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THEORETICAL BASES OF ISOLATION TECHNOLOGY
FOR SWALLOWING HORIZONS USING
THERMOPLASTIC MATERIALS

Abstract. The aim of the paper is to develop a general concept of a computational experiment for processes of
heat-and-mass-transfer while eliminating the swallowing of washing liquid in a borehole using thermoplastic
materials melts. Problems are set from the point of view of physics and mathematics. The general concept of the
computational experiment is considered under theoretical modeling of processes of heat-and-mass-transfer in the
elimination of washing liquid swallowing in a borchole. Theoretical foundations of swallowing horizons isolation
using melts are developed, with an algorithm to make a software system allowing to calculate the heat-and-mass-
transfer processes in a wide range of conditions. Practical value of the findings lies in the development of isolation
technique for swallowing and unstable horizons, which requires the following technological operations: delivery of
granulated thermoplastic material to the borehole bottom, local heating of the washing liquid, melting and squeezing
of the thermoplastic material melt into the swallowing channels.
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Introduction. Technical-economic indicators of borehole drilling are mainly determined by time and
costs spent on trouble-shooting. One of the most frequent troubles is swallowing of washing liquid.
According to statistics, up to 20% of all the time and costs spent on borehole drilling are used to eliminate
this problem. Swallowing leads to disturbances of process conditions of drilling, resulting in accidents.

Many researchers studied the formulation of washing liquids, plugging materials and methods to
eliminate the swallowing of washing liquid. These studies were analyzed previously [1, 2].

The analysis shows that presently there are a number of various methods and materials used to
eliminate and prevent the swallowing of washing liquid.

The swallowing of washing liquid can be prevented through regulation of washing liquid propertics
and reduction of pressure differential in the swallowing horizon [3, 4], whereas these methods are in a
sense limited in applicability and in most cases are inefficient.

In the majority of cases, elimination of swallowing is fulfilled by plugging of channels swallowing
the washing liquid by hardening or nonhardening plugging mixtures by means of creating a waterproof
screen in the rock around the borehole. As a rule, to eliminate the swallowing of washing liquid, the used
plugging materials are not sufficiently effective, being water-based and containing a mineral-cementing
component or synthetic substances [4]. The main drawback of these materials is that they are very
sensitive to water dilution — the solutions are casily mixed with washing liquid and stratal waters,
especially in case of inter-reservoir communication. This results in dilution, sedimentation of plugging
mixtures which leads to increased setting-up time, spreading across considerable area around the borehole,
and as a consequence, to the overuse of plugging materials, and repeated plugging operations.

The above conclusions are confirmed in the findings provided in the research by Rafienko L1., Titkov
LI, Mekhtiev EH., Ivachev L.M. [1]. Ivachev L.M. points out in his paper that hardening plugging
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materials have an ultimate strength of plugging stone compared to the strength of permeable zone rocks,
which results in effective swallowing elimination by plugging swallowing channels within the radius of
dozens of centimeters or even centimeters.

To solve this problem, it is necessary to search for new methods based on different physical processes
and alternative plugging materials that are water-insensitive. This includes the methods of isolation casing
based on the use of aggregate state of the plugging material allowing to create an isolating casing around
the borehole, which would be of low volume, durable and impermeable. This is why it is essential to
develop an innovative method of swallowing horizons isolation, which would be based on the filling of
swallowing channels with the fusible material melt.

Problem statement. In connection with this, plugging materials based on thermoplastic materials are
of certain interest.

At the National Mining University (Dnipro city, Ukraine), the Department of Prospecting Methods of
Mineral Deposits has conducted works on the development of non-traditional methods of plugging
swallowing horizons. The developed methods allow to create low-volume impermeable membranes with
the use of non-traditional plugging thermoplastic materials [5, 6] with low melting temperature, which
casily invades into swallowing channels of washing liquid and solidifies there.

The rationale of the method lies in the creation of isolating membrane around the borehole (mine
working) that is based on the change of aggregate state of the plugging thermoplastic materials non subject
to dilution with ground waters, with a low melting point. Its melt permeates to the channels swallowing
the washing liquid and solidifies there, thus creating low-volume reliable impermeable isolation mem-
brane around the borehole.

Until now, only petroleum bitumen was used as a thermoplastic material. Among the main disad-
vantages of bitumen as a plugging material is its property of running down with time: under changing
pressure of 0.3-0.5 MPa it can run down even at the temperature of +15°C. Bitumen melt density is close
to water density, thus in the washing liquid medium it can split and float. Bitumen is hard to drill out, and
therefore it can clog a drilling tool. It is also known to have cancerogenic properties and adverse effect on
the environment. Thus, resulting from these and other disadvantages, bitumen is not widely used as a
plugging material.

Plugging materials used for swallowing horizons isolation should not shrink or crack when solidify,
nor should they flow in cracks; they must have good adhesion with rock, as well as be water-insensitive
and resistant to pressure changes. In addition, these materials must be one-component, be processible
when delivered to the plugging zone, be easily drilled and washed from the drilling tool, and have a
greater density than that of cleansing agent.

The analysis of previous research on the use of sulphur as permeant and binding material, as well as
the study of its physical and mechanical properties, confirmed its potential applicability as a plugging
material for isolation of swallowing horizons of boreholes.

Solid sulphur is chemically inert and is not affected to aggressive water. Sulphur is easily drilled and
doesn’t stick to the drilling tool. Storage stability of granulated sulphur doesn’t affect its physical and
mechanical properties. The cost of sulphur is comparable to the cost of concrete and is far lower than the
cost of synthetic resins and bitumen. Thanks to the low melt viscosity of both pure sulphur and sulphur
with plasticizing agent additives, it can easily penetrate into rock with insignificant crack opening dis-
placement. The strength of plugging stone obtained after sulphur melt cooling is comparable to the
strength of concrete stone, while in the early stage of solidification, the strength of sulphur is a sequence
higher than that of concrete stone under unixial compression. The melting temperature of plugging
thermoplastic material can be adjusted by the introduction of plasticizing agents [6].

Statement of the main material. The aim of the article is to consider theoretical basis of swallowing
horizons isolation with the use of melts to build algorithms, to create a software package and methods
allowing the computer-aided calculation of processes of heat-and-mass-transfer in a wide range of
conditions.

A distinctive feature of this method is that thermoplastic material with low melting point is delivered
to the trouble zone in the solid state, where it is melted to the liquid state by the bottom-hole heat source.
At this, washing liquid in the borehole in the swallowing zone must be heated to the temperature higher
than the melting point of the thermoplastic material. Possible ways of implementation of this method are
presented in table.
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Method of swallowing horizons isolation with thermoplastic materials

Process steps Possible ways of performing the operations
Fire
Heating of bottom-hole area Chemical
Bottom-hole cabled electrical heater
Along the borehole
Delivery of plugging material to the bottom hole Along the pipe string

In a container

By means of washing liquid heat

Melting By contact method

In a container

Under the excess density of the melt

Squeezing of the plugging material melt By increasing the fluid column in the borehole

By injection of fluid through sealed drill hole collar

Thus, to realize the offered method, it is necessary to fulfill the following technological operations:
delivery of the granulated thermoplastic material to the bottom-hole, local heating of the washing liquid in
the area surrounding the borehole, melting and squeezing the melt of thermoplastic materials in the
swallowing channels.

To heat thermoplastic material, one of the schemes of the offered method involves washing liquid in
the borehole as a heat-transfer medium [6]. The heating of washing liquid in the borehole is realized by
the bottom-hole ¢lectric heater in the same way as in electrothermal oil well treatment. To solve the
practical problems in calculation of the time needed for the heating of washing liquid and thermoplastic
material, temperature field, the radius of isolation membrane around the borehole and so on, it is necessary
to study the processes of heat-and-mass-transfer in the swallowing horizon area.

Analytical studies of these processes can currently be conducted by means of computer-aided
numerical modeling. This approach is also significant because the experimental study of these processes in
the laboratory or ficld conditions is very complicated and expensive and in some cases impossible [7, 8].

Theoretical methods of study of heat transfer processes in the wells were developed by M. A. Pu-
dovkin, A. N. Salamatin and V. A. Chugunov. Proposed mathematical models allow to determine tem-
perature fields in the surrounding borehole rock taking to account heat exchange of the rock and fluid flow
in the well. There are some examples of heat transfer problems in drilling engineering.

The work [9] is devoted to the study of temperature fields in existing producing wells, the mathe-
matical formulation which leads to the necessity of solving the pair of equations of convective heat
conduction with sources. To construct the exact solutions to such problems is possible only in rather
simple cases. In this paper based on modified asymptotic method, the solution is reduced to the chain of
boundary-value problems for the coefficients of the asymptotic expansion, which in the space of Laplace-
Carson reduced to a sequence of ordinary differential equations. Unlike previous works of the authors,
where the originals were built only for small and large times, in this work the construction of the originals
is carried out numerically, which will significantly clarify the description of the temperature field in the
borehole.

A general concept of computing experiment in theoretical modeling of processes of heat and mass
transfer in the climination of absorption of washing liquid in the well is developed. The theoretical
foundations of the isolation of absorptive horizons using melts with the construction of an algorithm for
creating a complex process of calculating the heat and mass transfer program with the use of computers in
a wide range of conditions[10].

The mathematical model of heat transfer processes in cryogenic gravel filter was developed in work
[11]. This model including a system of differential equations describing heat and mass transfer processes
which take place during the technological operations. Propose model was used in work [12] to determinate
several important parameters of technological operations when cryogenical gravel filters are applied.

The energy prediction theory of zonal capsulation parameters research of mine workings is developed
which allows studying shapes, sizes, quantity and conditions of formation of energy zones and borders of
possible destruction of the massif. Power dependences are established as to changing the sizes of adjacent
74
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power zones whose ratio is a constant from the sizes and shape, depth of laying and physical properties of
massif containing mine working. The thermodynamic theory of massif that is not disturbed by workings is
improved by means of considering the processes of geo-energy streams redistribution and entropy
exchanging with allocation into undisturbed massif in a separate entropy method of research. Further
development of the sinusoidal-fading dependence of auto-wave fluctuations of stresses in massif that
broken by mine workings from gradients of density, temperature, gas and water saturation of rocks is
given [13].

The paper considers the new technology plugging wells walls using freezing rock. The scheme of this
technology is presented herein. It needed the investigation of temperature state of well surrounding rock
massive to definite the rational parameters of the freeze impact. A mathematical model of heat transfer
processes in rock massive under refrigerant impact was proposed. An approximate analytical method of
calculation of temperature fields in the rock was developed. The research of the dynamics of rock
temperature was conducted [14].

The novelty analysis of the thermal stressed condition of the rock formation was carried out along
with grounding of the possibility to employ the thermal cycle effect to enhance the efficiency of rock
decomposition in the course of the core drilling using diamond bits. For the first time ever the charac-
teristics of thermal decomposition of rock formation were determined as follows: minimum dimensions of
fractures and the minimum delay time of decomposition commencing; the evaluation of rock formation
strength reduction for the diamond core drilling process. The study revealed that the technique of pulse
supply of the drilling fluid stipulates for notable reduction of energy consumption of the rock formation
decomposition process [15].

The ratio of zones vertical and horizontal semiaxes in the massif has been established and reliability
of the obtained results was determined. The prospects of new modeling techniques for the study of massif
zonal structuring parameters around underground workings have been identified. The opportunities for
wide application of numerical simulation methods to study the phenomenon of zonal encapsulation by the
massif of underground workings have been revealed. The sizes and shapes of zones in the massif around
workings were determined and requirements were formulated stating that synergetic research methods
should allow to more accurately determine the number, size and shape of zones, as well as fading
sinusoidal stress and massif strain domains [16].

According to the offered method of swallowing horizons isolation using thermoplastic materials, the
washing liquid is offered to be used as heat transfer medium heated by bottom-hole electric heater. The
heating temperature of this heat transfer medium must be higher than the melting point of the
thermoplastic material [10, 17].

In this case, with the given power of the electric heater, the problem boils down to the calculation of
the necessary amount of operating time and temperature field in the trouble zone of the borehole.

Heat transfer from the stationary source located in the borehole is done through heat transfer and
convection. It is taken into account that from the cylindrical heater with constant power, along with radial
heat distributor, the heat is also dissipated into the roof and floor of the swallowing horizon. The strata is
considered to be homogenous isotropic medium, heat constants of the strata of overburden and underlying
bedrock are considered to be equal.

The heating of the heat transfer medium, in our case it is water, along with the big contact area results
in an intensive thermal exchange between the water and the strata.

Suppose the radius of the source equals the radius of the borehole, and the axes of the source coincide
with the axes of the borehole. Let’s choose the following system of axes: the origin coincides with the
source centre, z-axis — with the borehole axes, r-axis goes through the centre of the source (figure 1).

Find temperature distribution using the thermal conductivity equations for a symmetrical source with
cylindrical coordinates.
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Figure 1 — Scheme to mathematical statement of the problem:
1 - is the area of the heated heat transfer medium; II — is the area of the surrounding rocks; IIT - is the heater
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where 7, T, — are temperature distribution, in areas I and IL, respectively; a,, a, — are thermal diffusivity
coefficients of areas I and 11, respectively; 4,, 4, — conductivity coefficients of areas I and II, respectively;
¢,, ¢, — is specific thermal capacitance of the borehole liquid and rock respectively; N — is specific power
of the source; 7}, — is some initial temperature in the rock and borehole liquid.

Calculation of the velocity of convectional current », represents a rather challenging problem. As a
first approximation, we will take it as a constant. We will use relation [7] for calculation

v, =4/22P9 .

where g — is gravitational acceleration; g — is the thermal coefficient of liquid expansion; 4 — is the

difference between initial liquid temperature and heater temperature.

Non-linear problems are usually not solved by the analytical method. To solve these problems, the
numerical method can be utilized.

Among all numerical methods, the most widely used in solution of thermal conductivity problems is
the method of finite differences (mesh method) [19, 20]. This is explained by the versatility of this highly
algorithmic method, which opens wide range of possibilities to use modern computer applications. Mesh
method allows maximum reflection of the specific character of the real process in the mathematical
formulation of the problem and practically has no limits on the problem specification [17].

For this purpose, the algorithm of numerical calculation of the process of heating borehole liquid
during isolation of swallowing horizon by thermoplastic materials was developed and realized using a
computer application.

Under the given power of the electric heater, heat-transfer properties of the borehole liquid and rock
of the swallowing horizon, the developed software allows determining the behavior of temperature
distribution over the time and space (figure 2).
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Figure 2 — The behavior of temperature field distribution in a borehole
with the diameter of 93 mm after 8 hours of operation of the electric heater with the power of 10 kWt

The results of the analytical study were confirmed by field study, as a result, relationship
between the changes in the temperature of borehole liquid along the borehole axis in time was established
(figure 3).
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Figure 3 — Temperature distribution along the fluid column at:
1 -0 min; 2 — 30 min; 3 — 60 min; 4 — 90 min; 5 — 120 min; 6 — 150 min; 7 — 180 min, H — electric heater

Conclusion. On the basis of analytical, bench, field and industrial research, is offered a new non-
traditional method of isolation of swallowing horizons based on filling the swallowing channels with
fusible materials melt.

Reliability of the results of numerical modeling is confirmed by the volume of the performed bore-
hole studies, which guarantees the accuracy of the results and discrepancy with theoretical study within
10-15%.

The designed mathematical model of the temperature field allows to describe the process of heat
transfer with the electric-thermal treatment of the borehole in the trouble zone. As a result, the differences
in thermal-physical properties at the interface of two mediums (borehole liquid — rock) there occurs a
significant temperature difference (figure 2). The developed software designed to calculate the parameters
of temperature field allows choosing the optimal mode of heat-transfer medium heating in every specific
case for different types of mediums, depending on the thermal-physical properties, to ensure minimal
thermal losses.

The results of the theoretical study were confirmed during the laboratory tests and made the basis for
the creation of sampler’s practical design successfully tested in industrial conditions.
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TEPMOILTACTHKAJEIK MATEPHAJIJIAP/BI KOJTAHY APKELIBI
KARAHJIBIK KOKKHEKTEP YIIIH OKIIAYJIAY TEXHOJIOT USICBIHBIH
TEOPHSLIEIK HETT3EPT

AnnoTtamust. JKyMBICTBIH MaKCaThl TCPMOILIACTHKAIBIK MAaTEPHANAP KOPBITIATAPHIH KOJIIAHY APKBLIbI YHFBI
OKIAHBIHIA KYY CYHBIKTBIFBIHBIH >KYTBUIYBIH KOO KE3IHIC KBUIyMAacCaTaChIMAIAAY YPZICTEpPl YIINIH €CElTey Ta-
SKIPHOECIHIH KAl TY)KbIPHIMIAMACHH JaifbiHAay. KyMmblc MiHAETTEPI (PM3MKA >KOHE MATEMATHKA TYPFBICHIHAH
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KapacTHIPBUTFAH. ¥YHFBI OKIAHBIH/A JKYY CYHMBIKTBIFBIHBIH XKYTHUIYBIH JKOFO KE3IHJE >KbIIIyMAaccaTachIMaliay ypaic-
TCPIH TCOPHATBIK MOJCTBIACY KC3IHAC CCCHTCY TOKIPHOCCIHIH JKAIMBI TYKBIPHIMIAMACH KAapacTHIpsLIaabl JKar-
JAWIapablH KEH ayKbIMBIHIA >KBIIyMAaccaTachIMaigay YPZICTEpPIH €CenTeyre MYMKIHAIK OepeTiH OaraapraMalibIk
JKYHeaepai Kypy aiarapurMi 0ap KOPBITHATAPALI KOTAAHY APKBLUIB JKYTY KOKKHCKTCPIH OKIIAYIAYIBIH TCOPHIIBIK
HeTi3Aepl JaibHAan bl HoTmwkenepaiH MPaKTHKAIBIK KYHIBUIBIFBI )KYTHUIYFA JKOHE TYPAKCHI3 KOKKHUCKTEPTe apHa-
FAH OKIIAYJAFbIIl TCXHHKAHBI JAWBIHAAY, Oy Kelecl TEXHOJOTHSUIBIK ONCpAIFsIIapAbl TAlAll €Teai: YHFBI TYOiHE
TYHIPIIKTENATCH TEPMOIUIACTHKAIBIK MATCPHANIAPABI TACBIMANAAY, JKYY CYHBIKTBIFBIH >KEPTLIIKTI KBUIBITY, XKYTY
KaHAIIAPbIHAA TEPMOIUIACTHKAIIBIK MATCPHATIAP KOPHITHAIAPBIH OAIKBITY JKOHE CHIFY.

Tyiiin ce3aep: yHFbUIAPABI OYPFBIIAY, KYTKBII KOKKHCK, TEPMOIUIACTUKAIBIK MATCPHANIAP, >KbLIyMacca-
TachIMAJIZAy .

A. Cynakos', A. Jipeyc?, b. Paror’, JI. lesmkeniea’

'TocymapcTBeHHOE BEICIICE YueOHOE 3aBeacHuE «HAIMOHATLHBIH TOpHBIH YHHBEPCHTET», JJHENp, YKpauHa,
*Onecs I'omuapa, HanmonamsHENH yEHBEpCHTET, JHEnp, YipanHa,
KasaxcKuit HAMOHATBHBIH HAYYHO-TeXHH4eckui yausepcutet uM. K. Y. Carmaesa, Amvarer, Kazaxcran

TEOPETHYECKHUE OCHOBBI H30JIAIIAOHHON TEXHOJIOT AU
JJIA TJTOBAJIBHBIX TOPU30HTOB C HCTIOJIB30OBAHUEM
TEPMOIIJTACTHYECKHUX MATEPHAJIOB

Annoramus. Lexpr0 padoTel GBIICTCA Pa3padoTKa 00ImCH KOHICIIHH BEMHCIHTCILHOTO SKCIICPHMCHTA AT
MPOLECCCOB TCILIOMACCOTICPCHOCA MPH HCKIIFOUCHUH TMPOTIATHIBAHIS MPOMBIBOYHOM KHIKOCTH B CTBOJIC CKBAKHHBI C
HCTOIB30BAHUCM PACIIABOB TCPMOIUTACTHYHBIX MATCPHAJIOB. 3aJaYH 3aJAFOTCH C TOYKH 3PCHHSA (DH3HKH M MaTte-
MaTHKH. PaccMarpuBaeTcs 00mas KOHICIIHSA BEMHCIHUTCILHOTO 3KCIICPHMCEHTA MPH TCOPCTHICCKOM MOICIHPOBA-
HUH TPOLCCCOB TCILIOMACCOTICPCHOCA MPH YCTPAHCHHH MPOTIATHIBAHHA MPOMBIBOYHON JKHIKOCTH B CTBOJIC CKBa-
skuHBL Pa3paboTaHbl TCOPETHUICCKIE OCHOBBI H30/LIIUH TJIOTAHOHHBIX TOPH30HTOB C HCIOIB30BAHHCM PACILIABOB C
ANTOPHTMOM CO3JAHHUS IPOTPAMMHOM CHCTEMBI, TO3BOIFOIICH PACCUUTATh MPOLECCHI TEIIOMACCONIEPEHOCA B IIIH-
POKOM amana3oHe ychaoBui. [IpakTmueckas HEHHOCTh PE3YJIbTATOB 3aKIFOUACTCS B PA3paO0TKE TCXHUKH H30JIALHA
U1 TJIOTAHHS W HCYCTOWYMBBIX TOPH30HTOB, UTO TPeOYET CICAVIOMMX TCXHONOTHYCCKHX ONCPALHH: TOCTABKA
TpaHy TMPOBAHHOTO TCPMOILIACTHYHOTO MATCPHAJA HA JHO CKBAKHHBI, JOKAJGHBIA HATPEB IMPOMBIBOYHOM IKHI-
KOCTH, IUIABJICHHE M CKATHE PACILIABA TEPMOIUIACTHYHOTO MATEPHAIa B KAHAIIBI TTIOTAHMSL.

Kmrouernie coBa: OYPCHHC CKBAKUHBI, TIOTATCIBHBIH TOPH30HT, TCPMOIUIACTHYHBIC MATCPHANBI, TCILIO-
MAaCcCOTIEPEHOC.




