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Abstract: The article analyzes the modern theory and practice of transportation and storage of
compressed natural gas. The expediency of the inclusion of a floating storage berth for the loading
of gas carriers and container ships into the infrastructure of marine transportation of compressed
natural gas is considered. Requirements for storage berth are formulated. It is shown that without
using a marine mooring storage facility, the loading time of a gas carrier will considerably increase,
and the economic efficiency of compressed gas transportation will lower due to the considerable
time of loading and unloading of a gas carrier. The construction of a storage berth is proposed,
and calculations of storage parameters and calculation of its buoyancy are made. The possibility
of using the REFPROP vs. 9.1 software package to automate the selection of the composition of
a multicomponent hydrocarbon mixture for further use at the selected range of temperatures and
pressures is substantiated. The use of the system is considered in the example of phase equilibrium
of a multicomponent hydrocarbon mixture.

Keywords: compressed natural gas; CNG; compressed gas; transportation; storage; gas-carrier
vessels; multicomponent hydrocarbons; phase behaviour

1. Introduction

In recent years, transportation of compressed natural gas (compressed natural gas—
CNG) by specialized gas carriers, especially for distances from 250 to 1500 nautical miles,
has been considered as an alternative to the transportation of natural gas by sea in the
form of liquefied natural gas (LNG) and through offshore pipelines. This is cheaper than
LNG transportation (taking into account the high costs of construction of LNG plants and
terminals) and pipeline transportation (Figure 1) [1,2].

It should be noted at the outset that the compressed gas production and transportation
industry is not perceived as an alternative to the liquefied natural gas (LNG) industry. There
are opportunities in the global gas market for the effective application of both technologies
in different market segments.

The study of problems of sea transportation of CNG and its storage at different times
was carried out by the following authors: Vovk V.S., Novikov A.IL, Glagolev A.L, Orlov
Y.N., Udalov D.A,, Votintsev A.V.,, Blinkov A.N., Vlasov A.A., Adamovich B.A., Svann Fillip
L. Dzh., Terry R. McBride, Demeshko G.F, Pronin E.N., Podenok S.E., Wasserman A.A.,
Wagner J.V, Wagensveld S.V., Stenning D.G., Cran J.A., Patel H.N., Rynn P.L., Economides
M.]., Dunlop J.P.,, Wood D.A., Mokhatab S.B., Broeker R.J., Nassar Y.M. et al. [3,4]. The
research carried out by these authors focuses on analyzing the basic elements of the nascent
compressed natural gas (CNG) transportation industry [5,6]. Within the framework of
their work, an analysis of prerequisites for the development of CNG marine transportation
and storage is provided, foreign technologies and modern projects of CNG transportation
and storage are given, economic aspects of the implementation of such projects are ana-
lyzed, and models for estimation of the comparative efficiency of marine transportation of
liquefied and compressed natural gas are proposed [7,8].
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Figure 1. Comparative tariffs for natural gas transportation [9].

The following foreign companies are most focused on the development of compressed
natural gas marine transportation systems: EnerSea Transport LLC (Houston, TX, USA),
USA; Knutsen OAS Shipping (Haugesund, Norway); Compressed Energy Technology AS
(CETech) (Stavanger, Norway); TransCanada Pipeline Ltd. (Calgary, AB, Canada); Trans
Ocean Gas Inc. (TOG) (St. John’s, NL, Canada); Sea NG Management Corporation (Calgary,
AB, Canada) (Figures 2 and 3) [9,10]. Each of the companies has conceptual designs of
CNG vessels that have been approved (Approval in Principal) by DNV or ABS (American
Classification Society classification societies [11,12].

CNG ships designed by the companies will have a capacity from 3 to 33 mln m3
of natural gas. As conceived by the developers, high-capacity vessels are intended for
servicing large projects with a route length of 2000-2500 nautical miles [13]. Ships of small
tonnage are to operate on short local routes [14,15].

In terms of basic shipbuilding parameters, CNG vessels will be, to a large extent,
similar to modern LNG vessels. The principal dimensions of CNG vessels will be in the
range of 280-320 m length, 55-60 m beam, 13.5-14.5 m. The full speed of CNG vessels will
be 17.5-18.0 knots [16,17].

Figure 2. CNG vessel projects of foreign companies [18,19]: (a)—EnerSea Transport LLC, CIITA;
(b)—Knutsen OAS Shipping, Hopserus; (c)—Compressed Energy Technology AS (CETech),
Hopgerus; (d)—TransCanada Pipeline Ltd., Karaga; (e)—Sea NG Management Corporation, Kanaza;
(f)—Trans Ocean Gas Inc. (TOG), Kanazna.
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Figure 3. Tanker for CNG transportation based on VOTRANS technology: (a)—with vertical tanks,
(b)—with horizontal tanks [9,20].

The gas is transported on the ship in containers or pipes at high pressure at ambi-
ent temperatures or when cooled down to —50 °C. This saves the construction of costly
liquefaction plants, which are usually located on the seashore. The compressor plant can
be located either onshore or on the ship itself. This makes it possible to develop small
and medium-sized fields more profitably and environmentally friendly, as well as gas
condensate from gas condensate fields and associated gas from oil fields.

Today, there is a need to diversify gas supply routes [21,22]. When designing large-
capacity gas carriers, it is important to take into account considerations of ensuring a
high service life. The high cost of the ships must be compensated by a long period of
intensive accident-free operation, which aggravates the problem of maintaining the fatigue
strength of the structure, in particular, to a much greater extent (twice as much or more) for
ice-sailing ships. It is necessary to take care of deck equipment for vessels of northern and
ice navigation with a view to prolonged service life [23,24].

Thus, the main advantage of CNG transport over LNG transport is that expensive
liquefaction plants, storage facilities, and regasification plants need not be built [14,25]. The
storage facility is the vehicle itself—the ship—and the gas is injected using a compressor
station, which can be installed both onshore and on the ship itself. To pay for the creation
and transport of LNG, a large field and its development over 25 years is required.

According to the authors, sea transportation of CNG for the period of transportation
involves raising its pressure to values of 175-275 bar when its density rises to 300 times. In
this state, gas is transported on special CNG ships equipped with special high-pressure
tanks, most often of cylindrical shape, made mainly of standard steel pipes (of high-
strength steels, for example, X-70, X-80, X-90 type). The production of these pipes for gas
transmission companies is well established, also in Russia. Such cylindrical cylinders have
to be placed vertically or horizontally on the CNG vessel [15,26] (Figure 4).

But despite the great interest shown in recent years in transporting compressed natural
gas on the sea surface using gas carriers and container ships (Coselle and Vortrans technol-
ogy), there are mostly only conceptual designs of ships to implement the technology [27,28].
One of the reasons for this is, in our opinion, the lack of attention to fast-loading technology
for gas carriers with multiple compressed gas tanks [29].
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Figure 4. Schematic arrangement of cylindrical cargo cylinders on a CNG vessel when installed in an
upright position [13].

The relevance lies in the fact that due to political, economic, and technological risks,
as well as insufficient attention to the technology of fast loading of gas carriers with
numerous tanks, there is a need for a method of transportation of CNG. The method of
loading/unloading at sea is of the greatest interest. In this connection, a conceptual design
of a floating storage berth with a capacity of 50100 million m? of gas is proposed. The
use of the storage facility will reduce uneven gas withdrawal from the main gas pipeline
(off-take), eliminate peak loads on the gas compression system, and accelerate the loading
of CNG vessels. In addition, the storage facility cools the gas, so its capacity increases [9].

The objective of the article is to justify the possibility of the application of compressed
natural gas floating storage with a high-pressure supply pipeline for fast loading of ships
with CNG, to increase volumes of transported gas, to reduce technological and environ-
mental risks, as well as to justify the selection of multicomponent hydrocarbon mixtures,
such as CNG.

In order to achieve the set goal, the following tasks are solved:

- to analyze available research and development in the field of marine transportation
and storage of CNG;

- to consider CNG gas carrier ships;

- calculate the parameters of the storage facility;

- to give recommendations on the use of marine storage.

2. Materials and Methods

Within the framework of scientific work, the authors analyzed similar projects and
their non-disadvantages calculated parameters of the proposed storage [30,31]. And also
the calculation of parameters of CNG storage in the program complex REFPROP [32].

COSELLE technology is known—US patent No 5839383 [2]. Describes the storage of
compressed natural gas in a continuous pipe coiled into loops and layers and contained in
a natural gas transport container. This technology is based on the transport of compressed
gas at 275 atm in special coils with tubing.

The unit is designed to be placed in specialized gas carriers. The disadvantage of the
system is that the method of arrangement of radial coiling of tubes on a spool (cassette)
implies the occurrence of high stresses in the tube body, which reduces the service life.
Also, this device is not corrosion-proof, with no corrosion protection.

The patented and approved by the ABS technology for transportation of compressed
natural gas by EnerSea (US Patent No. 5803005—VOTRANS) involves the transport and
storage of CNG in horizontally or vertically arranged large diameter pipes (Figure 3) [7,28].
The disadvantage of the system is increased metal consumption, the need for a large
number of stop and control valves for each cylinder, the labor intensity of defectoscopy of
pressure vessels, and the lack of the possibility of individual gas drying.

Transport of compressed gas in vertical or horizontal tanks-cylinders at a pressure
of 90—130 atm and temperature of —20 + —40 °C considered in the US patent No.
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5207530 [21]. The low-temperature results in an increased density of compressed gas.
A CNG vessel contains around 100 tube modules with a height of h = 24-36 m. Each mod-
ule consists of 24 tubes of 1 m diameter. The total capacity of the vessel is 5.6-5.7 million m?
of CNG.

The disadvantage is that the system requires many additional and expensive com-
ponents (e.g., use of refrigerated vessels) and is not suitable for on-site storage of large
quantities of gas [33,34].

A method of storing natural gas and a device for its implementation (patent RU
No. 2263248) for meeting peak gas demand is known [35]. The use of the invention will
make it possible to store gas compressed to 400 atm in modular thin-walled tanks. The
disadvantage is that composite-reinforced polyethylene is used for storage, the reliability
of which in long-term operation has not been proved.

Also known as an installation for storing natural gas in pipes containing means for
compressing natural gas; means for expanding natural gas; one or more fully enclosed
storage systems in steel pipes for compressed storage of natural gas; means for holding gas
inside said storage systems in steel pipes and controlling the flow in and out of said systems
contains an injection valve, a holding valve and a delivery valve [36,37]. The disadvantage
is the difficulty of transportation and the cost to move to consumers.

In turn, the authors propose a technical solution, which is that the use of a floating
storage berth will reduce the unevenness of gas withdrawal from the main gas pipeline
(off-take), eliminate peak loads on the gas compression system, and accelerate the process
of CNG ship loading.

The basic concept of CNG technology involves compressing natural gas from a supply
line or storage facility at a special compressor facility before loading it onto a specialized
ship [38]. The key role here is played using two main parameters of the gas loaded on the
ship: its temperature and pressure and their derivative—density, the increase of which is
proportional to the value of overpressure compared to natural conditions [17,39].

Specialized ships, barges, and container ships deliver compressed natural gas to the
receiving terminal. Mixtures of hydrocarbon gases (methane-gas condensate, methane-
diesel fuel, etc.) allow to increase heat capacity [9,40].

In order to ensure the single-phase liquid state of hydrocarbons, it is necessary to
choose the right parameters of transportation and storage: pressure P and temperature
T. For this purpose, it is necessary to study the phase state of the hydrocarbon system by
determining the critical parameters (critical pressure and critical temperature).

The authors’ studies use the purchased licensed specialized thermodynamic library of
TFS and FR REFPROP [2,41]. Both thermodynamic properties and their derivatives, as well
as transport properties (viscosity, thermal conductivity, surface tension, dielectric constant,
and the higher and lower heat of combustion), are calculated (Figure 5) [42,43].

Select Properties to Display “
Thermodynamic 1 Transport, Misc. ] Derpvative ] Specwa_l] higture
¥ Iemperature I~ Cp [~ Phaze
v Pressure [~ Cpd [ 2ndirial Coef.
v Density [~ CpiCw [T 3rd“irial Coef
™ ¥Yolume [ Csat [ Helmholtz
[ Int Energy [ Saound Speed [T Gibbs
¥ Erthalpy [~ Camp. Factar [ Heat of Vapor
¥ Entropy [ Joule-Tham.
[~ Cw [ Quality

f* Bulk properties only
™ Bulk, liquid, and vapor properties

Carcel | Select Al | Clear Al |

Figure 5. Substance properties selection dialog box in the REFPROP.
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The authors [44] analyze the applicability of the REFPROP software package for the
automation of phase state studies of multicomponent hydrocarbon systems.

3. Results
3.1. Requirements for Compressed Gas Storage Berth

Based on the analysis of Russian and foreign conceptual designs of gas carriers for the
transportation of compressed natural gas, the following requirements for a repository-berth
are formulated [45,46].

(1) Storage-berth for compressed natural gas (hereinafter referred to as «storage») should
be located at least 1500 m away from seaport infrastructure and other oil and gas
storage facilities (including LNG, gasoline, NGL, diesel fuel, etc.). The distance from
the storage facility to the nearest facilities should comply with safety standards for
the storage of a similar volume of LNG [47].

(2) The volume of gas contained in the storage facility should be capable of simultane-
ously fuelling two COSELLE or VOTRANS vessels (20 million m?), a containerized
gas carrier, or with a 20% reserve of 50 million m3. Gas pressure in storage tanks
should not be less than the pressure in the tanks of COSELLE gas carriers or 275 atm.

(3) Filling of each vessel’s CNG tanks should be performed simultaneously [48,49].

(4) The storage facility can be used as a mooring facility for two CNG vessels at the
same time.

(5) The duration of each vessel’s CNG loading shall not exceed 48 h, and the duration of
unloading shall not exceed 24 h.

(6) Compressed gas shall be stored in steel (or composite) pipes isolated from ambient and
seawater at 300 atm. The pipes shall be arranged in transverse layers, interconnected
using high-pressure pipelines, and contain controllable safety and shut-off valves and
devices for technical diagnostics.

(7) The diagnostic tools should ensure the technical condition of the storage facility is
monitored during its operation.

(8) Measures should be provided to protect against fire and explosion, shrapnel, etc. [50,51].

(9) The storage shall have variable buoyancy stability and shall be capable of being towed
from the place of manufacture to the yard and, for repairs and other operations, shall
have interchangeable pontoons and attachments.

(10) The storage shall be filled with gas from a high-pressure double-stranded pipeline
providing the required capacity via a booster compressor equipped with diagnostic
facilities [52,53].

(11) Provision should be made for filling the storage facility with both natural gas and
methane-based energy gas mixtures. For this purpose, the next paragraph deals
with the selection of blends of multicomponent hydrocarbons and the influence of
the composition on the parameters (temperature and pressure) of their storage and
transportation [54,55].

In the present paper, we will limit ourselves to a conceptual design of a CNG storage
facility. The detailed design of the storage facility will be performed later in the detailed design.

3.2. Design of the Storage Facility

The developed apparatus concerns the field of compressed natural gas storage and
can be used for its accumulation, storage, and discharge (Figure 6).

An appliance for storage of compressed natural gas at sea (marine storage) containing
steel and/or composite pipes, tanks, or other tight reservoirs in which natural gas or a
mixture of hydrocarbons is accumulated under pressure in the range of 50-300 atm, devices
for hydrocarbons injection and discharge; what is remarkable in that in order to increase
safety of storage and reduce area and volume occupied by storage, it is placed on the sea
bottom, under or on the surface of sea or other reservoir at safe distance from ports. The
design features of the CNG storage facility are summarized below.
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(1) Storage is divided into blocks (2) (layers) with the horizontal and mutually perpen-
dicular arrangement of pipes in layers; the blocks are connected using high-pressure
gas mains (4) with equalizing (5), safety (6) and check (7) valves, which provide
maintenance of discharge pressure, maximum emptying of pipes with gas, and the
capacity of gas in each layer is at least two times higher than the capacity of gas in the
transported ship module [56,57].

(2) Each storage layer is connected using a high-pressure line to the transport tanks (13).

(3) Pipes or other devices (8) containing pressurized flame retardant gas (e.g., carbon
dioxide) are placed between the pipes in the layer.

(4) To ensure stability and to enable the device to move under or over the surface of
the sea or other body of water, the marine storage shall contain removable weighing
devices and anchoring systems to anchor (10) it to the bottom of the body of water.

(5) Each pipe layer is connected to a gas loading/unloading device (12), which can be ei-
ther vertical pipes or STL (submerged turret loading) buoys connected to compressed
gas onshore storage facilities, trunk pipelines, vessels, or compressed gas containers.

(6) In order to protect against corrosion, it contains a system of anode protection, e.g., in
the form of aluminum-magnesium protectors (11) connected to each layer by electrical
bonding, ensuring a negative potential of 0.6-0.8 V in each layer.

(7)  Each pipe layer is connected using high-pressure lines (4) to the natural gas source
(pipeline, underground storage facility) and high-pressure compressor, and the high-
pressure compressor can be located on the device itself.

(8) Storage has variable buoyancy and contains means for changing its location in the
vertical direction and means for autonomous movement within the water area of
a seaport.

(9) The device is coupled to a high-pressure booster compressor, which ensures that the
pressure in the device is maintained as the tubes are emptied.

(10) The surface of the repository is protected from debris in the event of a device explosion
by Kevlar or other protection.

The storage facility shall consist of steel tanks for the storage of CNG 1. The CNG
storage tanks are divided into blocks 2 and covered with Kevlar 3. The blocks are connected
to each other by high-pressure gas lines 4 with equalization 5, safety 6, and check valves
7. Tubes 8, containing pressurized flame retardant gas, are placed between the tubes. The
units themselves are connected to a weighted base 9. On the side, there are removable
anchor systems to anchor the storage unit to the bottom of the reservoir 10. In order to
protect against corrosion, aluminum-magnesium protectors 11, electrically bonded to each
layer, are used. At the top of the reservoir, there is a gas injection and discharge device
(high-pressure booster compressor) 12. At the bottom, there is a double-strand gas supply
pipeline 13.

Natural gas, with a pressure 50-100 atm, goes to booster compressor 12 where it is
pressurized to the required pressure (300 atm). Natural gas from the booster compressor
under the pressure of 300 atm. comes to the marine gas storage 1 via high-pressure lines 4,
the rated capacity of which is assumed to be 50 mln m? of gas at a pressure of 1 atm., or
17 thou. M? of compressed gas. Such capacity allows simultaneously fuelling two vessels
with 20 mIln m3 CNG. Pipes in the storage are located horizontally, and pipes in every
layer 2 (or group of layers) are connected with each other using high-pressure lines 4 and
represent a single vessel, and layers are mutually perpendicular to each other. Each pipe
layer is connected to piping 4, which provides the required pressure in the pipes. As the
pressure decreases (critical decrease is 10%), compressor 12 is started, which again increases
pressure to nominal. In this way, the number of tanks on the vessel equal to the number of
pipe layers is filled at the same time. The process ends when the transport tanks on the
CNG ship are filled with gas at the required pressure.
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Figure 6. Schematic diagram of CNG storage berth. 1—Gas storage facility; 2—Pipe assembly;
3—Kevlar coated support structure; 4—High pressure gas mains; 5—Equalisation valve; 6—Pressure
relief valve; 7—Check valve; 8—Flame retardant gas pipes; 9—Weighting base; 10—Anchor system;
11—Aluminum-magnesium protectors; 12—Compressor; 13—Supply gas pipeline; 14—Water.

A schematic of the storage device is shown in Figure 7.

Booster
compressor
station

Offshore double
strand pipeline

Main gas
pipeline

Cathodic Instrumentation
protection and automation
Explosion

Figure 7. Scheme of the storage facility construction [9].
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3.3. Storage Parameters

Calculation of the number of pipes in the storage [9].
Input data:

Vgt = 50 mln m?;

D =1220 mm;

t =39 mm;

p =275 atm.

1. Volume of natural gas at 1 atm., which falls on 1 m of pipe:

(D —2t)2 I 3.14-(1.22 — 2:0.039)?
4 - 4

2. Volume of compressed gas per 1 m of pipe:

V= 1=1.024 m%m.

Veomp = 275-V = 275-1.024 = 281.679 m®-m.

)

@)

3.  The storage volume by convention is 50 million m?, so the total length of all pipes

will be:

50-10°
[ = 81679 — 177.506 km.

4. Calculate the total number of pipes in each layer and the height of the storage.

The longitudinal pipes layer has a length of 96 m:

T Ta— liong = 48 ~ 39 pipes
long = (D4 2:t;5) +0.01  (1.220 + 2-0.005) + 0.01 ’

The cross pipes layer with a length of 48 m accounts for:
lCVOSS 96 ~ 78 plpes

feross = (D4 2:4;5) +0.01 _ (1.220 + 2:0.005) + 0.01
Total length of longitudinal pipes of one layer:
lup 1 = 1up-96 = 58-96 = 3744 m.
The total length of the cross pipes of one layer is the same:
Inonep 1 = Muonep-48 = 78-48 = 3744 m.
The number of storage tube layers will be:

177506
Men = o ~ 48 layers.

Then, the height of the storage facility will be:

ht = 48-(1.22 + 2:0.005 + 0.01) ~ 60 m.

®)

4)

©)

(6)

@)

®)

)

Thus, storage of compressed gas (methane) is carried out in steel pipes. The external
diameter of the pipes is 1220 mm, the wall thickness is 39 mm, the internal diameter is
1142 mm, and the length of the section is 12 m. Weight of one pipe without insulation—

744.43 kg. Internal cross-sectional area—0.431 m?

. Dimensions of the storage facility:

length—100 m, width—50 m, height—60 m. The total length of the pipes in the storage
facility—177.506 km. Estimated storage capacity of 50 million m® (including COSELLE or

VOTRANS mooring for 2 CNG vessels). The design gas pressure is 275 atm (Table 1).
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Table 1. Storage parameters.

Characteristic Value
Storage length 100 m
Storage width 50 m
Vault height 60 m
Total length of pipes in the storage facility 177.506 km
Storage area 5000 m?
Design capacity of the storage facility 50 mln m3

Table 2 summarises the technical characteristics of the pipes that make up each layer

of the projected storage facility.

Table 2. Technical specifications of the pipes.

Characteristic Value (Range)
Outer diameter of steel pipe 1220 mm
Steel pipe wall thickness 39 mm
Internal cross-sectional area of steel pipe 0.431 m?
Pipe section length 12m

Length of pipes in the layer 96 and 48 m

Total length of pipes in the layer 177.506 km
Working pressure in the pipe 275 atm.

Drawing of the storage in two views in the next section.
Calculation of the buoyancy of the storage tank [9].
Volume of the storage tank (including high-pressure lines):

V = a-b-h = 100-50-58 = 300.000 m>.

FA = Pliguia-g-V = 1025-9.81-300.000 = 3015.54 MH .
Mass of all pipes:

'DZ 77-d; 2
m:<7r4 —%)'Pst'l:

(344422 — 314142 ).7800.177.506 = 200.343.013 kg,

The force of gravity acting on the storage:

F = mg = 200.343.013-9.81 = 1964.7 MH .

(10)

(11)

(12)

(13)

Since the ejection force is greater than gravity, the storage vessel will float. An anchor-

ing system is provided to keep it on the bottom.

3.4. Rationale for Selection of Hydrocarbon Mixtures for Their Transportation and Storage

The research was conducted for CNG; component composition is presented in Table 3.
The analysis of phase states of hydrocarbon mixtures at low temperatures was carried out

for pumping and storage [58,59].

Phase diagram P-T (pressure-temperature) of the multicomponent hydrocarbon mix-
ture (Figure 8) constructed in REFPROP vs. 9.1 [60,61]. Figure 9 shows a tabular variation of
phase states of a mixture of hydrocarbons at different temperatures T; = —55 °C, T, =0 °C,

and T3 =55 °C as the pressure changes [62,63].
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Table 3. Component composition of the multicomponent hydrocarbon mixture used in this study.

Compressed Natural Gas,

Components Chemical Formula Mass Percent of Gas
methane CH, 88.8
ethane CyHg 3.21
propane C3Hg 0.61
iso-butane+
n—butane+ u30-C4Hyp+ C4Hips 0.295
iso-pentane+ u30-CsHyp+ CsHypp ’
n—pentane
hexane and higher CeHig 04
hydrogen sulfide H,S -
carbon dioxide CO, 6.54
nitrogen N, 0.145
helium He -
hydrogen H, -
sum 100.0

Pressure (MPa)

Supercritical fluid |

Biphasic region

Gas phase

. s L | ' n L

Saturation fixed points

00
Temperature (° C)

Critical Point
Temperature (C) -39.588
Pressure (MPa) 9.9984
Density (kg/m’) 293.67

Cricondenterm Cricodenbar

59.593 14.27
7.0685 14.348
61.15 198.0

Figure 8. Pressure-temperature diagram of a hydrocarbon mixture, determination of critical parame-

ters of a multicomponent hydrocarbon mixture of a given composition.

(@)

(b)

Temperature | Pressure Density Enthalpy Entropy Temperature ( Pressure [ Density | Enthalpy | Entropy Phase
o 3 g " Phase (0 (MPa) kg/m’) | (k/kgK) | (ki/kgK)
5] MPa) | (kg/m’) | (W/keK) | (/kgK) lkg/m) g 5
a 755.000 1.0000 13.218 516.80 3.5087 | 2-Phase 1 0.00000 1.0000 9.6808 687.60 4.2068 2-Phase
2 755.000 3.0000 27.949 260.26 28956 | 2-Phase 2 0.00000 3.0000 31.812 642.19 3.6048 2-Phase
3 55.000 5.0000 103.12 20328 3.5024 > -Phase 8 0.00000 5.0000 57.617 609.60 3.3517 2-Phase
2 755.000 7.0000 23871 316.01 2.0404_| 2-Phase 4 0.00000 | 7.0000 | 87.584 | 58068 | 31430 2:fhase
5 0.00000 9.0000 12221 553.21 2.9717 2-Phase
5 55,000 74901 32044 783.00 18814 | Laud 6 0.00000 | 11.000 | 161.43 | 526.84 | 2.8230 2-Phase
5 5000 | 90000 | 33102 27877 | 18404 | tiquid 7 0.00000 | 13.000 | 20358 | 50240 | 2.6932 2-Phase
L -55.000 11.000 341.79 275.31 1.7973 Liquid
8 -55.000 13.000 350.44 273.34 1.7618 Liquid 8 0.00000 14.026 225.21 491.13 2.6344 Supercritical
B) 755.000 15.000 357,74 27232 17312 | Liquid | 9 0.00000 15.000 | 236.77 | 48358 | 2.5914 Supercritical
10 -55.000 17.000 364.08 271.96 1.7042 Liquid 10 0.00000 17.000 256.18 472.04 2.5195 Supercritical
alil -55.000 19.000 369.73 272.08 1.6797 Liquid 11 0.00000 19.000 271.45 464.13 2.4627 Supercritical
()
Temperature | Pressure | Density | Enthalpy | Entropy e
Q) (MPa) | (kg/m’) | (ki/kgK) | (ki/kgk)
1 55.000 1.0000 7.7425 838.57 4.7148 2-Phase
2 55.000 3.0000 24.285 817.30 4.2253 2-Phase
3 55.000 4.1785 34.733 804.40 4.0628 2-Phase
2-Phase
4 55.000 5.0000 42.362 792.81 3.9623 2-Phase
5 55.000 7.0000 61.894 768.96 3.7711 2-Phase
6 55.000 9.0000 82.728 748.54 3.6238 2-Phase
7 55.000 10.207 95.878 737.26 3.5482 Supercritical
8 55.000 11.000 104.57 728.84 3.4984 Supercritical
B 55.000 13.000 126.45 708.81 3.3844 Supercritical
10 55.000 15.000 147.58 691.01 3.2856 Supercritical
11 55.000 17.000 167.28 675.78 3.8412 Supercritical
12 55.000 19.000 185.17 663.12 3.1273 Supercritical

Figure 9. Tables of phase state changes of a model mixture of hydrocarbons at T;= —55 °C (a),

T, =0°C (b), and T3 = 55 °C (c) when varying pressure.
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Thus, this study of phase states of multicomponent hydrocarbon mixtures using
the numerical experiment method allows to refuse a large number of laboratory tests,
as well as to determine changes in the parameters of hydrocarbon mixtures depending
on the composition of the pumped mixture and determine these parameters for further
transportation. In further studies, we will consider changes in the thermal properties of
multicomponent hydrocarbon mixtures depending on their composition [64].

4. Conclusions
The following results have been achieved in the process of accomplishing the work:

1.  Existing research and developments in the field of CNG transportation and storage
are analyzed, and CNG carrier ships are considered.

2. Technical solutions for marine transportation of compressed natural gas and its storage
have been proposed.

3. Calculations of storage of compressed gas have been made; requirements for offshore
storage are formulated.

4. The study of phase states of multicomponent hydrocarbon mixtures using the method
of numerical experiment allows to refuse a large number of laboratory tests, as well
as to determine the change of parameters of hydrocarbon mixtures depending on the
composition of the pumped mixture and to determine the parameters (pressure and
temperature) for further transportation.

5. Recommendations for the use of storage are given.

With a number of competitive advantages, natural gas is becoming one of the most pop-
ular primary energy sources. The development of compressed natural gas production and
transportation technologies opens up new niches for natural gas applications. Following a
review of the promising applications of offshore compressed natural gas transportation,
great opportunities for CNG technologies in existing markets have been uncovered. The
technological simplicity of CNG transportation and storage makes it possible to implement
this project with minimal financial risks and in a relatively short period of time.
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Nomenclature

P pressure (Pa)

T temperature (°C)

P density (kg/m?3)

v kinematic viscosity coefficient (m?/s)
v coefficient of dynamic viscosity (Pa-s)
v velocity (m/s)

\Y% capacity(m3 /s)

D diameter (m)
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) length (m)

h height (m)

H enthalpy (k] /kg)

S entropy (kJ/kg-°C)
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