU30JISIIMOHHBIM MaTepyuasioM Ha OCHOBe MUHepasIbHOM BaThl. /151 NOATBEPXKAEeHNST
9 $eKTUBHOCTM IIPE/IJIOKEHHOTO0 ClI0co6a 60pbObI € MPO6IEMOI 3aMep3aHusi TUIPOOOOPYHO-
BaHMsI aBTOPbI CTATh) BBIIOJHWIM MaTeMaTHYeCcKoe MOJe/IMpOBaHye TelJIOBBIX IIPOLeCcCoB,
BO3HMKAaOUWMX B IMIPaBINYECKON CUCTEME U CHAesa/i CPaBHUTEJ/IbHBIV aHaIu3 CKOPOCTHU
HoTepyu TeIlla pabodeil KUAKOCTY B pyKaBaX BBICOKOTO AaBjIeHMSI 6e3 TeIIOM3OJISIIUN U C
[IpMMeHeH)eM TeIUIOM30/IIIUY Ha OCHOBE MMHepasIbHON BaThl. [IJIS1 YMC/IEHHOIO pelleHMusI
nuddepeHnanbHbIX YpaBHeHMI UCIIOIb30BaJICS MeTO, KOHEUHBIX 3/IeMeHTOB. PacueTsl mpo-
BOAM/IACH Ha BbruycauTesibHOM IakeTe FEniCS. PesysnbraThl BBITIOJIHEHHOTO B CTaThe Mare-
MaTUYeCKOro MOJe/IMPOBAHMS IOKA3bIBAIOT, YTO TETUION3OJISIIINS TUAPOOOOPYIOBAHNS SIBJISI-
eTcst 3GPEeKTUBHBIM CIIOCOG0M GOPBOBI C 3aMep3aHMeM I'MIPaBINYECKOI CHUCTEMBI TEXHUKMA.
CiiepyomyM LIaroM aBTOPOB SIBJISIETCS IIPOBe/leHNe HaTyPHbIX MCIIbITaHWI IpefjiaraeMoro
crioco6a peureHus mpo6yeMsl Ha 6a3e kommauuy 000 «ApkTuk-Byp», Ha caMOXOZHBIX Gy-
poBbIX ycraHoBKax YPB-2A2 u YPB-2]13.

Knioueevie cn0ea: GypeHye, MHOTOJIETHSISI MepP3JI0Ta, METOJ, KOHEUHbIX 3JIEMEHTOB, TM/IpaB-
mdyeckoe o6opynoBaHue, FEniCS, TerionsosnsuyoHHbIe MaTepyasibl, pyKaBa BbICOKOTO [IaB-
JIeHus1, TUIpoCcKCcTeMa, GypoBasi yCTaHOBKA, APKTMKA, pabodasi JXMUAKOCTb, MaTeMaTNIecKoe
MoJle/IMpOBaHue.
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Analysis of the efficiency of thermal insulation of high-pressure hoses
of the drilling rig URB-2A2 based on mathematical modeling

D. M. Tatarinov', I. A. Egorov’, A.E. Kolesov'
T M.K. Ammosov North-Eastern Federal University, Yakutsk, Russia

Abstract: We consider the problem of freezing the hydraulic system during the operation of
equipment in the harsh conditions of the North-East and the Arctic of the Russian Federation. The
main reason for the failure of equipment in winter is the damage of high-pressure hoses due to the
loss of elastic properties of the rubber components caused by low ambient temperatures. To solve
this problem, we propose a way to improve the drilling rig URB-2A2 by insulating its hydraulic
system with a thermal insulation material based on mineral wool. To confirm the effectiveness of
the proposed approach, we performed mathematical modeling of thermal processes occurring in
the hydraulic system. We compared the rate of heat loss of the working fluid in high-pressure hoses
without and with thermal insulation. The finite element method is used for numerical solution
of differential equations. The software implementation was carried out on the FEniCS computing
package. The results of mathematical modeling prove that thermal insulation of hydraulic
equipment is an effective way to combat freezing of the hydraulic system of equipment. Our next
step is to conduct full-scale tests of the proposed method of solving the problem on the basis of the
company “Arctic-Bur” LLC, on self-propelled drilling rigs URB-2A2 and URB-2D3.

Key words: drilling, permafrost, finite element method, hydraulic equipment, FEniCS, thermal
insulation materials, high pressure hoses, hydraulic system, drilling rig, Arctic, working fluid,
mathematical modeling.
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1. Introduction

During various operations, any equipment
is affected by various negative factors that
can lead to premature failure. In turn, any
breakdown of equipment causes a loss of
time and money. The reliability of equipment
becomes especially relevant when operating
equipment in the harsh conditions of the North-
East and the Arctic of the Russian Federation.
In these regions, huge territories are still not
developed, and settlements are located at a
great distance from each other. There is no
necessary infrastructure for carrying out any
work. In many areas, roads are available only
in the cold season, and the ambient temperature
in winter can drop to —60°.

As previous studies show, extremely
low ambient temperatures have a negative
impact on almost all elements of the
hydraulic system of the equipment [1].

First, under the influence of low temper-
atures, hydraulic fluid properties deteriorate
due to a significant increase in its viscosity
and density and the formation of hydrates.

Secondly, under the influence of
extremely low temperatures, deformation
occurs, changes in the dimensions and
gaps of hydraulic equipment parts, leading
to an increase in friction forces, pinching
of moving elements, and saturation of the
working fluid with air [1].

Thirdly, at low temperatures, the
elastic properties of the rubber of high-
pressure hoses deteriorate, which can
cause its rupture.

When operating equipment at an ambient
temperature of —30° or less, all of the above
complications usually coincide and can
negatively affect the operation of hydraulic
equipment or cause its destruction.

89



2. The negative effect of low
temperatures on the hydraulic
system of machinery

We studied the long-term experience of
the “Arctic-BUR” LLC engineering and
survey company, which is engaged in drilling
operations on the territory of the Republic
of Sakha (Yakutia) all year round. The
company’s main drilling rig for geological
exploration is the URB-2A2, based on the
KAMAZ vehicle equipped with a screw
compressor. Due to their versatility and
accessibility, these drilling rigs are among the
most common in the Russian Federation and
are mainly used in geological exploration and
engineering survey work.

URB-2A2 is a fully hydroficated
drilling rig and is equipped with a movable
rotator and a lifting mast. All elements of
the hydraulic system are connected through
high-pressure hoses (HPH) (Fig. 1).
As practice shows, they are the most
vulnerable elements of the hydraulic system
since, during operation, they are most often
subjected to various mechanical loads and
negative environmental influences.

During equipment operation, working
fluid temperature increases due to high
pressure and friction, so, in winter, the
optimum temperature is maintained
inside the hydraulic system. When the
temperature is below —40-50°, equipment
operation is undesirable even with special
frost-resistant hydraulic oils. At such
extreme temperatures, the oil’s viscosity
increases, resulting in increased pressure
losses in the hydraulic system, increased
hydraulic flow resistance, and friction
forces in the movable joints. Difficulties
arise with starting the hydraulic drive, and
the elastic properties of rubber seals and
HPH occur. All of the above complications
significantly increase the probability of
failure of hydraulic equipment [1-5, 8-20].

To prevent and combat the problem of
freezing the hydraulic system, we consider
insulating the hydraulic equipment of
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Fig. 1. High-pressure hoses of the drilling rig
URB-2A2

the drilling rig with thermal insulation
materials. We believe that due to the thermal
insulation of the oil tank and high-pressure
hoses, it is possible to significantly increase
the efficiency of hydraulic equipment
in winter since the heat generated by
hydraulic oil will not instantly escape into
the environment due to the high thermal
conductivity of rubber and metal elements
of the hydraulic system.

We propose to thermally insulate
the hydraulic system of the drilling rig
URB-2A2 with a thermal insulation material
based on mineral wool, in particular, the oil
tank and high-pressure hoses. The method
of insulation is shown in Fig. 2.

3. Mathematical modeling

To study the thermal insulation of
high-pressure hoses (rubber pipes), we
perform mathematical modeling of hoses’
interaction with the environment. Fig. 3
shows the computational domain consisting
of three subdomains: Q;, — oil, Q, —
rubber, Q; — insulation. To determine the
temperature distribution T, we will solve
the heat conduction equation [6]:



Fig. 2. Heat-insulated high pressure hose: 1 — thermal insulation layer; 2 — high pressure hose

cp%—V-(KVT):O,xeLLL (1)

Here, ¢ — the specific heat, p — the
density, A — the thermal conductivity
coefficient, which are defined as
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where subscripts 1, 2, and 3 denote oil, rubber
and insulation properties, respectively. Also,
equation (1) must be supplemented with
boundary and initial conditions. Convective
heat exchange with the environment will
take place at the border

o
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=o(T-T.
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), xel |, 2)
where o0 — the heat transfer coefficient,
T, — the Temnepatypa okpyxatoLien

out
cpeabl. The initial temperature is

Q3

Fig. 3. Computational domain

T=T, xell 3)

For the numerical solution of the problem
(1)—(3), we use the finite element method [7].
The software implementation is carried out on
the FEniCS computational package [8]. This
package allows us to automate the numerical
solution of differential equations using the
finite element method. The geometrical
domain and the computational mesh (Fig. 4)
are generated using the Gmsh program. All
software used in the research are open source.

We modeled the cooling of the pipe
without thermal insulation, and with thermal
insulation was carried out for one hour. The
initial temperature is equal to T, = 30°, the
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Table 1

Thermophysical properties

Material ¢ J/(kg - °C) p, kg/m3 A, W/(m - °C) a, W/m2 - oC
Oil 1860 870 0.1333 -
Rubber 1420 1500 0.175 65
Insulation 920 50 0.0356 3

Fig. 4. Computational mesh

ambient temperature — T, = = =50 °C. The
outer diameter of the pipe is 46 mm, and the
wall thickness is 7 mm. The pipe material
is rubber. Mineral wool with a thickness
of 10 mm is taken as a heat insulator.
Thermophysical properties of oil, rubber,
and insulation are presented in Table 1.
Calculations are performed with a time step

of 1 minute for 1 hour (60 timesteps).

We present calculation results in Fig. 5,
where the temperature distribution without
thermal insulation after 1 hour is shown on
the left and with thermal insulation on the
right. It can be seen that without insulation,
the oil completely freezes, and its temperature
will be —42 °C The oil does not freeze when
the pipe is covered with insulation, and the
temperature drops to 12 °C. Fig. 6 shows
the change in maximum oil temperature
over time. The solid blue line shows the
temperature distribution with insulation, the
dashed orange line without insulation. It can
be seen that without insulation, the oil will
freeze within 20 minutes.

4. Conclusion

We believe that improving the technical
characteristics of equipment is primarily
achieved by adapting them to working
conditions. At the same time, it is necessary
to achieve the desired result without serious
modifications to existing equipment and
significant financial investments. In our
opinion, using this approach, we can achieve

-49.1 -48 -47 -46 -45 -44 -42.5
-

229 -15-10 -5 0 5 123
; L
.

Fig. 5. Temperature distribution without insulation (left), with insulation (right)
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Fig. 6. Maximum temperature over time: 1 — with insulation, 2 — without insulation

success in the realities of the North-East and
the Arctic of the Russian Federation.

The approach we have proposed to
combat the problem of freezing of the
hydraulic system meets all the above
requirements and, in our opinion, it is
practical and economical.

The results of mathematical modeling
prove that thermal insulation of hydraulic
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