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ABSTRACT

Purpose. Justification of the principal schemes acceptable for the existing level of technology, methods of extraction
and transportation of offshore natural gas deposits. Increase in their efficiency by maximum reduction of energy
consumption resulting from complex considerations of thermal and physical properties and parameters of the system
components interaction. The work is focused on the improvement of borehole products preparation system according
to the gas hydrate technology during the development of offshore gas fields. The research objects were thermody-
namic parameters of the system “gas — water — gas hydrate” in a vertical pipeline under nonadiabatic conditions.

Methods. Analysis and generalization of the results obtained from the complex experimental research. Mathematical
modeling and software development.

Findings. The technology of gas transfer into a gas hydrate form without energy consumption for phase transition
was proposed. The expediency of gas deposits development by its binding into the gas hydrate form during passage
through the sea layer in the appropriate thermobaric conditions was substantiated. Mechanism of the alternative ener-
gy sources use for the production of gas hydrates, as the most energy-consuming process in technology of transpor-
ting gases in the form of gas hydrates, was grounded.

Originality. The principle possibility of binding the extracted gas into the gas hydrate form due to the energy of
the productive layer and salt water was estimated. A mathematical model and software product for the description
of the hydrate formation process in the presence of excess water in a vertical pipe under non-adiabatic conditions
were developed.

Practical implications. The proposed gas hydrate technology creates important prerequisites for the development of
small- and medium remote gas deposits, improves the efficiency and competitiveness of technology for marine trans-
portation of natural gas in hydrate form.

Keywords: natural gas, extraction, gas hydrates, FPU platform, phase transition, heat transfer, mathematical model

1. INTRODUCTION

Growing global energy demands brought about the
necessity to develop new oil and gas fields (Giavarini &
Hester, 2011; Lu, 2016) unconventional hydrocarbon
deposits (Mykhailov, 2016) as well as conventional pri-
mary energy resources (Petlovanyi, Lozynskyi, Saik, &
Sai, 2018). Consequently, the technologies of transporta-
tion and storage of extracted minerals are constantly
improving (Javanmardi, Nasrifar, Najibi, & Moshfe-
ghian, 2005; Dychkovskyi et al., 2018).

In view of this, natural gas is definitely the most ac-
ceptable resource in terms of environmental impact and
technological use. According to the British Petroleum

report of 2015, global natural gas reserves constitute
approximately 6607 billion m>. However, nearly half of
that amount is assumed to be stranded and associated gas
that is not economical for market delivery because of its
remoteness from potential markets and lack of transpor-
tation infrastructure. First of all it concerns offshore
deposits, though their share is growing rapidly with each
passing year. But the demand for natural gas from off-
shore fields is continuously increasing. Despite this,
traditional technologies for its transportation often turn
ineffective, especially in the case of remote offshore
deposits with small gas reserves. Construction of pipe-
lines to such deposits is unprofitable. Especially it con-
cerns LNG technology.
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In recent years, liquefied natural gas (LNG) has be-
come the preferred method of natural gas transportation
for large distances, particularly across the ocean. Howe-
ver, LNG projects will be profitable only for sufficiently
large volumes of gas and a considerable transport dis-
tance (Economides, Sun, & Subero, 2006). At present,
there are several alternative gas transportation technolo-
gies at the various stages of implementation: compressed
natural gas (CNG), gas in natural gas hydrate form
(NGH), gas-to-liquids (GTL), and gas to electricity
(GTW). Each of these technologies, with all its ad-
vantages and disadvantages, can be applied for the trans-
portation of gas from offshore deposits. Though NGH
technology has been around for a long time (Gudmunds-
son, Parlaktuna, & Khokhar, 1994; Gudmundsson &
Borrehaug 1996), it has not been fully appreciated yet,
since it is still at the stage of technological processes
development and improvement.

2. DEVELOPMENT THE TECHNOLOGY
OF THE CONVERSION OF EXTRACTED
NATURAL GAS OF MARINE DEPOSITS
INTO GAS HYDRATE FORM

The technology based on the ability of gas and water
molecules to form gas hydrates has been actively deve-
loping in recent years. Methane clathrates, known as
methane hydrates or gas hydrates, are crystalline solid
hydrocarbon compounds formed when methane gas is
trapped within the crystalline water structure at low tem-
peratures (5 —15°C) and high pressures (2 —3 MPa)
(Sloan, 2003). One cubic meter of hydrate can store ap-
proximately 150 — 170 cubic meters of natural gas de-
pending on thermobaric conditions and the gas composi-
tion (Makogon, 2010).

Enormous amounts of natural gas can be extracted
from NGH reserves available worldwide. Approximately
98% of them are concentrated in the World Ocean at
depths ranging from 200 to 700 m, and in the bottom
sediments with thickness of 400 — 800 m. Hence, their
development does not require drilling of the ultra-deep
wells. Gas hydrate reserves in the world are reported to
vary widely within the range between 10" —10'® m?
(Birchwood et al., 2010; Maksymova, 2018). The amount
of methane gas within these NGHs is estimated to be
2.1:10' m3, which is more than all carbonaceous fuel
reserves of the planet (Boswell & Collett, 2011).

Studies have shown that gas hydrates in the approp-
riate conditions remain stable for a sufficiently long time
and can be used to transport gas at considerable distances
(Gudmundsson, Parlaktuna, & Khokhar, 1994). There-
fore, hydrates are a feasible way to transport and store
natural gas in large quantities (Gudmundsson, Graff, &
Kvaerner, 2003; Kanda, 20006).

The storage of natural gas in the gas hydrate form
was first proposed by Benesh (1938) (produced at 283 K
and the pressure of 35 MPa, stored at 241 K, i.e. in con-
ditions close to the equilibrium) (Khokhar, 1998). The
fact that natural gas hydrate contains not only gas but
also water makes NGH technology the safest. In addi-
tion, the processes of formation, storage and melting of
the gas hydrate take place in rather mild thermobaric
conditions, in comparison with compression pressure
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(25 MPa) for CNG or with the temperature of 111 K for
LNG. Hydrates are usually stable at moderate tempera-
tures and pressures when compared to the conditions
required for LNG and CNG (Bondarenko, Svietkina, &
Sai, 2017). The scheme incorporating natural gas hy-
drates can be an economically preferable solution for the
production, storage, and transportation of natural gas
from deep water reserves to the shore.

Since Gudmundsson & Berrehaug (1996) proposed
the first concept of hydrates utilization in natural gas
transportation, some companies and organizations got
engaged in the research into this issue. Through these
investigations, it was established that NGH could be
transported under atmospheric pressure at the tempera-
ture around 253 K because NGH has a self-preservation
effect. A Japanese consortium, led by Mitsui Shipbuil-
ding Co., managed to commercialize natural gas distribu-
tion via a supply chain incorporating NGH (Satoo, 2012).
The comparison of capital expenditures incurred during
realization of LNG and NGH projects is given in (Gud-
mundsson, Graff, & Kvaerner, 2003). The latter techno-
logy was 23 — 27% more efficient. In addition, the capac-
ity of the gas hydrate production lines can be 4 times
lower compared to the LNG production line, without
increasing its cost. This allows for smooth adjustment of
production to the change in demand for natural gas (Gud-
mundsson, Parlaktuna, & Khokhar, 1994). Research has
identified a number of advantages inherent to the techno-
logy of gas transportation in gas hydrate form (NGH).

But the arguments in favor of this technology were
not convincing enough to stimulate significant invest-
ments in its refinement and practical implementation.
The research was based on the fact that processes in-
volved in the gas hydrate production and its melting were
carried out at the expense of traditional energy sources
(for example, a part of the gas). Therefore, calculation of
transportation costs included the cost of the energy used.
At the same time, in the case of NGH-technology, these
operations are the most energy consuming.

Besides, the granulated gas hydrate was considered
the main form for this technology (Gudmundsson, 1996),
though it has a number of disadvantages (Dawe, Thomas,
& Kromah, 2003). As a rule, granular hydrates tend to
freeze into a monolyth which complicates unloading.
Consequently, they fill only 78% of the volume of vehi-
cles or storages (Gudmundsson, Graff, & Kvaerner,
2003). Furthermore, much of the total granules surface
area and the system of open channels between granule
channels induce the process of volumetric dissociation in
the gas hydrate mass. Preserving stability at the atmos-
pheric pressure needs additional costs for cooling to
temperatures below 258 K. Here, large monolithic blocks
become a good solution.

For industrial implementation of gas transportation
technology in gas hydrate form, it is necessary to
enhance its commercial attractiveness and improve its
economic efficiency. This can be achieved by sharply
reducing energy costs related to the technological pro-
cess. As noted above, the main part of energy in
NGH-technology is consumed by phase transitions (pro-
cesses of production and melting of gas hydrate)
(Bondarenko & Sai, 2018). Therefore, it is impossible to
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reduce these costs without violating the fundamental
laws. Considering the properties of gas hydrates and
specifics of gas extraction from offshore deposits, it is
possible to carry out the technological processes at the
expense of the environment energy (Bondarenko, Ga-
nushevych, Sai, & Tyshchenko, 2011).

A method of producing a gas hydrate in the form of
large size blocks, preserved in the ice layer, is proposed
in the patent (Pedchenko & Pedchenko, 2013). Suitability
of such gas hydrate blocks for long-term storage at
atmospheric pressure and slightly subzero temperature
(270 K) is discussed in Pedchenko & Pedchenko (2012)
and Pedchenko & Pedchenko (2016).

The technology of transportation and storage of gas
hydrate blocks is substantiated, its economic advantages
are also defined. In addition, the authors developed a
design for mobile land storages and the technology of
their maintenance. To increase the efficiency of technolo-
gy, it is proposed to melt gas hydrate using solar energy.

In the case of offshore gas fields development, the
NGH technology efficiency can be increased by optimi-
zing gas hydrates production. Intensive gas hydrate for-
mation requires creation of a maximum phases interface
area (gas—water) and the removal of heat produced
during the exothermic process. The extracted gas exiting
the well has a certain reserve of the reservoir energy. On
the way to the consumer, this energy is quickly spent on
gas preparation and friction in the pipeline during trans-
portation. Additionally, in offshore deposits, the process
of well products transfer above sea bottom level is ac-
companied by heat transfer with seawater through the
walls of the pipeline. All the mixture is cooled at the
average seawater temperature of 278 K. Cooling of gas
during the extraction process may also occur because of
its throttling (Joule-Thomson effect). As a result, ther-
mobaric parameters in the flowline can reach the condi-
tions of hydrates formation which will start in the pres-
ence of condensed water. Although hydrates formation is
accompanied by heat release, the temperature in the pipe-
line does not achieve the equilibrium value due to heat
transfer with seawater. Thus, the process of hydrates
formation will continue, which is undesirable under the
existing technology because it leads to the formation
of hydrate cork and requires significant costs for its pre-
vention (gas drying, introduction of process inhibitors,
heating of the products).

However, in the case of the NGH technology imple-
mentation, it would be logical to use the existing sea
body potential (high pressure, relatively low temperature,
source of water) and gas (reservoir energy) for gas hy-
drate production. The optimal configuration takes ad-
vantage of conditions ensuring NGH formation in situ.
The proposed method generates NGH in such ocean
region where the combination of pressure and tempera-
ture inherently contributes to their formation, kinetics
and thermodynamics. The scheme of the technological
process is presented in Figure 1. It combines the method
for the conversion of gas extracted from the well into the
gas hydrate form using the energy of the sea and gas
flow. The final product of the process is the cooled
blocks, covered with an ice layer.
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Figure 1. Schematic diagram of technology for the conver-
sion of extracted natural gas from offshore depo-
sits into the gas hydrate form: 1 — well; 2 — pipe-
reactor; 3 — elements of the system for gas hydrate
mass preparation; 4 — formation of gas hydrates
blocks; 5 —gas hydrate compression; 6 — preser-
vation of gas hydrate blocks in ice layer;
7 — transportation of gas hydrate; flows: I— gas
hydrate pulp; II — water discharge; 111, V — moist
gas hydrate; 1V, VII-low pressure gas;
VI — compressed gas; VIII — gas hydrate blocks;
IX — gas hydrate blocks covered with ice

Based on these considerations, the authors of (Ped-
chenko & Pedchenko, 2016) proposed a method of joint
development and transportation of products from gas and
gas hydrate offshore deposits in gas hydrated form.

In accordance with this method (Fig. 1), the gas
from the production well / being in contact with the
water flow in the pipe-reactor 2, gives the heat to the
surround-ding seawater, binds into the gas hydrate and
forms a mixture of water and gas hydrate (gas hydrate
pulp). Gas hydrate in the pulp (flow /) is fed onto FPU
platform, where it is concentrated and formed into the
gas hydrate blocks. Gas-hydrated blocks are transported
by sea and stored in gas hydrate storages until the time
of consumption.

Thus, the purpose of the work is to estimate the prin-
ciple possibility of binding gas from offshore deposits
(during the contact of gas and water in a vertical pipe)
into the gas hydrate using alternative energy sources
(energy of the productive reservoir and low potential
energy of sea water), as well as to determine the main
parameters of the technological process.

Since experimental research and field tests involve
significant material and financial costs, the authors have
developed a mathematical model of this process and the
corresponding software product for its realization which
are discussed further on in this paper.
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3. ANALYTICAL AND EXPERIMENTAL
STUDY OF GAS HYDRATE FORMATION

Let us consider the vertical pipe of diameter
d=0.3 m (Fig. 1), which connects the offshore gas well
and the FPU platform (i.e., the pipe passes through the
thickness of water). The gas extracted from the well
moves through the pipe. At some distance (depth) from
the platform, the gas is throttled to the pressure of 5 MPa
and cooled as a result of the Joule-Thomson effect. Im-
mediately next to the place of throttling, the jet pump
injects sea water into the pipe proportionally to the gas
volume 1/1.15 (1/56 in normal conditions) at the pressure
of 5 MPa. Taking into account the ratio of phases volume
under this pressure, the mixture of sea water and gas
moves further along the pipe with a considerable area of
the phase contact. However, thermobaric parameters of
this section of the pipeline will meet the conditions for
the gas hydrates formation. Therefore, the solid phase of
the gas hydrate will appear in the flow.

Since the gas hydrate formation takes place with the
release of thermal energy, the intensity of the solid
phase formation (and, consequently, the ratio of the
phases volumes in the flow) will depend on the intensi-
ty of the heat transfer between the mixture (water, gas
and gas hydrate) in the pipe and seawater. The section
of the pipeline, where all the gas will be bound into the
gas hydrate, can be considered a hydrate formation
reactor. This reactor uses local energy of the gas flow
and a low-potential energy of seawater to sustain the
process. So, the problem is to determine the minimum
length of the reactor and, consequently, the optimum
depth for the placement of the gas throttling node and
input of sea water.

Curve / in Figure2 (obtained experimentally)
corresponds to the equilibrium thermobaric parameters of
the hydrate formation process for fresh water and gas
(CH4 —92.8%, CoHg — 5.1%, C3Hs — 2.1%).
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Figure 2. Equilibrium hydrate formation curves for systems
“fresh water — natural gas” (curve 1) and “sea wa-
ter of variable mineralization in the pipe-reactor —
natural gas” (curve 2); 3 —region of hydrate for-
mation parameters for sea water and natural gas
mixture in the pipe-reactor
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This curve is described by the dependence:

np=3721- 22202

(M
The enthalpy of hydrate formation AH, for the gas of

this composition was determined by the formula given in
(Mork, 2002):

—AH

mP=——""1 +const R

ZR-T, equil
or

—AH
InP= - L. +const , 2)

zR equil

where:

AH, —heat released during formation of 1 mol of
hydrate from water, J/mol;

z — coefficient of gas compressibility;

R — universal gas constant, J/(mol-K);

Tequit — equilibrium temperature for pressure P, K;

const — a constant.

The value of 4H,; for the temperature T4 is deter-
mined graphically (Fig. 3) with respect to the value of the
line inclination In P =f(1/T) (dependence of the equilib-
rium pressure on the temperature in the system “gas —
water — gas hydrate” in logarithmic coordinates):

d(InP)

d 1
T, equil
where:

B — coefficient of the line inclination.

AH, = —zR" =—zR'B, 3)
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Figure 3. Dependence of equilibrium pressure on temperature
in the system “gas — water — gas hydrate”

To obtain the formula for the gas hydrate of this
composition, the hydration number n was calculated by
the Forkran’s method (for the lower quadrupole point)
(Degtyarev & Bukhgalter, 1976):

AH| - AH,
AH,

n= =6.81, “)

where:
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AH, —heat released during formation of 1 mol of
hydrate from ice, J/mol;

AH3 — the energy of melting 1 mol of ice, J/mole (at
T'=273.1K, itis 6008 J/mol).

According to the results of experimental data pro-
cessing for the temperature range 273.1 —289.3 K and
the pressure range 0.77 — 5.82 MPa, the studied gas hy-
drate mass had the following parameters: hydration num-
ber (n) — 6.81 mol H,O/mol of gas, the heat of hydrate
formation — 78.04 kJ/mol.

Sea water enters the pipe-reactor. The content of
soluble salts in the water of the Black Sea, for example,
is 2%. However, there are no salt ions and other admix-
tures in the composition of gas hydrate. As a result, their
concentration in water gradually increases during the
whole process of hydrate formation. According to the
preliminary calculation, it has increased to 4.2%. Due to
such concentration, the equilibrium curve for the system
“fresh water — natural gas” has shifted to the left by
1.07 —2.31 K (Fig. 4).
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Figure 4. Relationship between the decrease of the natural
gas hydrate formation temperature and the salt con-
tent in water (Smirnov, 1990)

This fact has been taken into account in the calcula-
tions. The equilibrium curve of hydrate formation for the
“sea water — natural gas” system was plotted taking into
account the process of salt ions concentration in the pipe-
reactor (Fig. 2, curve 2).

Based on the data obtained, we determined the ther-
mobaric parameters of hydrate formation in the pipe-
reactor: the pressure at the bottom of the pipe (Pinir) was
5 MPa, at the top (Pss) —3 MPa, the temperature of the
mixture at the bottom of the pipe (Tii) — 278 K, at the
top (Tsn) — 280 K. The area delineated by these parame-
ters is shown in Figure 2.

The temperature along the length of the pipe-reactor
will change. Since gas hydrates can form throughout its
length, and the volume of the gas phase will depend on
the pressure in the corresponding section of the pipe, the
mixture density will vary with height (depth) but it will
reach the maximum after complete exhaustion of the gas
phase. Concentration of gas hydrate in the water-
hydrated mixture, according to (Pedchenko, 2013) was
taken to be 33%. This is necessary to prevent formation
of hydrate plugs in the pipeline. Hence, the maximum
density of the mixture pmax was 1004.5 kg/m>.
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It was assumed that the liquid-gas mixture moved in a
slug (plug) regime, when the gas bubbles plug the pipe
section and intersperse with the liquid and hydrate parti-
cles. The flow velocity v was 0.35 m/s. Reynolds number
in this case was 103.960. Thus, the movement of the
mixture in the pipe-reactor is turbulent. The flow veloci-
ties in the near-wall area and in the center are approxi-
mately equal. Therefore, it is not reasonable to study the
temperature change along the pipe diameter.

The size of the bubbles affects the velocity of their
movement and homogeneity of the mixture. At the
same time, the rate of gas hydrate formation depends
on the interface area. That is, for intensification of the
gas hydrates formation, gas bubbles should be the
smallest in size.

Since the mixture flow velocity is 0.35 m/s, the max-
imum radius of bubbles is determined by the formula:

0.5

V=(1+1.05)'(9.8bubb1) (5)

Then the bubbles radius will be 0.001 — 0.002 m.

Let us consider the processes in the system “sea-
water — natural gas — gas hydrates” which occurs during
the flow motion along the pipe-reactor. The temperature
of the sea water (7iq) is 278 K, while the initial tempera-
ture of the mixture (T inir) 1s 273.3 K (taking into ac-
count the temperature of throttled gas and sea water and
their mass ratio). SO Tseq > Tinix inie. Therefore, in the initial
section of the pipe-reactor, thermal energy will flow from
the outside through its wall and heat the mixture. The
process will continue until the mixture temperature in the
pipe reaches 278 K and will comprise:

a) heat transfer between the mixture and seawater
through the wall, which is described by the equation:

Qsea = a(Tsea -

Tinside )Ssurfacerl =

— T278 ;’Tinit \Jﬂ.rmz.lz , (6)

where:

a — heat transfer coefficient, W/(m?K);

T>78 — time, s;

w — mixture flow velocity in the pipe, m/s;

r — radius of the pipeline, m;

b) heat radiation during the gas hydrate formation:
Qghl :Hm278 :HVpgh =H7Z'}"26()T1pgh > (7
where:

H — enthalpy of hydrate formation, J/kg;

my7g — mass of the formed gas hydrate, kg.

The total temperature change over time 77 in the
sector of volume Ssr7 corresponds to the sum
Osea + Ogn, and is determined by:

Qﬁm = CP1Ssect @7 (T}m't _Tﬁn) =

=c(py +...lna)rl)7zr2wrl(1},,,-[—Tﬁn), (®)

where:
¢ — specific thermal conductivity, J/(kg-K);
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o, p1 — density of the mixture at the beginning and at
the end of the process, kg/m’.

Since Qsea + Qgh = Qﬁm then:
T3 + Tt j

20{(Tsea ﬁrairlz +Hrr? 0T Pgpy =

2
=c(py+...In(w7))) 77 wfl(Tini,—Tﬁn). Q)
The mixture in the pipe-reactor will quickly heat to

the sea water temperature. When Ty, < T, , the ther-

mal energy of hydrate formation process will be released
through the pipe wall. Then the sea water will cool the
mixture that moves along the pipe. Since the diameter of
the pipe-reactor (d) is much smaller than the length (L)
(d<<L), we will treat it as a rod. The peculiarities of
heat transfer in such a rod are considered below.

The rod (Fig. 5) is in thermal equilibrium with sea wa-
ter whose temperature (7.,) is 278 K. The initial tempera-
ture of the rod is assumed to be equal to the temperature
of water and is described by the function 7). (x, 0) = f'(x).
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Figure 5. Physical model of temperature distribution in the
rod (pipe-reactor) without heat insulation of the
lateral surface

Gas hydrates can form all the time along the length of
the rod. This process is accompanied by the release of
energy, mixture heating and changing of the rod density
according to the law:

Ap=aln(x-b), (10)
where:

x — length of the rod (pipe-reactor), m;

b — constant.

The accumulated heat of gas hydrate formation in the
rod was taken as its source. Since the lateral surface of the
rod was not insulated, heat transfer with seawater was
always governed by the Newton’s law. The heat transfer
from the lateral surface to the environment was taken into
account in the differential equation as a source of thermal
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energy with a negative sign. It is vital that the temperature
distribution along the length of the rod be detected at any
time. On the basis of the obtained dependence, it is neces-
sary to determine the length of the pipe-reactor section,
where the gas will completely bind into the gas hydrate.

The length value can be established when the mixture
temperature drops to 276 — 278 K. To derive an equation
that describes this process, let us define the rod volume
(pipe-reactor) dxdS. Then, thermal energy gxdSdt will
have penetrated inside through the dS4z wall with the
area dScp — gx + dxdSdt during a certain period of time.
The amount of energy released through the uninsulated
side wall per unit of time is:

T,

I%

95,0 DSsur AT = (Tpq = Tyeq ) 278rdxdT . (11)
Gas hydrate is formed along the length of the rod
with heat release. The mixture density in the allocated

volume varies with height:

Hdm = Hd pdSdx . (12)
The allocated rod’s volume accumulates the energy:
(9xrar —qx)deT—qSWdecherrHdpdex. (13)

This will cause the temperature change in the alloca-
ted volume co(Tn — Tinic) dSdx. The energy change in the
allocated volume per time unit is:

Hd pdSdx _

(qx+dx _qx)dS _quurf dSsurf + dr

)@. (14)

:cp(rﬁn_]}nit dr

Then the energy change per unit of volume will be:

dt dr
The final equation describing temperature change in
the rod (pipe-reactor) looks:

(

The function T,.q(x, 7) describes the temperature
change in the rod and the initial conditions:

9q 20

e , (Trod -1,

sea

(15)

2
PR

Hdp cpoT
x> R '

dr dr

-T,

SE(J)JF

Trod (16)

Troa (%,0) =T,y for 0<7; 0<x<oo;

Tiey = Tmixl . (17)
Boundary conditions for the rod bottom end:

T10q (0,7) =Ty, for 0<7. (18)

The point in the pipe-reactor, where the thermal ener-
gy is not released any more (the internal source will stop
working), will correspond to the point of gas hydration
process completion. Therefore, after a certain period of
time, the rod temperature will drop and become stable, at
the value approximately equal to the temperature of sea
water Ty, Since the rod is semi-limited, the boundary
condition for its other end will be:
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Trpq (00,7) =Ty, for 0<7. (19)
In some point of the rod, the temperature of flow will
become stable during T time and close to the temperature
of seawater (7q). Completion of the gas hydrate formation
process corresponds to the maximum temperature of the
rod (and mixture in the pipe-reactor, point H) (Fig. 6).

T,K

278
0

H X o

Figure 6. Scheme of heat transfer process between the pipe
and seawater

In order to obtain the numerical solution of the prob-
lem, we applied the finite-difference method (mesh
method). The calculation of the gas hydrate formation
process was performed in Matlab environment. The re-
sulting graph is shown in Figures 7, 8.

5.35 4
5.3

5.25 +

o
N
1

Temperature, °C
o
B
1

7 6 5

400
x10%

Length,m

4 3

Time, s

Figure 7. Heat transfer in a vertical pipe during gas hydrate
Sformation (T, L, t)

d 1 ! l

200 300 400

Length, m

Figure 8. Heat transfer dynamics in the pipe-reactor during
168 hours (7 days)
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As an example, we considered the dynamics of the
heat transfer process in a vertical pipe-reactor for
7 days (168 hours). Analysis of the obtained graphs
showed that the gas flow will completely become a part
of gas hydrate composition in the pipe-reactor section
305 m long.

The dynamics of the heat transfer process in the pipe
section 305 m long is shown in Figure 9. The tempera-
ture was observed to stabilize since the second day.

278.20

~ro—— =000
o 278.15
o
E
g 278.10
g f
& 278.05
278.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time, days

Figure 9. Graph of the mixture temperature change (stabiliza-
tion) for 7 days in 305 m long pipe-reactor

4. CONCLUSIONS

The technology of gas transportation in gas hydrate
form is promising because it is necessary to diversify
natural gas supplies to Ukraine and develop offshore
hydrocarbon deposits.

As a result of the mathematical modeling of hydration
process in a vertical pipe-reactor immersed in the sea, the
following conclusions were made:

1. Taking into account that x — oo, the rod (mixture)
is observed to cool to the temperature of sea water
T (x, 7) = Tsea.

2. Testing of the model during 7 days has confirmed
its adequacy.

3. The process of gas hydrate formation was com-
pleted in the point with the maximum temperature along
the pipe-reactor, which is the result of the gas full bin-
ding into the gas hydrate. After that, the temperature
starts decreasing.

4. Under these conditions, the length of the pipe-
reactor ensuring the entire binding of the gas flow into
the gas hydrate will be 305 m.

5. The density of the obtained 33% mixture of water
and gas hydrate will be 1004.5 kg/m?>. The initial density
of the water-gas mixture (pmiximi) in the interface was
722.6 kg/m’.
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BUKOPUCTAHHA AJIbTEPHATUBHUX JUKEPE.T EHEPTII 11 MIJIBULLIEHHSA E@EKTUBHOCTI
T'A3OI'TAPATHOI TEXHOJIOI'TI TPAHCHOPTY I'A3Y MOPCBKHX POJJOBHII]

JI. Ilenuenko, K. Hemuenko, H. Ilequenko, M. Ilemuenko

Merta. [TigBumieHHs: e(heKTHBHOCTI TEXHOJIOTIT TPAHCIOPTY Ta3y MOPCHKUX POMOBHII IUISXOM MAaKCHMAIbHOTO
3HIDKCHHSI €HEPrOBUTPAT HA OCHOBI JOCITIIKCHHS TCPMOJUHAMIYHHUX IMapaMeTpPiB CUCTEMH ‘Ta3 — BOJAA — I'a30BUH Tij-

pat’ y BepTHKaJIbHOMY TPYyOOIIPOBO/II 32 HealiabaTHUX YMOB.
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MeToauka. B po60oTi BUKOPUCTAaHO KOMIUIEKCHUH HayKOBO-METOJMYHMHN TTiXi, IO BKIIIOYAE aHAII3 JTiTepaTypHUX
Ta iH(opManiiHKUX JUKEpe, 10 CTOCYIOThCSl €HEPrOBUTPAT IPH I'a30TiAPaTHUX TEXHOJOTISIX, OCHOBHI ITOJIOKEHHS Tep-
MOJMHAMIKH, aHAJIITHYHI Ta EKCIICPUMEHTAIBHI TOCTIKeHHS. EXCrIepUMEeHTaNIbHI TOCHIIKSHHS MTPOBEACH] Ha JUTSHIT
BEPTUKAIFHOTO TPYOOIIPOBOAY, [0 MOJIEIIIOE 3’ €THAHHS MOPCBHKOI I'a30BO1 CBEPUIOBHHH 13 BUAOOYBHOIO IIaT(HOPMOIO,
B SIKOMY PYXa€TbCsl BUIOOYTHH 31 CBEp/UIOBHHU Ta3. JlursiHKa TpyOOmpoBoaa po3risianach SK peakTop TifpaToyTBO-
peHHS, Jie JTOCHiIKYBalINCh TepMoOapiyHi yMOBH (opMyBaHHS Tigpary. [yt BcTaHOBIEHHS (DOPMyNM Ta3orizpary
BUKOpucTaHo Meron PDopkpana. [ YHCENBHOrO PO3B’S3aHHS MPOLECY YTBOPSHHS Ta30BHX TiIpaTiB 3aCTOCOBAHO
METOJ] KIHIIEBHX Pi3HUIIb, @ pO3PaXyHOK MPOIIECY TiApaTOyTBOPEHH BUKOHAHO Y cepenoBuii Matlab.

Pe3yabTaTH. 3aponoHOBaHO TEXHOJOTIIO TIEPEBEICHHS Ta3y y razorigpaTHy ¢Gopmy 0e3 BUTpaTu eHeprii Ha (a3o-
BUif mepexin. JloBeneHo NOIIBHICTE PO3POOKH Ia30BHX POMOBUII IILIIXOM 3B’SI3yBaHHA ra3y B ra3origpar 3a paxyHOK
HasIBHOCTI HEOOXIJIHUX TEPMOOAPHUUYHHMX YMOB MPHU HOTO MPOXOJIKEHHI Kpi3b MOPCHKY ToBILy. OOIPYyHTOBAHO IMepeay-
MOBH 1 MEXaHi3M BHKOPHCTAHHS aIbTEPHAaTUBHUX JUKEPEN HU3BKOIOTCHIIIMHOT eHepril 1 BUPOOHUIITBA Ta30riapary
SIK HaHOLTBIII EHEPTOBUTPATHOTO MPOIIECY TEXHOJIOTIT TPAaHCIIOPTYBAHHS ra3iB y ra30oriIpatHiil Gpopmi.

HayxoBa HoBu3Ha. Hajnana HaykoBa OIiHKa IIPHHIIMIIOBOT MOXKIIMBOCTI 3B’ I3yBaHHS BUJOOYTOTO ra3y y ra3orijpa-
THY (OpMYy 3a paXyHOK €Heprii MPOAYKTHBHOTIO IJIacTa i HU3bKOIIOTEHIIHOI eHeprii Mopchbkoi Boau. Po3pobiieHo HOBY
MaTeMaTH4Hy MOJEJb Ta AJITOPUTM Y IPOTPaMHOMY MPOAYKTI ISl ONMCY TIPOIECy TiApaTOyTBOPEHHS IPH HAUIHIIKY
BOJIM 3a HeasiabaTHUX YMOB Yy BEPTUKAIBHIN TPYOi, 110 OMUBA€ETHCS BOJIOIO.

[pakTHyna 3HAYMMICTh. 3aPONIOHOBAHA Ta30TipaTHa TEXHOJIOTIS CTBOPIOE BaXKJIMBI MEPEIyMOBH PO3POOKH
MaJIMX Ta CepeIHIX BiITaJICHUX POMOBHII a3y, MiABUMICHHS €(EKTUBHOCTI i KOHKYPEHTO3JATHOCTI TEXHOIIOTi MOPCh-
KOTO TPaHCIIOPTYBaHHS MPUPOIHOTO Ta3y Yy Ta3origpaTtHiil Gopmi.

Knrwouosi cnosa: npupoonuii 2as, eudobysanis, 2azosi siopamu, eudodyena niameopma, azosuil nepexio, menio-
00OMIH, Mamemamudta Mooensb

HCIIOJIb30OBAHUE AJIbTEPHATHBHBIX HCTOYHUKOB SHEPTUH
JJIA ITIOBBIINEHUSA 9O PEKTUBHOCTHU 'A3OTUJAPATHOU TEXHOJIOI'NHA
TPAHCIIOPTA I'A3A MOPCKHUX MECTOPOKJIEHUI

JI. Ilemuenko, K. Hemuenko, H. ITemuenko, M. Ilequenko

Heab. [ToBbiienre 3pQEeKTUBHOCTH TEXHOJIOTHH TPAHCIIOPTA ra3a MOPCKUX MECTOPOXKIEHUHN ITyTeM MaKCUMaJIbHO-
rO CHIYKEHHMS SHEPro3arpaT Ha OCHOBE MCCIIEIOBAHHS TEPMOIMHAMHUYCCKUX MapaMeTpPOB CHCTEMBI “Ta3 — BoJa — ra3o-
BBIil TUAPAT” B BEPTHKAILHOM TPYOOMPOBO/IE NIPH HEaAHa0aTHBIX yCIOBUSIX.

MeTtomuka. B pabote nCroap30BaH KOMIUICKCHBIH HayYHO-METONUYECKUI TTOIX0], BKIFOYAOMINI aHATU3 JUTepa-
TYPHBIX U HH()OPMAIMOHHBIX HCTOYHHKOB, KACAIOIIMXCS HEPro3aTpar MpH ra30THIPATHBIX TEXHOJOTHAX, OCHOBHbBIC
TIOJIOKECHUS TEPMOTUHAMUKY, aHATUTUYCCKHE M YKCIICPUMEHTAJIBHBIC HCCICIOBAHUS. DKCIEPUMEHTAbHBIC HCCIEeI0-
BaHHs MPOBE/ICHBI HA yYacTKE BEPTHKAIBHOIO TPYOOIPOBO/A, MOACIHPYIOIIET0 COSANHEHNE MOPCKON ra3oBOM CKBa-
JKUHBI ¢ JOOBIBAIOMIEH TIATPOPMOI, B KOTOPOM JIBHIKETCSI TOOBITHIM W3 CKBaXHWHEI Ta3. YYacTOK TPyOOIpoBOJa pac-
CMAaTPHUBAJICS KAK PEaKkToOp HApaTO0Opa30BaHMs, Il UCCICIOBAINCH TepMOOApUUECKHE YCIOBUS mporecca GopMHUpo-
BaHMs ruapata. [ nomydeHus GopMyIibl Ta30THIPATOB UCIOIb30BaH MeToa DopkpaHa. [ YUCIEHHOTO pelleHHs
npoiiecca 00pa3oBaHMs Ta30BbIX THIPATOB MIPUMEHEH METOJ KOHEUHBIX 3JIEMEHTOB, a pacyeT Mpolecca ruaparoodpa-
30BaHUs BHINOIHEH B cpezie Matlab.

PesyabTaThl. [IpeiokeHa TEXHOIOTHS MEPeBO/ia ra3a B ra30THApaTHYIO GopMmy Oe3 3aTpaT SHepruu Ha (aso-
BBII mepexon. JlokaszaHa 1e7eco00pa3sHOCTh pa3pabOTKH ra30BBIX MECTOPOXKICHHUI MyTeM CBS3BIBAHHUS ra3a B Ta3o-
THApAT 3a CUET HAJIHYHS HEOOXOIMMBIX TePMOOAPHUECKUX YCIOBHI MPHU €ro MPOXOKACHHH Yepe3 MOPCKYIO TOJIILY.
OOOCHOBaHHO TPEOIOCHUIKA W MEXaHHW3M HCIOJb30BaHHS aJbTEPHATUBHBIX HCTOYHHKOB HH3KOMOTCHLHAIBHON
9HEPruM JUIs IIPOU3BOJCTBA a30TUAPATOB KaK Haubosee SYHEPro3aTpaTHOro MPOIecca TEXHOIOTHN TPaHCIIOPTHPOB-
KH Ta30B B Ta30TUApaTHOI hopme.

Hayunas HoBu3HAa. /[aHa Hay4YHas OlIEHKA [TPUHIMITHAIBHON BO3MOKHOCTHU CBSI3bIBAHMS TOOBITOTO ra3a B ra3oruji-
patHyto (opMy 3a cUeT SHEPrUd MPOJYKTHBHOTO IUTACTA U HU3KOMOTEHI[UATBHOW SYHEPTUH MOPCKOM BojbI. Paspabora-
Ha HOBasi MaTeMaTHYeCKasi MOJICTIb M aJITOPUTM B IIPOrPAMMHOM TPOJYKTE JUIsS OMMCAHMUs TPOLiecca THAPaToodpa3oBa-
HUsI TPU U30BITKE BOJIBI B HEaIMabaTHBIX YCIOBHSX B BEPTHKAJIBHOW TPyOe, OMBIBAEMOM BOJION.

IMpakTuyeckast 3HauMMocTb. [IpeaoxkeHHas ra30rupaTHas TEXHOJIOTHs CO3/1aeT BaKHBbIE TPENNOCHUIKA pa3pa-
OOTKH MaNbIX M CPEIHE YAAICHHBIX MECTOPOXKICHHI ra3a, MoBbiieHHe 3)GHEKTHBHOCTH U KOHKYPEHTOCTIOCOOHOCTH
TEXHOJIOTUH MOPCKO# TPAaHCTIOPTUPOBKH MPUPOIHOTO r'a3a B Fa30THAPATHOH hopme.

Knrouesvie crnoea: npupoousiii 2as, 0obwiua, 2azosvie cudpamsl, 0obvlsarowas niam@opma, Gazoewlii nepexoo,
Menio0oMeH, MamemMamuiecKas Mooeib
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