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MATHEMATICAL SIMULATION OF HEAT AND MASS EXCHANGE PROCESSES
DURING DISSOCIATION OF GAS HYDRATES IN A POROUS MEDIUM

Purpose. The development of methodology of research and analysis of heat and mass exchange processes in a hydrate-contain-
ing porous rock layer in case of a pressure drop at its boundary.

Methodology. Mathematical simulation, computational experiment.

Findings. The mathematical simulation of thermophysical processes during the dissociation of gas hydrate in a porous rock
layer is presented. The case of gas hydrate dissociation in a porous rock layer, which exists in a stable state under the influence of
relatively high initial temperature and pressure factors, is investigated. Numerical studies on the temperature and pressure patterns
during the gas hydrate dissociation are performed. The nonstationary distribution of temperature and pressure along a porous rock
layer during the dissociation of gas hydrate due to pressure drop at its boundary is presented. The advancement rate of the gas hy-
drate dissociation front and the change in the size of the dissociated gas hydrate area over the time are determined.

Originality. The algorithm is proposed for calculating the pressure and temperature fields in a porous rock layer in the case
when the temperature of the stable gas hydrate is higher than its dissociation temperature. The factor that ensures the dissociation
of gas hydrate is the pressure drop at the rock layer boundary. The effect of the endothermal reaction of gas hydrate dissociation on
the heat exchange processes in the porous rock layer is presented. It is shown that the temperature and pressure values determining
the gas hydrate dissociation point are changed as the front of the phase transition advances.

Practical value. The proposed mathematical model and calculation algorithm can be used to predict the time characteristics
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and sizes of the gas hydrate dissociation zones around production wells.
Keywords: gas hydrates dissociation, heat exchange process, endothermal reaction, hydrate dissociation, pressure drop

Introduction. Gas hydrates are one of the most promising
energy reserves of humanity. The rapid growth of R&D work
in the field of gas hydrate technologies worldwide [1] is caused
by this factor. The development of gas hydrate deposits is an
important issue for the Ukrainian economy, which significant-
ly depends on the import of energy resources, particularly
natural gas. At the same time, known gas hydrate deposits are
a significant energy reserve. They are located both at the bot-
tom of the Black Sea and on the mainland — in deep coal
mines. In particular, one of the features of coal deposits in
Ukraine is the large occurrence depth (up to 1 km or more).
This property creates the prerequisites for the formation of gas
hydrates in coal seams. In this connection, the implementa-
tion of studies on the development of gas hydrate technologies
is an urgent and important task. An integral part of such stud-
ies is theoretical investigations of physical and chemical pro-
cesses occurring during the dissociation of gas hydrates.

The fundamentals of the theory of gas hydrates are formu-
lated by Yu.F. Makogon. (Makogon, Yu.F., Hydrates of Hy-
drocarbons, 1997, Penn Well, Tulsa, USA). Today, there are a
large number of experimental and theoretical studies in this
direction. Extensive information on methods, technologies,
and also approaches to the description of physical mecha-
nisms during the formation and dissociation of gas hydrates is
presented in the paper [2]. Despite significant progress in the
theory and practice of gas hydrate technologies, many issues
related to the physical and chemical processes during hydrate
formation, are still not fully understood. In the paper [3], the
significant role of thermal and hydro-mechanical phenomena
in the overall physical interpretation is noted. One of the effec-
tive tools for studying such phenomena is the mathematical
simulation of heat and mass exchange processes. However, the
variety of physical models in the formation and dissociation of
gas hydrates results in different approaches to the mathemati-
cal description of processes.
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Itis a common fact that the dissociation process of gas hy-
drates into gas and water occurs due to changes in temperature
and/or pressure. Natural accumulations of gas hydrates are
often formed at deep depths in the porous rock environment
[4], where they can exist at relatively high temperatures and
pressures. In case when the integrity of the formation is vio-
lated at the free boundary, the thermodynamic equilibrium is
violated and the phase transformation process begins.

In this paper, heat and mass exchange processes in a po-
rous hydrate-containing rock layer during its destruction are
considered. As a factor initiating the dissociation process, a
pressure drop at the boundary is taken. One of the features of
the problem statement is the assumption that gas hydrate exists
at relatively high temperatures. In the paper, a mathematical
model in the framework of the phenomenological approach is
proposed, and the dynamics of the temperature and pressure
fields during the change of thermodynamic conditions at the
boundary is investigated.

Literature review. An extensive analysis of various ap-
proaches to the mathematical simulation of processes occur-
ring during the exploration and exploitation of natural gas hy-
drates was performed in the paper [5]. It should be noted that
in most cases, mathematical models are complex systems of
differential equations, the solution of which in the general case
is possible only by numerical methods.

In many cases, the simulation of physical processes during
phase transitions “hydrate — gas+water” is based on the use of
kinetic equations. The review of analytical, semi-empirical,
and numerical kinetic models of hydrate formation is given in
the paper [6]. The kinetic model of the formation of gas hy-
drate particles at low temperatures was considered in detail in
the paper [7]. The non-deterministic stochastic approach for
modeling the kinetics of gas hydrate formation was proposed
in the paper [8].

During the simulation of the formation and dissociation
processes of gas hydrates in pipelines, quite complex models of
the dynamics of multiphase flows are often used [9]. In this
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case, the knowledge of the flow regime is essential, which re-
quires the use of additional empirical data from the experi-
ment [10]. The possibility of using the hydraulic approxima-
tion for the simulation of such processes was considered in the
paper [11].

The phenomenological approach for studying the dissoci-
ation processes of gas hydrates in porous media based on the
equations of continuum mechanics and the heat and mass ex-
change was considered in the paper [12]. Such models are used
to simulate the processes of gas hydrate dissociation during the
development of natural deposits. The formation mechanisms
and the quantitative description of the processes of formation
and dissociation of gas hydrates in offshore fields are presented
in the paper [13]. Mathematical models at an adequate quality
level were developed to study the gas hydrate dissociation in
porous media under conditions of both low temperatures [14]
and heat supply from outside [15]. Heat exchange processes in
wells during the development of natural gas hydrate deposits
are modeled in the paper [16]. In the paper [17], the Stefan
model was used to study the dynamics of phase transforma-
tions during the dissociation of natural gas hydrates. It should
be noted that in most known models, the dissociation pro-
cesses of gas hydrates are caused by the thermal factor. The
effect of pressure variation on the dynamics of phase transi-
tions in a hydrate-containing porous medium is much less
studied. In the present paper, the attempt to simulate mathe-
matically the hydrate dissociation process due to the pressure
drop at the boundary of the porous formation is made.

It should be noted that the number of works on experi-
mental studies on the dynamics of temperature, concentration
and pressure fields in porous media saturated with gas hydrates
is limited. This makes it difficult to verify mathematical mod-
els. However, the numerical study is quite effective and some-
times the most productive method for assessing physical phe-
nomena in deep natural gas hydrate deposits.

Formulation of the problem. Gas hydrates are clathrate
compounds in which gas molecules are enclosed in the cavity
of the polyhedral frame constructed by the water molecules.
The physical properties of such crystalline compounds are
close to the properties of ice. The essential feature of methane
gas hydrates is their stability under a positive temperature and
external pressure of several megapascals.

It is known that at significant depths (1000 m and more),
the pressure in the rocks can reach quite large values. Under
such conditions, gas hydrates can exist at relatively high tem-
peratures. Among other factors, the abovementioned studies
confirm that the thermobaric conditions of occurrence of coal
seams cover the area of stable existence of gas hydrates. The
methane content in coal seams increases with increasing depth
of occurrence. The formation pressure of methane, on aver-
age, linearly depends on depth. For different layers, the pres-
sure is in the range of (0.4—1) - y4, where yh is the rock pres-
sure of the undisturbed layer, and where y =25 000 N/m? is the
average specific weight of rocks, and # is the depth of the layer
from the land surface. The hydrate dissociation in the porous
environment of coal can cause dangerous gas-dynamic phe-
nomena. At the moment, these phenomena cannot be fully
explained within the framework of existing models of methane
behavior in the porous structure of coal. Consequently, the
simulation problem of heat and mass exchange processes in
the hydrate-containing layers is important from the point of
prediction of the explosive situations in mines.

In the dissociation process of gas hydrate a three-phase sys-
tem occurs consisting of the gas phase, undissociated hydrate
and liquid water. In practically important cases, the solubility
of methane in water and the partial pressure of water vapor in
the gas phase can be neglected. In this case, the phase equilib-
rium curve is described by the Clausius-Clapeyron equation

a7 __aH
dp T(v2—vl)’

where T, P are the temperature and pressure; AH is the en-
thalpy; v,, v are the volumes of the substance in various phase
states.

The latent heat of gas hydrates dissociation L can be de-
fined as the decomposition enthalpy AH of the chemical com-
pound CH, - nH,0 into pure components CH, and H,O under
equilibrium temperature and pressure. When the composition
CH, - 6H,0 of methane gas hydrate is decomposed into gas
and water, AH ~ 54 kJ/kg. The dissociation heat of the gas hy-
drate exceeds the fusion heat of ordinary ice, but much less
than the combustion heat of the same amount of methane
AH =890 kJ/kg.

The core methods for developing gas hydrate deposits are
based on their dissociation, i.e. decomposition under the for-
mation conditions. In such a way, the efficiency of the techno-
logical process is associated with heat and mass exchange pro-
cesses in the porous formation environment. The gas hydrates
dissociation process directly in the formation conditions can
be initiated by various methods: temperature increase, use of
chemical inhibitors, pressure reduction, or integrated method.
The thermal method and the injection of chemical inhibitors
(salt solution CaCl,, alcohol (methanol), and others) into the
formation are most commonly used in the development of on-
shore fields.

A promising method for gas production from gas hydrate
formation can also be the pressure reduction method. When
applying the depression method for developing gas hydrate de-
posits, it is necessary that the pressure in the formation be-
comes lower than the equilibrium pressure of hydrate dissocia-
tion. In this case, the gas hydrate decomposes into gas and
water, while absorbing heat. However, with this method of
reservoir development, the phenomenon of self-preservation
of gas hydrate may occur. In particular, with isothermal pres-
sure relief, the dissociation process will slow down, and the
hydrate will be in a metastable state for a sufficiently long time.
Thus, the study of heat and mass exchange processes is an im-
portant task in the context of the search for effective modes of
depression of the porous formation.

The objectives of studying the gas hydrates dissociation
processes in a porous rock environment around wells are gen-
erated by practical interest. Insufficient thermal insulation of
wells passing through a hydrate-containing formation can lead
to gas hydrate dissociation, accompanied by an increase in
pressure. Hydrate dissociation occurs in the near well-bore
area of the production well. During the operation of the pro-
duction well, the pressure in its shaft is less than the formation
pressure, and conditions for the hydrates dissociation may
arise. Another problem related to the heat transfer processes is
the formation of hydrates during the injection. When cold lig-
uid carbon dioxide is injected into a depleted natural gas field,
carbon dioxide hydrate may be formed. All these problems can
be investigated in the first approximation by one-dimensional
mathematical models. Fig. 1 shows the general scheme for the
problem of gas hydrates dissociation around the well in the
axisymmetric case.

Based on the above concepts, the problem of gas hydrates
dissociation with the pressure drop at the boundary is formu-
lated.

An unspecified deep horizontal rock layer is presented as a
porous medium with a constant porosity m. The rock contains

permeable Rock

HydratetGas Arca |2 Hydrate FGas Area.

1~ Decomposition Front

Gas+ Water Arca

Fig. 1. The scheme of the gas hydrate layer in the rock mass
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gas and hydrate at the initial positive temperature 7}, and high
pressure P,. At the initial moment of time, the integrity of the
rock is violated, for example, by drilling. At the free boundary,
the pressure drops to a value of P, below the dissociation point
of the gas hydrate P. Due to the pressure drop, the decompo-
sition process of the gas hydrate into gas and water is started.

In the general case, when the gas hydrate is dissociated in
the porous medium, three areas can be formed: the area con-
taining gas and hydrate in a stable state; the transition area,
where dissociation takes place, and at the same time gas, hy-
drate and water are present; and the area saturated with water
and gas. However, as it is noted in the paper [18], in many
cases, the dissociation process occurs almost instantly. There-
fore, the intermediate area degenerates into the frontal surface.
This surface is characterized by the values of Prand T corre-
sponding to the dissociation point.

If the adjacent upper and lower layers of rocks are imper-
meable to gas, then the dissociation process will occur only in
the direction perpendicular to the free surface. Assume that
the x coordinate axis is directed along the layer, and the begin-
ning of the axis is located on the free boundary (Fig. 2).

The phase transition line & separates area 1 — gas + water,
and area 2 — hydrate + gas. It is assumed that the temperature
of the atmosphere contacting the free boundary does not differ
significantly from the layer temperature 7,, ~ T;,, which is quite
possible at great depths. Since the phase state is determined
not only by temperature, but by the pair of thermodynamic
parameters (7, P), gas hydrate dissociation can occur at the
phase transition temperature below the initial temperature of
the gas hydrate 7;< T [19]. At the same time, the hydrate dis-
sociation process is endothermic, as a result of which thermal
energy will be absorbed on the phase transition line, which in
turn affects pressure. Thus, the thermodynamic parameters
determining the dissociation process will be also changed with
time.

Fundamental equations. When constructing the mathemat-
ical model, the single-temperature model of the multiphase
medium is used, i.e. water, hydrate, gas and rock have the
same temperature at the selected point.

The laws of conservation of mass and energy, as well as
Darcy’s filtration law and gas state equation will be used to de-
scribe the gas hydrates dissociation in the porous medium.
The system of equations describing the processes of heat and
mass exchange is written as follows:

- for area 1
9 1-S divv,p, =0;
ma( =8,)p, +divv,p, =0; (1)
0 -
m—+divy, =0; )
T
or v, grad T =di dT);
(CP)1E+ Py v, gradT =div(), grad T); 3)
- k
v, =——grad P=0; “4)
My
P=p,RT, j=g w; (5)
- for area 2
0 -
ma(l—Sh)pg +divy,p, =0; (6)

Fig. 2. Scheme for calculating the gas hydrate dissociation in
the porous layer

(cp), %+ pgc,V, gradT =div(r, grad T); (7)
A :—HigradP; 8)

8
P=p,RT, )

where T'is the temperature; P is the pressure; t is the time; p is
the density; ¢ is the heat capacity; v is the flow rate; A is the
thermal conductivity; k is the medium permeability; p is the
dynamic viscosity coefficient; S is the pore saturation with the
corresponding phase; R is the universal gas constant, the indi-
ces h, g, w are referred to hydrate, gas, and water, respectively.
Balance conditions are also added to system (1—9)

S, +S, =1, 0£x<§(r)}

S,+8,=1, go<x<w (10)

The first equations of system (10) represent the mass bal-
ance in the zone of dissociated gas hydrate (area 1 in Fig. 1),
and the second equation — in the zone of stable gas hydrate
(area 2 in Fig. 2).

The thermophysical properties of the porous medium are
determined from the relations

i =m(1 =S )k + mS, A, + (1 —m)hg;
(ep)y =mS,pyc, + m(l = S8,)pgc + (1 —m)pc;
Xy =m(1 =Sy, + mSyl, + (1 —m)h;
(ep)y=m(1 = Sp)pgc, + mSypue + (1 —m)pycy,

where the index s is referred to the rock.

Let us consider the processes on the surface of the phase
transition &. On this surface, the hydrate saturation jumps
from the value S, = S, to S, = 0, and the thermodynamic pa-
rameters take values corresponding to the phase transition
point

T=T; P=P, (11)

A large number of works are devoted to the determination
of the relationship between the values P, and T characterizing
the equilibrium state. Basically, the relationship between these
parameters is described by empirical expressions. The review
of such expressions is presented in the monograph [20]. The
Antoine equation will be used for the connection of these pa-
rameters

9459

/7493185 In P, (12)

The mass and heat flows will undergo a discontinuity on
the front surface due to the absorption of heat and the gas hy-
drate decomposition into gas and water. The equations of mass
and energy balance on the surface have the form

Al =W, (13)
i(Tg =T, =Wy (14)
(4 -a), = H. (15)

where 7 is the normal unit vector to the frontal surface; W, =
oS oS, d

=-—mp,(1-G)—L; W, =-—mp,G—L; HzphL—F’; G is the
ot ot d

T
mass concentration of gas in the hydrate; L is the latent heat of
the phase transition.

Since the thermophysical characteristics of the porous
medium are determined mainly by the properties of the rock,
it is assumed that A; = A, = const, (cp;) = (¢p,) = const. It will
be considered that the transfer processes are carried out main-
ly due to the movement of gas, while water is poorly movable.
Taking into account the assumptions, the mathematical model
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of heat and mass exchange processes for the one-dimensional
semi-infinite layer based on system (1—9) is written as follows

op_ k., o oP
—L1= —| P—L|, 0<x<§(7); 16
ot mu,S, ox ' ox X<t (16)

k
(cp)l%_cgigi%%:i ;\’l% , 0<X<E_,(T); (17)
ot mu, RT ox ox ox\ = ox
on__ Kk of,on
ot mp,S, ox 2 ox
(e, O _Gke B 0BT, _0f, oT;)
ot mp, RT, ox ox ox ox (19)

&(1)<x <.

], E(1)<x <0 (18)

The initial conditions for the system (16—19) have the fol-
lowing form

Ti(x, 0)=Tj;
Th(x, 0) = Ty;

Py(x, 0) = Py;
Pz(x, O)ZP().

On the phase transition surface, the following conditions
are formulated based on balance equations (14, 15)

(20)

k k
i%_i% =m Sgl_ng_&GSh ﬁ; (21)
B OX  p, ox : Py Fjdr
oT, oT, dg
M—L-A,—2 | =mp, L.
[ Tox 2 6x] P 22)

The boundary conditions for (16—19) are written like

5,0
ox .

y = 0L(TZLc:o _TW); P2|x:0 =h;

Ul

(23)
X0 :TO; 1)||wa :1;6’

where a is the heat exchange between the porous layer and the
external atmosphere, which can be determined by the tech-
nique proposed in the paper [21].

The k, value can be determined from the Cozeny-Karman
relation (Carman, P.C. Permeability of saturated sands, soils
and clays. The Journal of Agricultural Science, 1939), which is
widely used in the study of filtration processes in porous media

k, =k,S2,

where k is the absolute permeability of the layer.

System (16—23) is the system of nonlinear differential
equations. In the general case, to solve problem (16—23), it is
necessary to apply numerical methods [22]. In this case, both
marching methods and methods with the selection of the
phase transition front can be used. In the present work, the
method of the phase transition front “capturing” in the node
is used. The feature of the algorithm used in this work has lied
in the fact that to determine the advance rate of the phase tran-
sition front the equation (23) is used. In most known works,
the thermal condition (22) is used to determine this value. The
general scheme of the calculation algorithm is presented in
Fig. 3.

In accordance with the algorithm in Fig. 3, at each time
step, the following sequence of operations is carried out. Since
the physical factor that leads to the beginning of the gas hy-
drate dissociation is pressure, the advance rate of the phase
transition front is determined from equation (21). Then the
temperature drop in consequence of the endothermic dissoci-
ation reaction is determined. After that, the pressure and tem-
perature fields are determined based on the numerical solution
of the differential equations system.

Results. Let us consider the heat and mass exchange pro-
cesses in the porous rock layer with m = 0.022 during the gas

Time cycle begin

Determination of
the front line rate
from (21)

v

b

Determination
temperature drop
from (22)

Correct the e by (12)

i

Solving the
system (16)-(19)

Time cycle end

I

Fig. 3. Calculation algorithm scheme

hydrate dissociation. It is assumed that under conditions of the
abnormally high formation pressure of Py= 10 MPa, the stable
methane hydrate is presented in the formation at the positive
temperature of 7;, = 283 K. The initial concentration of gas in
the hydrate is G = 0.2. At some initial moment of time, the
formation is destructed, and the pressure drops to a value of
P,~ 0.1 MPa at the free boundary of the massif. Due to the
violation of thermodynamic equilibrium, decomposition of
the gas hydrate into gas and water is initiated. The pressure of
the phase transition at the given initial temperature is
P;=9.56 MPa. Since hydrate dissociation is the endothermic
reaction with the absorption of heat, as a result, the drop in
temperature will arise.

The initial data for the calculation are taken as follows:
ky=10""m? L=5-10°J/kg, S,0=0.9, R,=520J/(kg - K), p,=
=1.2kg/m?, p,=900 kg/m?, p,, = 980 kg/m?, p, = 2000 kg/m?,
Ly =0.6 W/(m - K), &, = 2.11 W/(m - K), A,,=0.58 W/(m - K),
u, = 107 Pa - sec, ¢, = 1560 J/(kg - K), ¢, = 2500 J/(kg - K),
¢, =4200J/(kg - K), ¢,= 1000 J/(kg - K).

The results of calculating the temperature field along the
porous formation according to the above algorithm are pre-
sented in Fig. 4. The results of the pressure field calculation are
shown in Fig. 5.

As can be seen from the data in Fig. 4, the temperature
drop occurs due to the heat absorption during the endother-
mic dissociation of gas hydrate. As the simulation results
show, 10 hours after the start of the process, the temperature
at the phase transition front reaches 277.2 K, and the corre-

Fig. 4. Distribution of the temperature T in the porous layer
during the gas hydrate dissociation:

1— 10min; 2 — 30 min; 3 — 1 hour; 4 — 4 hours; 5 — 10 hours
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Fig. 5. Distribution of the pressure P in the porous layer during
the gas hydrate dissociation:

1 — 10 min; 2 — 30 min; 3 — 1 hour; 4 — 4 hours; 5 — 10 hours

sponding pressure becomes 4.4 MPa. Consequently, the local
area of reduced temperature with the minimum at the phase
transition point is formed in the porous layer. As a result, the
pressure value, at which the hydrate dissociates, also decreas-
es (Fig. 5).

Fig. 5 shows that the value of the phase transition pressure
is much lower than the initial one, but exceeds the pressure on
the free surface. It should be noted that the pressure drop
across the thickness of the dissociated layer will contribute to
the appearance of the gas stream. The released gas volume will
be filtered in the direction of the free surface in proportion to
the pressure gradient value.

Fig. 6 shows the change in the advancement rate of the
phase transition front over time.

As can be seen from the data in Fig. 6, the advancement
rate of the phase transition front decreases over time. Conse-
quently, a growth rate reduction of the area, in which the gas
hydrate decomposes into gas and water, will occur. It should
be expected that over time the advancement rate of the phase
transition front will be asymptotically tended to a certain con-
stant value. Fig. 7 shows the dynamics of the position of the
phase transition front over time, which allows us to estimate
the size of the area of dissociated gas hydrate.

As can be seen from the data in Fig. 7, the increase in the
dissociation area over time is nonlinear. During 10 hours, the
phase transition line has advanced approximately on 0.45 m
into the depth of the layer. The increase in the dissociated gas
hydrate area decreases over time. It should be noted that the
above results correspond to the given porosity of the layer
m = 0.022. Obviously, the porosity is the parameter that can
significantly affect the rate of the dissociation front.

The advancement rate of the dissociation front of the gas
hydrate and the parameters of the dissociation area are impor-

0.054
0.04 4

0.034

dé/dr, mm/sec
o
o
N

0.014

0.00 T T T T T T T

Fig. 6. The change in the advancement rate of the phase transi-
tion front over time

0.45 -
0.40
0351
030

£ 0251

**0.20
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Fig. 7. The dependence of the position of the phase transition
front on time

tant technological characteristics of the process. These param-
eters make it possible to ensure the stable production rate of
wells during the development of gas hydrate deposits and to
predict their location.

Conclusions. The presented mathematical model and cal-
culation algorithm enable to study the heat exchange processes
in the porous rock layer during the gas hydrates dissociation.
The case of gas hydrate dissociation in the porous rock layer
under the initial high temperatures and pressures is investi-
gated.

It is shown that due to the endothermic reaction of dis-
sociation and heat absorption, the phase transition point,
which is determined by pressure and temperature, changes its
value over time. In this case, the temperature and pressure
drop significantly. The local area of low temperature is
formed.

It is shown that for the accepted initial data, the advance-
ment rate of the phase transition front line is decreased from
the value of 0.048 mm/s in the initial period of the dissociation
process up to 0.006 mm/s. Therewith, the dissociation area of
the gas hydrate is 0.45 m over 10 hours after the beginning of
the dissociation process.

The results of this work may be of interest for estimating
the rate of gas hydrate dissociation in porous rocks and evalu-
ating the geometric characteristics of the dissociation area in
the technologies of gas hydrate deposits development.
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Merta. Po3po6ka MeTonuKU AOCTIIKEHHS Ta aHaJIi3 MPO-
LIECiB TEIJIOMacOOOMiHY B TiIpaTOBMIlLyIOUOMY TTOPUCTOMY
1Iapi Mpu MajaiHHI TUCKY Ha OTO IpaHULIi.

MeTtoauka. MaTemMaTUYHE MOJIEIIOBAHHS, OOYMCIIIO-
BaJIbHUI €KCTICPUMEHT.

Pesyabratu. [lpencrtaBieHa MareMaThyHa MOIENb Te-
IJT10(i3UIHMX TIPOLIECIB TIPU PO3KIIaleHHI ra30BOTO TiIpaTy B
MOPUCTOMY 1l1api TipcbKoi mopoau. JlociimkeHo BUIAagoK
PO3KJIaJIEcHHS Ta30BOTO TiApaTy B MOPUCTOMY Iapi TipcbKoi
MOPOJIH, 1110 3HAXOAUTHCS Yy CTa0IbHOMY CTaHi MpPU BiHOC-
HO BHCOKMX ITOYaTKOBUX MOKAa3HMKAX TEMIEepaTypi it TUCKY.
BukoHaHi yncenbHi JOCIIKEHHSI TTOJIiB TeMITepaTypu i TUC-
Ky TpM po3KJIaleHHi ra3oBoro rimpaty. I[IpencraBieHo He-
CTaIliOHApHMIA PO3MOILT TeMIIepaTypy W THCKY B3IOBX I10-
PUCTOTO TUIacTa MPH PO3KJIAAEHHI Ira30BOTO TiapaTy BHACTi-
JIOK TIaJiHHSI TUCKY Ha oro rpaHulli. BusHaueHa MBUIKICTh
MPOCYBaHHs (DPOHTY PO3KJIANEHHS Ta30BOTO TilpaTy Ta 3Mi-
Ha po3MipiB 00JIacTi pO3KJIaJeHOTO ra30BOro TiapaTy Iepe-
XO[ly Y yaci.

HaykoBa HOBM3HA. 3aIPOIIOHOBAHO aJITOPUTM PO3pPaXyH-
KY TOJIiB TUCKY 1 TeMIlepaTypH B IIOPUCTOMY IlIapi y BUIIAMI-
Ky, KOJIU TeMIlepaTypa CTabiIbHOTO ra30BOTO TipaTy BUILIE
3HAaYeHHs TeMIIepaTypu ioro nucorianii. @akropom, 110 3a-
Oe3rnevye npoliec po3KIaaeHHs Ta30BOro Tipary, € MaaiHHs
TUCKY Ha I'paHulli mopoaHoro mapy. [TokazaHo BILJIUB eHA0-
TepMiUHOI peakllil aucolliallii ra30BOro riipary Ha Ipolecu
TEeIUI000MiHY B mopucTomy miapi. [TokazaHo, 1110 3HaUYE€HHS
TEMIIEpaTypy i TUCKY, SIKi BU3HAYAIOTh TOUKY PO3KJIAIECHHS
ra3oBOTO TipaTy, 3MiHIOIOTbCSI B Mipy MPOCYBaHHS (DPOHTY
(azoBoro nepexomy.

IIpakTiyHa 3HAYMMICTh. 3ampOIOHOBaHi MaTeMaTU4YHA
MOJIEJb Ta aJITOPUTM PO3PaXyHKY MOXKYTh OYTH BUKOPUCTaHI
JIJIS TIPOTHO3YBAHHS YACOBUX XapaKTEPUCTUK i pO3MipiB 30H
PO3KJIaIeHHS Ta30BUX TiIpaTiB HABKOJO EKCILTyaTalliifHUX
CBEPIJIOBUH.

KimouoBi caoBa: posinadenns easogux eiopamis, npouecu
mena000Miny, eHoomepmiuHa peakyis, ducoyiayis eiopamy, na-
OiHHA MUCKY
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Ieas. PazpaboTka METOOAUKU MCCIEIOBAHUSI U aHAJIU3
MPOLIECCOB TEILIOMAacCOOMEHa B TUIPATOCOAEPXKAIIIEM ITOPH-
CTOM CJTO€ MPH MaJeHUH JABJICHUS Ha €ro TpaHMIIE.

Metoauka. MaTemMaTnuyeckoe MOJIEIUPOBAHUE, BBIUYKC-
JINTEJIbHBIN 9KCITEPUMEHT.

PesyabraTsl. [IpencraBieHa mareMaTudeckasi MOAEb Te-
TTO(U3NIECKUX TTPOLIECCOB MPU Pa3IOKEHUU T'a30BOTO T'H-
JipaTa B IIOPMCTOM CJIO€ TOPHOI ropobl. MccienoBaH citydyaii
Pa3IoXEHMS Ta30BOT0 TUApATa B TIOPUCTOM CJIOE TOPHOI TTO-
POIbl, KOTOPBII HAXOMUTCS B CTAOMIBHOM COCTOSIHUM TTPU OT-
HOCHTETHbHO BBICOKMX HAYaJIbHBIX MTOKA3aTeNISIX TeMITEpaTyphbl
U JaBjieHUs. BbIMoMHEHB! YMCAEHHBIE UCCIEIOBAHUS TTOIei
TeMIIepaTyphl U TaBJICHUS TP Pa3JIOXKEHUH Ta30BOT0O THIApa-
ta. [IpeacraBieHo HecTallMOHApHOE pacmlpeneeHrue TeMIle-
paTyphl U IaBJICHUS BIOJIb IMMOPUCTOTO IUIACTA TIPU pasJioxKe-
HUY Ta30BOT0 TWApaTa BCJEACTBUE MaJAeHUs TaBJICHUS Ha ero
rpanuiie. OnpenesaeHbl CKOPOCTh IMPOABIKEHUS (hPOHTA pa3-
JIOXKEHMS Ta30BOTO TUApaTa U U3MEHEHHME pa3MepoB 00JacTh
Pa3IoKEHHOTO Ta30BOT0 TMIpaTa repexoaa BO BpeMEHM.

Hayunas HosusHa. [1penoxeH aaropuT™ pacueta rnoJjei
JaBJICHUSI U TeMITepaTyphl B TIOPUCTOM CJIOE B ClTydae, KoTaa

TeMITepaTrypa CTa0MJIBHOIO Ta30BOr0O THApATa BBILIE 3HAYE-
HUSI TeMIlepaTyphbl ero aucconuanun. MakrTopoM, obecre-
YUBAIOLIUM IIPOLIECC PA3JIOKEHMUsI Fa30BOr0O rUapaTa, SIBJIsi-
eTcsl MmafeHKe AaBJIeHMs Ha rpaHulie mopoaHoro cios. [lo-
Ka3aHO BJIIMSHKME SHIO0TEPMUIECKON peakiny IUCCOLUALINI
ra3oBOro I'MApaTa Ha MPOLIECCHl TEIIO0OOMeHA B MOPUCTOM
cioe. ITokasaHo, 4TO 3HAYEHMS TEMIIEPATYpPhl U JABICHUSI,
OIpeeIsIoNIie TOUYKY pa3IoKEHMST ra30BOro ruapara, mu3-
MEHSIIOTCS 10 Mepe IPOABMXKEHNUsST (GpOoHTa (ha30BOIo Iepe-
Xoza.

IIpakTyeckas 3HaYMMoOCThb. [IpeniokeHHbIE MaTeMaTH-
yecKasi MOJIE/b U aJITOPUTM pacyeTa MOTYT ObITh MCITOIb30-
BaHbI [UISI TIPOTHO3MPOBAHNUSI BPEMEHHBIX XapaKTEPUCTUK 1
pa3MepoOB 30H Pa3IOKEHUsI Ta30BbIX TMAPATOB BOKPYT DKC-
IIyaTallMIOHHBIX CKBAXKIH.

KnroueBble clioBa: pasiodcenue 2azo8vix cuopamos, npo-
yeccol menaooOMeHa, SHO0MepmMudecKas peakuus, OUCCoyuad-
yus eudpama, naderue dasaenus
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