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Abstract. Thawing of ice-saturated rocks due to climate change or various technological impacts
will be accompanied by subsidence of the earth’s surface and development of dangerous permafrost
geological processes called thermokarst, leading to accidents, which may destruct the wells. Currently, the
investment programs of the development of new northern oil and gas fields are restricted. In this regard,
reducing the cost of developing the oil and gas fields is an urgent problem. For example, diminishing the
area of well pads and maintaining efficiency in the northern oil and gas fields can significantly reduce the
costs, in particular, during the design stage. A model of unsteady thermal fields propagation in frozen soil
from new well construction for the North Mukerkamyl oil and gas field is developed, taking into account
the construction features, the annulus, and the complex lithology of the soil surrounding the well. It
is planned to take into account climatic and technological factors, in particular, an annual rest period
of well operation, which held from several hours to two weeks. The paper discusses the computational
features of the thermal fields calculating in frozen ground from wells and explores the influence of various
parameters, which in the computations may lead to a significant increasing of thawing area in the well
pads.
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Introduction

In Russia, the reserves of underground ice of the permafrost zone with amount up to about
19000 km?, which gives the right to call permafrost underground glaciations. These areas cover
10 million km?. Permafrost thawing due to climate change and various technogenic heat sources
can lead to development of thermokarst and major accidents, which are especially dangerous
to permafrost [1-3]. Modeling of thermal fields in frozen soil is an important problem [4-6],
since the stability of various engineering structures depends on the preservation of the negative
temperatures in the soil. There are various technical systems that affect both the rate of thawing
of permafrost [7-9] and the thermal stabilization of the soil [10,11].

The most of the oil and gas fields of Russia are located in the permafrost zone. The operation
has the specifics and restriction. In accordance with Russian Constructive Standards, before
starting the operation and development of an oil and gas field, it is necessary to determine the
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minimum distance between the producing wells located on well pads. The following restriction is
used: two wells cannot be drilled at the distance lower than two radii of thawing from each other
(i-e., lower than the distance which will be covered by zero isotherm for 30 years of operation
of a single well). This means that a reduction in the radius of thawing will lead to significant
savings of expensive materials used to build the well pads, and therefore to decreasing the cost
of produced oil, which, subject to a possible reduction in oil prices, can be a determining factor.

Currently, the investment programs of development of new northern oil and gas fields are
restricted. In this regard, reducing the cost of designing and optimal operation of new and
existing oil and gas fields is an urgent problem. For example, diminishing the area of well pads
and maintaining efficiency in the northern oil and gas fields can significantly reduce the costs, in
particular, during the design stage. When the existing northern fields operate, there are various
options to carry out some planned technological operations related, in particular, with wells rest
period, or flare systems using for the gas utilization, etc. Optimal strategies of operation are
important for minimization of exploitation costs.

In this paper a mathematical model and software for calculating the propagation of unsteady
thermal fields in frozen soil from new well designs for the North-Mukerkamyl oil and gas field are
proposed. In numerical calculations, the design features of the well are taken into account, which
makes it possible to more accurately estimate the thawing radius from the producing well and
is recommended to use heat-insulating materials for certain modes of its operation. The results
of numerical calculations and recommendations related to the accuracy of obtaining numerical
solutions for such problems are presented.

1. Statement of the problem and mathematical model
for two wells

Following [3], we consider a mathematical model of non-stationary thermal fields propagation
in frozen ground from two producing wells. To simulate non-stationary thermal fields in the
permafrost zone various climatic, physical and technological factors should be taken into account
when different technical systems operate.

Let the computational domain is a three-dimensional box in which the vertical wells are
considered as inner boundaries (Fig. 1). The considered soil is possible to be non-homogenous
and may include a number of elements, such as ice-rock lenses, different layers, engineering
constructions (riprap), and insulating layers around the wells (for example, Fig. 2).

A mathematical model with including localized heat of phase transition is considered. This
approach allows to solve the problem of Stefan type without the explicit separation of the phase
transition [12]. The heat of phase transformation is introduced with using Dirac §-function as a
concentrated heat of phase transition in the specific heat ratio.

First we consider heat exchange on a flat ground surface illuminated by the sun. The com-
putational domain is a three-dimensional box €2, where = and y axes are parallel to the ground
surface and the z axis is directed downward. We assume that the size of the box (2 is defined by
positive numbers L,, L,, L,: —L, < < Ly, —Ly, <y<L,, —L,<z2<0.LetT =T(¢t,z,y,2)
be soil temperature at the point (z,y, z) at the time moment ¢. The main heat flow associated
with climatic factors on the surface z = 0 is shown in Fig. 1.

The ground surface z = 0 is a main zone of formation of natural thermal fields. On this surface
the equation of balance of flows is used as a boundary condition, with taking into account the
main climate factors: air temperature and solar radiation. Ty = Ty (t) denotes the temperature
in the surface layer of air, which varies from time to time in accordance with the annual cycle
of temperature; o = 5.67 - 1078 W/(m2K*?) is Stefan-Boltzmann constant; b = b(t, x,y) is heat
transfer coefficient; A = A(T") is thermal conductivity coefficient; ¢ = (¢, z,y) is the coeflicient of
emissivity. The coefficients of heat transfer and emissivity depend on the type and condition of
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Fig. 1. The main heat flows and boundary conditions

the soil surface. ) can include a number of engineering structures. Suppose that in €2 there are
2 objects that are heat sources (for example producing insulated wells). We denote the surface
of these objects by Q; = Q;(z,y,2), i = 1,2 (Fig. 1).
Thus, the modeling of thawing in the soil leads to the solution of the following heat equation
[12] in Q:
oT

p(cu(T) + ko (T — T*))E =V (MT)AT), (1)

where p is density [kg/m3], T* is temperature of phase transition [K],

] alz,y,2), T<T* . . _
e, (T) = { oy 2). T >T is specific heat [J/(kg - K)],

] Mz, 2), T<TH . .. .
ANT) = { No(z.y.2), T>T is thermal conductivity coefficient [W/(m - K) |,

k = k(z,y, z) is specific heat of phase transition, § is Dirac delta function.
Thus, it is necessary to solve equation (1) in the area 2 with initial condition

T(O7xayaz) :TO(xayaZ) (2)
and boundary conditions [13]
0T (x,y,0,t
Yq + b(TaiT - T(I, Y, 07 t)) = EU(T4($a Y, 07 t) - Tt;lir) + A(aiz)7 (3)
T =Ti(t), T| =T, (4)
Q10 Qa0
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Initial condition (2) describes an initial distribution of soil temperature at the time moment
from which we plan to start the numerical calculation. The method of determining the parameters
included in the nonlinear boundary condition (3) is described in [3,13].

Thus, to solve the problem by computer modeling it is necessary to consider the following
factors:

— solar radiation and emissivity, which lead to nonlinear boundary condition (3) on the upper
surface;

— various thermophysical parameters of soils that form permafrost that vary not only in the
vertical plane;

— seasonal variations in air temperatures in the area under investigation (seasonal thawing of
the upper layer of the soil in summer, the reverse freezing process in winter);

— possible phase transitions in the soil;
— the structure of the base thermal insulation of the well pad;

— technological features of wells.

2. Numerical results

A large number of works are devoted to development of numerical methods for solving bound-
ary value problems of heat conduction. Basics of finite difference methods are detailed in the
works [14,15].

To solve the problem (1)—(5), a finite-difference method is developed for solving problems of
Stefan type [12,16], which allows using the splitting method with respect to the space variables.
At the same time, the algorithm is “adapted” to the geographic location of a particular oil and
gas field [3,13].

On the surface z = 0 an algebraic equation of the fourth degree is generated, to be solved
by Newton method. The solvability of the corresponding difference equations approximating the
original problem was proved in the paper [17].
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Calculations based on the proposed models and developed programs were used for 13 northern
oil and gas fields. When the source of heat in the frozen ground was a well, a comparison was
made between numerical data on the distribution of the boundary of the melting of frozen ground
(zero isotherm) and experimental data. The comparison showed that the numerical data coincide
with the experimental data with accuracy of 5%.

Numerical calculations were carried out in accordance with the technical characteristics of
wells in Fig. 2 for the North-Mukerkamyl oil and gas field and the climate data at the surface
z = 0 in accordance with Fig. 3. For this oil and gas field, the temperature of the phase transition
T* in the soil is equal to —0.2°C.
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Fig. 3. Climate data

In numerical calculations, an orthogonal condensing grid is used. In the {z,y}-plane, the
computational grid is condensed in the shell of the well. In the vertical plane (along the z coor-
dinate), the mesh is refined near the boundary of various soil layers. Fragments of a condensing
grid in the {z,y}-plane are shown in Fig. 4. In the calculations, the following mesh sizes are
used: 97 x 97 x 21 = 197589 nodes, 197 x 197 x 21 = 814989 nodes, 397 x 397 x 21 = 3309789
nodes, 697 x 697 x 21 = 10201989 nodes.

Numerical calculations showed that the thawing radius depends not only on the total number
of calculated nodes, but also on the number of nodes that concentrated in a neighborhood of a
radius of 1.5m around the well. In Fig. 5 a graph of the thawing radius depending on the time
of operation of the well is shown.

A special role in the accuracy of finding the radius of thawing also belongs to the number of
nodes near the well. In Fig. 5 the graphs of radius of thawing for a different number of nodes
in the neighborhood of the well (from 51 nodes to 151 nodes) are preented. Calculations show
that we can use 101 nodes in the neighborhood of the well. Therefore, we take a grid consisting
of 397 x 397 x 21 = 3309789, as a computational grid. The calculation time of one year of
production simulation for a single production well on a supercomputer ranged from 30 minutes
to 90 minutes of machine time.

In Fig. 6 thawing radius are presented for the following well insulation options: (1) corre-
sponds to the case of the all thermal insulations consist only of ordinary cement; (2) is for the
simple thermal insulation of the well with using cement shells; (3) is the special case of the
combined insulation of the well for the North-Mukerkamyl oil and gas field. Graph (3) shows
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Fig. 5. Thawing radius
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that taking into account the design features of the wells can significantly refine the evaluation of

the thawing radius and the distance between the wells.

To estimate the distance between the neighboring wells and the moment of the taliks junction,
it is also necessary to take into account the mutual thermal effect of these wells. In [3], it was
investigated and shown that when designing an oil and gas field, taking into account only the
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Fig. 6. Thawing radius for three well designs
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Fig. 7. Continuous well operation for 30 years

thawing radius for a single well may be insufficient. Consider a simulation of the operation
of two neighboring wells located at the distance of 7.6 meters from each other. Numerical
calculations were carried out on the following grids: 657 x 347 x 45 = 8822475 nodes and
651 x 397 x 41 = 10596327 nodes. The calculation time of one year of modeling the operation of
two neighboring wells ranged from 70 to 140 minutes. Fig. 7 shows the isotherms (—0.2°C) in the
vertical plane {x,z} for two continuously operating neighboring wells for 30 years in October,
which intersect before the end of the operation. Fig. 8 shows the temperature fields for the case
corresponding to Fig. 7, but with annual preventive rest period for 14 days. In this case, the
taliks are not joined.
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Fig. 8. Well operation for 30 years with annual preventive rest period for 14 days

Conclusion

The numerical calculations for a specific oil and gas field in the permafrost zone result the
following:

— when thermal fields are simulated in a frozen ground, it is necessary to choose a sufficiently

large computational domain to avoid the influence of boundary conditions of the lateral
boundaries of the computational region;

— it is necessary to use a condensed grid so that a sufficient number of grid nodes get into the
vicinity of the well. It was found experimentally that in our case it is enough that at least

101 nodes of the computational grid in a horizontal plane are in the vicinity of 1.5 m near
the well;

— computer simulation of the operation of two wells over 30 years showed that when the wells
are located at the distance of 7.6 meters from each other and with the annual prevention
rest period for 14 days, the thawing radius of these wells are not joined.

The work was supported by Russian Foundation for Basic Research 19-07-00435.
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TasHne BedHOIT MepP3JIOTHI ITPU SKCIIYyATANN CKBAaXKIH
CeBepo-MyKepKaMbLIILCKOTO HE(PTEra3oBoro MeCTOPOXK 1eHU A

Muxana 0. PuaumMoHoB

Haranua A. BaranoBa

UNucruryr maremaruku u mexanuku um. H. H. Kpacosckoro YpO PAH
Exkarepun6ypr, Poccuiickas @eneparus

Vpanbckuii deiepaibHbli yHUBEPCUTET

Exkarepun6ypr, Poccuiickas @eneparus

Awnnoranusi. TasHrne MHOTOJIETHEMEP3JIBIX TOPOJ, B PE3yJIbTaTe M3MEHEHUsT KJIUMATA WU PA3JIUIHBIX
TEXHOJIOTMYECKUX BO3JENCTBUIT OYIeT COIPOBOXKIATHCS OCETAaHUEM 3€MHOI IIOBEPXHOCTU M Pa3BUTHEM
OIACHBIX I'€OJIOTMYECKHUX IIPOIECCOB BEYHOM MEP3JIOTHI, HAa3BIBAEMBIX TEPMOKApPCTOM, YTO IIPUBEIET K
aBapuUsM, KOTOPble MOT'YT BBI3BAThL pa3pyIleHrne CKBaXKWH. B HacTosIee BpeMs OrpaHUYEHbI WHBECTU-
IIMOHHBIE IIPOrPAMMBbI OCBOEHUS HOBBIX CEBEPHBIX He(MTEra3oBbIX MECTOPOXKJieHuil. B cBa3m ¢ atuMm yue-
1eBjieHne pa3paboTKu HeTEra30BbIX MECTODOXKIEHHUN SIBJISIETCST aKTyaJbHOI mpobsemoit. Hampumep,
YMeHBbIIIEHNE IJIOMIAIU KYCTOBBIX IIJIOMAJO0K U HCIOJJIb30BaHUEe ONTHUMAJIbHOI SKCIJIyaTallui CeBEePHBIX
HedTEra30BbIX MECTOPOXKJIEHHUSX MOTYT 3HAYUTEIBHO CHU3WUTDH 3aTPAThl, B YaCTHOCTH, Ha CTAJUU IIPO-
ekTUpoBaHusl. Paspaborana MOJEeIb PaCIpOCTPAHEHHUsI HECTAIMOHAPHBIX TEIJIOBBIX IMOJIEHl B MEP3JIbIX
rpyHTax or ckBaxkuH Jisa CeBepo-MyKepKaMbLILCKOTO HEMTEra3oBOro MECTOPOXKJIEHUsI C YIETOM 0CO-
OeHHOCTell KOHCTPYKIIMH CKBaXKHH, 32TPYOHOIO IIPOCTPAHCTBA U CJIOKHOI JIMTOJIOTUM IPYHTA, OKPYXKa-
FOIEro CKBaxkuHy. [lIaHWpyercst yuecTh KIUMATHYECKHE W TEXHOJOTMYecKrne (DAKTOPhI, B YaCTHOCTH
€2KETOJIHBIN TepephIB B paboTe CKBAaXKMH, KOTOPBII COCTABJIAET OT HECKOJIBKUX YaCOB IO JIBYX HEJENb.
B crarpe 06cyrkIaroTCs BBIYUCINTEIbHBIE OCOOEHHOCTH pacdeTa TEIJIOBBIX IIOJIEfl B MEP3JIbIX I'DYHTAX
U3 CKBaXXWH U UCCJIEyeTCd BJIMAHUAE PA3JIMYHBIX IIapaMeTPOB, KOTOPBIE B pacdeTax MOIYT IIPUBECTH K
3HAYUTEJBHOMY yBEJMYEHHUIO IIJIONIA/ I OTTauBaHNA Ha KYCTOBBIX IJIOIIAJIKAX.

KuroueBrie ciioBa: MaTeMaTH4eCcKOe MOJEIUPOBAHHUE, TEIJIOMACCOIIEPEHOC, MHOTOJIETHEMED3JIble
TIOPOJBI.
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