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MATHEMATICAL SIMULATION OF HEAT-AND-MASS TRANSFER IN GAS HYDRATE
DEPOSITS IN A HIGH-FREQUENCY ELECTROMAGNETIC FIELD

N. M. Nasyrov, I. G. Nizaeva, and F. L. Sayakhov UDC 532.546:536.421:537.868

The laboratory and field experiments of {1, 2] showed the possibility of using a high-frequency
electromagnetic (EM) field for deep and intense heating of a productive bed by heat sources distributed over
the volume. The heat sources occur during interaction of a high-frequency EM radiation with the medium and
are caused by conversion of part of energy of the propagating EM waves to heat. When a hydrate-containing
rock is heated to the temperature of thermal decomposition of the gas hydrate, the latter can dissociate to
the gas and water. Owing to the heat sources distributed over the volume, the phase transition can also occur
in the absence of a temperature gradient. In this case, vast zones of phase transition can occur in which the
gas hydrate decomposition temperature is attained and the EM field energy is expended on its dissociation.

In [3-5], the Stefan problem was used as a mathematical model for the mathematical description
of processes that occur in a heated medium and are accompanied by phase transitions (melting and
decomposition). However, the assumption that phase transitions proceed on a geometrical surface (a front of
zero thickness) is applicable only in the case where the width of the phase-transition zone is much smaller
than the length of the EM waves radiated into the bed [3]. In addition, the width of the phase-transition
zone should be much smaller than the characteristic dimension of the problem, for example, the characteristic
length of the zone in which the EM radiation is absorbed by the medium. These conditions are satisfied for
small times of heating. It has been shown [5] that, as the productive bed is heated by the EM field, the
width of the phase-transition zone increases rapidly and, at some value of the width, the use of the Stefan
mathematical model gives a distorted picture of real processes.

The expression used in [3-5] for the density of heat sources distributed near the EM-wave radiator
gives a value that is more than 2 times larger than the real value calculated from the exact solution expressed
in terms of Hankel functions.

In this connection, it is necessary to use a phase-transition zone of finite width in the mathematical
model and obtain new expressions for the distribution of heat sources.

1. System of Equations Describing the Thermodynamics of Gas Hydrate Decomposition
under the Action of a High-Frequency EM Field. We study the following problem. A hydrate-saturated
rock is under a bed pressure at a temperature lower than the decomposition temperature of the gas hydrate
at the given pressure. The pore space is initially filled with the gas and the gas hydrate.

At the borehole bottom, a sufficiently powerful source of high-frequency EM waves is located opposite
to the productive bed. As the EM waves propagate, their energy is converted to heat. Over a fairly large
volume of the borehole bottom, the temperature increases, and, near the radiator, it reaches the gas hydrate
decomposition temperature that corresponds to the bed pressure. A moving boundary (or an extended region)
of the phase transition appears.

Maksimov and Tsypkin {6] noted that the gas hydrate decomposition regime in the bed depends on
the permeability and, at low permeability of the productive bed, volume zones in which the hydrate and
its decomposition products are present cannot exist simultaneously. Therefore, first of all, it is of interest to
consider primarily hydrate-saturated rocks with high permeability.
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Because of the high permeability of the bed and the adopted simplifying assumptions that water
filtration is absent and the gas viscosity is small, the pressure gradient is small. Therefore, the phase-transition
temperature of the gas hydrate changes insignificantly. It is reasonable to assume that the phase-transition
temperature practically does not change during the mining of the bed and extends over the entire volume zone
of the phase transition, i.e., the energy of the high-frequency EM field in the transition region is expended
only on the hydrate decomposition.

We assume that the frame of the porous bed and the gas hydrate are incompressible, water is an
incompressible liquid, the gas satisfies the Clapeyron equation, and the capillary effects are small. The entire
process of action of the high-frequency EM field s on the hydrate-containing bed can be divided into three
stages in the mathematical formulation: in the first stage, the bed is heated from the initial state to the
beginning of the phase transition at the borehole bottom and the occurrence of a moving decomposition
boundary; in the second stage, the Stefan problem is solved, i.e., the assumption of the progress of the phase
transition on a geometrical surface — the front of zero thickness; in the second stage, the non-Stefan problem
is solved, i.e., the decomposition of the gas hydrate in the zone of finite thickness located between the region
of completely decomposed gas hydrate and the region where the phase transition has not yet begun.

It is assumed that, in the first stage of heating, filtration of the gas and water is absent and processes
that occur under the action of the EM field on the gas hydrate bed are described only by the heat-propagation
equation

or 1 0 oT
S = <T/\ E) +4q, cp=(1—-m)copo+ m(a1p1cp1 + ve3p3),

PTl

v+o =1, P1=P10—P5;-77 A= (1-m)ro+m(o1A1 +vA3)

z
subject to the boundary conditions
T(,0) =Ty T(eo)=Tp 2N —0, )0 =cw, v(r0)= w0,

where ¢ and p are the specific heat and specific density, T is the temperature, t is time, r is the current
coordinate, A is the heat conductivity, ¢ is the density of heat sources, m is the porosity, o is the gas saturation,
¢p1 is the specific heat at constant pressure, v is the hydrate saturation, pyo is the gas density under normal
conditions (Py = 0.1 MPa and T = 273 K), P is the pressure, z is the coefficient of supercompressibility of
the gas, T} is the initial temperature of the bed and the temperature of the rock around the bed, rg is the
radius of the borehole, o}¢ is the initial gas saturation, and vy is the initial hydrate saturation; the subscripts
0, 1, and 3 refer to the frame of the rock, the gas, and the gas hydrate, respectively.

At the beginning of the gas hydrate decomposition, a moving boundary of the phase transition occurs
R(t), which divides the productive bed into regions I [ro < r < R(t)} and II [R() < r < o00]. It is assumed
that, in the first stage of heating, the pressure at the borehole bottom decreases, and removal of the gas-water
mixture formed begins. As in [6], it is assumed that, in the given stage of heating vy < 1, the processes that
occur in region I are described by the system
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and the processes in region II are described by the system

o7, 194 oT, aT
apu —a—tll =% ( Al at”) - p1cpW Ell + qi; (1.7)
dpoy) 19 _a
~a trar (p1Var) = 0; (1.8)
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Ko 0P
Vi = ,
= (1.10)
eupn = (1 —m) copo + m(a1p1¢01 + vesps); (1.11)
Anin = (1 —m) Ao+ m(o1A1 + vA3). (1.12)

Here V is the filtration velocity, o2 is the water saturation, Ko is the absolute permeability of the bed, p; is
the gas viscosity, and K;(o7) is the relative permeability of the bed; the subscript 2 refers to water.
The boundary conditions for the second stage of heating can be adopted in the form [7]

T t
P(T’O)=PP, P(TO)t)—' g P(OO,t):PP, ?_I%"'—)=O,
Ti(oo,t) = Ty, Ti(R,t) = Tu(R,t) = Te, T.=alogPs+b, (1.13)
JTi(R,t oTu(R,t dR dR (6p
- A1 Iér )+/\II Ha(.,. ) VLd—t iy = Vi —m-a< lfl/+0’1+—0’1_),

where P, and P, are the initial and bottom pressure of the bed, T, is the phase-transition temperature of the
gas hydrate, a and b are empirical constant, L is the heat release due to the phase-transition of the hydrate,
and 4 is the mass concentration of the gas in the hydrate; the subscripts plus and minus refer to the quantities
on the right and left at the dissociation front, and the asterisk refers to the quantities at the front that do
not undergo a discontinuity.

After the width of the phase-transition zone has reached a value that cannot be ignored compared with
the EM wavelength and the characteristic dimension of the problem, the third stage of heating begins. In
this case, the problem is solved for the following three regions: region I [rg < r < Ri(t)], in which the phase
transition has already been completed, I7 > T, region II [Ry(t) < r < Rz(t)], in which the phase transition
occurs and the gas, water, and hydrate coexist simultaneously, T1; = T, and region III [Ri(t) < r < Ra(t)},
in which the phase transition has not yet begun, Tjj1 < T,. For the third stage of heating in region II, it is
assumed that the hydrate saturation v changes continuously from the value 14 at the point r = Ry(¢) to zero
at the point r = Ry(¢).

The processes that occur in region I are described by system (1.1)-(1.6), and, in region III, they are
described by system (1.7)-(1.12) with replacement of the subscript II by the subscript III. In the phase-
transition zone (in region II), the processes are described by the system

ot 10 Ty 0Tq; v
1l ( A1 81 ) - p1cpVi — pw L+ mpgL — 5; T an

CIIP1Y —éT == —a';
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plszO'I?o T 2 = i ar
cipn = (1 = m)copo + m(a1¢p1p1 + 02c2p2 + ve3ps3),
At = (1 =m)do+m(o Ay + 022 + vA3), T.=aloghP. +b.

(1.14)

The boundary conditions for the third stage are given only by the following expressions on the stationary
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boundaries r = rg and r = oo:

OT (ro, t
P(r()at) = Pg’ P(oo,t) = PP’ ———(&,9_2 = 07 TI”(OO,t) = Tp'
On the moving boundaries, there are no boundary conditions because of the continuity of the hydrate
saturation v.
The absence of boundary conditions for r = R; and r = R; can be explained as follows. By analogy

with formula (1.13), for r = R;, we write

“X OT1(Ry,1t) I 0Tyi(Ry, t) = mpsvl @

or or dt -
Since the temperature gradient in region II tends to zero because of the progress of the phase transition, and
the hydrate saturation on the boundary r = R; also tends to zero, the second term on the left in the given

equation and the right side tend to zero. As a result, the remaining term of the equation also tends to zero:
O0Ti(R,t
WA (COT N

+ A

or
For r = R, the boundary condition is
8Ty(Ra, t) 0T(Ry, t) dRy
[ ————— + A — " = - ki)
5 tAm Em mp3L(vy — v_) T

For the reason indicated above, the first term tends to zero. The right side of the equation also tends to zero,
because the difference (v4 — v-) on the boundary between the regions tends to zero. As a result, we obtain

IaTm(Rz,t) -
or

Expressions that describe the distribution of heat sources in all three stages for each region are written
in Sec. 3. :

2. Estimate of the Width of the Phase-Transition Zone. Using the energy equation (1.14),
which describes processes in the phase-transition zone, we estimate its possible width. This, in particular, will
allow us to determine up to which heating time of the bed it is possible to use the Stefan problem as the
mathematical model.

Because of the continuous variation in the hydrate saturation v in the phase-transition zone, this
region is an electrodynamically inhomogeneous medium, whose electrophysical characteristics depend on the
coordinates.

We assume that the total heat from the distributed heat sources goes only for the gas hydrate
decomposition, and, hence, a temperature gradient is absent in this region. Because of this, the energy equation
(1.14) takes the form

A1t 0.

ov
mp3L e +qu=0. (2.1)
The solution of Eq. (2.1) is given by
t
an
=y — dt.
V=" 0/ mpal (2.2)

As the heat sources we use the known expression obtained for the radial distribution of EM waves for
the far radiation zone:

q= a;r]\—[’g exp (—2a(r — ro)). (2.3)

Here o and Ny are the damping factor and power of the EM waves and h is the thickness of the productive
layer.
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TABLE 1

Ry, m Ry, m ds, m t,day || Ry, m | Ry, m | df, m | ¢, day

0.0625 0.913 0.8508 13.7 4 21.4 174 1100
1 9.12 8.12 231 5 24.10 | 19.10 | 1458
2 14.3 12.3 490 10 34.75 | 24.75 | 3897
3 18.2 15.2 779

We find the time of complete decomposition of the gas hydrate at the observed point r = Rj, by
substituting (2.3) into (2.2):
vor Rihmps L

ty = —auTexP@an(Rl —1g)).

To determine the time of onset of the gas hydrate decomposition ¢; at the same point, we ignore the
conductive and convective terms in the energy equation (1.14) and also the heat losses into the rocks around
the bed. Equation (1.14) takes the form

0Ty _
il ot = 41

Integrating this equation and using formula (2.3), we obtain

anNot2
T, =Ty, + ——————exp(—2a31(Ry — ,
»* T Rihenpn P (—2an(Ry —ro))
and, hence,
(T# - Tp) TR hCIIPII
ty = exp (2a51( Ry — . 24
2 s - exp (2a1(R1 — o)) (2.4)
Thus, the duration of the gas hydrate decomposition is given by the approximate relation
mRih

t1+ty = anJ]Vo exp (2an(Ry — ro))(vomps L + (T« — Tp) enipnr), (2.5)

from which it is evident that the duration of the process, and, hence, the width of the phase-transition zone
(we denote it by df) depend on many factors: the electrical and thermal parameters of the medium, the
difference between the phase-transition temperature and the initial temperature of the bed, the porosity and
thickness of the bed, the frequency, radius, and power of the radiator of EM waves, and the distance from the
observed point to the EM-wave radiator.

If the time t = t; + ¢, for the given point r = R, is determined from formula (2.5) and the point r = R,
for the same time t is determined from formula (2.4), one obtains the transcendental equation

_ aNot
" (T, - Ty) whenpn

Specifying various values for R;, one can calculate the width of the phase-transition zone df (see
Table 1). The parameter values used in the calculations are given in Sec. 4.

As noted above, the Stefan problem can be used as the mathematical model provided that the following
two conditions are satisfied:

(1) the width of the phase-transition zone should be much smaller than the characteristic length of the
problem;

(2) the width of the phase-transition zone should be much smaller than the length of the EM waves
Ap radiated into the productive bed.

From the first condition, written as dy < 1/a, we obtain d; « 30 m. The second condition requires
dy € Ap. If we use the frequency f = 13.56 MHz of one commercial generator, then dy < 10 m. The second
condition imposes a more stringent requirement on the width of the phase-transition zone.

R, exp (—2aq1(R2 — o).
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Analysis of Table 1 leads to the following conclusion. The Stefan problem can be used as the
mathematical model only in the initial stage of heating, in which heating covers the borehole bottom of
the bed. On further heating, the width of the phase-transition zone cannot be ignored.

The mathematical model described above allows one to study processes with a volume phase-
transition zone that occur under the action of high-frequency EM fields on hydrate-saturated rocks with
high permeability. This leads to the allowance for the gas fraction evolved in the decomposition of the gas
hydrate in the transition region, whose width (see Table 1) can be significant. According to [7], with high
permeability of the bed, the mass of the gas produced from the phase-transition zone can be several orders of
magnitude larger than the mass of the gas produced from the region of complete dissociation of the hydrate.

3. Calculation of the Temperature-Field Distribution with Allowance for the Phase-
Transition Zone. The temperature distribution in the productive bed is a basis for the calculation of the
main technological characteristics of the thermal method of exploitation of gas-hydrate deposits (for example,
the volume of the region heated to the phase-transition temperature, the amount of the gas evolved, the
required power of the EM-wave radiator, etc.). In turn, the temperature distribution under volume heating of
the medium is mainly determined by the distribution of heat sources, and the heat conductivity and convection
only facilitate a more uniform temperature distribution in the medium.

For the mathematical simulation of the processes that occur in the decomposition of gas hydrates due to
the action of a high-frequency EM field, the use of the phase-transition zone of nonzero width primarily requires
obtaining new formulas for the power of the heat sources distributed in the productive bed. As noted above,
the phase-transition zone is electrodynamically inhomogeneous medium, whose electrophysical characteristics
depend on the coordinates. The mathematical problem of the field propagation in inhomogeneous media is
very complicated and has no general solution. However, for the problem of a plane wave in a medium whose
parameters depend on a single coordinate, there is a simple mathematical apparatus that provides, in some
cases, an exact or approximate explicit solution 8, 9].

Electrodynamically, a gas hydrate bed is a nonmagnetic dielectric with losses. It is characterized by
the complex dielectric permeability ¢, which depends on the spatial coordinate. Let the EM field for the radial
coordinate system depend on only one coordinate r. For a monochromatic EM wave, the wave equation is of
the form [8]

2
where E is the complex amplitude of the electric-ﬁeld-strength component E, (the subscript is omitted below),
k = w\/Eopg is the coefficient of EM-wave propagation in vacuum, €g and pg are the electrical and magnetic
constants, and w is the radial frequency.

The solutions of the wave equation (3.1) for region I (rg < r < R;), in which the gas hydrate has
completely decomposed and the medium is homogeneous, for region II (R; < r < R3), in which the hydrate
is still at the decomposition stage, and for region III (B2 < 7 < o0), in which the hydrate has not yet begun
to decompose and the medium is homogeneous, can be obtained by the Wentzel-Kramers-Brillouin (WKB)
method [8, 9]. For this, we represent the field strength E as the product of the slowly and rapidly changing
factors (the amplitude and phase of the field) and substitute it into Eq. (3.1). Then, ignoring the second
derivative of the slowly varying factor, we find the solution as the sum of the incident and reflected waves.

Using additional conditions, it is possible to obtain two simple equations that relate the unknown
coefficients of the incident and reflected waves {8].

The electric-strength field is related to the EM-wave radiation conditions by the following formulas for
the three regions, respectively:

= A—l-;{exp(—jk\/e_lr)+Bexp(jk\/e_1r)}; (3.2)

Ey = 7_{ \/(_)exp( ]k/\/e_fdr) (’:/i__)eXp (Jk/\/ﬁdr)}; (3.3)
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Eyi = AD %exp(—ﬂc emr)- (3-4)
Here A is a general coefficient that depends on the conditions of EM-wave excitation in the medium, j = /=1
is the imaginary unity, B is the coefficient of reflected waves in region I, Ci(r) and C2(r) are the coefficients of
incident and reflected waves, respectively, in region II, and D is the coefficient of incident waves in region III.

Note that the exponents in formulas (3.2)-(3.4) are asymptotic approximations of Hankel functions in
the far zone of the EM-wave radiation, in which the condition

kver > 1 (3.5)

is satisfied.
The coefficients Cy(r), C2(r), and B can be refined iteratively [8]. As a first approximation for the
coefficients Cy(r) and B we have

Ry | T
. € .
Ca(r) = — Ye1exp (jk/E1R1) / -4—EI—III—exp ( - 2]k/,/en dr) dr,
T o

R . r
é .
B=- iexp ( - 2]lc/,/en dr> dr,
4eqy
o 0

where € is the derivative with respect to the coordinate r, and it is also taken into account that C2(R;) = 0,
i.e., there is no wave that propagates from the right.

The unknown coefficients Cy(r) and D are found from the boundary conditions at the points r = R,
and r = Ry:

4/€I

The distribution of heat sources ¢ in the medium can be determined from expression [4]

Ry
_ o .
G = Yerexp (~jhvEiR), D =Zeexp (ik(vamR: - [ vaidr)).
R,y

! ’
wege' tan é wege' tan §
— Lo M0 ppr - Leoc tand
2 2
Here the superscript asterisk denotes the complex-conjugate quantity, €' is the real part of the complex
dielectric constant € = &' — je”, and tan § = €" /¢’ is the dielectric loss tangent.

The exponential factors in (3.2)-(3.4) are representable in terms of the damping factor a and the phase
factor g [9]:

|EJ2. (3.6)

exp (—jkver) = exp(—j(B — ja)r),

T T T
exp (——jk/\/eu dr) = exp (—j/ﬂudr - /an dr).
R Ry

Ry

(3.7)

Taking into account formulas (3.6) and (3.7), we obtain the distribution of heat sources in the three regions
in the form

/ t 5 .
qi = =LA exp (~2aar) + | B exp (2arr) + 2Re (B” exp (<236ir)) }; (3.8)
weogh tan 61[ 2 2 r
g = eoentanon 4 {|cl| exp ( -2 [ an dr)
2ry/lenl R
+ |Cgl2 exp (2 / aqp dr) + 2Re(CICQ‘ exp (— 23 / Bu dr))}; (3.9)
Rl Rl
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!
wepeTy tan dyyy
qur = ————H;r |AP|DJ? exp (=2aqn17), (3.10)

where Re is the imaginary part of the complex quantity.

Using the expression for the Poynting vector and the formula for the magnetic-field strength H in the
form (9]

H=Az"'— (exp (—jkver) — Bexp (7k\/er)),

%._.

for the coefficient A we write
1 ; -1
|A|2 == Re {;;(exp (—2e179) — |B|2exp (2a179) + 25Im (B exp (Zjﬂlrg)))} ,
1

where z1 is the wave resistance of the medium in region I and Im is the imaginary part of the complex quantity.
In the third stage of heating in regions I-III, the heat sources ¢ are given by relations (3.8)(3.10);

the dielectric characteristics of the saturated porous medium for the third stage are found from the following
relations:

e1 = (1 —m)ey + m(o1€] + 0263), tanéy = (1 — m)tan & + m(oy tan 6; + oy tan &),
e = (1—m)eg+m(o1€] +0o2ey+vey), tandy = (1—m)tan bo+m(og tan §+07 tan §+v tan 83),
e = (1 — m)ep + m(o1€} + vey), tanéyy = (1 —m)tan by + m(oy tan é; + vtané3).

In all the stages of heating, a uniform distribution of heat sources across the bed thickness and radial
symmetry are assumed. In the first stage of heating, EM waves propagate in the medium without reflections,
and the expression of heat sources is of the form [4]

2
_ a@BNo IHéz)(k_\/Er)|
™70k Re (jkverHy® (kv/Ero) H{" (kv/e¥ro))

where Hi(l)(. ..) and Hi(z)(. ..) (: =1 and 2) are Hankel functions.

In the second stage, EM waves are partially reflected from the phase-transition boundary R(t) (front
of zero thickness), and the expressions of heat sources in regions I and II are of the form [4]

o= S AP{EE () + 1B HE (b))
2 ' R*
_ %{Re (1 2 (ke B (ke B (yfefr) — kv (k) H® (k\/e’;'r)))
+Re( (ky/er B (ki) B (k\feir) = kyvaH® (kyeiny B (ke )))}

(3.11)

AP|C
qn=| FIor anBulH (kv/er) 2,
wpo
_ 21H( (kTR H{) (k\/ETIR) — H{D (keiR)H ) (k/EIR) o A (3.12)
H{P(kJenR)H{V (k\/EIR) — zuH“’(kfR)HP(kﬁR)’ ar’ '
- HP (k. /eiR) + BH{Y( (ky/EiR)
HP (k. /eTiR)

N _7 ‘ * * *
|A]? = }?EOE Re{;l; (HSP (k/Erro) HP" (k\Jeiro) + B* HE (ky/Eiro) HV (k\/feiro)
-1
+ BH (kEiro) H" (kyfeira) + 1B HED (k/Eira) B (kyfefro) )}
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When reflection of EM waves is absent, i.e., the reflection coefficient is B = 0, formula (3.12) becomes
(3.11). If, instead of the Hankel function in formula (3.11), we write their asymptotic expressions for the far
zone, in which condition (3.5) is satisfied, we obtain the known expression for distributed heat sources (2.3)
[5]; (2.3) can be derived from formula (3.8), if we assume that B = 0 and tan§ < 1 and use the known
expressions for the damping factors of EM waves « and the phase 8 [9]: « = kv/&' tan /2 and 8 = kv’

4. Results of the Numerical Studies. We give the results of calculations [using formulas (3.8)-
(3.10)] of heat sources distributed in a productive bed including an inhomogeneous phase-transition zone of
finite thickness for the following parameters: m = 0.4, f = 13.56 MHz, Ny = 10 kW, A = 10 m, ro = 0.0625 m,
eh = 3.98, tan 6o = 0.02, €} = 1, tand; = 0.0001, 5 = 4.17, tan 63 = 0.1, &) = 87, tan &2 = 0.002, vp = 1,
ps = 800 kg/m?, L = 5.1-10° J/kg, T, = 10°C, P, = 20 MPa, P, = 7 MPa, copo = 1193 kJ/(m® - K),
c3p3 = 2304 kJ/(m® - K), and p2 = 1000 kg/m3. To simplify the calculations, we assumed o3 = 0.

The results obtained show the wave-like dependence of the reflection coefficient of EM waves, calculated
from the power |B|? and density of heat sources g at the observed point, on the phase-transition zone width
(region II). With increase in the width of region II, the vibration amplitude decreases, and, in the limit, | B{?
tends to zero and ¢ tends to its value for an infinite (without EM-wave reflection) medium.

The dependences |B|?(dys) and g¢(dy) (curves 1 and 2) at the point of EM-wave radiation in region II
are shown in Fig. 1 with a linear increase in the hydrate saturation v from zero to unity.

A typical distribution of heat sources for the radial propagation of EM waves is shown in Fig. 2. In
region | standing waves are not formed, and the density of heat sources is maximum at the borehole bottom.
In region II, some formation of standing waves is observed.

The heat-source distributions in regions II and III for various values of the width of region II are
shown in Figs. 3 and 4 (curves) with a linear increase in hydrate saturation (curves 2). In Fig. 4, the width
of region 1II is larger than the EM-wavelength, and the formation of standing waves is evident. Obviously, for
the decomposition of the hydrate mass that is not present in the porous medium, the formation of standing
waves in region II will be more distinct.

In Figs. 3 and 4, region II is located far from the source of EM waves, and the radial character of
wave propagation appears only slightly. Therefore, an increase in the density of heat sources with increase in
hydrate saturation is observed. If region II is located near the source of EM waves, then, as shown in Fig. 5,
despite the increase in hydrate saturation, the density of heat sources decreases exponentially in almost the
entire region because of the radial propagation of EM waves.

Figure 6 shows the dependences of the density of heat sources at the borehole bottom (curve 1) and the
reflection coefficient {B|? (curve 2) versus the position of the boundary R;. In this case, Ry varies in parallel
with a change in Rj, but the difference between them remains constant. Evidently, the first dependence
is wave-like (as the distance between region II and the EM-wave radiation source increases, the vibration
amplitude decreases), and the second dependence decreases monotonically.

The aforesaid leads to the following conclusions. The investigation of the processes that occur under
the action of an EM field on a productive bed leads to a qualitatively different class of physical problems,
whose solution requires the introduction of a phase-transition zone of finite thickness into the mathematical
model used. The thermodynamic state of the bed (temperature, pressure, and hydrate saturation) depends
greatly on the width of the phase-transition zone, the location of its near and far boundaries relative to the
radiation source, and the variation of these factors. This leads to nonlinearity of the energy equation that
describes the temperature distribution in the productive bed.
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