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FEATURES OF LNG VAPOR TREATMENT ON A GAS CARRIER

The article considers the use of liquefied natural gas (LNG) as a fuel for low-speed marine engines. The
environmental aspect of the transition to LNG use is crucial when choosing a specific way to comply with the
requirements of MARPOL 73/78. The result of the operation of an internal combustion engine on natural gas is
low emissions of exhaust gases into the environment due to the absence of pollutants in the fuel. Methane, the
main component of natural gas, is a highly efficient hydrocarbon fuel. In addition to environmental aspects in
this case are very important and economic. The number of gas vessels in the world will reach about 200 units,
and the consumption of LNG as fuel in ship power plants will increase rapidly. The transition to gas fuel on
ships reduces operating costs due to low gas costs, lower maintenance costs. To date, two technologies for
the use of PGI have been implemented. Gas supply at high pressure is carried out at the position of the piston
near the top dead centre (BMT) and is implemented in MAN B & W engines of the ME-GI series. That low-
pressure gas supply technology is based on the combustion of depleted gas-air mixtures and is implemented
in Winterthur Gas & Diesel Ltd (WinGD) DF and RT-flexDF engines. Existing technologies for the use of
natural gas in marine low-speed engines are fundamentally different. In terms of dynamic and powerful
indicators has obvious advantages of high-pressure gas supply technology. However, environmentally friendly
performance, capital investment and operating costs are much better in engines with low gas supply pressure.
The technology of combustion of gas fuel in the DG does not affect the choice of LNG storage tanks but
fundamentally determines the fuel preparation system. Various designs are used to store liquefied gases tanks.
For engines with low gas supply pressure enough centrifugal cryogenic pump, and low-pressure evaporator,
whereas for the engine with high pressure requires a high-pressure pump (HPP) plunger type and suitable
evaporator. It is necessary to find the most efficient and economical options treatment of excess LNG generated
when the vessel is parked, which cannot be used as fuel in marine boilers and engines internal combustion.

Key words: liquefied, natural gas, ecological aspect, membrane tanks, exhaust gases, ship systems, naturally
evaporated gas (NEG). Gas combustion unit (GCU).

Introduction. The use of liquefied natural gas
(LNG) as a fuel for the main ship's engines, as well
as for the production of electricity to meet the needs
of ships during berthing in ports can curb the growth
of pollution and comply with strict environmental
restrictions. The environmental aspect of the transi-
tion to LNG use is crucial when choosing a specific
way to comply with the requirements of MARPOL
73/78. The economic advantages of liquefied gas
allow to recoup in a reasonable time the cost of adapt-
ing the vessel to work on LNG, technological equip-
ment and the cost of bunkering.

According to the latest data, by 2019 the number
of gas vessels in the world will reach about 200 units,
and the consumption of LNG as fuel in ship power
plants will reach 1 million tons by 2020 and will
increase rapidly to 8.5 million tons of 2025.

The result of the operation of an internal com-
bustion engine on natural gas is low emissions
of exhaust gases into the environment due to the
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absence of pollutants in the fuel. Methane, the
main component of natural gas, is a highly efficient
hydrocarbon fuel. Thus, in the mode of operation
of the engine on gas CO, emissions are reduced by
20% in comparison with the operation of the engine
on residual grades of fuel. Accordingly, NO, emis-
sions are reduced by 85-90%, while SO, emissions
are virtually eliminated. Moreover, there is no vis-
ible smoke, sludge, lead emissions, benzene emis-
sions are reduced by 97%.

In addition to environmental aspects in this case
are very important and economic. The transition to
gas fuel on ships provides a reduction in operat-
ing costs due to low gas costs, lower maintenance
costs, etc.

The power plant of a dual-fuel container ship

Today, two gas combustion technologies have
been implemented fuels in marine low-speed engines,
which are conveniently classified by gas supply pres-
sure to the cylinder [1].
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Fig. 1. Schematic gas supply diagram to the WinGD-DF engine
1 — pump; 2 — evaporator; 3 — compressor, 4 — heater; 5 — buffer tank; 6 —Gas valve unit (GVU); 7 — main engine;

8 — pressure reduction valve; 9 — auxiliary engines

Gas supply at high pressure is carried out at the
position of the piston near the top dead centre (TDC)
and implemented in MAN B&W ME-GI series. Low-
pressure gas supply technology is based on combus-
tion of depleted gas-air mixtures and implemented in
engines Winterthur Gas & Diesel Ltd (WinGD) DF
and RT-flexDF.

An important feature of WinGD engines is that
they run on depleted gas mixtures, the air in the cyl-
inder is oriented twice as much than required for
complete combustion, so a lot of heat is spent to
heat the air, which contributes to a significant reduc-
tion in peak values combustion temperatures and a
sharp decrease in NO, formation. Efficiency increases
engine and power, at the same time the detonation
disappears. The excess ratio of the air is maintained
in the range of 2.0-2.2.

Before the engine the gas is filtered, the pressure
in the pipeline is regulated in depending on the engine
load (8 kg/cm? at full load). Next, the gas is directed
to the main inlet valve installed in the cylinder head.
Control pulses to the valves are supplied electroni-
cally the control unit, which in turn receives informa-
tion from the sensors speed, load, pressure and tem-
perature of the charge air and the sensor combustion
control in each cylinder [1].

From the LNG storage tank with a multistage
centrifugal pump regulated LNG capacity is fed to
the evaporator, where it completely evaporates. After
the evaporator, the gas enters the heater, in which the
temperature rises to 30° C. From the heater, the gas
enters the buffer tank. Stabilization of gas pressure
in the LNG tank occurs with the help selection of
“warm” vapors by the compressor. From the buffer
tank that plays a role battery, gas at a temperature of
30°C and a pressure of 18 bar is supplied to the GVU

main engine. Gas enters the fuel system of auxiliary
engines through a pressure reduction valve, which
reduces the pressure to 6 bar. GVU regulates the gas
pressure in gas-fuel ramp depending on engine load
[1]. The combustion process in a low-pressure gas
engine is characterized uniform temperature distri-
bution in the short circuit, resulting in the number
produced NOx does not exceed 4 g / (kW * year),
which completely meets the requirements of the third
stage of the Program VI of the MARPOL 73/78 Con-
vention [1].

In MAN B&W ME-GI series, a gas supplied to
the cylinders under high pressure. This engine uses
the idea of achievement required pressure due to
LNG compression and then gasification [3] (Fig. 2).
Compression of LNG to the required pressure
occurs in the three-plunger high-pressure pumps
(HPP). Liquefied natural gas is supplied to the HPP
by the feed pump. In this case, the LNG from the
gas tank is fed into the evaporator low-capacity
high-pressure compressor. Flow and pressure in the
system regulated by the speed of the pump from the
drive motor that allows reaching necessary pressure
at variable loading of GD. Although the flow rate
changes, the pressure in the system is maintained
constant by the means of a rather difficult system of
regulation [8].

Gas supply to the engine is carried out through two
separate gas injectors, located in the cylinder head.
To achieve a critical pressure drop on the gas nozzle
and in the combustion chamber, the pressure in the
gas pipeline should be 150-300 kgf/cm? (depending
on the load). The temperature of the end of the cycle
compression is 500-600° C, which is insufficient for
reliable inflammation methane, given its high auto-
ignition temperature (600° C), therefore a small dose
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Fig. 2. General schematic gas preparation and supply diagram for MAN B&W ME-GI

of flammable fuel is supplied before the gas fuel is
supplied [3].

The intake of engines with high gas supply pres-
sure is comparable to diesels running on liquid fuel,
given more widely allowable range of excess air ratio.

The technology of combustion of gas fuel in the
DG does not affect the choice of LNG storage tanks
but fundamentally determines the fuel preparation
system. For engines with low gas supply pressure
enough centrifugal cryogenic pump, and low-pressure
evaporator, whereas for the engine with high pressure
requires a high-pressure pump (HPP) plunger type
and suitable evaporator [1].

The advantage of a low-pressure gas supply sys-
tem, in this case, is at lower energy costs for LNG
vapor compression, while for engines with high gas
supply pressure require a multistage high-pressure
pump [1].

In the process of combustion of gas in the engine
with high supply pressure in the short circuit, there are
local high-temperature zones where the reaction takes
place NO, formation. NO, emissions correspond to
stage II only Program VI MARPOL, and for compli-
ance with the III stage requires further exhaust gas
purification by selective catalytic neutralization [1].

Analysis of possible options for the selection of
LNG storage tanks. Though the use of LNG as a fuel
in marine power plants has many advantages and dis-
advantages. LNG storage tanks take 3-4 ship space
than conventional fuel tanks. So free cargo space is
becoming one of the main issues to discuss. Increas-
ing the duration of the planned flight necessitates an
increase of volume of LNG tanks [10]. Therefore, one
of the main goals in the design ships — to optimize the
size of stock tanks depending on the free space [9].

Various designs are used to store liquefied gases
tanks. This takes into account such parameters as:

—maximum working pressure;
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—maximum LNG temperature;

—tank configuration;

—material used in tank construction [9].

Today, there are several possible options for
installing tanks stock of LNG carriers [9]. The use
of such tanks is permissible in accordance with IMO
requirements. Such tanks include independent tanks
of type A, B and C, as well as membrane tanks [8].

Membrane tanks are not self-supporting, consist
of a thin membrane, laid on insulation. The insulation
is located directly on the hull so that the pressure in
the tank is directly transmitted to the structure hous-
ing. The hull is the main supporting element of such
tanks. Membrane tank is designed so that thermal and
other types of expansion or compression was com-
pensated without its excessive stress [8]. Calculated
the vapor pressure P in such tanks should not exceed
0.07 MPa [6]. For this type of tank requires a second-
ary barrier.

Independent tanks — self-supporting, are not part
of the hull and do not participate in ensuring the over-
all strength of the case. Such tanks are attached to the
hull only through special calipers, allowing them to
compress and expand independently of the hull. LNG
is stored in storage tanks in the form of cryogenic
tanks without any means of external cooling. So, a
significant part of the LNG volume evaporates during
the flight [4]. This evaporated gas commonly referred
to as naturally evaporated gas (NEG). Formed NEG
can be used as fuel.

Although when installing type C tanks much more
used useful space on ships, this option remains the
most attractive in terms of financial savings that it is
necessary to spend on the utilization of NEG from
more compact membrane tanks.

For example, in a cylindrical tank type C with a
volume of 200 m?® with working pressure from 0.6 bar
to 4 bar and with elastic polyurethane foam in quality
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of insulation with a thickness of 200 mm — the maxi-
mum allowable pressure in the tank will be achieved
after about 25 days [9].

Thus, for ships with a small deadweight — optimal
option is to install type C tanks, which are available
on the market in different volumes with a maximum
allowable operating pressure of up to 10 bar [9].
They are the most attractive for use on ships with
low gas consumption, or on those that frequently
call at ports where it is possible to bunker the vessel.
Type C tanks are already used on many ferries and
offshore vessels [9].

However, for large vessels, it is advisable to use
membrane tanks due to the fact that the installation of
such tanks is more profitable in terms of optimal use
of free space.

An example of such vessels can be built on Chi-
nese shipyards 9 container vessels, SMA SGM with a
capacity of 22,000 containers. It is reported that these
vehicles will go between Europe and the Far East
with bunkering in European countries. It is planned
that the capacity of cargo tanks will reach 18,600 m®.
Capacity such stock tanks can be correlated with a
small capacity gas carrier. Thus, it is obvious that it is
advisable to use only tanks membrane type.

Recent orders for large ships using as LNG fuels
show a significant increase in demand and demand for
more advanced and efficient technological solutions for
LNG processing that formed by the inevitable transfer
of heat through cryogenic insulation the tank [11].

NEG processing methods

LNG is stored in storage tanks at a pressure close
to atmospheric and a temperature of -163 — -159° C
[2]. The most acceptable option for large container
vessels with a dual-fuel installation is the use of
membrane tanks. So, for example, on the mentioned
container vessels on 22 000 containers, GTT designs
membrane LNG fuel tanks, type Mark III, which will
allow the most efficient use of cargo space on these
vessels. Such tanks are designed for a working over-
pressure of 7 kPa. At 25 kPa the safety valve works
[2]. The company CMA CGM states that on the men-
tioned construction 12-cylinder, two-stroke internal
combustion engines will be installed in container ves-
sels WinGD 12X92DF with a piston D=92 cm and
low-pressure gas supply system. Maximum power
will be reached 63,840 kW at 80 rpm. The volume of
LNG tanks will be 18,600 m®. It is planned that the
container ship will operate on the line Europe — the
Far East with one-time bunkering in Europe. Obvi-
ously, the running of operating modes of the vessel
formed by the LNG will be completely ignited in cyl-
inders of the main engine. However, suppose LNG

tanks fully filled and the vessel is at anchor or drift-
ing. In this case, the power consumption of the vessel
will be much lower and the entire LNG will be impos-
sible to dispose of in diesel generators or boilers. To
estimate the quantity excess LNG can calculate the
imbalance between the required heat combustion and
heat of NEG.

The required amount of heat is proportional to the
power and specific consumption gas fuel at a certain
engine load

Qs =N, - 8.~ 24

Power varies depending on the mode of operation
of the vessel. Power, consuming a container ship in
the parking lot depends on the number of consumers,
necessary to secure the vessel. Suppose for a future
flight the ship was not scheduled to carry refrigerated
containers. Then the power consumption of such a
container ship is approximately 500 kW.

kJ

500kwt-7091— .24
kw 85092 M

1000 day

The amount of heat of NEG is characterized as
the daily volume of evaporated cargo and its calorific
value. The amount of NEG heat is possible to calcu-
late by the formula:

Omr=e-V-1-p-H

Where: e — is the daily evaporation coefficient of
LNG; V' —a volume of cargo tanks; / — tank filling fac-
tor; p — is the density of LNG; H — is the mass lower
heat gas combustion. Manufacturers of cargo systems
claim that the daily cargo evaporation coefficient for
membrane tanks of cargo systems Mark III is equal to
0.0015. Also, assume that the cargo pair will contain
only methane. Then the mass lower heat of combus-
tion will be 50,041 MJ / kg [1].

deoﬁ -

So:
s = 0,0015day' = 186004 = 0,98 = 459,4k—‘% .
M
= 50,041 M =628560,73
kg

The imbalance of evaporated and the required
amount of heat will be equal to their differences

AQ = Ongr— Qreos

A0 = 628560 — 85092 = 543468 M
day
Necessary to re-liquefy LNG in different re-lique-
faction plants.
To date, several types are used for processing
NEG gas re-liquefaction plants. The most common
are installations running on the Brighton cycle, pro-

duced by several manufacturers in a different layout.
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However, the use of installations that operate on a
cycle Brighton is impractical with a small daily vol-
ume of LNG.

Cyclic natural gas liquefaction systems Brigh-
ton have a dual-circuit system with a common heat
exchanger. How working fluid they use N, (nitrogen).

The gas is compressed isothermally in a three-stage
compressor with an intermediate cooling (Fig. 3).
Then the gas passes through the heat exchanger at
constant pressure in which energy is exchanged
with the waste stream low pressure. From point 3 to
point 4 is an isoentropic expansion in the expander.
From point 4 to point 1, the cold gas is heated to ini-
tial temperature, removing energy at constant pres-
sure from high-pressure inlet flow [5].

Mini LNG can be an alternative to such settings
installations operating on the principle of mixed cool-
ing. Such installations were developed and tested in
laboratories scientifically — Sintef Research Institute
in Trondheim. At the moment they are being installed
on small vessels — gas carriers, such as the company's
gas carrier .M. Skaugen SE with a capacity of LNG
of 20 tons/day. In installations of this type of LNG
compressed in the compressor to 18 bar, cooled by
seawater and propylene to a temperature of -35° C
in the pre-cooling circuit in special heat exchangers.
The gas is then liquefied and supercooled in the mixed
cooling circuit. Then the supercooled liquid throttles
to the required pressure [13].

Installations of this type are produced by many
companies productivity from 5 to 50 tons of LNG per
day. Average energy consumption in such installa-
tions is equal to 0.47 kW / kg of LNG. Another alter-
native to the liquefaction setting may be the installa-
tion of StirLNG that operates on the reverse Stirling
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cycle based on compression and expansion of helium
in a closed cycle.

For a clear explanation, the process can be divided
into 4 main ones the position of the piston shown in
Fig. 3. In position 1, helium is in space D at ambient
temperature. In position 2 this the gas is compressed
by the piston B with a subsequent increase in tem-
perature to 80° C. When the plunger C moves down
from position 2 to position 3, the gas is displaced
from space D into space E, passing through the cooler
H with further heat transfer of cooling water and low-
ering the temperature gas up to 15° C. Next, helium
passes through the regenerator G into the space EV
the regenerator gas is cooled almost to the liquefac-
tion temperature. During the last and main action of
the gas expands with the movement of the plunger
and piston provision 4.

In the process of expanding the necessary refrig-
eration capacity is created, liquefied methane in heat
exchanger J. To start a new cycle, the plunger moves
to position 1, returning helium to space D.

For the first time on ships, the StirLNG installa-
tion will be used on bunkering vessel with a volume
of cargo tanks of 2200 m? in the company’s project
Tote. This vessel will be equipped with 6 StirLNGs
with a capacity of 900 kg/day and power consump-
tion of 38 kW each.

Conclusions. Taking into account modern envi-
ronmental requirements and constant growth prices
for residual fuels, Propulsive complex with two-
stroke gas diesel is another evolutionary solution.

Existing technologies for the use of natural gas
in marine low-speed engines are fundamentally dif-
ferent. In terms of dynamic and powerful indicators
has obvious advantages of high-pressure gas supply
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Fig. 3. Brighton reverse cycle
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Fig. 5. StirLNG plant

technology. However, environmentally friendly per-
formance, capital investment and operating costs are
much better in engines with low gas supply pressure.

For small ships — the best option is to install tanks
type C, which does not require additional installations
for the processing of LNG. While, as for large ships,
the most attractive option would be to install tanks

stock membrane type, allowing the most efficient use
of the cargo space of the vessel.

It is necessary to find the most efficient and eco-
nomical options treatment of excess LNG gener-
ated when the vessel is parked, which cannot be
used as fuel in marine boilers and engines internal
combustion.
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Ko3bminux ML.A., 3agopo:xkuuii B.A. OCOBJINBOCTI BUKOPUCTAHHS
3PIJIZKEHOI'O ITIPUPOJHOI'O I'A3Y HA T'A30BO3I

Y cmammi poszensoacmucsa suxopucmanus 3piodcenoco npupoonoeo 2azy (3II) sax namusa 8 cyoosux
manoobepmosux osucynax. Exonoziunuti acnekm nepexody ua euxopucmanns 3l € susnauanvHum npu
8UOOPT KOHKpemHo20 Wasaxy sukonauts eumoe koneenyii MAPIIOJI 73/78. Pe3ynomamom pobomu 08ucyHa
BHYMPIUHBbO20 320PAHHA HA NPUPOOHOM) 2a3i € HU3bKI BUKUOU BUXTIONHUX 2A318 Y HABKOTUULHE Cepedosulye Yepes
giocymuicmu y nanusi 3a6pyontosadie. Meman, 20108HULI KOMIOHEHM NPUPOOHO20 2a3Y, € BUCOKOeDEKMUBHUM
8y2ne8o0He8UM Naaueom. Kpim exonociyHux acnekmis, y ybomy GUNAOKY Oyice 8adiCIU6l i eKoHoMiuHi. 3a
ocmannimu oanumu, 00 2019 poky xinekicmo cydie 2azoxo0ig y ceimi docsaene npubnuzno 200 oounuys, a
cnoocusanns 311" ax nanusa 8 cyoHo8UX eHepeemuuHUx ycmanoskax oocsene 1 minvtiona moun 0o 2020 poky
i cmpimxo 3pocmae. Ilepexio Ha 2azoee naaueo Ha cyoHax 3a0e3neyye SHUNCEHHA eKCNIyamayitiHux eumpam
3@ paxyHoOK HU3bKOI 8APMOCHI 2d3y, MEHUWUX UMPAmM HA MEXHIYHe 00CIY208Y8aHHS.

Humni peanizosani 06i mexnonoeii suxopucmanns 311 Ilooaua 2a3y npu eucokomy mucky 30iliCHIOEMbCS
npu NONONCeHHI NOPWH nooausy eepxnvoi mepmeoi mouxku (BMT) i peanizosana y osucynax MAN B &
W cepii ME-GI. Ta mexuonoeis nooaui easy npu HU3bKOMY MUCKY 3ACHOBAHA HA CHANIOBAHHI 30I0HEHUX
2azonogimpsnux cymiweti i peanizoeana 6 osueynax Winterthur Gas & Diesel Ltd (WinGD) DF i RT-flexDF.
Cyuacni mexHonozii BUKOPUCMAHHA NPUPOOHO20 2A3) 8 CYOHOBUX MAI000EPMOBUX O8USYHAX NPUHYUNOBO PI3HI.
3 nosuyii ounamivHux i NOMYAHCHUX NOKASHUKIE 0YeBUOHUMU Nepesazamiu 80100i€ MeXHON02is nodayi 2asy nio
sucoxum mucxkom. OOHAK eKONO2IYHI XApAKMepUCmuKu, KanimanoeKid0eHH s ma eKCHIyamayiini eumpamu
3HAYHO Kpawji y 08USYHIB [3 HUSLKUM Muckom nodaui eazy. Texnonozia cnantosanus 2azo02o nanusa 6 1/] ne
enaugac Ha ubip mankie 3anacy 3111, npome npuHYUNOBO BU3HAYAE CUCEMY NATUBONIO20MOBKU.

Mooiwcnusi pisnomanimui eéapianmu eubopy kowcmpykyii manxie 3anacy 3l 3anedcno 6i0 muny ma
Xapakmepucmux cyOHa. /[ 08ucyHie i3 HU3bKUM MUCKOM Noodaui 2a3y 00CUmMb 8i0YeHmpo8020 KPUOSEHHO20
Hacoca i 6UNAPHUKA HUZLKO20 MUCKY, MOOi AK 01 O8USYHA 3 BUCOKUM MUCKOM HeOOXIOHUL HACOC 8UCOKO20
mucky (HBT) naymnoicepnozo muny i 6ionogionuil sunapuux. Heobxionuii nowyx naubineus egpekmusHux i
EeKOHOMIUHUX 8apianmie o6pobku Haoauwikosozo 1IBI, wo ymeoprocmsbcs 8 npoyeci CmoanKu cyOHa, AKUll
HEeMOMNCIUBO BUKOPUCTIOBYBAMU SIK NAIUBA 8 CYOHOBUX KOMJLAX | OBUSYHAX 8HYMPIUHLO20 320PAHHA.

Knirouogi cnoea: 3pioscenuil npupooHiii 2a3, eKoNOSIYHUll ACneKm, MeMOpanHi MauKu, GUXIONHI 2a3U,
CYOHO8I cucmemu, npupoonvo sunapysanuii eaz (I1BI), eazosuti monounuii azpecam (I'TA).
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