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Purpose. Development of the method for calculating parameters of rock freezing process in cryogenic screen for-
mation using a new innovative technology of elimination of the drilling liquid absorption in the well.

Methodology. The tasks set were solved using analytical, experimental methods of thermal physics and heat and
mass transfer. Theoretical analysis is based on an analytical solution of heat transfer problem in frozen semi-infinite

cylindrical layer.

Findings. The paper considers physical and mathematical statement of the problem. A mathematical model of
heat transfer processes in rock massive under refrigerant impact was proposed. Temperature field dynamics in rocks
is presented and relation of freezing time to frozen layer efficiency is studied. Analytical expressions for calculating the
parameters of protective inverted cryogen screen formation in the absorptive horizon of a borehole are obtained.

Originality. For the first time, the relation of the efficiency of the inverted cryogen screen (a frozen layer around
rocks around a borehole) to the heat treatment time of the absorptive horizon of a borehole and refrigerant tempera-

ture was defined.

Practical value. Innovative cryogenic technology of elimination of washing liquid absorption was developed. An
analytical solution of heat transfer in rock at inverted cryogen screen formation around a borehole is obtained. Regu-
larity of rock freezing time relation to inverted cryogenic screen width is established.
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Introduction. The process of borehole drilling is ac-
companied by a number of geological complications.
One of the most common complications is the absorp-
tion of washing liquid. The elimination of absorptions
takes a large proportion of time and money which is
spent on well construction.

Analysis of the recent researches and publications.
The reasons which cause the absorption of washing lig-
uids in wells and analysis of methods for dealing with it
[1] are discussed in detail.

There are no reliable technologies to eliminate these
types of complications at the present time. The effec-
tiveness of current technologies and materials does not
exceed 70 %.

Prevention of drilling fluid absorption is much
cheaper than its elimination. Technologies of the ab-
sorption prevention have been the subject of many works.
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Prevention of liquid absorption can be realized by
adjusting properties of drilling fluids, and/or by decreas-
ing differential pressure on absorbing horizon [2, 3].
These technologies are limited in practice, and are not
very efficiency.

The elimination of the absorption is provided by
plugging of the washing channels with solidifying and
non-solidifying cement slurry. Thus, a waterproof
screen is created around the well.

Currently, a large number of technologies and tech-
nical means have been developed to eliminate absorp-
tion of drilling fluid using grouting water-based materi-
als with mineral or synthetic additives. These issues have
been considered by Bulatov A., Ivacheva L., Kipko, E.,
Krylov V., Lipatov N., Mysliuk M., Polozov Yu.,
Rafieko I., Spichak, Y., Titkov I., Tian P., Yakovlev A.,
Yasov V., and others [1]. However, efficiency of these
water-based composites is sufficient.

The most common method of isolation of an ab-
sorbing horizon is filling the absorption channels with
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cement slurries. The cement stone is obtained due to
hydration of binder. Such cement slurries can include
composites based on cement as well.

However, properties of cement mortar change at
contact with borehole fluid (washing liquid, fluid) be-
cause it is diluted and sedimentation process takes place.
Due to efficiency of isolation of the absorbing horizon
its efficiency decreases, and subsequent cementing op-
erations could be required.

Department of the Technology Prospecting Deposit
at National Mining University (Dnipro city, Ukraine)
gained considerable experience in dealing with these is-
sues. A.Brazhnenko and etc. developed an insulation
technology of absorbing horizons by non-solidified bi-
tum-based and thermoplastic-based slurries with sulfur
[1]. At the present time, the technology using composite
based on polyethyleneterephthalate material is being de-
veloped by Yu. Kuzin and others [4]. The new efficient
technology of elimination of the washing liquid absorp-
tion has been proposed in [5]. This one provides cryo-
genic (low temperature) freezing and plugging the bore-
hole surrounding rock. The sketch of the process is shown
in Fig. 1.

The authors [5] consider advanced technologies
based on the use of phase transformation effects of plug-
ging materials under the influence of thermal field. The
proposed method allows:

- improving the quality of insulation of absorbing
horizons for any degree of permeability, size, water
content and spatial orientation of the absorption chan-
nels;

- providing the uniform distribution of crushing ce-
ment mixes in the absorbing horizon and improving the
efficiency of the insulation screen quality.

{

Fig. 1. Technology of absorptive horizons isolation:

The technological process consists of a number of
operations (Fig. 1) including preparation of cementing
material, its transportation to the bottom of a hole,
pushing the mixture into horizon (formation of the in-
sulating shell), and solidification of material period. The
main difference in this technology is that the isolation
process of passable horizon with plugging mixtures is
performed under protection of cryogenic screen created
in passable horizon with the low temperature techno-
logy.

It is necessary to note that the power consumption of
the technology depends on thermophysical processes.
Thus, to determine the rational technological parame-
ters, namely, process duration and freezing-thawing
depth of solid, it is necessary to study thermal processes
in well surrounded massive.

Theoretical basis of calculation methods of heat
transfer in wells have been developed by M. Pudovkyn,
A.Salamatyn., V. Chuhunov. The development of these
mathematical models allowed solving a number of ap-
plied problems regarding determination of thermal fields
in the rock which surrounds the well considering the
heat transfer of the rock and fluid flow in the well, for
example [6, 7].

However, when solving the problem of freezing
(thawing) of the rock mass it is necessary to solve the
problem of heat conduction with phase transitions (Ste-
fan problem), which in general has no analytical solu-
tion. In this way, numerical methods [8, 9] should be
used to solve the problem. Nevertheless, as a first ap-
proximation, for the study of the formation process of
the cryogenic screen under the refrigerant coolant influ-
ence it is possible to get an approximate analytical solu-
tion.

14

15

a — delivery of refrigerant container to the well; b — the destruction of the containers; ¢ — cryogenic screen formation in washing
liquid absorption zone; d — drilling f ice-and-sand composite with further partitive thawing of permeable horizon; e — squeezing of
plug-back mixture; f — drilling; 1 — the well wall; 2 — the drill string; 3 — the washing liquid; 4 — the core barrels; 5 — the refriger-
ant containers; 6 — the well; 7 — the absorptive horizon; 8 — destroyed containers; 9 — frozen horizon; 10— frozen well bore; 11 —
partitive thawed horizon; 12 — cementing slurry in well bore; 13 — cementing slurry in thawed zone of absorptive horizon; 14 — ce-

ment; 15 — core salvage
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Objectives of the article. The aim is to develop proce-
dure of calculating parameters of formation process of a
protective inverted-cryogenic screen in the absorbing
horizon of the borehole while applying the new innova-
tive cryogenic technology of elimination of drilling fluid
absorption.

Presentation of the main research. Let us consider
the process of heat transfer in the rock massive which
surrounds the well at the stage of the cryogenic screen
formation (Fig. 1, ¢). The transfer process will be strictly
in the radial direction and the rock is considered as the
solid body with constant thermal properties in thawed
and frozen layer. We neglect the phase transition heat.
Rock freezing occurs because of reaction of refrigerant
with temperature 7., at the well wall. The temperature
field in the rock which surrounds well will be described
like this

g:ali rg , a>0, >0, R<t<mo; (1)
ot ror\ or
1, =) )
tr:R :tcold; (3)
ot
— =0, 4
ar F—>0 ( )

where ¢ is rock temperature; t is time; # is radial coordi-
nate; a is thermal diffusivity of rock; R is well radius; #, is
rock initial temperature which generally depends on the
well depth z.

Let us introduce the dimensionless variables

t—t _r
L= cold D =—, (5)
to _tcold R

in this case we mean that 7,,,, < t,< 7), where f,is the tem-
perature of liquid phase transformation. Also, let us in-
troduce a dimensionless radius of temperature perturba-
tion

[=f(Fo), (6)

. . . at . I
where dimensionless time Fo ZF (Fourier criterion).

To calculate parameters of the rock freezing process it is
necessary to determine the type of dependence (6).
Problem (1—4) can be reformulated in dimensionless
form using (5) and determining the thickness of the fro-
zen layer (6)

oo 10 (_0ov _
——=——|r—1|, 1<¥</(Fo); 7
oFo 787( 67} (Fo) 7)
Voo = ®)

ov
07:1_0’ UF:](Fo)_ ) EFZI(FO)—O. (9)

To solve the problem (7—9) the approach by M. Pu-
dovkyn et al. was used. An approximate solution of the
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problem (7—9) in the interval 1<7 </(Fo) is presented
in the form

o= Zn:b,-(FO)ﬁ(F), 1<7 <I(Fo)
)=l
1, 7 >1(Fo)

; (10)

where f;(r) are linearly independent system of func-
tions on the given interval, where f, = 0. Let us require
that

li(’T%j:fk—lﬂ k=123,..; (b

ror\ or

S

=0 (12)

F=1

The following system of function f;(¥) satisfies
equation (11) with the condition (12)

Ji=Inr;
1

A :Z(i72 In7-7%+1);

etc.
The integral transform

1
0, = j 7 £, (F)o(7,Fo)dF, (13)

1

is applied to equation (7). After calculating the integrals
the system of equations is obtained

do,

mzﬁk_l—lfk'(l), k=123,... (14)

The solutions of (14) are

k i-1 k 1 ’ l ‘
0,=2.C l.:O - f",( )_poki, (15)
S G- Fk-i+])!
Limited k& = 1 in expression (15)
01 =-1fi(l)Fo+C, (16)

where C is integration constant, which can be found
from the initial condition (8)

YU 3 1
c()= ! rAEWT =—{ D)= D+

To determine b; we use the last two terms in (10).
Thus, system of equations is obtained

b f(1)+b,£5(1)=0;
bifi()+b, (=1,

its solution gives two first values b;
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As can be seen, the approximate solution problem
(7-9) in form (10) is defined up to the second term of
the series. To determine the connection between the
time of the freezing process and thickness of the frozen
layer the first integral transform (13) and the solution
(16) can be used. Taking into account (11) and (12) let us
calculate integral (13) at k=1

!
0, = [FAFENBD /() + b, (D) f5(1))dF =
! (17)
=B LD LD FDLD)-

=by(D)-1- (KD D) = (D))

The needed relation is obtained by equating (16) and
(17)
1 | L(D+b,(D)-1- (/D) -

Fo=———- . (18
ol —rosmy-caop | P

Solution (18) allows determining the approximate
time of the freezing process required to form the invert-
ed cryogenic screen with dimensionless thickness /. We
will do research on heat transfer processes in the rock
using these solutions (10) and (18). Fig. 2 shows the dy-
namics of temperature changes in rock radially from the
well wall during the refrigerant works, calculated using
(10).

To terminate a thickness of protective screen a di-
mensionless temperature of phase transformation has to
be introduced

tf - tcold

L .
S
tO - tco/d

For example, if #,,,,=—100 “Cand ,=10°C, £,= 0 °C,
then v,= 0.91. The crossing points of the line v = v,and

Fo=0,005
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Fig. 2. Dependence of dimensionless temperature v on
dimensionless radius for different number Fo
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Fig. 3. The dependence of the cryogenic screen dimen-

sionless thickness & on Fo values

temperature curves give a thickness of protective
screen d.

The screen thickness change over time comes in ac-
cordance with (17) and is shown in Fig. 3.

So, expressions (10) and (17) can be used to esti-
mate the parameters of technological process of the
elimination technology of the washing liquid absorp-
tion.

Conclusions. We obtained an approximate analytical
solution for the study of the processes of heat transfer in
the rock during cryogenic screen formation around the
well. We found regularity which connects freezing time
of the rock with thickness of the cryogenic screen. The
results can be used for validation of technological pro-
cess of rock freezing during well isolation via new high
efficiency low-temperature technology.
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Meta. Po3pobka MeTOAMKM PO3paxyHKy Iapame-
TpiB Mipouecy GopMyBaHHS 3aXUCHOTO iHBEPCHO-KPiO-
TEeHHOTO eKpaHy B IOTIJIMHAI0YOMY TOPU30HTI OYpOBOi
CBEPIJIOBMHHM MPU 3aCTOCYBaHHiI iHHOBaLiHOI Kpio-
TeHHOI TEeXHOJIOrii JiKBijalil ITOTJIMHAHHS TIPOMMU-
BaJIbHOI PiIVHU.

Mertoauka. [locTaBieHi 3aBgaHHsI BUpPilTyBaJIucs i3
3aCTOCYBaHHSIM aHATITUYHUX, EKCIIEPUMEHTAIbHUX
METO/IB TeII0(i3uKM i1 TeraoMacornepeHocy. Teope-
TUYHMUI aHaji3 — Ha OCHOBiI aHAJiITUYHOTrO PillICHHS
3a7a4i TEIUIONEPEHOCY y TpOMep3alouoMy HariBHEe-
CKiHUEHOMY LUMJiHAPUYHOMY IIapi.

PesyabTaTu. 3milficHeHa ¢i3nyHa i MaTeMaTU4YHa
MOCTaHOBKA 3aBlaHb. Po3pobyieHa MaTeMaTUYHAa MO-
JIeNIb i BAKOHaHE TEOPETUYHE MOCIIIKEHHS MPOIIECiB
TEIUTIONEPEHOCY Yy 1Ilapi TipCbKOi MOPOAW HABKOJO
CBEpIJIOBMHU 3a il HAa CTiHL CBEPIJIOBUHU KPiOreH-
HOTO (HU3BKOTEMIIepaTypHOro) xojomareHTy. Ilpen-
CTaBJieHa IMHAMiKa TeMIIEpaTypHOTO MOJsl B TipChbKiid
MOPO/i Ta AOCHIIKEHA 3aJeKHICTh Yyacy MpoLecy 3aMo-
POXKYBaHHS Bill MMOTY>KHOCTi 3aMOPOXXEHOTO TOPU30H-
Ty. OTpUMaHi aHaJiTUYHI BUpa3u JIJisI OLIIHKY ITapame-
TpiB npouecy (opMyBaHHS 3aXMCHOTO iHBEPCHO-KPio-
TEHHOTO €KpaHy B IOMIMHAIOUOMY TOPU30HTI OypoBOi
CBEPIJIOBUHH.

HaykoBa HOBHM3HA. YTiepllle BCTaHOBJIEHA 3aJIeX-
HIiCTh MOTY>XXHOCTI iHBEPCHO-KPiOTEHHOTO eKpaHy (3a-
MOPOXKEHOTO IIIapy TipChKOI ITOPOIN HAaBKOJIO CBEPI-
JIOBMHHU) Bill TPUBAJOCTi IMpOLIECY TEIJOBOI 00pOOKU
TMOTJIMHAI0YOTO TOPU30HTY OYypOBOi CBEPIJIOBHMHU U
TeMIlepaTypH XOJIOAAreHTy.

IIpakTnyna 3Haummicts. Po3pobisieHa iHHOBaliliHa
KpioreHHa TeXHOJIOTis JIIKBigalil MOTJIMHAHHS POMU-
BajbHOI piguHU. OTpUMaHe aHaJiTUYHE PillIeHHS ITPO-
1ecy TerJIoNnepeHocy B TipChKiil mopoai mpu popmy-
BaHHI iHBEPCHO-KPIOTEHHOTO eKpaHy HaBKOJO Oypo-
BO1 CBepJIOBMHU. BcTaHOBIEHA 3aKOHOMIPHICTh yacy
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3aMOPOKYBaHHSI TipCbKOI IIOPOAM Bil TOBIIMHU iH-
BEPCHO-KPIOT€HHOIO EKpaHy.

Kimouosi cioBa: ceepdrosuna, nikeidayis noearunaw-
Hs, KPIO2EHHA MEeXH0A02Is, MEeNA0NEePeHOC

Iens. PazpaboTka MeTOOMKM pacyeTa mapaMeTpoB
npoliecca GopMUpOBaHUS 3aILIUTHOTO UHBEPCHO-KPU-
OTeHHOT0 2KpaHa B MOMIOIIAINIEM FOPU30HTE OYpo-
BOM CKBaXXWHBI TIPU MPUMEHEHWM WHHOBAIIMOHHOM
KPUOTEHHOM TEXHOJIOTMHN JIMKBUOALIMU ITTOTJIOIICHIST
IIPOMBIBOYHOM XUIKOCTH.

Metomuka. IlocTaBieHHBIC 3amauyd pEIIATUCh C
IIPUMEHEHUEM aHAJTUTHYCCKMX, DKCIICPUMEHTATBHBIX
METOIOB TEIIODM3NKHU U TeTuioMaccomnepeHoca. Teo-
PETUYECKUI aHAJIN3 — HA OCHOBE aHAJIUTUYECKOIO pe-
IIEHUS 3aJa4y TeIUIONepeHoca B IIPOMEP3aroIeM Mo~
JIy0ECKOHEUHOM IUJIMHIAPUYECKOM CJI0e.

PesynbTatbl. OcyiiecTBieHa dhusnyeckass 1 Marte-
MaTuyecKasi IocTaHOBKa 3anay. PazpaboraHa marema-
THYECKash MOJENb M BBIMIOJIHEHO TEOPETHUYECKOE MC-
cJenoBaHKe TIPOLIECCOB TEIIONEePEHOCa B CJIOe TOPHOIM
ITOPOIBI BOKPYT CKBaXXWHBI TIPH ACHCTBUU Ha CTEHKU
CKBaXXMHBI KPUOTEHHOIO (HU3KOTEMIIEPaTypPHOTIO)
xmagareHTa. [IpencraBieHa TmHaAMUKa TeMIIepaTypHO-
TO TIOJISI B TOPHOM MOPOe 1 NCCIeT0BaHA 3aBUCUMOCTD
BpEMEHH TIpoliecca 3aMOPaKMBaHUSI OT MOIITHOCTH 3a-
MOpOXeHHOTOo cj1os1. [loydyeHbl aHAIUTUIECKUE BBI-
paxkeHus Il OLIEHKU TTapaMeTpoB Ipoliecca opMu-
pOBaHUS 3alIUTHOTO MHBEPCHO-KPUOTEHHOI'O dKpaHa
B IOIJIOIIAIOIIEM TOPU30HTE OYPOBOIT CKBAaXKMHBI.

Hayunas noBu3Ha. BriepBble ycTaHOBJIEHa 3aBUCH-
MOCTh MOIIIHOCTA WHBEPCHO-KPMOTEHHOIO 3KpaHa
(3aMOPOKEHHOTO CJIOS TOPHOM TTOPOIBI BOKPYT CKBa-
KMHBI) OT JJIMTEJIbHOCTU TIpoliecca TerioBoi obpa-
OOTKM ITOTJIOIIAOIIETO TOPU30HTA OYPOBOIA CKBAXKIHBI
U TeMIIepaTyphl XJIagareHTa.

IIpakTHyecKas 3HaYMMOCTh. Pa3paboraHa mHHOBA-
IIMOHHAsI KPUOTCHHASI TEXHOJIOTUSI JIMKBUIAIIMU TIO-
[JIOIIEHUS TIPOMBIBOYHOM XunKocTh. [lomydyeHo aHa-
JINTUYECKOE PELIEHUE IMpoliecca TEIUIoNepeHoca B
TOPHOI1 mopoe Npu GopMUPOBAaHUY MHBEPCHO-KPUO-
FEHHOI0 3KpaHa BOKPYr OypOBOIl CKBaXKMHBI. YcCTa-
HOBJIEHAa 3aKOHOMEPHOCTb, CBSI3bIBalOIasi BpeMsl 3a-
MOPO3KHM TOPHOM ITOPOIBI C TOJIIWHON WHBEPCHO-
KPUOT€HHOTO SKpaHa.

KiioueBble cii0Ba: ckeaxicuna, AUK8UOayus noeaouje-
HUs, KPUOCEHHAS MEXHOA02US, MENA0NePeHOC

Pekomendosano 0o nybaikauii dokm. mexH. HAyK

I A. Cumanosuuem. Jlama Ha0X00XdCeHHs pPYKOnucy
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