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Abstract: This article provides a detailed analysis of issues related to the complications while drilling
in hydrate-bearing rocks of permafrost areas. The goal of the paper is to develop recommendations
for preventing gas occurrence while drilling gas hydrate deposits and to eliminate gas leakiness of
the intercasing space of the well. The results of modeling the effect of drilling mud injection on the
temperature field of the well are presented. It is revealed that the most significant role is played by
the injection rate of drilling mud and its temperature. The recommended flow rate of the process
fluid should be within 0.30–0.45 m3/s, and its temperature should not exceed 20 ◦C. Controlling
the parameters of drilling mud and its flow rate allows for avoiding intensive gas occurrence while
drilling in gas hydrates. The presence of gas hydrates may be the cause of gas leakiness of the
intercasing space in the permafrost area. One of the ways to eliminate leakiness is colmatation
(clogging). A method of preventing leaks in the intercasing space of the gas well is the use of
colmatating solution. An aqueous solution of sodium silicate with the addition of 2% polymer is
used as a colmatating composition.
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1. Introduction

Almost all of the largest Russian natural gas fields are located in the Yamalo-Nenets
Autonomous Okrug, Yakutia, the waters of the Kara Sea, and in other territories that are
united by the presence of permafrost areas [1]. A large new gas field, “Pobeda”, was
discovered in the Kara Sea relatively recently (2014). A preliminary assessment of the field
showed that it contains at least 338 billion cubic meters of gas [2].

A significant part of the methane deposits in these fields are concentrated in the
traditional gas form, and the technologies for drilling and operating such gas wells are
widely known and understood. In 1946, Soviet researcher I.N. Strizhov, for the first time,
suggested that certain thermobaric conditions in the permafrost formations contribute to
the generation of so-called gas hydrates with a particularly high probability [3]. Much later,
in 1968, a core containing inclusions of gas hydrates was obtained at the Byrd station in the
Antarctica while drilling exploration wells [4].

Many gas hydrate deposits have been discovered in the USA [5–8], in Canada [9,10] in
permafrost areas, India, and others [11].

Natural gas hydrates are crystalline compounds in the form of polyhedra formed by
water molecules interconnected by hydrogen bonds, inside which (polyhedra) a methane
molecule is encapsulated. The reserves of methane in hydrate form are huge and hundreds
of times higher than the reserves of natural gas in traditional phases. For the formation of
hydrate clusters, few conditions must be complied with; first, favorable thermobaric condi-
tions and a continuous inflow of free gas [12,13]. For methane hydrates, the equilibrium
curve is shown in Figure 1a (based on data from [14], and the methane hydrate-propane
mixture is shown in Figure 1b) [15]. It should be noted that the reservoir conditions of most
of the mentioned fields are significantly above the equilibrium curve, which indicates a
high probability of accumulation of natural gas hydrates.
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Figure 1. The equilibrium curve: (a) for methane hydrate; (b) for methane-propane hydrate.

The stability of gas hydrates is influenced by some other factors: the granulometric and
chemical composition of the host rock, its porosity, density, as well as the mineralization
of reservoir waters [14–17]. For example, the higher the degree of mineralization, the less
temperature needed for the formation of natural gas hydrate.

As noted by a number of authors [18–21], in permafrost rocks, there are metastable
gas hydrates formed earlier and subjected to self-preservation at negative temperatures,
which are commonly called relict. It should be emphasized that gas hydrates cannot form
under metastable conditions, but they can remain within them for a long time if the frozen
state of the thickness is preserved.

The phenomenon of self-preservation is explained by the fact that while the external
pressure decreases, the dissociation of the gas hydrate begins with the release of water,
which crystallizes at temperatures below 273 K and creates an insulating layer of ice on the
surface of the hydrate, which significantly slows down the further decomposition of the
hydrate [22–24]. Temperature has a predominant effect on the rate of dissociation of gas
hydrates.

The study of metastable hydrates was not given enough attention until their existence
was proven. It was found that metastable gas hydrates are at lower depths compared to the
modern stability zone of classical methane hydrates. In connection with the above, to date,
gas occurrences during drilling of the upper intervals have not been associated with the
presence of gas hydrates. While the most intense gas manifestations have been observed
above the intervals of stable gas hydrates. However, the discovery of relic formations has
given a new impetus to the study of hydrate deposits and the problems associated with
their development.

There is also research being conducted into gas hydrates exploitation. As part of
the research project, production tests were carried out on three gas wells, Mallik 3L-38,
4L-38, and 5L-38 in 2001 by Japan and Canada (Petroleum Exploration Company Limited,
Japan National Oil Corporation, Geological Survey of Canada) [25–27]. In 1995, the U.S.
Geological Survey conducted the first comprehensive assessment of gas hydrate resources
in the United States (Ocean Drilling Program Leg 164). In 1997, the Ministry of Oil and Gas
of India established the National Gas Hydrate Program (NGHP). In 1998, work began on
the Canadian Mallik project, and in 1999 on the Nankai Trough project in Japan. Since 2000,
Japan has established a targeted program for the study of gas hydrates, forming the MH21
research consortium to develop technologies for the industrial production of gas hydrates.
Currently, two projects have major prospects for industrial production—Nankai Trough
(MH21) in Japan and North Slope in Alaska (USA) [28,29]

In recent years, many drilling operations have been carried out in areas of hydrate
deposits [30–32].

Scientists have conducted research to study the kinetics and thermodynamics of the
formation and dissociation of gas hydrates [33,34]. The paper [10] presented the results
of modeling the conditions of the formation of relic gas hydrates using the example of
deposits of the Beaufort Mackenzie field. The prevalent influence of temperature and
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lithological characteristics on the conservation effect of natural gas hydrates was shown.
The article [17] presented the results of laboratory experiments on the making of methane
gas hydrates and the rate of hydrate formation on different thermobaric conditions

Therefore, the discovery of huge natural gas reserves in a non-traditional form presents
many opportunities for the development of new deposits, increasing the competitiveness of
the country in terms of environmentally friendly energy resources [35,36]. Many countries
of the world have invested in the development of gas hydrate deposits as new energy
sources.

On the other hand, when drilling and developing wells for classical gas, gas conden-
sate, and oil fields, passage through the zone of gas hydrate deposits inevitably causes
a change in the thermodynamic state of the formation-well system. At the same time,
even small changes in the thermobaric conditions in the formation inevitably cause the
decomposition of hydrates with the release of free methane and water. Two opposite
phenomena—the dissociation of existing hydrate formations and the formation of techno-
genic hydrates—provoke dangerous complications during drilling and pose a serious
problem. A description of the problem of the formation of technogenic hydrates and ways
to solve it are given in [37–41].

There are no universal ways to avoid complications while drilling wells in the gas
hydrate deposit. Some solutions are described in [32]. However, these recommendations
do not completely avoid intense gas occurrences while drilling gas hydrates.

This paper is devoted to solving the problem associated with the decomposition of gas
hydrates while drilling in the permafrost area. The problem, which significantly complicates
the process of drilling in gas hydrate deposits, is due to the fact that, while drilling hydrate-
saturated formations, the use of drilling fluids with a positive (Celsius scale) temperature
inevitably leads to complications associated with the reaction of permafrost rocks to changes
in the temperature regime around the well.

Intensive gas appearance is most often observed as a complication while drilling in
hydrate-bearing rocks. It is associated with the thermal dissociation of gas hydrates. This
process leads to a sharp increase in pressure in the around-well space and sometimes the
formation of a gas bubble, the volume of which could be hundreds of times greater than the
volume of decomposed hydrate. Long-term gas appearances are possible in the presence of
a volume of free methane that is not associated with water due to the insufficient amount
of free water for equilibrium [41].

Sometimes the problem can be solved by using a drilling mud of a higher density, but
more often complications cannot be avoided. The gas appearances lead to the aeration of
drilling mud, the release of tools and bore mud, griffins, and fires. If the gushing of gas and
griffins continues for a long enough time, this can lead to the melting of ice in permafrost
rocks around the borehole, and subsequently, to the collapse of the drilling column.

The absorption of energy accompanying the process of dissociation of natural hydrates
cause a local decrease in temperature, which contribute to hydrate formation. Thus,
during drilling and the development and testing of the well, problems associated with
the formation of a gas bubble and blockage of the borehole by technogenic hydrates
simultaneously arise, which, together, lead to the destruction of the well. There are cases
where, after an intensive release of gas, its inflow is sharply reduced. This is due to a
significant decrease in temperature in the formation, which occurs due to heat absorption
and causes freezing of the remaining gas hydrates [39,42].

Especially serious complications associated with the formation of technogenic hydrates
can occur when drilling wells on offshore shelves, since there is a possibility of mixing the
gas entering the well with water, which dramatically increases the likelihood of hydrate
plug formation at low temperatures.

As noted above, an increase in temperature causes the decomposition of hydrates
with the release of a significant amount of methane, which increases the pressure in the
system, while the simultaneous melting of ice creates, on the contrary, a pressure deficit.
The resulting pressure difference contributes to the destruction of sandy and loose deposits,
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which are accompanied by intensive pore formation and the removal of rock particles by
the flow of drilling fluids, which ultimately threatens the possible destruction of the well
and loss of control over it.

A number of authors have also noted that uncontrolled methane emissions pose a
threat to the environment and can affect global warming due to the “greenhouse” effect no
less than carbon dioxide, which is considered to be the main culprit of climate change on the
planet. According to the theory of some scientists, an increase in the average temperature of
the climate system on Earth and the release of methane from gas hydrates have a symbiotic
effect: the release increases as a result of warming, and vice versa. However, this version
has not been confirmed by most scientists and is still considered controversial [39,42–45].

Another problem of drilling wells in the permafrost zone is the formation of ice in
the process of plugging a well, which leads to the destruction of cement and the rock
collapses into the wellbore [46]. The destruction of the cement sheath leads to cracks in
the intercasing space and to the appearance of intercasing leakiness. The problem with
leakiness in the intercasing space with gas flows from low-temperature intervals is also
relevant for oil and gas wells located in the permafrost area

Scientists of Saint Petersburg Mining University have also worked on the development
of cements with improved characteristics [47–49].

The Department of Well Drilling at Saint Petersburg Mining University has conducted
research aimed at improving the parameters of muds used in drilling [50–53] and well
construction [47,54–56].

The cementing process is an important step in the safe construction and operation of
wells in permafrost conditions.

For gas wells located in the permafrost zone, concrete must possess high mechanical
strength characteristics, resistance to corrosion from aggressive fluids, fit tightly within the
casing strings and well walls, have structural resistivity to temperature fluctuations, and
low thermal conductivity, amongst other considerations [56].

The appearance of leaks in the intercasing space of a gas well can be facilitated by
both poor-quality cementing at the construction stage, as well as physical and chemical
processes and geological features. The presence of gas hydrates in the target intervals can
also be associated with gas leakage in the intercasing space of the well [52].

Most production wells of the Gubkinskoe gas field have leakiness in the intercasing
space. The positive temperature of the gas (up to 20 ◦C) is one of the reasons for the
warming of the near-well space. Sharp temperature changes in the near-well space lead to
cracks in the cement sheath of the well.

At the exploration well R-49 of the Gubkinskoe gas field, leakage into the intercasing
space of the technical case and the conductor was recorded in the intervals of the permafrost
area using a wellhead pressure and temperature gauge. Observations showed that, from
November 2020 to July 2021, the pressures in the intercasing space continuously increased,
which is clearly illustrated in Figure 2.
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The most intense warming of the near-well space occurs while drilling wells. A
modeling of drilling mud injection was carried to determine the effect of the fluid on the
warming of the near-well space in permafrost conditions. The results can also be used to
describe the warming of the near-well space during gas production.

2. Modeling of the Effect of Drilling Mud Injection on the Temperature Field of the
Wellbore Space

The model was developed using the COMSOL Multiphysics element analysis software
package. The simulation was carried out on the basis of the well-known laws of heat
transfer, hydrodynamics, and rheology. It allows simulates the flow of drilling mud of a
given temperature into the well hole and assess the effect of the flow rate on the temperature
of the rock around the well.

The following assumptions were made in modeling the temperature field:

1. Gas hydrate deposits have low permeability. As a result, there is no convection
because the penetration of the liquid phase into the rock is quite small. It means that
the predominant method of heat transfer is thermal conductivity.

2. The rock is homogeneous and has isotropic properties.
3. To describe the geometry of the model, several coaxial bodies of rotation are used,

simulating a pipe, a liquid inside and outside, and a borehole space.
4. The melting of pore ice occurs at 0 ◦C, and the thermophysical properties of rocks do

not depend on temperature
5. The initial temperature of the liquid, pipe, and rock is constant in a plane perpendicu-

lar to the axis of the well.

The well-known Fourier equation of thermal conductivity is taken as the mathematical
basis of modeling:

dq = −λ
dt
dn

dFdτ, (1)

dq—quantity of heat; λ—the coefficient of thermal conductivity, W/mK; dt—temperature
gradient; dF—surface area gradient; dτ—time gradient.

The calculations take into account thermal conductivity both in the liquid and in the
solid phase, while it is assumed that, in the model of a porous medium, the porosity is zero
for a solid, and the porosity is equal to one for a liquid body.

Fourier’s law:
q = −kmed∇T (2)

where T—temperature, K,
kmed equals to:

kmed = θpkp +
(
1− θp

)
k + kdisp (3)

and represents the average thermal conductivity between the thermal conductivities of the
liquid k (W/m·K) and solid phases k_p (W/m·K) according to mass fractions considering
the filtering liquid through a porous medium via the so-called thermal dispersion coefficient;
the calculation method of this coefficient is presented in detail in [54].

Formula (3) includes θp—the proportion of the solid phase in the volume, respectively,
1 − θp—is the proportion of the liquid phase.

Considering the volumetric heat capacity
(
ρCp

)
med, here is the general equation for

the entire medium: (
ρCp

)
med

∂T
∂t

+ ρCpu∇T +∇q = Q + Qvd (4)

In Equation (4), ρ and ρp—density of the liquid and solid phase, respectively, kg/m3;
and Cp and Cpp are the heat capacity of the liquid and solid phase at constant pressure, J/kg;
u—is the velocity of the liquid in the pores of the solid phase, m/s; q—heat flow, W/m2,
Q и Qvd—heat source or absorber and heat released during viscous friction W/m3, re-
spectively. Qvd is very small compared to other heat fluxes and can be considered to be
zero.
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This equation does not take into account the volume expansion coefficient α due to its
small value. The model for heat transfer in the liquid phase is represented by Formula (7) if
θp equals 0.

The formula for calculating heat transfer in porous rock is the following:
kmed = θpkp +

(
1− θp

)
k + kdisp

q = −kmed∇T(
ρCp

)
med = θpρpCpp +

(
1− θp

)
ρCp(

ρCp
)

med
∂T
∂t + ρCpu∇T +∇q = Q + Qvd

(5)

Model of the solid pipe material:{
q = −k∇T

ρCp
∂T
∂t + ρCpu∇T +∇q = Q + Qted

(6)

{
q = −k∇T

ρCp
∂T
∂t + ρCpu∇T +∇q = Q + Qvd

(7)

After the calculation, the temperature distribution at different times is analyzed.
An example of initial data for initializing a computational experiment is given in

Table 1:

Table 1. Values of physical parameters of the model taken as a constant value.

Parameter Value

Rock temperature, ◦K 270
Drilling mud density, kg/m3 1050–1150

Rock density, kg/m3 2200–2300
Coefficient of temperature conductivity of the host rock, a·106 m2/s 1.23

Coefficient of thermal conductivity of the host rock, W/m·K 2.56
The coefficient of iciness of the rock 0.4

Drilling mud temperature, ◦K 300
Coefficient of thermal conductivity of ice, W/m·K 2.33

Figure 3 shows the temperature distribution of the host rock before and after the fluid
injection.
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Figure 4 shows the change in the formation temperature around the well after 1 min
and 4 h from the start of the fluid injection process.
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Figure 4. Temperature zone model: (a)—1 min after fluid injection; (b)—4 h after the injection of the
process fluid.

Based on simulation modeling results, in case of other things being equal, the parame-
ters such as the drilling fluid and its injection rate and temperature play the most significant
role. At the same time, these parameters do not practically affect the heat transfer radius in
the rock mass of more than 0.4 m. It can be explained by the incomparable volumes of the
drill pipe and the space around the wall.

The recommended process fluid flow rate should be in the range of 0.30–0.45 m3/s,
and its temperature should not exceed 20 ◦C. At the same time, it is necessary to keep
in mind the increased probability of drilling fluid solidification in permafrost conditions
due to a local decrease in temperature as a result of the endothermic dissociation of gas
hydrates.

The proposed technique will significantly reduce the risk of complications associated
with gas occurrences while drilling in hydrate-bearing deposits. Based on the simulation
results it can be concluded that it is impossible to avoid intensive warming of the near-well
space. This process can lead to the dissociation of gas hydrates.

Warming of the near-well space in the production well can also causes dissociation of
gas hydrates and gas leakage in the intercasing space. The leakproofness of the intercasing
space avoids gas leakages.

A method of preventing leaks in the intercasing space of gas well is to use colmatating
solution [57].

3. Materials and Methods

The colmatation method is chosen by pressurizing the colmatating solution into the
gate valve of the intercasing cement space.

The sealant solution is prepared on site prior to being pumped into the well according
to the developed technique.

1. Before introducing the sealant through the inlet conduit of the gate valve of the
intercasing space, the pressure is lowered. Pressure control is carried out using a
wellhead pressure and temperature gauge.

2. Once atmospheric pressure has been achieved, the colmatating composition is pumped
through the gate valve using.

3. Following the injection, the colmatating solution is allowed to set for 24 h (Figure 5).
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Leakproofness is checked after colmatation of the intercasing space by crimping.
According to paragraph 424 of the document “Safety rules in the oil and gas industry”, the
intercasing space is considered sealed if the pressure of crimping has decreased by no more
than 0.5 MPa within 30 min.

4. Colmatation (clogging) involves the introduction of fine particles of solution or other
materials into pores, channels, and cracks in the intercasing space, which helps to
reduce or completely stop the gas or fluid flows by reducing the filtration properties
of the cement. The success of the operation to seal the intercasing space depends on
the development of the colmatating solution.

The most important requirements for the colmatating solution are the particle size
of the colmatant, the viscosity of the solution, and its curing ability. Since in most cases
colmatating solutions are non-Newtonian liquids, the rheological properties of the solution,
such as viscosity and yield point, are important [58].

Elimination of leakiness in the intercasing space was carried out using the developed
colmatating composition.

Reagents for research were purchased from the Joint-stock company Lenreactive and
Joint-stock company Ruskhimset.

The following materials were used as samples of polymer materials:
copolymer of polyacrylamide (Figure 6) and sulfonic acid (Polymer X20 or equivalent);
organosilicon polymer.
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The work was carried out in accordance with the existing methods of experimental
research. The structural and rheological characteristics of aqueous polymer solutions were
measured using a Fann 35S viscometer. Plastic viscosity (PV), yield point (YP), and gel
strength were measured according to specifications using a Fann 35S viscometer.

4. Results

As a result of rheological and structural research of organosilicon polymer, immeasur-
able values of viscosity and yield point were obtained, which indicated the inapplicability
of this polymer. The research of the characteristics was carried out in a concentration range
from 1 to 10%. Optimal rheological and structural characteristics of aqueous solution of
polyacrylamide were obtained at a concentration of no more than 4%.

Characteristics of aqueous solution of polyacrylamide are shown in Table 2.

Table 2. Rheological characteristics of aqueous solution of polyacrylamide.

Concentration of Polyacrylamide, % Plastic Viscosity, sP Yield Point, Pa Gel Strength (10/600), Pa

2 13 8 1/2
4 15 22 1/2
6 31 38 3/5
8 - 140 3/5
10 - - 4/6

The next step in the research is studying the effect of the polyacrylamide on the
structural and rheological characteristics directly on the aqueous solution of sodium silicate
(State Standard 13078-81) [59]. Characteristics of aqueous solution of sodium silicate and
polyacrylamide are shown in Table 3.

Table 3. Rheological characteristics of aqueous solution of sodium silicate and polyacrylamide.

Concentration of Polyacrylamide, % Plastic Viscosity, sP Yield Point, Pa Gel Strength (10/600), Pa

2 42 12 3/5
4 - - 9/9

Measurable values of plastic viscosity and yield point were obtained for concentrations
of polyacrylamide less than 2%.

An aqueous solution of sodium silicate with the addition of 2% polymer was used as
a colmatating composition. Polyacrylamide is a water-swelling polymer and this polymer
blocks the channels in the cement after swelling.

5. Discussion

The well R-49 is located in the permafrost area. Sodium silicate crystallizes at low
temperatures provided additional colmatating ability of the developed composition. After
colmatation of the intercasing space, the crimping pressure decreased by less than 0.5 MPa
for 30 min, which indicates the leakproofness of the intercasing space.

The use of developed colmatating solution made it possible to eliminate the leaks
in the intercasing space of a gas well, to ensure compliance with the requirements of the
«Safety Rules of the oil and gas industry» and protect the environment. Monthly monitoring
of the leakiness of the intercasing space is carried out at the well R-49 (Figure 7).
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Figure 7. Change in intercasing space pressure after colmatating.

The intercasing pressures do not exceed 0.05 MPa, which indicates the tightness of the
intercasing space and the positive result of the research.

6. Conclusions

The developed model makes it possible to simulate the flow-in of drilling mud into
the well and to assess the effect of the flow rate and parameters of drilling mud on the
change in the temperature field around the wellbore. The conducted studies have shown
that changing the parameters of drilling mud and its flow rate allows for avoiding intensive
gas occurrence while drilling in gas hydrates. While drilling in gas hydrate deposits of
permafrost rocks, the flow-in of drilling mud and its temperature have a decisive effect on
the intensity of warming of the near–well zone. At the same time, it does not practically
affect the radius of heat transfer through the rock mass, which does not exceed 0.4 m. The
recommended flow-in of the drilling should be in the range of 0.30–0.45 m3/s, and its
temperature should not exceed 20 ◦C. These recommendations allow for the safest drilling
in permafrost intervals with the risk of gas occurrences because of the dissociation of relict
gas hydrate deposits. However, the drilling well with the recommended parameters does
not completely avoid the dissociation of gas hydrates.

The thawing of permafrost gas hydrates during gas production is also a reason for gas
migration in the intercasing space. The method of colmatation (clogging) using the devel-
oped polymer solution eliminates the gas leakiness of the intercasing space in production
wells.
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