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This article discusses the problems of transmission of liquefied natural gas through a non-pressure pipeline from a
stationary storage facility to a transport cryogenic tank and ways to solve them. Theoretical studies have been carried
out, including mathematical modeling of thermal and hydrodynamic processes during the transmission of liquefied
natural gas through a pipeline by a non-pressure method.
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INTRODUCTION

Nowadays, liquefied natural gas (LNG) has taken a
strong position in the energy market. One of the main
reasons for this is the fact that the main consumers of
natural gas were cut off from the places of its produc-
tion, which necessitates the construction of liquefaction
plants in places of promising fields and the transporta-
tion of LNG by sea in methane tankers [1] to [3]. LNG
production is concentrated mainly in northern Africa
(Algeria, Libya), Indonesia, Malaysia, the Persian Gulf,
and Australia. The main consumers of LNG are Japan,
South Korea, France, Spain, Belgium, the USA, which
are both an importer and an exporter [1] to [3]. Russia
also possesses the largest natural gas fields located in
remote areas (the Barents Sea, the shelf of the Kara
Sea, Sakhalin Island, etc.), which are unfavorable for the
construction of trunk gas pipelines. Therefore, two large
natural gas liquefaction plants have already been built
there and continue to increase their capacity - on Sakha-
lin Island and on the Yamal Peninsula [4] to [6]. For in-
tercontinental LNG transport, a fleet of methane tankers
with tank volumes of up to 120 thousand m3 and more
has been built, which is equivalent to 72 million m3 of
conventional gas. Methane carriers are being designed
to transport over 200 million m3 of gas in one trip. There
are tankers with ball tanks built into the deck; ships in
which LNG is stored directly in insulated holds; special
reinforced methane carriers for navigation in arctic ice
conditions [1], [4]. Unloading and filling of methane tank-
ers is carried out in receiving terminals through process
pipelines by various methods using overpressure. The
most commonly used of these are the transfer of LNG
by means of pumps, pressurization of an inert gas with
a lower boiling point, or pressurization of LNG vapors
obtained in an evaporator [7] to [8]. However, LNG is a
cryogenic liquid that boils at a temperature of 161.5 °C
below zero at atmospheric pressure, which causes heat
gains from the environment. Due to heat gains, LNG
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evaporates, forming a vapor-liquid flow. In addition, LNG
can boil if the pressure in the pipeline drops below the
saturated vapor pressure of the LNG, which occurs in
the suction pipeline and leads to the disruption of the
pump [9] to [10]. LNG delivery from a large storage facil-
ity by pressurizing an inert gas with a lower boiling point
or pressurizing LNG vapors obtained in the evaporator is
limited by the permissible rise in pressure in the storage
facility, which can lead to rupture of its walls [11] to [12].
Therefore, in some cases, it is more expedient to use the
non-pressurized method of LNG transfer due to the dif-
ference in levels, for example: when loading a methane
tanker from a storage located on a hill. At the same time,
there are no energy costs and the need for expensive
cryogenic pumps that require maintenance, and there
is no need to raise high pressure in the storage. This
method is widely used when unloading liquefied petro-
leum gases from railway tanks into storage (Fig. 1) [13].
The drained tank and the tank to be filled are connected
by pipelines of the vapor and liquid phases. In communi-
cating vessels, the liquid is set at the same level, so the
liquid phase will flow into the downstream reservoir. At
the same time, in order to create a sufficient discharge
rate at the same temperatures and pressures in the tank
and the reservoir, it is necessary that due to the hydro-
static head (due to the difference in levels) a pressure
difference of at least 0.7-1.0 kgf / cm2 is created; the
minimum required value of the hydrostatic head is 13-20
m of the liquid column (taking into account that the den-
sity of liquefied hydrocarbon gases is about 582 kg / m3)
[13]. When LNG is pumped or pressurized with vapors,
the excess pressure created by them increases the LNG
saturation temperature, ensuring that the liquid is sub-
cooled to the saturation temperature, thereby preventing
LNG boiling up in the pipeline. When transferring LNG
due to the difference in levels (see Fig. 1), the available
head may be insufficient to ensure that the LNG is sub-
cooled to saturation temperature. Therefore, in a certain
section from the entrance to the pipeline, LNG reaches
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a saturation state and boils, creating steam plugs in ver-
tical pipelines or an upward movement of steam, which
prevents the transfer of LNG through the pipeline [13].
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Figure 1: Transfusion of liquefied hydrocarbon gases
due to the difference in levels

1 - tank; 2 - stationary tank; 3 - liquid phase pipeline;
4 - gaseous form pipeline, 5 - cylinder

In this case, various LNG flow regimes can take place,
starting from a liquid flow with vapor bubbles and ending
with a vapor flow containing liquid droplets. The modes
differ in the mechanisms of heat transfer and in the spa-
tial distribution of the vapor and liquid phases. In a ver-
tical pipeline (Fig. 2), bubble, slug, annular or dispersed
annular, emulsion flow regimes can exist. Bubble flow
occurs at low flow rates, slug - at moderate steam rates
and relatively low flow rates; dispersed-annular and
emulsion - at high steam contents and high flow rates
[14].
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Figure 2: Modes of vapor-liquid flow in vertical pipes
a - bubble; b - slug; ¢ - circular; d - emulsion
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In the riser, the vapor velocity of the LNG is lower than
that of the liquid phase, which causes a higher hydraulic
resistance. At low velocities of the liquid phase, a lifting
movement of steam is observed in the drop pipe. This
phenomenon significantly complicates the transportation
of LNG by the gravity method (see Fig. 1), reducing the
mass flow rate and increasing the transportation time of
LNG [14]. In horizontal and slightly inclined pipelines at
low flow rates, LNG is transferred in a stratified mode
(Fig. 3): the liquid phase of LNG is entirely concentrated
in the lower part of the pipeline, and the vapor phase is
in its upper part, therefore, the disturbance of circulation
and the appearance of steam locks on these areas does
not occur [14].
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Figure 3: Flow modes in horizontal pipelines:

a - bubble; b - cork; c - stratified; d - wave; e - slug;
f - circular; g - emulsion.

MATERIALS AND METHODS

The efficiency of LNG transmission through a pipeline
largely depends on the specific design of cryogenic pipe-
lines and their thermal insulation. Basically, for cryogenic
pipelines vacuum types of thermal insulation are used:
vacuum-powder, layered-vacuum or pure vacuum (Fig.
4), which makes it possible to reduce heat fluxes to min-
imum values [9] to [10]. At the same time, pipelines with
volumetric thermal insulation are used: bulk, porous and
fibrous thermal insulation. Domestic and foreign experts
recommend foamed materials as thermal insulation:
polyurethane foam, expanded polystyrene, cork, foamed
epoxy resin, foam glass [9], [15]. Designs of a pipeline
for transferring a cryogenic liquid from one reservoir to
another are known from patent sources (Figure 5), which
makes it possible to remove the formed vapor phase in
the vertical section of the pipeline [16].
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Figure 4: Structures of supports for the inner pipe in
cryogenic pipelines:
a) - finger; b) - wire; c) - ballpoint; d) - disk; e) - trunnion
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Figure 5: Structural diagram of LNG transmission
through a pipeline by the gravity method:

1 - LNG storage; 2 - shut-off valves;

3 - cryogenic pipeline;

4 - thermal insulation of volumetric type; 5 - inner pipe;

6 - outer pipe; 7 - annular space; 8 - flow constriction
element; 9 - holes; 10 - prefabricated gas outlet;

11 - transport tank; 12 - receiver; 13 - foreline pump;

14 - return gas pipeline; 15 - leveling gas pipeline.
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Sources [16] to [17] propose a mathematical model of
LNG transmission through a pipeline by the gravity meth-
od and a calculation method that allows determining the
length of a single-phase LNG flow section and its trans-
portation parameters: pressure p, temperature T, mass
flow rate G (Fig. 6).
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Figure 6: Design scheme for the transfer of LNG
through the pipeline from the tank to the tank by the
gravity method

LNG is transported through the pipeline under the influ-
ence of the available pressure drop in the storage and in
the receiving tank and is characterized by the following
parameters: pressure P _, temperature T , mass flow rate
G, = G,. The pipeline consists of horizontal and vertical
sections and has thermal insulation with a thickness of
d with a thermal conductivity coefficient A. The ambient
temperature is assumed to be a constant T_= const.

RESULTS

Calculation of heat gains to LNG is carried out accord-
ing to the well-known laws of the theory of heat conduc-
tion and convective heat transfer: the Fourier law and
the Newton's law of cooling. As a result of heat inflows
q from the environment and a pressure drop in the pipe-
line Ap because of the hydraulic resistance of the LNG
pipeline at a certain distance from the inlet z = I/ reaches
the saturation state with the parameters T (I /) = T/, p
() = p/, G, [11] to [12], [17]. Transportation parameters
of the LNG through a free-flow pipeline are close to the
saturation line, therefore, even insignificant changes in
pressure and temperature can lead to the evaporation
of a part of the LNG and the appearance of a two-phase
vapor-liquid flow, which significantly reduces the efficien-
cy of LNG transfer by a free-flow method. Therefore,
when calculating the parameters of LNG transportation
through a pipeline, one should take into account chang-
es in the thermophysical properties of LNG [18] to [19].

Based on the above, the length of the section of the sin-
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3

gle-phase flow of LNG through the pipeline is determined
by the expression:

_ 103+ 0,000083 - p,, — Ty
~0,000083 -k, +ay
where a1, a2z are complex quantities that take into ac-
count the effect of heat inflows from the environment and
the parameters of LNG transportation on its temperature:
_ wDAT, /'lmpGlz gcosa

" GycpS  2DA%p%cp  cp

kg —specific pressure losses in the horizontal section of
the pipeline, Pa/m;

Ampp Wy’

K
9= 2D,

1/

- aZth

a

Below this cut, there is a two-phase flow of LNG with the
parameters T, p_ , G, X. Calculation of pressure losses
in the section of a two-phase LNG flow using the formu-
las for a single-phase flow leads to significantly underes-
timated results [12], [17]. In engineering practice, to cal-
culate two-phase flows, simplified methods are usually
used that are not related to the consideration of specific
flow regimes: a model with phase slip (Lockhart-Marti-
nelli correlation) and a homogeneous model [14], [20] to
[21]. When calculating a two-phase flow according to the
model with phase slip, pressure losses in a turbulent flow
regime are determined by the equation [14]:

(), =), 10" o

where (p/l)jo is a pressure drop per unit length of the
pipeline during the movement of the liquid phase at full
flow rate G = Gg + Gj, is determined by the well-known
Darcy-Weisbach equation, Pa/m; x is the mass steam
content of the flow; ®j is a function expressing the ratio
of the pressure loss of a two-phase mixture to the pres-
sure loss of a single-phase liquid. The influence of heat
inflows on the hydrodynamics of the flow is taken into
account by changing the mass steam content x along
the length of the pipeline. The function ®. in expression
(5) is determined graphically (Fig. 7) depending on the
parameter [14]:
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where P, . p,are density of vapor and liquid phases, re-
spectively, kg / m?; Hy o - dynamic viscosity of the vapor
and liquid phases, respectively, Pa.s.
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Figure 7: The ratio between ®g(x) u ®j(x) at turbulent
flow of phases
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At low steam contents of the flow and high mass veloc-
ities, the homogeneous model has the greatest agree-
ment with the experimental data. The essence of the
model is that a two-phase flow is considered as a sin-
gle-phase flow, in which the specific volume in each sec-
tion of such a flow is related to the mass vapor content
and the specific volume of each of the phases [20] to
[21]:

Uon =Y (1=2) +y, - X

The equation for calculating friction losses is written in a
form similar to the Darcy-Weisbach equation [20] to [21]:

Ap Acm (pW)ZUCm
(A_l>cm - 2D
where A__is the coefficient of resistance of a two-phase
flow, which can be represented by the coefficient of re-
sistance of a single-phase flow Atr and some empirical
function y of the parameters of a two-phase flow, i.e.
Aem = (I/'Atr
In view of the complex nature of the dependence of gy on
the operating parameters of the two-phase flow, in engi-
neering calculations, gy = 1 is taken. The main assump-
tions of the homogeneous model consist in the assump-
tion of the equality of the linear velocities of vapor and
liquid, the thermodynamic equilibrium of phases, and the
applicability of the dependences to the two-phase flow
for calculating the friction coefficient of a single-phase
flow [20] to [21]. Having analyzed the known mathemat-
ical models of two-phase liquid flows, the authors pro-
posed the following method for calculating a two-phase
LNG flow. The initial data for calculating the parameters
of the two-phase LNG flow are the values of the pa-
rameters T/, p/, I, obtained as a result of calculating the
single-phase flow [11] to [12], [17]. The section of the
pipeline | =1 -1, where liquid evaporation takes place,
is divided into equal segments Delta I. Within each seg-
ment, the mass vapor content x and the parameters of
each of the phases are taken to be constant. At the end
of each section, the steam content and pressure loss are
determined. The mass vapor content in the section li+l is
determined by the vapor content of the flow in the previ-
ous section li and the increase in the vapor content in the
segment Delta I=li+1-l due to the heat gain and pressure
drop over the saturated liquid
e =yt 4q - Al is(pi) — is(Pi—1)

i+1 i D- p- W -r r
where ig(pi) is the enthalpy on the LNG saturation line at
a pressure p,, J/kg; r — specific heat of vaporization, J/
kg; q is the amount of heat input to LNG, which can be
determined by the formula:

_ 27Ains (Ty — Ting)

q In (Dms/D)

The pressure at the end of each segment in the section
l.,, is related to the pressure in the section | as follows:
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%

Pi+1 = Di — Apcm.tr - Al.:%’

where a is the angle of inclination of the segment DI to
the vertical, u_, — is the specific volume of the vapor-lig-
uid mixture, m3*kg. When moving to the next segment,
the change in the vapor content and density of the va-
por phase due to the heat gain and pressure drop in the
previous segment is taken into account. To calculate the
pressure loss by friction Ap__ . in a two-phase flow on
the segments delta | he relations of both the model with
phase slip and the homogeneous model can be taken.
The calculation is correct if the condition is met:

Pp wyk h ~Puyk h
— <,
Pyyk h

where Py vukn is the design pressure at the end of the pipe-
line, Pa; p,,, is a predetermined pressure value, Pa; E is
specified relative calculation error. If the calculated pres-
sure turns out to be higher than the specified value, then
the flow rate should be increased and the calculation re-
peated; if the design pressure turns out to be lower, then
the product flow rate should be reduced and the calcu-
lation repeated. The values W and x ., corresponding
to relation (13) will be the required ones [11] to [12], [17].

CONCLUSION

The main findings of this article are:

1. When LNG is dispensed from the storage facility by
the gravity method, the subcooling of LNG at the in-
let to the pipeline is provided by the hydrostatic head
of the liquid column and the excess pressure of LNG
vapor in the storage facility.

2. During transportation, the temperature of LNG along
the length of the pipeline changes insignificantly due
to heat inflows, taking into account the use of effec-
tive thermal insulation, and the state of LNG satu-
ration is achieved mainly due to pressure losses to
overcome the hydraulic resistance of the pipeline
below the pressure of saturated LNG vapors.

3. With a long pipeline length, LNG boils in a certain
section of the pipeline and is then transmitted in a
two-phase flow, creating steam plugs in the vertical
section of the pipeline with the possibility of overturn-
ing the circulation.

4. Methods for calculating pressure losses in sections
of single-phase and two-phase LNG flow are pro-
posed. The section of the two-phase LNG flow is di-
vided into segments, within which the steam content
x and the parameters of each of the phases are tak-
en constant. To calculate the pressure loss by friction
Apcm.tr on the segments delta | the ratios of both the
model with phase slip (5-6) and the homogeneous
model (7-12) can be adopted.
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