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ABSTRACT

The immense pressure to decarbonise the maritime industry has led to the Liquefied Natural Gas (LNG)
uptake as a marine fuel and the LNG fuelled ships design. As LNG is stored in cryogenic conditions, the
heat ingress from the ambient causes the boil-off gas (BOG) production, which, if not controlled, results
in the tank overpressure with implications on the fuel storage system safe operation. This study aims at
investigating an LNG storage tank behaviour for realistic operating conditions of an LNG fuelled ocean-
going ship, targeting to identify the recommended control actions for avoiding tank overpressure. A
dynamic model is developed by considering the mass and energy conservation in the liquid and vapour
subsystems, the energy conservation in the tank walls, the vapour to liquid equilibrium (VLE), and real
gas properties. Following the model validation for a holding test, simulation runs were performed for
various operating conditions corresponding to typical long and short voyages of the investigated ship.
The simulation results demonstrate that a boil-off gas (BOG) compressor capacity of 450 kg/h along with
its on/off control setting the upper and lower limits of the tank absolute pressure at 5.5 and 4 bar leads to

tank overpressure avoidance and the minimum number of BOG compressor activations.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
1.1. Background

Alternative fuels, such as Liquefied Natural Gas (LNG) [1], bio-
fuels [2], hydrogen [3] and ammonia [4] can provide solutions in
the short-term as well as to the medium to long-term, leading the
maritime industry towards net-zero emissions operations. Among
these alternative fuels, LNG is deemed a feasible solution contrib-
uting to the maritime industry transition towards decarbonisation
in the short-term. The use of LNG in marine engines provides car-
bon dioxide (CO;) emissions reduction by 25%, reduces the nitrogen
oxides (NOy) emissions by 75—90% depending on the engine type,
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whereas almost eliminates the sulphur oxides (SOx) and particulate
matter (PM) emissions [5,6]. However, burning natural gas in ma-
rine gas or dual fuel engines increases the hydrocarbon emissions
due to methane slip, although this issue has been partially
addressed by improving the engine design and optimising the en-
gine settings.

The commercial viability and the market acceptance of the LNG
fuelled ships are expected to increase in the next years, as the
shipboard LNG storage and process equipment further matures,
yielding its end-use and cost advantages [5—8], compared to other
alternative marine fuels. Nonetheless, several challenges for the
LNG fuelled vessels are related to the lower fuel density (thus, the
required greater storage volume), its storage in cryogenic condi-
tions, as well as the boil-off gas (BOG) generation due to the
inevitable heat ingress from the ambient [9]. The latter can result in
the tank overpressure, which, in turn, can have severe implications
to the environmental and safety performance of the LNG fuelled
ships. To address this challenge, the system behaviour and in-
teractions must be well understood, whereas appropriate BOG
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Nomenclature

Abbreviations

BOG Boil-Off Gas

CFD Computational Fluid Dynamics

EOS Equation of State

IMO International Maritime Organisation
LNG Liquefied Natural Gas

NOy Nitrogen Oxides

PM Particulate Matter

SOy Sulphur Oxides

VLE Vapour-Liquid Equilibrium

Greek Symbols

Convective heat transfer coefficient [W/m?K]
Kinematic viscosity [m?/s]

Fugacity coefficient [—]
Mass density [kg/m?]
Molar density [kmol/m
Thickness [m]

’]

EERSER-EE A

Roman Symbols

A Area [m?]

C Circumference [m]

(o Specific heat capacity under constant pressure [J/
kgK]

Cp Molar specific heat capacity under constant pressure
[J/kmolK]

D Tank Diameter [m]

g Acceleration of gravity [m/s?]

H Liquid Height [m]

h Specific molar enthalpy [J/kmol]

k Thermal Conductivity [W/m]

L Tank Length [m]

m Mass Flow Rate [kg/s]

n Moles [kmol]

n Molar Flow Rate [kmol/s]

Nu Nusselt Number [—]

p Pressure [Pa]

Pr Prandtl Number [—]

Q Heat Ingress [W]

Ra Rayleigh Number [—]

T Temperature [K]

t Time [s]

U Overall heat transfer coefficient [W/m?K]
1% Volume [m?]

X Liquid mixture molar fraction [—]
y Vapour mixture molar fraction [—]
Superscripts

LL Lower limit

nom Nominal

UL Upper limit

Subscripts

amb Ambient

c Cylindrical tank part

e Evaporation

F liquid-vapour film interface

FS Free surface

i Insulation

L Liquid Subsystem

lam Laminar

LW Tank wall in contact with liquid subsystem
out Outflow

r Recirculation

S Inner steel plate

s Spherical tank part

sat Saturated conditions

tur Turbulent

\% Vapour Subsystem

VW Tank wall in contact with vapour subsystem
Other Symbols

C3Hg Propane

C4H1o n-Butane

CHs Ethane

CHy4 Methane

N, Nitrogen

management and pressure control systems are required.

LNG is a methane-rich mixture that also contains ethane, pro-
pane nitrogen and traces of heavier alkanes. Thus, due to the heat
ingress, preferential vaporisation of the more volatile components
takes place with the remaining liquid subsystem becoming richer
in heavier components; this process is also called “weathering” (or
“ageing”) [9]. The time variations of the LNG and the BOG compo-
sitions influence both its thermodynamic properties (boiling tem-
perature, latent heat) and physical properties (heating value); the
latter impacts the operation and performance of the ship machin-
ery burning natural gas (main and auxiliary engines). For the LNG
shore industry, the LNG weathering may impact the plant capa-
bility to provide LNG in the grid. The weathering process and its
prediction are of particular significance for the LNG shore and
shipping industries, as well as regasification plants, as accurate
estimation of the stored LNG composition contributes to the
effective management of the LNG cargo ships and terminals [9,10].
As the LNG fuel weathering is expected to have varying effects in
LNG fuelled ships [11], the sufficient understanding of the corre-
sponding phenomena are essential for the effective management of

the system operation and the control of the tank pressure.
1.2. Literature review

Early research studies focused on establishing accurate BOG
rates by modelling the pure methane evaporation [12,13], and
providing respective experimental data [14]. More recent studies
focused on developing models to represent various aspects of the
LNG production, storage and transfer, including its weathering
process considering both shore and ships LNG storage tanks
[15—26]. Studies pertaining to LNG cargo ships investigating the
BOG generation and the transported LNG weathering were re-
ported in Refs. [15—18]. The BOG utilisation and processing in LNG
terminals were investigated in Refs. [27,28], whereas the BOG
system management and operation were studied in Refs. [29,30].
The BOG re-liquefaction at LNG receiving terminals is investigated
in Ref. [31]. Several studies focused on modelling and investigating
the rollover phenomena taking place in LNG storage tanks [32—35].
The controllers design to adjust the LNG tanks pressure is reported
in Refs. [36,37].
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Dimopoulos and Frangopoulos [16] developed a model to pre-
dict the LNG quantity and composition time variations, by coupling
the non-linear Vapour-Liquid Equilibrium (VLE) with conservation
equations, whilst making simplifying assumptions to keep the
computational cost low. A typical LNG cargo vessel voyage of 25
days was investigated, and it was deduced that the BOG quantity
and composition significantly vary during voyage. Miana et al. [17]
presented a physical model and a data-driven model (based on
Artificial Neural Networks) to evaluate the LNG cargo weathering
process during typical ship voyages. The physical model was largely
based on the mass and energy balances as well as several simpli-
fying assumptions, such as equilibrium between the liquid and
vapour subsystems during the voyage and constant evaporation
rate, exhibiting considerable errors (up to 20%) compared to
respective experimental data. Miana et al. [18] investigated the
assumptions of constant evaporation rate and constant heat flow,
whereas the derived simulation results were compared with
pertinent literature data and historical data from 558 voyages. Er-
rors up to 10% were reported for both modelling assumptions,
concluding that the constant evaporation rate provided slightly
more accurate results (compared to the constant heat flow).

Lin et al. [19] employed the equivalent thermal conductivity
model to study the effect of the tank filling ratio to the boil-off rate,
concluding that the heat transfer due to conduction dominates the
BOG generation process. Pellegrini et al. [20] employed the
assumption of vapour-liquid equilibrium, whereas the BOG rate
was calculated directly from the heat flow to the tank by using the
insulation layer characteristics.

In the studies discussed in the preceding paragraphs, it was
assumed that the liquid zone is in thermal equilibrium with the
vapour zone. Nonetheless, experimental studies supported that the
vapour typically reaches the superheated state with its tempera-
ture being higher than the liquid temperature [9]. This is accounted
for in non-equilibrium models, which exhibit superior performance
in predicting the liquid and vapour zones parameters variations [9].

More detailed models were developed in Refs. [9,38—45] for
shore LNG tanks, by employing the VLE and calculating the heat
ingress accounting for the daily and seasonal ambient temperature
variations. These models considered thermodynamic equilibrium
between the vapour and liquid subsystems, as well as different
temperature and heat transfer between the two subsystems (from
the hotter vapour to the colder liquid), concluding that both pro-
vide adequate accuracy; nonetheless, the thermodynamic equilib-
rium approach exhibits several advantages.

Migliore et al. [9] was among the first studies that considered
different temperature of the liquid and vapour, separately treating
the heat ingress into each subsystem, whilst estimating the heat
transferred from the hotter vapour to the colder liquid. The
weathering effects of the long term LNG storage (52 weeks) for a
165,000 m° shore terminal tank were investigated, concluding that
industrial evidence supported the hypothesis of the heat transfer
between the vapour and liquid taking place by conduction; the
inclusion of which provided more realistic results compared to the
BOG rate over-estimation (in the case of equilibrium models).
Huerta and Vesovic [38] developed a non-equilibrium model for
large LNG storage tanks of constant pressure assuming the heat
transfer by advection due to evaporated LNG upward flow, and
conduction between vapour and liquid. It was concluded that the
advective upward flow dominates the energy transfer within the
vapour, whilst the natural convection within the vapour is
negligible.

Using both equilibrium and non-equilibrium models,
Hulsbosch-Dam et al. [39] studied the behaviour of LNG storage
tank under fire sources, highlighting that the equilibrium model
was able to describe the final heat ingress phenomena; however,
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the initial heat-up was not accurately captured, as the model did
not include the tanks walls thermal inertia. The non-equilibrium
model results, though, were in sufficient agreement with respec-
tive experimental data. Effendy et al. [40] studied an LNG storage
tank at a regasification terminal by using a thermodynamic non-
equilibrium model with the hypothesis of a thin film at the
vapour-liquid interface in equilibrium with the liquid subsystem.
This allowed for a formulation in which the LNG evaporation
maintained the boiling point conditions. Although the model pre-
dictions were not validated against experimental data, the results
demonstrated about 15°C difference between the vapour and liquid
temperatures during 15 days of operation.

In the studies discussed in the preceding paragraphs, the tank
pressure was assumed constant. However, for LNG storage appli-
cations in both the automotive industry and LNG fuelled ships, the
pressure time variation is critical for the tanks design and opera-
tion. Wang et al. [41] employed both the equilibrium and non-
equilibrium models to evaluate the performance of vertical and
horizontal LNG storage tanks in refuelling stations, based on pure
methane considerations. By employing experimental data and
respective results derived from Computational Fluid Dynamics
(CFD) models, it was inferred that both models exhibited similar
accuracy at steady state conditions. However, the non-equilibrium
model provided predictions of adequate accuracy at dynamic con-
ditions, where the equilibrium model failed.

Very few studies investigated the behaviour of storage tanks for
LNG fuelled ships. Van Essen et al. [42] employed the model pre-
sented in Ref. [16] to predict the effect of natural and forced boil off
gas composition on the knock resistance of dual fuel engines used
in LNG carriers and LNG fuelled ships, providing insights on the fuel
quality changes during voyages. However, this model does not
consider the tank pressure variation. Thiaucourt et al. [43]
employed a thermodynamic model considering three zones to
predict the temperature gradients during bottom filling of LNG
storage tanks. It was highlighted that the maximum tank filling
ratio depends on the tank operating pressure and the opening of
the BOG vent is required to achieve the complete tanks filling at the
cost of strong thermal spatial and temporal gradients. Thiaucourt
et al. [44] investigated the low pressure storage and feeding system
of an LNG fuelled ship by employing a dynamic model, and esti-
mated the methane number of the fuel supplied to the ship main
engines during a typical voyage. A control approach is proposed to
retain the methane number above its required lower limit; how-
ever, it was concluded that further studies are required for the
system detailed design.

The investigation of the complex phenomena occurring in LNG
storage tanks onboard ships require more detailed modelling ap-
proaches. Wu and Ju [45] reported the sloshing modelling of an LNG
tank based on the volume of fluid method coupled with the mesh
motion, concluding that the sloshing greatly affects the BOG gen-
eration. Such models can be employed in the tanks and its systems
design phase, however, less computational intensive approaches
are required for studies on the BOG management and pressure tank
control.

Based on the preceding literature review, the following research
gaps were identified:

e lack of studies focusing on storage tanks employed in LNG
fuelled ships;

¢ sailing modes and operating conditions encountered in typical
voyages are usually not accounted for; such considerations are
needed to derive simulation results that realistically represent
the tank actual operation;
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o lack of simulation tools to support both the design process of the
storage/feeding systems of such ships and the development of
the BOG management and tank pressure control.

1.3. Aim and novelty

This study aims to investigate by simulation the behaviour of an
IMO type C cryogenic tank in various realistic operating scenarios
based on typical LNG fuelled vessel operating profiles. To accom-
plish this aim, a lumped parameter model is developed, based on
the first principles of the mass and energy conservation as well as
the VLE. The followed modelling approach exhibits relatively low
computational cost, which renders it appropriate for studying the
LNG tank boil-off gas management. The vapour and gas mixtures
properties are calculated by employing the REFPROP database [46],
whereas the material thermal conductivities and correlations for
the heat transfer coefficients are based on the pertinent literature.
The model results are verified utilising experimental data available
in the pertinent literature [14], and is validated against respective
data for a 30-day holding test. Subsequently, the tank operation in
two typical scenarios (long and short voyages) of the considered
LNG fuelled vessel is investigated. The derived results are analysed
to conclude on the recommended BOG compressor capacity and
control approach to retain the tank pressure within the normal
operation range.

To the best of the authors’ knowledge, this study is the first that
investigates realistic scenarios for the considered LNG storage tank
operation taking into account typical characteristics of the ship
voyage and the power plant as well as the prevailing ambient
conditions variation. Furthermore, the developed model extends
previous approaches considering two-zones along with the
respective wall segments and a massless interface layer at saturated
conditions. This study provides decision support to the system
designer and contributes to obtaining a better understanding for
the LNG storage tank behaviour and interactions, by sufficiently
describing the underlying phenomena and predicting the perfor-
mance parameters with adequate accuracy. The results were
employed to select the characteristics of the investigated system, in
particular, the required BOG compressor capacity and the tank
pressure control approach.

The remaining of this study is organised as follows. Section 2
underlines the problem statement and presents the developed
modelling framework. Section 3 presents the case study of the
investigated ocean-going vessel, the LNG storage tanks and
considered operating scenarios. Section 4 describes the derived
results and discusses the respective findings based on their anal-
ysis. Finally, Section 5 summarises the findings and conclusions
drawn from this study.

Vapour Wall l l l

Liauid Wall

(a) Schematic of a cross section of the tank.
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2. Investigated LNG tank description and modelling
2.1. System description

The schematic of the investigated LNG storage tank along with
the modelled subsystems and wall layers are presented in Fig. 1.
Two subsystems are employed to describe the liquid and vapour
zones, respectively, whereas the tank wall consists of three layers:
inner metal, insulation, and outer metal, as shown in Fig. 1(b). The
typical tank operation includes the pumping of the LNG from the
liquid subsystem to the ship fuel feeding system, which supplies
fuel to the ship machinery. Furthermore, the BOG can also be
removed from the vapour zone via the BOG compressor, to retain
the tank pressure below its permissible upper limit. The heat
ingress causes evaporation from the liquid zone and production of
BOG, which flows to the vapour zone. The whole system receives
heat from the surrounding environment through heat inflows into
the vapour and liquid zones.

2.2. Model assumptions

Attention was paid to develop a model that sufficiently captures
the occurring phenomena and adequately represent the LNG tank
behaviour. To this end, the following assumptions were made:

e The tank is assumed to be at even keel, and completely quies-
cent. Therefore, any fluid movement is triggered by heat ingress
to the tank, which is responsible for both free convention and
boil-off production.

e The mixture in both the liquid and vapour subsystems consists

of the following species: Methane (CH,), Ethane (CH3), Propane

(C3Hg), n-Butane (C4H10), and Nitrogen (N-).

The liquid subsystem state can be saturated or subcooled; the

vapour subsystem state can by saturated or superheated. This

study though considers that the liquid is at saturated conditions,
whereas the vapour is at the superheated state.

The vapour subsystem mixture behaves as a real gas.

e Both subsystems are considered homogeneous, and their con-

stituents do not react with each other.

Heat transfer between the tank and the surrounding environ-

ment occurs by conduction and convection only, whereas the

effects of solar irradiation are neglected.

e The heat ingress from the surrounding environment into the
liquid and vapour subsystems is accounted for each subsystem
separately, assuming a uniform temperature at the corre-
sponding inner tank walls; the conduction between the wall
segments in contact with the liquid and vapour subsystems is
neglected.

T Outer Steel Vessel ‘
T Insulation

H
T Inner Steel Vessel ‘

(b) Layers inside the solid wall.

Fig. 1. Generic tank geometry.
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e Thermal expansion or contraction of the tank is ignored, and any
volume occupied by any machinery (pumps, piping, etc.) within
the tank is neglected.

Due to the dominant effect of the tank insulation layer, the outer

steel vessel (tank exterior wall) is neglected in the heat transfer

calculations, whereas a constant convective heat transfer coef-
ficient is considered to account for the heat transfer between the
ambient and the tank outer surface.

e A massless film is considered at the vapour—liquid interface,

which exchanges mass and heat with the liquid and vapour

subsystems [40,43]. This film is considered to be at the satura-
tion temperature, whereas its liquid part has the same compo-
sition as the tank liquid subsystem.

Vapour—liquid equilibrium is considered in this film interface,

which in combination with the energy and moles conservation

provides a system of algebraic equations to calculate the film
vapour subsystem composition and the evaporation molar rate

(BOG molar rate).

e The physical properties of the mixtures in both subsystems are
calculated by utilising the REFPROP software package [46],
which employs the GERG-2008 Equation Of State (EOS) for
mixtures consisting of natural gas fluids [47]. This EOS is valid
for the homogeneous gas, the liquid, the supercritical regions,
and the vapour-liquid equilibrium states. Despite its higher
mathematical complexity, it was used as the reference EOS in
the pertinent literature [15,44,48—50] to benchmark the results
of other EOSs or to develop simplified models for calculating the
natural gas mixtures properties. Thus, it is suitable for natural
gas applications and particularly for the design of cryogenic LNG
systems [51], where highly accurate calculation of the mixture
thermodynamic properties is required [48,49].

e The upper limit of the tank pressure was considered 5.4 barg
(6.4 bara).

2.3. Tank geometry

The tank is modelled as a cylinder with hemispherical ends. The
liquid subsystem volume (V}) is calculated as a function of the liquid
height (H) and the inner tank diameter (D) according to

VI_:VS+VC (1)
w |D3 D
Vo= 77(041)2(5%1) (2)

VC_L{D—zacos(l—z—H)— (g-h)ﬁ} (3)

4 D

where V; and V. denote the liquid volume in the spherical and
cylindrical parts of the tank, respectively. The total area of the inner
steel vessel in contact with the liquid A; and vapour Ay are calcu-
lated by

AL = As + Ac (4)
As :wDE-n(D—H)} (5)
A.=DL acos(l 72ﬁH> (6)

with A and A being the areas of the spherical and cylindrical parts
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of the tank in contact with the liquid, respectively.
Finally, the free surface area of the liquid Ags, and the corre-
sponding circumference Cgs are calculated by

Afs =7r(DH—H2) +2LVDH — H2 (7)
CFSisz\/DHfHZﬂ*ZL (8)

2.4. Liquid subsystem

The conservation of the total liquid mixture moles provides the
following equation

dn . .
d_tL = —Ne — N out (9)

where n; refers to the total moles in the liquid subsystem, 1, cor-
responds to the evaporation molar flow rate, and 1 o, refers to the
molar LNG outflow from the tank. It must be noted that Equation
(9) takes different forms depending on the LNG tank operating
modes. For modelling the holding test, the first term of the right-
hand side is only employed.

The liquid mixture components molar balance is expressed by
the following equation

dny ; . .
dé‘l = —MNeYF i — N outX; (10)

where yf; refers to the molar fraction of the ith component in the
thin vapour-liquid interface film, and x; corresponds to the molar
fraction of ith component in the liquid subsystem.

For the liquid subsystem (considering a mixture of N compo-
nents), the model employs the total moles conservation (Equation
(9)), along with N — 1 equations representing the molar conser-
vation of the respective components (Equation (10)). This approach
conserves the total moles and reduces numerical errors due to the
species with very small molar fractions [40]. By integrating these
equations, the total moles as well as the N — 1 components’ moles
are calculated, which also allows for calculating the last component
moles amount. The nitrogen (N,) was selected to be the species
calculated implicitly, as this is the most volatile constituent and
thus, it is expected to exhibit the lowest concentration in the liquid
zone. Hence, the N, moles and composition of the liquid subsystem
are calculated from the following equations

nN, =n— Z npj
Vi#=N,
(11)
n .
X; — Li
np
The temperature of the liquid subsystem (T;) is derived by

applying the energy conservation, which after some manipulation
provides the following equation

ar, 1

qt iy Q — fie(hy F — hy) (12)

where h; denotes the specific molar enthalpy of the liquid sub-
system, and hyf is the specific molar enthalpy of the vapour in the
thin vapour-liquid interface that is in equilibrium with the liquid
subsystem.

The model integrates Equation (12) to calculate the temperature
of the liquid subsystem. Then, the liquid subsystem temperature
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and composition (from Equation (11)) are used in REFPROP to
calculate the liquid subsystem properties.

By employing the definition of the liquid molar volume, i.e.,
moles divided by density, and considering the density as a function
of the liquid subsystem temperature only, the following equation is
derived for the liquid volume time derivative

dVL _n dﬁL dTL 1 dnL
At~ dl de g de (13)
with p; being the molar density of the liquid subsystem.

The integration of Equation (13) provides the liquid subsystem
volume. Considering that the tank volume remains constant, the
vapour subsystem volume is calculated by

Vw=V-V (14)

The heat ingress into the liquid subsystem (Q;) consists of the
heat ingress through the respective wall segment (which is a
combination of conduction and convection, and depends on the
temperature difference between the surrounding air and the liquid
subsystem) and the heat due to convection from the vapour sub-
system (which is also a function of the respective temperature
difference). The following equation applies

Q1 = UAL(Tamp — Tow) + Qr (15)

with Qf being the heat transferred to the liquid from the vapour via
the vapour-liquid interface, Ty being the temperature of the inner
steel surface in contact with the liquid with a total area of A, and Uy,
being the overall heat transfer coefficient from the surrounding
environment of the tank to the inner steel surface in contact with
the liquid subsystem.

The overall heat transfer coefficient is calculated by the
following equation

_ 1 Ts Ti -1
U= (aamb+E+E) (16)

where agmp is the ambient convective heat transfer coefficient, 7, 7;
refer to the thickness of the tank inner steel plate and insulation
material, respectively, whilst ks, k; denote their corresponding
thermal conductivities. It must be noted that both ks, k; are func-
tions of temperature, as it is discussed in the next section.

The application of the energy conservation in the inner wall
segment in contact with the liquid provides the following differ-
ential equation for the calculation of this wall segment temperature
(Tw)

dlyyy 1 k_l
dt TsPsCp,s | Ti

(Tamp — Tow) — ar(Tyw — Tp) (17)

where ps is the density of the steel vessel, and q; is the convective
heat transfer coefficient from this wall segment to the liquid, which
is evaluated by considering the following equation

ar iNUL% (18)

where k; denotes the thermal conductivity of the liquid calculated
from REFPROP, L; = Asr/Csr denotes the characteristic length that
defines the convective domain, and Nu; is the Nusselt Number. The
latter is evaluated according to the horizontal heated upward-
facing plate with uniform wall and liquid temperatures model
[52], by employing the following equations
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0.1
Nuj — (Nugf;am + Nugfgur) (19)
14 !
Nup g = 1.4log [ 1+ ———= 20
LJam g( 0.83sc,Rag-25> (20)

Nty o — 0.14(1 + 0.0107PrL)R 13

1+o001pr, )4 1)

9/167 ~4/9
0.492) } (22)

C;=0.671 {1 + ( Pr,
with Pri, Ra; being the Prandtl and Rayleigh numbers, respectively.

2.5. Vapour subsystem

The total moles balance for the vapour subsystem provides the
following equation

dn . .
d—ly = —Ne — Ny out (23)

where ny refers to the total moles in the vapour, and 1y o is the
molar BOG outflow.

The individual components’ moles balance provides the
following equation

dny; . .
d‘t/‘l = NeYFi — Nv outyi (24)

where y; refers to the molar fraction of component i in the vapour
subsystem.

Similarly to the liquid subsystem considerations, the composi-
tion of one of the components is implicitly calculated (the n-butane
is the least volatile component that was selected for the vapour
subsystem). Hence, the n-butane moles and composition of the
vapour subsystem are calculated from the following equations

NvcH,, =Nv-— Z Ny i
Vv i%CyHio
(25)
Ny
1 nV

As the mixture is considered a real gas, its properties depend on
the composition, temperature, and pressure. To avoid a very
complicated equation for the calculation of the vapour subsystem
temperature time derivative, the model employs the total enthalpy
of the vapour subsystem (nyhy). In this case, the energy balance
provides the following equation

d(nyhy)

dt

The model integrates Equation (26) to calculate the total
enthalpy, which is subsequently divided by the total moles of the
vapour subsystem to calculate the vapour molar specific enthalpy.
This parameter along with the vapour composition (calculated by
Equation (25)) is provided as input to REFPROP to calculate the tank
pressure and the vapour subsystem temperature, as well as the
other properties of the vapour subsystem.

The heat ingress into the vapour subsystem (Qy) is calculated by
the following equation, which is derived by considering the heat
ingress from the wall segment in contact with the vapour and the

= fichy F — fy outhy + Qv (26)
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heat transfer from the vapour subsystem to the liquid-vapour
interface

Qv = UyAy (Tamp — Tvw) — Qr (27)

where Ty and Ay denote the temperature and total area of the tank
inner steel surface in conduct with the vapour zone, whereas Uy is
the overall heat transfer coefficient from the surrounding envi-
ronment of the tank to this thanks inner steel surface.

The latter is evaluated in a similar manner as in the liquid
subsystem, according to

1 Ts Ti -1

Uy =—+—"++ 28

v (aamb * ks * ki) (28)

The temperature of the inner vessel steel (inner wall segment)

in contact with the vapour zone is evaluated by using Equation (29),

which was derived by applying the energy conservation for the
inner wall segment.

w1 [k
o e 2 Ty = Tow) = a (T =Ty) (29)

where ay is the convective heat transfer coefficient of the vapour,
which is evaluated by considering the following equation

ky

ay = NUVL (30)

with ky being the thermal conductivity of the vapour, Ly = Vy/Ay
being the characteristic length that defines the convective domain,
and Nuy being the Nusselt Number for the vapour subsystem.

The latter is evaluated as a function of the Rayleigh number
(Ray) as reported in Ref. [52], according to

N 0.15Ra;/> if Ray > 107 31)
Uy =
0.27Ra/* if Ray <107

2.6. Liquid-vapour film interface

The vapour—Iliquid equilibrium (VLE) applied at the film inter-
face [16,53,54] provides the following equation

XpioLFi(D; Tsat) = YFiov Fi(D; Tsat) (32)

where ¢ is the fugacity coefficient (defined as the ratio of fugacity to
pressure), xg; is the film interface liquid composition (assumed
equal to the liquid subsystem composition x; and provided as input
to the VLE calculations), yr; denotes the composition of the evap-
orated fluid at the film interface (which is mixed with the vapour
subsystem), p is the tank pressure, whereas Ts,s denotes the satu-
rated temperature of the liquid and vapour subsystems in the film
interface. A system of N — 1 equations is formulated, from which
the composition of methane in the evaporated fluid at the film
interface is implicitly calculated, similarly to the vapour and liquid
subsystems.

The film interface energy and moles balances govern the evap-
oration rate. It is considered that a liquid recirculation flow 1, exists
(that flows from the liquid subsystem to the interface and from the
interface to the liquid subsystem) [55], whereas the evaporated
fluid flows from the interface to the vapour subsystem. Heat flows
from the vapour subsystem to the interface and causes the evap-
oration of the liquid subsystem at the interface. It is also assumed
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that the film interface does not accumulate mass (moles). After
some manipulation of the respective equations, the following
equation is derived for the calculation of the evaporated flow molar
rate

iy (hL —hyp+ QF)
hyr—h

Ne = (33)

This approach reduces the number of equations and thus the
required computational effort, without sacrificing accuracy. Equa-
tions (32) and (33) form a system of non-linear algebraic equations
(similar to that described in Ref. [40]) that is solved to calculate yf;
and ne.

The heat transfer rate from the vapour subsystem to the liquid
interface is calculated by employing the following equation

Qr = apArs(Ty — Tpr) (34)

where T r denotes the temperature of the liquid interface, and ar
refers to the convective heat transfer coefficient from the vapour
subsystem to the interface. The latter is evaluated according to
Equation (30), whereas the required properties are evaluated at a
temperature equal to the average of Ty and T

Finally, the molar flow rate of the liquid subsystem recirculation
is evaluated according to Ref. [55] by employing the following
equation

—\1/3
iy =o.3276ﬁ<gm’)

CpL \VLkLp (35)
Ap =PL—PLF
p =0.5(p, + PLF)

where py, p; r correspond to the molar densities of the liquid sub-

system and the film interface liquid, respectively, whereas v; and k;
refer to the kinematic viscosity and thermal conductivity of the
liquid subsystem, respectively.

2.7. BOG compressor control

The tank pressure is controlled by employing an on/off
controller that regulates the BOG outflow according to the
following equation

for deactivated BOG compressor at the previous timestep:

-nom . UL
Ny out if p > ppoc

ﬁv,out = .
0 if p<p¥sc
for activated BOG compressor at the previous timestep:

-nom B LL

: ) Woour if p > Pgoc
nV,out = . IL
0 if p<pgoc

(36)

where pY% ., pi, - correspond to the upper and lower pressure limits
for the activation and deactivation of the BOG compressor, whereas

iy’ denotes the BOG compressor nominal molar flow rate.

2.8. Model summary

In total, the model consists of 15 state variables (y €R'%) and 1
control variable (u €R), forming a system of Ordinary Differential
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Table 1
Summary of the state variables and differential equations of the mathematical
model.

State Variable Differential Equation

n dng; . . .
- - =~ TeVei — MLourXi. i = {CHy, CH3, G3Hg, CaHio}
n dn . .
t TtL = —Ne— N oyt
T dT; 1 . .
G c o Qp —nie(hvr — hy)
Vi vy mdp dly 1 dny
dt pr dTy dt ~ pp dt
ny, dny; . . .
: d‘t/l = NeYrj — NvoutYi, i = {CHy, CH3, G3Hg, Np}
n dn . .
v TIV = Ne — Ny out
nyh dnyh . . . : :
v c‘i/t V= fiehy p — fiy ouchy + iy phy g+ Qv — Qu
Tiw dTLW _ 1 k,‘
dt ~ Tepscps |7y (Tamp — Tow) — ar(Tow — T)
Tow dfw 1 [k
—ar - m L__i(Tamb = Tww) — av(Tvw — Tv)
Control Variable Control Law
ny our for deactivated BOG compressor at the previous timestep:
) A if p > pihe
Ny out = . UL
0 if p<ppse

for activated BOG compressor at the previous timestep:

A1om B LL
. ) o if p > Pgog
Ny out =

0 if p<pioc

Equations (ODEs) of the formy’ = F (¢, y, u). The system of ODEs and
the control variables are summarised in Table 1. The model was
developed in the Matlab software [56]. An explicit Runge-Kutta
method based on the Dormand-Prince (4, 5) pair [57] was
employed as the ODE solver.

The model employs as input the investigated LNG storage tank
dimensions as well as the time variations of the ambient temper-
ature and the liquid outflow rates. In addition, initial conditions
must be provided for the state variables (operating pressure, liquid
zone composition, filling ratio). At each time step, the heat transfer
rates into the liquid and vapour subsystems are evaluated. The VLE
calculations are performed leading to the estimation of the film
interface compositions, which are subsequently employed in the
time derivatives calculations taking place at the end of each time-
step.

Prior to conducting the simulation runs described in the
following sections, convergence tests were performed to estimate
an appropriate maximum time step. It was deduced that the upper
bound of the time-step for the typical voyage simulations is less
than one day, under the assumption of constant environmental
temperature. Similar findings were reported in the pertinent
literature [9].
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metallic layers (inner and outer) of stainless-steel each having a
thickness of 25 mm, whereas the middle layer consists of perlite
with 350 mm thickness.

The insulating properties of perlite are greatly dependent on
temperature, according to Equation (37) as reported in Ref. [58].
The developed model calculates the perlite's thermal conductivity
as the average value of the conductivities at the insulation's hot and
cold boundaries.

ki = 8251073 +1.165 1074T (37)

Both the tank steel vessels are built from the same material (9-Ni
steel). The outer one is expected to be at approximately the
ambient temperature, as it is exposed to the environment, whereas
the inner vessel temperature at each segment (liquid and vapour)
approaches the respective temperatures of the liquid and vapour
subsystems, respectively. The steel thermal conductivity and spe-
cific heat are calculated as functions of temperature, as reported in
Ref. [46], according to Equations 38 and 39 employing the co-
efficients values presented in Table 2. Due to the minor temperature
effect on the steel vessels' density, the latter was assumed constant
and equal to 7860 kg/m?>.

log ks = zio(ailog T) (38)

8
log cps = 31 o(bilog ) (39)

The summary of all input parameters for the investigated tank,
which are employed in the simulations presented in the following
sections is provided in Table 3. The initial composition of the liquid
subsystem is assumed as listed in Table 4. The temperature of the
liquid subsystem is assumed to be the saturation temperature
corresponding to the provided initial tank pressure, which is
considered equal to 2 bar (abs) in most simulation runs. The initial
composition of the vapour subsystem was calculated by consid-
ering liquid-vapour equilibrium conditions, which provided the
molar fractions also listed in Table 4. The initial state of the vapour

Table 3

Investigated LNG tank particulars and parameters employed in this study.
Property Value Units Property Value Units
1% 1750 m3 s 7860 kg/m>
L 30.5 m ks Eq. (38) W/mK
D 9 m ki Eq. (37) W/mK
Ts 25 mm Cps Eq. (39) JIK/kg
Ti 350 mm Oamb 5.5 W/m?K

Table 4

Initial Compositions of the liquid and vapour subsystems.

Component Mole fraction [%] Component Mole fraction [%]
XcH, 94.0 Yeu, 94.17
3. Case study XcH, 4.70 Ycu, 0.018
. . . . . X, Hy 0.80 YCsHs 574 107>
The 1nvest1g%ted LNG storage tank is cylindrical and has a vol- XCuHho 0.20 Yeu 175 10-6
ume of 1750 m”. Its inner chamber has a length of 30.5 m and a XN, 030 YN, 5.813
maximum internal diameter of 9 m. The tank wall consists of two
Table 2
Values of the coefficients utilised in Equations 38 and 39
Eq. (38) a; ar as ay as ae a; ag
-0.07 —3.49 10.65 ~12.91 8.89 —3.51 0.74 —0.066
Eq. (39) b] bz b3 b4 b5 bs b7 bs bg
15 10% -3710° 27 10° 710° -2310° 1510% -510° 896 64
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subsystem was assumed superheated with its temperature being
15°C higher than the liquid subsystem temperature. This is a real-
istic assumption representing the tank conditions at the end of the
bunkering phase. In most simulation runs, the tank filling ratio was
taken 90% to represent the condition after the tank bunkering;
however, several initial values for the filing ratio were also tested.

3.1. Model verification study

To verify the model, a 30-day holding test for the investigated
LNG storage tank was simulated. The ambient temperature was
considered constant at 20°C, whereas the initial tank pressure was
taken at 2 bar (abs). Data for a holding test was available by the tank
manufacturer, providing adequate estimations of the time varia-
tions of the tank pressure, temperature, density and volume of both
liquid and vapour subsystems, as well as the BOG rate and the total
heat ingress. The model was set up for the same initial conditions
and tank geometric characteristics, and the performed simulation
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run duration was taken as 30 days. The derived simulation results
along with the manufacturer data are presented in Fig. 2.

The predictions of the model in general lie well within the 5%
error with respect to the manufacturer estimates, for the entire
time span of the simulation. The simulated tank pressure variation
follows the manufacturer data; however, a steeper rise is observed
after the 20th day. The liquid and vapour temperature variations
are also sufficiently predicted, with the vapour temperature being
around 10 K higher than the liquid temperature. It must be noted
that the manufacturer data vapour temperature was calculated in
REFPROP by using the provided tank pressure and vapour density.

The calculated densities of the liquid and vapour are slightly
different than the manufacturer data. More specifically, the
maximum error for the liquid density occurs at the 21st day, and is
approximated to 2%. Likewise, the maximum error (of 3.9%) for the
vapour density is also observed at the 21st day. The observed errors
(especially for the liquid phase) are attributed to the different
properties model employed by the manufacturer to estimate

o Measurements — Prediction ---5% error‘
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Fig. 2. Verification results: Measurements and Model Predictions.
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Table 5
Investigated operating scenarios.

ID Description

Voyage 1: Duration of 40 days (A1)

A1q LNG outflow of 100 kg/h
A1p LNG outflow of 250 kg/h
Aic LNG outflow of 450 kg/h

Voyage 2: Duration of 30 days (Az)

Asg LNG outflow of 100 kg/h
Aazp LNG outflow of 250 kg/h
Ase LNG outflow of 450 kg/h

Holding Test (B)

densities. However, REFPROP is the most validated properties
database according to the pertinent literature, and therefore, the
simulated predictions are considered trustful. The error in the heat
ingress increases as the simulation time proceeds. This is attributed
to the assumptions for the thermal conductivity of the insulation
material, as this information was not available.

The model predicts condensation of vapour after the 20th day.
This justifies the greater increase of the tank pressure in the
simulated results, as the condensation phenomena were not
modelled. The increase of the liquid volume due to the liquid
thermal expansion (as the liquid temperature increases) as well as
the resultant decrease of the vapour volume are sufficiently pre-
dicted. The model also predicts the BOG mass flow rate, although
very high values are observed in the initial steps, which are
attributed to the model parameters initialisation (and pertinent
differences from the manufacturer data). The maximum deviation
in the BOG mass flow rate of 5.3% is observed at the 6th day.

=~
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From the preceding discussion, it can be concluded that the
model behaves reasonably and predicts the tank parameters
adequately. A number of additional simulation runs were per-
formed for different values for the filling ratios and insulation
thickness, the results of which (not presented in this study for
brevity) also verified that the model behaves reasonably.

3.2. Investigated operating scenarios

This study considers an LNG fuelled product carrier of around
50,000 mt deadweight. Two identical LNG storage tanks are
installed in the main deck of this ship and it is assumed that they
are used interchangeably for 24 h each to provide natural gas to the
following ship consumers: main engine, auxiliary engines, and
boilers. A number of operating scenarios were investigated by
simulation, in order to study the behaviour of the LNG storage tank
in the following conditions: (a) typical operation in realistic voyage
conditions; (b) holding test operation. The purpose of (a) was to
provide recommendations for the BOG compressor capacity as well
as the upper and lower limits of the tank pressure for the BOG
compressor activation/deactivation. The purpose of (b) is to reveal
the holding test outcome in realistic and somehow extreme con-
ditions. For operating scenarios (a), the simulation runs consider
two typical voyage scenarios (a long one and a short one) for the
selected ocean-going LNG fuelled vessel taking into account various
BOG compressors capacities. The investigated scenarios are listed in
Table 5.

More specifically, the voyage scenarios cover various ship sailing
modes including sea going with/without heating and washing, as
well as cargo loading and unloading operations. Two different cases
with duration of 40 days (long voyage; A1) and 30 days (short
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voyage; A2) were investigated corresponding to typical voyages of
the selected ocean-going ship. The time variation of the total LNG
consumption rate for one tank and each voyage (taking into ac-
count the ship machinery power demand) is presented in Fig. 3. A
daily cyclical variation of the ambient temperature was considered
as illustrated in Fig. 4 corresponding to typical conditions prevailing
in these two voyages.

Lastly, the holding test was simulated for a period of 60 days,

'S
St
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with an initial filling ratio equal to 90% and a constant ambient

temperature of 45°C, to assess the time required for the tank to
reach its critical pressure upper limit.

4. Simulation results of the investigated scenarios

This section provides an overview and discussion of the simu-
lation results for the investigated operating scenarios.

4.1. Long voyage (A1) results and discussion

<) 40L ] The results for the investigated scenarios of the long voyage are

g presented in Figs. 5 and 6. For scenarios A4 and A1p, the upper and

35 1 lower limits (UL and LL) for the BOG compressor on/off control

é( were set to 5.5 bar (abs) and 4 bar (abs), respectively. For scenario

30 - . .

& A1. the upper and lower limits for the BOG compressor on/off
25 i w w control were set to 5.5 bar (abs) and 3 bar (abs), respectively. The
00:00 06:00 100 18:00 00:00 initial values for the tank pressure and filling ratio were taken as

Time [hh:mm]| o .
2 bar (abs) and 90%, respectively.
Fig. 4. Daily ambient temperature profile utilised in voyages A4, A.
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Fig. 6. Voyage 1 (A1): Simulation Results with various BOG outflows.

The following findings are drawn from the analysis of the results
presented in Figs. 5 and 6.

In case of no BOG outflow, the upper pressure limit is exceeded

at the 13th day.

The tank filling ratio at the end of the voyage almost reaches its

lower limit, which indicates that bunkering will be required at

each leg of the long voyage.

e For scenario A14 (BOG outflow of 100 kg/h); 5 activations of the
BOG compressor are required to keep the tank pressure within
the predetermined zone between the UL and LL; the first acti-
vation takes place at the 10th day, whereas the pressure
reduction (from the UL to the LL) takes place within 10.5 h
removing around 1.3 t of BOG.

e For scenario A1, (BOG outflow of 250 kg/h); 5 activations of the
BOG compressor are required to keep the tank pressure within
the predetermined zone between the UL and LL; the first acti-
vation takes place at the 10th day, whereas the pressure
reduction (from the UL to the LL) takes place within 9.6 h
removing around 1.4 t of BOG.

e For scenario A1 (BOG outflow of 450 kg/h); 4 activations of the

BOG compressor are required to keep the tank pressure within

the predetermined zone between the UL and LL (the LL was set

to 3 bar (abs) in this scenario); the first activation takes place at

12

the 10th day, whereas the pressure reduction (from the UL to the
LL) takes place within 7.3 h removing around 3.3 t of BOG.

4.2. Short voyage (A2) results and discussion

The results for the investigated scenarios of the short voyage are
presented in Figs. 7 and 8. For scenarios A4 and Azp, the upper and
lower limits (UL and LL) for the BOG compressor on/off control
were set to 5.5 bar (abs) and 4 bar (abs), respectively. For scenario
A>, the upper and lower limits for the BOG compressor on/off
control were set to 5.5 bar (abs) and 3 bar (abs), respectively. The
initial values for the tank pressure and filling ratio were taken as
2 bar (abs) and 90%, respectively.

The following findings are drawn from the analysis of the results
of Figs. 7 and 8.

e For the case of no BOG outflow, the upper pressure limit is
approached at the 13th day. However, due to the considerable
LNG consumption required at this day, the pressure UL is
exceeded at the 18th day.

o The tank filling ratio at the end of the voyage reduces to around
30%; slightly greater filling ratio is expected in actual cases
considering that the produced BOG will be fed to the ship
machinery.
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Fig. 7. Voyage 2 (A2): Simulation Results without BOG outflow.

e For scenario Ay, (BOG outflow of 100 kg/h); 4 activations of the

BOG compressor are required to keep the tank pressure within

the predetermined zone between the UL and LL; the first acti-

vation takes place at the 10th day, whereas the pressure

reduction (from the UL to the LL) takes place within 14.5 h

removing around 1.45 t of BOG.

For scenario Ayj, (BOG outflow of 250 kg/h); 4 activations of the

BOG compressor are required to keep the tank pressure within

the predetermined zone between the UL and LL; the first acti-

vation takes place at the 10th day, whereas the pressure

reduction (from the UL to the LL) takes place within 4.9 h

removing around 1.3 t of BOG.

e For scenario A,c (BOG outflow of 450 kg/h); 3 activations of the
BOG compressor are required to keep the tank pressure within
the predetermined zone between the UL and LL (the LL was set
to 3 bar (abs) in this scenario); the first activation takes place at

13

the 10th day, whereas the pressure reduction (from the UL to the
LL) takes place within 5 h removing around 2.0 t of BOG.

The preceding discussion supports the findings of the previous
section (scenario A;) with regard to the selection of the BOG
compressor nominal capacity of 450 kg/h as well as the tank ab-
solute pressure upper and lower limits (5.5 and 3 bar), as only 3
activations were required for the BOG compressor and the tank
pressure was kept at lower levels for longer periods.

The computational time of each simulation run was approxi-
mately 4 min for scenario A; (simulated duration of 40 days), and
3 min for scenario A, (simulated duration of 30 days), on a Win-
dows PC equipped with a Xeon Silver 4208 processor and RAM of
32 GB. This demonstrates that the developed model computational
effort is relatively low, and therefore, the model can be employed in
applications, such as BOG management.
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Fig. 8. Voyage 2 (A2): Simulation Results with various BOG outflows.

4.3. Holding test (B)

Finally, the simulation results from the holding test, taking into
account ambient temperature 45°C, initial pressure of 2 bar (abs)
and initial filling ratio of 90%, are presented in Fig. 9. The simulation
results demonstrate that the tank pressure limit is reached at the
42nd day, whereas the upper limit for the filling ratio (95%) is
reached 6 days later, at the 48th day. Condensation conditions are
predicted after the 30th day of operation, thus the pressure rise
may increase in a lower rate (providing some additional days to the
pressure limit reach). However, the model does not consider the
condensation conditions. From the simulation runs at several
values of filling ratio, it was confirmed that the model provided
reasonable results in a filling ratio range, however, the model re-
sults uncertainty increases when the filling ratio lies outside the
limits zones (less than 10%, more than 90%). Similar findings have
been reported in the pertinent literature [19,22].
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5. Conclusions

The analysis of the boil-off gas (BOG) formation and its effects
on the tank operating parameters was presented considering an
LNG fuelled ship actual operation. A dynamic model was developed
that adequately represents the tank behaviour and the involved
phenomena taking place during the ship voyages as well as the tank
holding. The model governing equations were derived by consid-
ering the liquid and vapour subsystems along with the corre-
sponding wall segments and by applying the following first
principles: (a) the moles and energy conservation in both the liquid
and vapour subsystems; (b) the energy conservation in the
respective tank walls segments; (c) the vapour to liquid equilibrium
(VLE) in the interface between the vapour and liquid; and (d)
equation of state for real gases for the vapour mixture. The required
heat transfer coefficients were estimated based on relevant corre-
lations in the pertinent literature.

Following the model validation against available data for a tank
holding test, simulation runs were performed for various operating
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Fig. 9. Holding Test (B): Simulation results.

scenarios and the derived results were employed to provide rec-
ommendations for the tank design and operation.
The main findings of this study are summarised as follows.

e Despite the made assumptions and simplifications, the devel-
oped model was proved an effective tool and provided useful
insights, thus contributing to the better understanding of the
involved phenomena and interactions in LNG storage tanks.

e The developed model is of relatively low computational cost,
hence it can be employed in applications, such as the BOG
management.

e A BOG compressor capacity around 450 kg/h along with its on/
off control is effective for avoiding the tank overpressure, as it
resulted in 3 or 4 activations of the BOG compressor for the
typical short and long ship voyages, respectively.
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e The recommended upper and lower limits for the activation/
deactivation of the BOG compressor were 5.5 bar (abs) and 4 bar
(abs), respectively.

e Considering the holding test of a 90% filled tank in relatively
extreme ambient temperature of 45°C, it was found that the
upper pressure limit will be exceeded after the 42nd day. Based
on the expected ship operation, this outcome is characterised as
acceptable.

The results derived by this study can be used to provide decision
support for the LNG storage tanks design and operation. The
developed model can be integrated in wider simulation platforms
and employed to study the operations of LNG powered vessels.
Lastly, the developed model and the derived results can be further
expanded in future studies focusing on the development of shore-
based intelligent LNG management systems for providing decision
support on actual operations of LNG fuelled ships.



M. Kalikatzarakis, G. Theotokatos, A. Coraddu et al.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This study was carried out in the framework of an industrial
project funded by Zicom Private Ltd. The authors greatly
acknowledge the contribution of Dr Christos Gkerekos from MSRC.
The authors affiliated with the Maritime Safety Research Centre
(MSRC) greatly acknowledge the funding from DNV AS and RCCL for

the

MSRC establishment and operation. The opinions expressed

herein are those of the authors and should not be construed to
reflect the views of DNV AS, RCCL, Zicom Private Ltd. and the
acknowledged individuals and their associated organisations.

References

(1

2

3]

[4

[5

(6

[7

[8

[9

[10]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

[23]

Balcombe P, Staffell I, Kerdan IG, Speirs JF, Brandon NP, Hawkes AD. How can
Ing-fuelled ships meet decarbonisation targets? an environmental and eco-
nomic analysis. Energy 2021;227:120462.

Chiong M, Kang H, Shaharuddin NM, Mat S, Quen LK, Ten KH, Ong MC.
Challenges and opportunities of marine propulsion with alternative fuels.
Renew Sustain Energy Rev 2021;149:111397.

Gray N, McDonagh S, O'Shea R, Smyth B, Murphy JD. Decarbonising ships,
planes and trucks: an analysis of suitable low-carbon fuels for the maritime,
aviation and haulage sectors. Adv Appl Energy 2021:100008.

Balcombe P, Brierley ], Lewis C, Skatvedt L, Speirs J, Hawkes A, Staffell I. How
to decarbonise international shipping: options for fuels, technologies and
policies. Energy Convers Manag 2019;182:72—88.

Stenersen D, Thonstad O. Ghg and nox emissions from gas fuelled engines.
SINTEF Ocean; 2017. Technical report.

Burel F, Taccani R, Zuliani N. Improving sustainability of maritime transport
through utilization of liquefied natural gas (Ing) for propulsion. Energy
2013;57:412-20.

Thomson H, Corbett JJ, Winebrake ]JJ. Natural gas as a marine fuel. Energy Pol
2015;87:153—67.

Schinas O, Butler M. Feasibility and commercial considerations of Ing-fueled
ships. Ocean Eng 2016;122:84—96.

Migliore C, Salehi A, Vesovic V. A non-equilibrium approach to modelling the
weathering of stored liquefied natural gas (Ing). Energy 2017;124:684—92.
Jo YP, Bangi MSF, Son S, Kwon ], Hwang S. Dynamic modeling and offset-free
predictive control of Ing tank. Fuel 2021;285:119074.

Shao Y, Yoon S, Kang H. Dynamic simulation of fuel tank aging for Ing-fueled
ship apparatus in an x-df otto cycle engine. Energy Sci Eng 2019;7(6):
3005—19.

Churchill SW. Heat leakage and wall temperature profiles for above ground
low-temperature storage tanks. Chem Eng Prog Symp Ser 1962;58:55—60.
Neill DT, Hashemi HT, Sliepcevich CM. Boil-off rates and wall temperatures in
above-ground Ing storage tanks. Chem Eng Prog Symp 1968;64:111-9.
Kountz KJ. Weathering of LNG in on-board storage tanks: project final report,
august 1997-april 1999. Gas Research Institute; 1999.

Krikkis RN. A thermodynamic and heat transfer model for Ing ageing during
ship transportation. towards an efficient boil-off gas management. Cryogenics
2018;92:76—-83.

Dimopoulos G, Frangopoulos C. A dynamic model for liquefied natural gas
evaporation during marine transportation. Int ] Therm 2008;11(3):123—31.
Miana M, Del Hoyo R, Rodrigdlvarez V, Valdés JR, Llorens R. Calculation
models for prediction of liquefied natural gas (Ing) ageing during ship
transportation. Appl Energy 2010;87(5):1687—700.

Miana M, del Hoyo R, Rodrigdlvarez V. Comparison of evaporation rate and
heat flow models for prediction of liquefied natural gas (Ing) ageing during
ship transportation. Fuel 2016;177:87—106.

LinY, Ye C, YuY, Bi S. An approach to estimating the boil-off rate of Ing in type
c independent tank for floating storage and regasification unit under different
filling ratio. Appl Therm Eng 2018;135:463—71.

Pellegrini LA, Moioli S, Brignoli F, Bellini C. Lng technology: the weathering in
above-ground storage tanks. Ind Eng Chem Res 2014;53(10):3931-7.

Chen QS, Wegrzyn ], Prasad V. Analysis of temperature and pressure changes
in liquefied natural gas (Ing) cryogenic tanks. Cryogenics 2004;44(10):701—9.
Adom E, Islam SZ, Ji X. Modelling of boil-off gas in Ing tanks: a case study. Int ]
Eng Technol 2010;2(4):292—6.

Migliore C, Tubilleja C, Vesovic V. Weathering prediction model for stored
liquefied natural gas (Ing). J Nat Gas Sci Eng 2015;26:570—80.

16

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]
[33]
(34]

[35]

(36]

1371

(38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]

Energy 251 (2022) 123872

Wang C, Ju Y, Fu Y. Dynamic modeling and analysis of Ing fuel tank pres-
surization under marine conditions. Energy; 2021. p. 121029.

Duan Z, Xue H, Gong X, Tang W. A thermal non-equilibrium model for pre-
dicting Ing boil-off in storage tanks incorporating the natural convection ef-
fect. Energy; 2021. p. 121162.

Migliore C, Salehi A, Vesovic V. Weathering of stored liquefied natural gas. Int
Conf Thermal Eng 2017;2017.

Mengmeng C, Zongming Y, Rui S, Ying X, Lili H. Performance improvement of
a boil-off gas re-condensation process with pre-cooling at Ing terminals. Int ]
Therm 2015;18(2):74—80.

Moon JW, Lee YP, Jin Y, Hong ES, Chang HM. Cryogenic refrigeration cycle for
re-liquefaction of Ing boil-off gas. International Cryocooler Conference; 2007.
Park C, Lee CJ, Lim Y, Lee S, Han C. Optimization of recirculation operating in
liquefied natural gas receiving terminal. ] Taiwan Inst Chem Eng 2010;41(4):
482-91.

Querol E, Gonzalez-Regueral B, Garcia-Torrent ], Garcia-Martinez M]. Boil off
gas (bog) management in Spanish liquid natural gas (Ing) terminals. Appl
Energy 2010;87(11):3384—92.

Li Y, Chen X, Chein M. Flexible and cost-effective optimization of bog (boil-off
gas) recondensation process at Ing receiving terminals. Chem Eng Res Des
2012;90(10):1500—5.

Arjomandnia P. Simulation of rollover in stratified LNG storage tanks. Uni-
versity of Western Australia; 2010.

Laciak M. Liquefied natural gas storage of variable composition. Arch Min Sci
2015;60(1).

Bashiri A, Fatehnejad L. Modeling and simulation of rollover in Ing storage
tanks. Int Gas Union 2006.

Deshpande K, Zimmerman WB, Tennant MT, Webster MB, Lukaszewski MW.
Optimization methods for the real-time inverse problem posed by modelling
of liquefied natural gas storage. Chem Eng J 2011;170(1):44—52.

Kim H, Shin M, Yoon ES. Optimization of operating procedure of Ing storage
facilities using rigorous bor model. IFAC Proc Vol 2008;41(2):10923—6.
Wahid A, Adicandra FF. Optimization control of Ing regasification plant using
model predictive control. In: OP conference series: materials science and
engineering, ume 334. IOP Publishing; 2018, 012022. L.

Huerta F, Vesovic V. A realistic vapour phase heat transfer model for the
weathering of Ing stored in large tanks. Energy 2019;174:280—91.
Hulsbosch-Dam C, Atli-Veltin B, Kamperveen ], Velthuis H, Reinders ],
Spruijt M, Vredeveldt L. Thermodynamic aspects of an Ing tank in fire and
experimental validation. In: EPJ web of conferences, ume 143. EDP Sciences;
2017, 02039.

Effendy S, Khan MS, Farooq S, Karimi IA. Dynamic modelling and optimization
of an Ing storage tank in a regasification terminal with semi-analytical solu-
tions for n2-free Ing. Comput Chem Eng 2017;99:40—50.

Wang Z, Sharafian A, Mérida W. Non-equilibrium thermodynamic model for
liquefied natural gas storage tanks. Energy 2020;190:116412.

van Essen M, Gersen S, van Dijk G, Levinsky H, et al. The effect of boil off on
the knock resistance of Ing gases. In: 28th CIMAC world congress, ume 123.
Helsinki: Finland; June 6—10 2016.

Thiaucourt J, Marty P, Hetet J-F, Robert P, Delaire E. A zonal non-equilibrium
approach to model temperature gradients during ventless bottom filling of
pressurized cryotanks for natural gas-powered ships. Energy 2019;188:
116033.

Thiaucourt ], Marty P, Hetet ]J-F. Impact of natural gas quality on engine
performances during a voyage using a thermodynamic fuel system model.
Energy 2020;197:117250.

Wau S, JuY. Numerical study of the boil-off gas (bog) generation characteristics
in a type c independent liquefied natural gas (Ing) tank under sloshing exci-
tation. Energy 2021;223:120001.

Lemmon EW, Bell IH, Huber ML, McLinden MO. NIST standard reference
database 23: reference fluid thermodynamic and transport properties-
REFPROP, version 10.0. National Institute of Standards and Technology;
2018. URL, https://www.nist.gov/srd/refprop.

Kunz O, Wagner W. The gerg-2008 wide-range equation of state for natural
gases and other mixtures: an expansion of gerg-2004. ] Chem Eng Data
2012;57(11):3032—-91.

Varzandeh F, Stenby EH, Yan W. Comparison of gerg-2008 and simpler eos
models in calculation of phase equilibrium and physical properties of natural
gas related systems. Fluid Phase Equil 2017;434:21—-43.

Dauber F, Span R. Achieving higher accuracies for process simulations by
implementing the new reference equation for natural gases. Comput Chem
Eng 2012;37:15-21.

Dauber F, Span R. Modelling liquefied-natural-gas processes using highly
accurate property models. Appl Energy 2012;97:822—7.

Nguyen TV, Elmegaard B. Assessment of thermodynamic models for the
design, analysis and optimisation of gas liquefaction systems. Appl Energy
2016;183:43—60.

Rohsenow WM, Hartnett JP, Cho YI. Handbook of heat transfer, ume 3. New
York: McGraw-Hill; 1998.

Halder G. Introduction to chemical engineering thermodynamics. PHI
Learning Pvt. Ltd.; 2014.

Gyftopoulos EP, Beretta GP. 2005 thermodynamics: foundations and


http://refhub.elsevier.com/S0360-5442(22)00775-7/sref1
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref1
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref1
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref2
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref2
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref2
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref3
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref3
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref3
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref4
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref4
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref4
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref4
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref5
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref5
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref6
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref6
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref6
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref6
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref7
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref7
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref7
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref8
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref8
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref8
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref9
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref9
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref9
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref10
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref10
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref11
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref11
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref11
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref11
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref12
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref12
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref12
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref13
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref13
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref13
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref14
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref14
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref15
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref15
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref15
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref15
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref16
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref16
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref16
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref17
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref18
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref18
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref18
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref18
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref18
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref19
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref19
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref19
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref19
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref20
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref20
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref20
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref21
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref21
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref21
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref22
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref22
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref22
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref23
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref23
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref23
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref24
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref24
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref25
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref25
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref25
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref26
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref26
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref27
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref27
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref27
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref27
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref28
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref28
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref29
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref29
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref29
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref29
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref30
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref30
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref30
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref30
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref31
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref31
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref31
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref31
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref32
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref32
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref33
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref33
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref34
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref34
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref35
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref35
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref35
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref35
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref36
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref36
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref36
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref37
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref37
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref37
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref38
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref38
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref38
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref39
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref39
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref39
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref39
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref40
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref40
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref40
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref40
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref41
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref41
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref41
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref42
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref42
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref42
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref42
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref43
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref43
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref43
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref43
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref44
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref44
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref44
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref45
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref45
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref45
https://www.nist.gov/srd/refprop
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref47
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref47
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref47
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref47
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref48
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref48
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref48
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref48
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref49
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref49
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref49
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref49
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref50
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref50
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref50
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref51
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref51
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref51
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref51
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref52
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref52
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref53
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref53
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref54

M. Kalikatzarakis, G. Theotokatos, A. Coraddu et al.

applications. 1991.

[55] Heestand ], Shipman CW, Meader JW. A predictive model for rollover in
stratified Ing tanks. AIChE ] 1983;29(2):199—-207.

[56] MATLAB version 9.11.0.1751886 (R2021b). The mathworks, inc. Natick,
Massachusetts: United States of America; 2021.

17

Energy 251 (2022) 123872

[57] Dormand JR, Prince PJ. A family of embedded Runge-Kutta formulae. ] Comput
Appl Math 1980;6(1):19—-26.

[58] Hofmann A. The thermal conductivity of cryogenic insulation materials and its
temperature dependence. Cryogenics 2006;46(11):815—24.


http://refhub.elsevier.com/S0360-5442(22)00775-7/sref54
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref55
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref55
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref55
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref56
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref56
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref57
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref57
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref57
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref58
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref58
http://refhub.elsevier.com/S0360-5442(22)00775-7/sref58

	Model based analysis of the boil-off gas management and control for LNG fuelled vessels
	1. Introduction
	1.1. Background
	1.2. Literature review
	1.3. Aim and novelty

	2. Investigated LNG tank description and modelling
	2.1. System description
	2.2. Model assumptions
	2.3. Tank geometry
	2.4. Liquid subsystem
	2.5. Vapour subsystem
	2.6. Liquid-vapour film interface
	2.7. BOG compressor control
	2.8. Model summary

	3. Case study
	3.1. Model verification study
	3.2. Investigated operating scenarios

	4. Simulation results of the investigated scenarios
	4.1. Long voyage (A1) results and discussion
	4.2. Short voyage (A2) results and discussion
	4.3. Holding test (B)

	5. Conclusions
	Declaration of competing interest
	Acknowledgements
	References


