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A B S T R A C T

Liquefied natural gas (LNG) is becoming an attractive alternative fuel for the ship industry, while its storage
in cryogenic LNG fuel tanks encounters complex thermodynamic responses under sea conditions and largely
affects system operation reliability. This paper aims to investigate the sloshing effects on the thermodynamic
responses of marine LNG fuel tanks by numerical modeling and theoretical analysis. A three-dimensional
dynamic model is established to predict the coupled pressure–temperature evolution inside the tank under
sloshing conditions. The liquid sloshing motions and the phase transition at the liquid–vapor interface are
calculated by incorporating the sloshing and phase change sub-models. The effectiveness of the model to
simulate liquid sloshing and tank thermodynamic response is verified by corresponding experimental data. The
simulation results indicate that the model can reflect the major dynamics of pressure variation, temperature
stratification and phase transition under sloshing excitation, and show that the sloshing uniforms LNG
temperature, enhances interfacial mass-heat transfer, and accelerates tank depressurization. A theoretical
expression that characterizes the relations between tank pressure drop, vapor temperature and condensation
is derived, showing a good correlation with numerical results and providing a feasible way for the inverse
determination of the complex phase transition under sloshing conditions.
1. Introduction

Maritime transport accounts for over 80% of worldwide goods
transportation since it is cost-effective and energy-efficient [1]. More
than 90% of heavy-duty vessels in marine transport use heavy fuel oil
(HFO), resulting in significant NOx and SOx emissions that account for
15% and 13% of total anthropogenic emissions, respectively [2,3]. In
this regard, International Maritime Organization (IMO) has toughened
environmental restrictions. SOx emissions must be lowered from 3.5%
to 0.5% since 2020; marine engine NOx emissions must meet Tier III
(3.4 g/kWh) in NOx emission control area (NECA) and Tier II (14.4
g/kWh) globally [4,5]. The tightened environmental regulation forces
ship industry to substitute traditional marine fuel to comply with the
emission control in fuel requirement [6]. The natural gas (NG), as the
cleanest burning fossil fuel and also abundantly available, is becoming
a highly attractive alternative fuel for maritime transportation [7].
Compared with HFO, gas fueled engines offers significant reduction
of harmful emissions to the atmosphere, which may decrease par-
ticulate matters, SOx and NOx emissions by near 99%, 100%, and
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80% respectively, and reduce 40% greenhouse gas emissions owing
to the removal of H2S, CO2 and heavy hydrocarbons in the feed gas
purification process [8–10].

The majority of vessels utilize natural gas via liquefied natural
gas (LNG) or hybrid diesel-LNG engines, as LNG only takes 1/600
volume of its vapor form under the atmospheric pressure [11,12]. Lean
burn spark ignited engines and four-stroke dual fuel engines [13,14]
are the first to be used on LNG fueled ships, which require an inlet
pressure approximately 6.0 bar. In principle, cryogenic liquids can be
self-pressurized due to the nature of low saturation temperature. To
maintain the tank pressure, the LNG tank equips a pressure build-up
unit (PBU) instead of mechanical pumps [15]. When tank pressure
drops below a predetermined threshold during navigation, PBU begins
pressurizing the tank by evaporating a portion of LNG into vapor and
venting it back to the tank top [16].

While utilizing LNG as a clean fuel, storing and handling such a
cryogenic liquid presents operational challenges that largely affects the
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fuel system’s reliability. One of the challenges arises from the thermo-
dynamic response of LNG subjected to the sloshing of the fuel tank [17].
The pressurized fuel tank is a thermally non-equilibrium system that
contains subcooled LNG and superheated vapor gas, with the vapor’s
superheat being caused by either heat leakage or PBU operation. At
static conditions, the liquid–vapor interface approaches equilibrium
by forming a temperature stratification layer beneath and above the
liquid surface, accompanied with mild pressure variations. When a tank
experiences sloshing, liquid motion disrupts equilibrium and causes
direct contact condensation of superheated vapor, which results in
sudden pressure drops and may even cause unexpected shutdown of
the gas engine [18].

During the last decade, the thermodynamic characteristics of cryo-
genic fluid storage have drawn attentions of many researchers, cov-
ering a number of investigations focusing on cryogenic evaporation
[19–22], thermal stratification [23–25] and pressure variations
[26–28]. Generally, the pressure variations, temperature stratification
and phase transition simultaneous occur in LNG fueled tanks with
coupled effects on each other. To understand the mechanisms and pre-
dict the thermodynamic performance, researchers conducted cryogenic
experiments and measured the temperature and pressure transients
inside the tank during storage [29–32]. Several types of mathematical
models, with different degrees of assumptions and constraints, were
established to quantitatively describe the thermal physical process.
One typical type of model, referred to as the thermal equilibrium
model [33–35], assumes vapor–liquid equilibrium (VLE) and regards
the liquid and vapor phases as a whole. With the VLE simplification,
the thermal equilibrium model has a high computation efficiency,
which is suitable for long-term prediction of LNG evaporation rate and
weathering effect. Another type of model, referred to as the thermal
non-equilibrium model [36–38], removes the constraint of VLE and
handles the liquid (LNG) and the boil-off gas (BOG) separately, and
is hence capable to characterize more dynamics inside the tank such
as vapor superheating [24], thermal stratification [38] and pressure
variations [25]. By incorporating with the composition conservation
equations and the boundary layer equations, the composition varia-
tions [39] and natural convection effects [21] that possess significant
impact on the boil-off characteristics could be quantitatively described.

Under marine conditions, the sloshing of the cryogenic liquid inside
the tank leads to a more complex interaction between the liquid and
vapor phases. Most of the studies on tank sloshing focus on the wave
breaking characteristics and sloshing-induced pressure loads on tank
walls [40–42]. With respect to the sloshing effects on the thermo-
dynamic performance in the cryogenic storage tank, Ludwig et al.
[17] experimentally investigated the thermal stratification and pressure
transients in a LN2 tank subjected to periodic excitations. An effective
thermal diffusivity was proposed to reflect the sloshing impact on the
thermal boundary layer beneath the free surface, and a correlation
to calculate the sloshing Nusselt number was proposed. Grotle and
Æsøy [43] conducted a laboratory-scale experiment to measure the
depressurization and thermal response to sloshing, using water and
water vapor as the substituted working fluid, and the results revealed
that sloshing can significantly shorten the depressurization period. A
zone parameter model was proposed to describe the depressurization
process, with the assumption that the thermodynamic parameters are
homogeneous in both the liquid and gas zones. As the scale, working
conditions and fluid properties deviated somewhat from the practical
scenarios, the authors suggested CFD simulations in future works to
systematically investigate the sloshing effects in real cases. Wang et al.
[44] investigated the periodical pressure evolutions during ship naviga-
tion. The zone parameter model was adopted and improved to predict
the long-term performance for the sake of calculation efficiency. The
temperature gradient in liquid was introduced in the model, and the
vapor region was still regarded as a homogeneous zone. Wu and Ju
[45] investigated the boil-off characteristics in LNG fuel tank under
sloshing conditions by two-dimensional CFD simulations; while the
2

Fig. 1. Schematic diagram of the thermodynamic response in LNG fuel tank under
depressurization.

system is characterized by isobaric evaporation, and hence the pressure
transients were not included.

The existing researches have shown that sloshing can have a major
impact on the thermodynamic performance of LNG fuel tanks, neces-
sitating the development of prediction models and a comprehensive
understanding of its influence mechanisms. Based on the literature
review, three following aspects have not been involved yet: (1) The
existing models, which are based on zone parameter method, have
yet to account for the non-uniform temperature fields in liquid and
vapor regions, as well as their time evolutions under sloshing. (2) Vapor
superheating and its thermal stratification, which had previously been
overlooked in experiments and models, may have an unneglectable
influence on condensation and depressurization, and is highly depen-
dent on sloshing. (3) Quantitative description of the relations between
depressurization, temperature evolution and condensation was detailed
in the form of differential equations [43,44], which can be further
formulated in algebraic equations to facilitate understanding of their
interdependences in a simple way.

Hence, this paper aims to provide a comprehensive investigation
of the sloshing effects on the thermodynamic responses in marine
LNG fuel tanks, with a particular focus on the three abovementioned
aspects. A validated three-dimensional numerical model is proposed in
Sections 2 and 3, providing necessary details regarding phase interface
morphology and field distribution in real-scale simulations. The major
dynamics and their interactions in the sloshing tank, such as liquid
motions, phase transition, temperature distribution and depressuriza-
tion, are numerically analyzed in Section 4. Furthermore, a theoretical
equation is derived to characterize the relations between tank depres-
surization, vapor temperature and condensation in algebraic form, and
its effectiveness and applicability are evaluated through numerical data
in Section 5.

2. Numerical modeling of tank thermodynamic response under
sloshing condition

2.1. Physical problem description

The modeling object is an LNG fuel tank equipped in marine vessels.
During navigation, the tank pressure is required to be maintained to
ensure the supply of LNG to the engine. Once the tank pressure falls to
a certain level, the pressure build-up unit works to vaporize the LNG
and inject the vapor back into the tank, thereby increasing the internal
pressure. However, the injected vapor and the LNG are in thermal
non-equilibrium state, giving rise to the cooling and condensation of
the high-temperature vapor, and a subsequent pressure shoot-down in
a few minutes. The sloshing of the liquid under sea conditions even
accelerates the depressurization process. The thermal physical process
is described in Fig. 1.

In the LNG fuel tank, the major dynamics required to be quantita-
tively described include:

(1) liquid sloshing and variation of free surface;
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(2) interfacial heat and mass transfer between the liquid and vapor
phase;

(3) vapor temperature and pressure responses due to sloshing and
heat-mass transfer.

The 3D numerical approach is capable of predicting the phase
nterface movement and wave breaking under sloshing conditions, and
rovides the most detailed information regarding the non-uniform tem-
erature distribution and the condensation rate, allowing for a better
nderstanding of the evolution nature and the dominant effect under
ifferent sloshing regimes. Therefore, the 3D numerical model is devel-
ped in the present study to quantitatively describe the major dynamics
n the LNG fuel tank, as introduced in Section 2.2–Section 2.4.

.2. Governing equations

In order to investigate the sloshing effects on the thermodynamic
esponse of LNG fuel tank, the volume of fluid (VOF) method which
an model the free surface flows of immiscible fluids is employed to
rack the vapor–liquid interface movement. The continuity equations
or each phase are established in the form of volume fraction, as shown
n Eqs. (1) and (2).
𝜕
𝜕𝑡
(𝛼𝑣𝜌𝑣) + ∇ ⋅ (𝛼𝑣𝜌𝑣𝐮𝑣) = 𝑆𝑚 (1)

𝜕
𝜕𝑡
(𝛼𝑙𝜌𝑙) + ∇ ⋅ (𝛼𝑙𝜌𝑙𝐮𝑙) = −𝑆𝑚 (2)

where, 𝜌 is the fluid density, 𝛼 is the volume fraction of the phase which
satisfies 𝛼𝑣 + 𝛼𝑙 = 1, u is the velocity vector, 𝑆𝑚 is the source term of
mass transfer between vapor and liquid phases; the subscript 𝑣 and 𝑙
represent the vapor phase and liquid phase, respectively.

The momentum equation and the energy equation are shared by two
phases and solved throughout the computational domain, as expressed
by Eqs. (3) and (4).
𝜕(𝜌𝐮)
𝜕𝑡

+ ∇ ⋅ (𝜌𝐮𝐮) = −∇𝑃 + ∇ ⋅
[

𝜇
(

∇𝐮 + ∇𝐮𝑇
)]

+ 𝐅𝜎 + 𝐅𝑣𝑜𝑙 (3)

𝜕(𝜌𝐸)
𝜕𝑡

+ ∇ ⋅ [𝐮(𝜌𝐸 + 𝑃 )] = ∇ ⋅ (𝜆∇𝑇 ) + 𝑆ℎ (4)

where, P is pressure, 𝜇 is viscosity, 𝐅𝑣𝑜𝑙 is the body force due to
sloshing, E is the internal energy, 𝑆ℎ is the source term related to the
latent heat of evaporation or condensation.

To solve the governing equations, the source terms in the continuity,
momentum and energy equations are to be determined. The source
terms of 𝑆𝑚 and 𝑆ℎ are calculated by the phase change model intro-
duced in Section 2.3, and the source term of 𝐅𝑣𝑜𝑙 is calculated by the
sloshing force model introduced in Section 2.4.

2.3. Phase change model

The mass transfer between the liquid and vapor phases is domi-
nantly determined by the evaporation and condensation process. The
mass transfer rate is related to the liquid–vapor interface temperature
and the saturation temperature corresponding to the pressure. The
phase change rate is given as

𝑆𝑚 =

⎧

⎪

⎨

⎪

⎩

𝛾𝑙𝛼𝑙𝜌𝑙
𝑇 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

, 𝑇 ≥ 𝑇𝑠𝑎𝑡 for evaporation

𝛾𝑣𝛼𝑣𝜌𝑣
𝑇 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

, 𝑇 < 𝑇𝑠𝑎𝑡 for condensation
(5)

where, 𝛾 is the mass transfer coefficient representing mass transfer
relaxation time (s−1); 𝑇𝑠𝑎𝑡 is the saturation temperature corresponding
to the pressure.

The source term of energy equation is determined based on the
latent heat absorbed or released during the phase change, yielding
Eq. (6).

𝑆 = −𝑆 ℎ (6)
3

ℎ 𝑚 𝑓𝑔 a
For enhancing the stability of the solution, the derivative of the
source terms with respect to the dependent variables of the transport
equation are also determined and added in the user defined function,
as shown in Eq. .

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜕𝑆𝑚
𝜕𝛼𝑙

= 𝛾𝑙𝜌𝑙
𝑇𝑙 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

,
𝜕𝑆ℎ
𝜕𝑇

= −
ℎ𝑓𝑔𝛾𝑙𝛼𝑙𝜌𝑙

𝑇𝑠𝑎𝑡
, 𝑇 ≥ 𝑇𝑠𝑎𝑡 for evaporation

𝜕𝑆𝑚
𝜕𝛼𝑣

= 𝛾𝑣𝜌𝑣
𝑇𝑣 − 𝑇𝑠𝑎𝑡

𝑇𝑠𝑎𝑡
,
𝜕𝑆ℎ
𝜕𝑇

= −
ℎ𝑓𝑔𝛾𝑣𝛼𝑣𝜌𝑣

𝑇𝑠𝑎𝑡
, 𝑇 < 𝑇𝑠𝑎𝑡 for condensation

(7)

A polynomial correlation is used to account for the varied saturation
temperature of liquid in the process, which is fitted by the data of
LNG with a typical composition (90% mole fraction of methane) and
𝑅2 = 0.9999, as shown in Eq. (8). Besides, a correlation of the latent
heat is also defined with 𝑅2 = 0.9999, as shown in Eq. (9).

𝑇𝑠𝑎𝑡 = 0.0022𝑃 5 − 0.069𝑃 4 + 0.8426𝑃 3 − 5.2353𝑃 2 + 20.523𝑃 + 96.25 (8)

𝑓𝑔 = 10−6𝑃 4 − 0.0004𝑃 3 + 0.0348𝑃 2 − 2.5144𝑃 + 682.2 (9)

.4. Sloshing force model

The movement of the fuel tank with the ship under waves and winds
ives rise to the sloshing of the internal liquid. The sloshing effect
n the thermodynamic response is included by introducing additional
nertia forces resulted from tank movement, as calculated by

𝑣𝑜𝑙(𝑡) = −𝜌
(

𝐠 + 𝜺(𝑡) × 𝐫 + 𝝎(𝑡) × (𝝎(𝑡) × 𝐫) + 2𝝎(𝑡) × 𝐮𝑟(𝑡)
)

(10)

here, 𝜺 is the angular acceleration, 𝝎 is the angular velocity, 𝐮𝑟 is the
elocity in the reference frame of the fuel tank.

Considering that the fuel tank has a large length–radius ratio, the
ost influential sloshing mode is the swaying in the YOZ plane. The

xcitation is given in sinusoidal form

(𝑡) = 𝜃𝑚 sin
( 2𝜋𝑡

𝑇

)

(11)

𝝎(𝑡) = 2𝜋
𝑡
𝜃𝑚 cos

( 2𝜋𝑡
𝑇

)

𝒊 (12)

𝜺(𝑡) = 4𝜋2

𝑇 2
𝜃𝑚 sin

( 2𝜋𝑡
𝑇

)

𝒊 (13)

The position, velocity and gravity in the reference frame of the fuel
tank can be decomposed as

𝐫 = 𝑦𝒋 + 𝑧𝒌 (14)

𝐮𝑟 = 𝑢𝑦 𝒋 + 𝑢𝑧 𝒌 (15)

𝐠 = 𝑔 sin 𝜃(𝑡) 𝒋 + 𝑔 cos 𝜃(𝑡)𝒌 (16)

The component forces of the additional inertia force can hence be
xpressed in the cartesian coordinate system, which are compatible
ith the governing equations, as shown in Eq. (17).

𝐅𝑦(𝑡) = −𝜌
(

𝑔 sin 𝜃(𝑡) + 𝑦𝜔(𝑡)2 + 𝑧𝜀(𝑡) + 2𝜔(𝑡)𝑢𝑦(𝑡)
)

𝒋
𝐅𝑧(𝑡) = −𝜌

(

𝑔 cos 𝜃(𝑡) + 𝑧𝜔(𝑡)2 − 𝑦𝜀(𝑡) − 2𝜔(𝑡)𝑢𝑧(𝑡)
)

𝒌
(17)

. Model implementation and verification

.1. Geometry model

A practical fuel tank equipped on a tug is selected for investiga-
ion [44]. The geometry model of the LNG fuel tank is shown in Fig. 2.
he fuel tank has a total length of 6.5 m and a radius of 2.6 m. The
etails of the geometries are listed in Table 1. In the present study, the
nternal response characteristics are more concerned; considering that
he depressurization process lasts a short time, especially for sloshing
onditions, the external heat leak-in effect is comparatively slight and
ence neglected. The initial state and sloshing condition is listed in
able 1. Seven temperature monitoring points are set uniformly along
he tank height at the center axis, and a pressure monitoring point is
rranged at the same position of 𝑇 , as shown in Table 2.
1
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Fig. 2. Geometry diagram of the type-C independent LNG fuel tank on a tug.

Table 1
Tank geometry and conditions for numerical simulation.

Parameter Value

Tank geometry

Volume 25 m3

Surface area 47 m2

Diameter 2.6 m
Cylindrical section length 3.9 m

Initial conditions

Pressure 8.0 bar
Vapor temperature 196 K
Liquid temperature 112 K
Liquid filling level 50%

Sloshing conditions Excitation frequency 0.206 Hz
Excitation amplitude 9◦

3.2. Numerical methods

The geometry model and grid generation is implemented in ICEM
software. A three-dimensional mesh is adopted to solve the governing
equations. The numerical model is solved using the Ansys Fluent double
precision solver, but it can also be implemented by other numerical
solvers with the capability of dealing with the VOF model. A second-
order upwind scheme is selected to discretize the convective terms.
The turbulent kinetic energy and the turbulent dissipation rate are
also discretized using the second-order upwind scheme. The Pressure-
Implicit with Splitting of Operators pressure–velocity PISO scheme
is adopted to calculate the pressure field, and the Geo-Reconstruct
scheme is suitable for the volume fraction equation. The implicit first
order scheme is chosen for transient formulation, with an initial time
step of 0.001 s and a upper limit of Courant number set as 0.5. The
convergence criteria are judged by monitoring the residuals. When the
residuals reduce to less than 10−6 for the continuity, momentum and
nergy equations, it is supposed to meet the convergence criteria.

.3. Model verification

The numerical model is validated by comparing the numerical
esults with the experimental data of the sloshing and thermal tests
onduced by Grotle and Æsøy [43]. The tank is a laboratory-scale
ype-C tank with a length of 0.89 m and a diameter of 0.35 m. The
loshing and depressurization process is tested using the water and
apor as the test medium. Detailed working conditions can be found
n the literature [43].

Firstly, the liquid sloshing features between the present model
redictions and the experimental images are compared, as shown in
ig. 3. The sloshing frequencies are 0.40 Hz and 0.59 Hz respectively,
nd the sloshing amplitude is 3◦. It can be seen that, with the increase
f the sloshing frequency f, i.e., the sloshing frequency approaching the
irst mode natural frequency 𝑓1,0, the variation of the liquid free surface
ecomes more violent. The liquid sloshing at 0.40 Hz is featured by an
scillating and continued liquid surface, while liquid jet appears when
4

the excitation frequency increases to 0.59 Hz. The numerical results
show consistency with the captured image of the test, indicating the
effectiveness of the sloshing force model used in the present study.

The phase change model is also verified by the depressurization test.
Measurement data at the excitation frequency of 0.40 Hz are used,
as in this case there is the least amount of residual air in the tank
and the resulting effect of non-condensable gas on depressurization is
the slightest. The comparison results of the model predictions and the
measured data are shown in Fig. 4. The maximum deviation of the
predicted pressure with the measured data is about 6.6 kPa, and the
maximum deviations of the predicted gas and liquid temperatures with
the measured data are 0.73 K and 0.48 K, respectively. The prediction
results show that the numerical model is capable to reflect the pressure
and phase temperature variations in a close tank.

3.4. Mesh independence analysis

The mesh independence of the physical model is further analyzed.
Four different meshes are used and compared adopting the working
conditions listed in Table 1. The grid number are 27 × 103, 113 × 103,
266×103 and 400×103, respectively. The comparison results are shown
in Fig. 5.

The results show that the when the mesh number increases from
266 × 103 to 400 × 103, the differences of the calculated pressure are
less than 0.4%. Hence, the mesh number of 266 × 103 is selected for
numerical investigation on the balance of accuracy and calculation
speed. The used structural grid in mesh modeling is illustrated in Fig. 6.

4. Numerical analysis of sloshing effect on tank thermodynamic
response

The tank thermodynamic response to sloshing involves phase
change, temperature drop and depressurization. The transient fea-
tures of the interfacial mass transfer and temperature distribution
subjected to sloshing are firstly analyzed, and then the resultant tank
depressurization are investigated under various conditions.

4.1. Sloshing and interfacial mass transfer

The characteristics of the thermodynamic response to sloshing in the
LNG fuel tank are numerically investigated. The sloshing frequency is
0.206 Hz and the sloshing amplitude is 9◦. Fig. 7 exhibits the variations
of the liquid–vapor interface, interface area and the interfacial mass
transfer during several sloshing periods. The variation of the free
surface shows that the liquid wave climbs via the spherical side and
reaches the roof of the tank, resulting in a reverse jet flow at the top.
The jet flow subsequently hits the liquid surface, accompanied by the
liquid wave advancing to the other side. The interface area and the
condensation rate present cyclical fluctuation along with the sloshing
motion. The peak-to-valley amplitudes of the interface area and the
condensation rate are little changed, while there is a decreasing trend
of the condensation rate along with time. The variation of the conden-
sation rate has a phase lag compared to the surface area variation. The
possible reason is that the liquid surface temperature changes due to
the contact between the liquid surface and the jet, which delays the
decrease of the condensation rate caused by interface area reduction.

4.2. Liquid and vapor temperature evolution

Fig. 8 illustrates the liquid temperature evolution subjected to slosh-
ing. Initially, the liquid beneath the liquid–vapor interface is heated
by the vapor, forming a thermally stratified layer. The thermal strat-
ification sustains in the early stage, and the stratified layer shows
consistency with the liquid wave. With the time advances, the liq-
uid motion becomes more violent. The liquid jet formed by sloshing

adsorbs heat from high-temperature vapor, and falls into the bulk
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Table 2
Temperature monitoring points in the LNG fuel tank.

Monitoring points 𝑇1 𝑇2 𝑇3 𝑇4 𝑇5 𝑇6 𝑇7
Coordinates (0,0,1.2) (0,0,0.8) (0,0,0.4) (0,0,0) (0,0,−0.4) (0,0,−0.8) (0,0,−1.2)
Fig. 3. Comparisons of the liquid sloshing results between numerical and experimental results.
Fig. 4. Comparisons of the transient pressures (a) and temperatures (b) between model predictions and measured data [43].
Fig. 5. Numerical results with different mesh number.

liquid, leading to intense mixing of the liquid. The jet flow hence in-
creases the liquid–vapor interface area, and enhances the mass and heat
transfer. Consequently, the thermal stratification in liquid diminishes
and evolves to uniform temperature distribution. It is also found that,
although the temperature of the whole liquid arises, the maximum
5

temperature located at the interface decreases gradually, reflecting the
reduction of temperature non-uniformity.

The results indicate that the liquid temperature evolution subjected
to sloshing experiences three stages, namely thermal stratification,
sloshing-induced mixing and overall temperature rise; the sloshing
strengthens the heat transfer from liquid to vapor, and averages the
temperature spatially, resulting in a slight overall temperature rise.

Fig. 9 depicts the vapor temperature evolution subjected to sloshing.
The variation of vapor temperature presents two major features: (1)
thermal stratification and de-stratification above the free surface; (2)
overall temperature drop with time. Similar to the liquid phase, the
thermal stratification forms and develops above the liquid surface due
to the heat conduction from vapor to liquid. The sloshing not only
changes the shape of the free surface, but also alters the temperature
distribution in vapor region periodically, enforcing the direction of va-
por temperature gradient to be consistent with the normal direction of
the free surface. The overall vapor temperature decreases quickly with
time due to the enhanced heat transfer by sloshing. De-stratification
of the vapor temperature occurs subsequently. Finally, the maximum
temperature difference in vapor region is less than 6 ◦C.

Fig. 10 shows the temperature–time histories for different height
positions, where T1 − T3 are located at the vapor region, T4 denotes
the temperature at the mid-height (the liquid surface), and T -T
5 7
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Fig. 6. Mesh model of the LNG fuel tank (266,000 grids): (a) front view (b) side view .

Fig. 7. Variations of free surface and condensation rate subjected to sloshing (𝑓 = 0.206 Hz, 𝜃𝑚 = 9◦).

Fig. 8. Liquid temperature evolution subjected to sloshing (𝑓 = 0.206 Hz, 𝜃𝑚 = 9◦).
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Fig. 9. Vapor temperature evolution subjected to sloshing (𝑓 = 0.206 Hz, 𝜃𝑚 = 9◦).
Fig. 10. Variations of temperatures at different heights with time.

are distributed in the liquid. The vapor temperatures fluctuate peri-
odically, of which the variation amplitude increases with the height
and decreases with time. The liquid temperatures experience little
changes compared to the vapor phase, while has a slight increase with
time. The temperature distribution along the height indicates a two-
stage evolution feature, i.e., thermal stratification dominated by heat
conduction initially, following by the de-stratification of the thermally
stratified layer due to sloshing.

4.3. Depressurization by temperature drop and phase transition

The depressurization processes under the static and sloshing con-
ditions are illustrated in Fig. 11(a). Three different mass transfer co-
efficients are adopted to analyze the effect of condensation rate on
7

depressurization. The comparisons of the pressure drops between the
static and sloshing conditions indicate that sloshing will increase the
pressure drop, which is caused by the enhanced interfacial mass and
heat transfer. A larger mass transfer coefficient will accelerate the
depressurization, and the tank pressure approaches the steady-state
value faster. The sloshing effect on depressurization is more significant
when the mass transfer coefficient is small. With the increase of mass
transfer coefficient, the pressure–time histories under the static and
sloshing conditions tend to be closer. The reason can be explained
according to the temperature–time-histories shown in Fig. 11(b)–11(d).

When the condensation effect is weak (shown in Fig. 11(b)), the
pressure drop is primarily caused by the temperature decrease of the
vapor phase. The saturation temperature corresponding to the tank
pressure, has a slower falling rate than the vapor temperature, The
liquid temperature is almost unchanged due to small heat release from
condensation. As a result, the liquid and vapor phases are still in the
thermal non-equilibrium state at about 40 s. When the mass transfer
coefficient increases to 1.0 (shown in Fig. 11(c)), the condensation is
enhanced, and the vapor temperature is close to the saturation temper-
ature. The liquid has a slight temperature rise, but is still in subcooled
state that deviates from thermal equilibrium. By enlarging the mass
transfer coefficient to 10 (shown in Fig. 11(d)), the condensation caused
a rapid pressure drop and the corresponding saturation temperature
drop. The latent heat released by condensation heats the liquid and
makes the liquid, vapor and saturation temperatures tend to be the
same, indicating that the liquid and vapor phases approach the thermal
equilibrium state.

To summarize, the sloshing will facilitate the pressure and tem-
perature drop due to the enhanced interfacial mass and heat transfer.
The increase of the mass transfer coefficient will weaken the sloshing
effect on depressurization, but significantly accelerates the depres-
surization process until the liquid and vapor phases attain thermal
equilibrium. The duration of the thermal non-equilibrium primarily
depends on the phase transition rate, which determines the duration
of the depressurization process.
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Fig. 11. Pressure and temperature drops under static and sloshing conditions: (a) pressure drops with different mass transfer coefficients (𝛾); vapor and liquid temperature drop
with 𝛾 = 0.1 (b), 𝛾 = 1.0 (c) and 𝛾 = 10.0 (d).
.4. Effect of sloshing frequency

The fuel tank depressurization under different sloshing frequen-
ies and the static condition are further investigated. The adopted
loshing frequency covers a wide range, which includes the resonance
egion. The natural frequency is calculated by Eq. (18). where, 𝑎 =
1.8

√

1 − ℎ𝑓∕𝐷 + 2.5, ℎ𝑓 is the liquid depth, 𝐷 is the diameter of the
ank, 𝐿𝑡 is the length of the tank.

𝑛 =
1
𝑇𝑛

= 1

𝑎

√

√

√

√

√

√

𝐿𝑡

𝑔 tanh
(𝜋ℎ𝑓

𝐿𝑡

)

(18)

The liquid filling level is set as 50%, and the calculated first mode
natural frequency is 0.243 Hz. Referring to Miles [46] weakly non-
linear theory, the sloshing mode depends on the dimensionless exci-
tation amplitude and angular wave frequency, as shown in Fig. 12(a).
The boundaries of the sloshing modes in Fig. 12(a) are calculated by

[

𝜔∕𝜔1
]

𝑖 =

[

(

1.684
𝐴𝑓

𝑅

)2∕3

𝛽𝑖 + 1

]1∕2

(19)

where, 𝐴𝑓 is the maximum tank displacement, R is the radius of
the cylindrical tank, 𝛽2 = −0.36, 𝛽3 = −1.55 and 𝛽4 = 0.735 are
the bifurcation parameters that depict the boundaries of the sloshing
modes.

According to the sloshing mode, three different frequencies, respec-
8

tively 0.147 Hz, 0.206 Hz and 0.267 Hz are adopted for investigation.
The ratios of the excitation frequency to the first mode natural fre-
quency are 0.6, 0.85 and 1.1, respectively. Fig. 12(b) and (c) illustrate
the variations of the phase interface under the three different frequen-
cies. The fluctuation of interface area becomes more violent with the
increase of the sloshing frequency. Compared to the sloshing case F2
and F3, the variation of the interface area in case F4 is more irregular,
because the sloshing frequency is close to the natural frequency. It is
worth noting that the interface area for 0.147 Hz turns to be smaller
than the static condition, while the other two sloshing cases have a
larger interface area. The reason is that the liquid filling level is 50%,
which is the maximum flat surface; the low sloshing frequency only
causes the inclination and slight deformation of the liquid surface,
leading to a smaller interface area.

Fig. 13 shows the time histories of the pressures, temperatures
and condensation rates under different sloshing frequencies. Fig. 13(a)
indicates a significant effect of the sloshing frequency on the pressure
drop. The increase of the sloshing frequency accelerates the depressur-
ization process and shortens the time to reach steady state. The time
for the tank pressure to drop below 180 kPa is 163.4 s, 192.8 s and
240.6 s at sloshing frequencies of 0.267 Hz, 0.206 Hz and 0.146 Hz,
respectively. Fig. 13(b) shows the variations of the temperatures of the
vapor and liquid phases. The liquid and vapor phase approaches vapor–
liquid equilibrium faster at a higher sloshing frequency. The increase of
sloshing frequency has a larger impact on the vapor temperature than
the liquid. From Fig. 13(c), it can be seen that the vapor temperature
has a more violent fluctuation amplitude at a higher sloshing frequency.
The valley values of the monitored temperatures at point T1 at the

frequency 0.206 Hz and 0.267 Hz are much lower than those at the
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Fig. 12. Liquid–vapor interface characteristics under different sloshing frequencies: (a) sloshing modes, (b) time history of phase interface, (c) phase interface distribution.
Fig. 13. Thermodynamic responses under different sloshing frequencies: (a) tank pressures; (b) average temperatures of liquid and vapor phases; (c) temperatures at monitoring
point T1; (d) condensation rates.
frequency 0.146 Hz, also indicating that the point T1 is periodically
occupied by the cryogenic liquid. At a low sloshing frequency, the
temperature fluctuation is regular with a decreasing amplitude. With
the sloshing frequency increases, the temperature variation becomes
irregular, and the peak values decline faster. The variations of the
vapor condensation rate are illustrated in Fig. 13(d). The condensation
rate increases rapidly at first and then falls gradually. The increase of
sloshing frequency enhances the phase transition rate, especially for
high frequencies because liquid jet occurs and largely facilitates the
interfacial mass and heat transfer. It is also worth noting that, the
condensation rate at a higher sloshing frequency falls faster, because
the liquid and vapor phases are closer to the equilibrium state; hence
the condensation rates at different sloshing frequencies tends to be the
same after about 200 s.
9

5. Theoretical modeling and analysis of tank depressuriation

5.1. Theoretical calculation of tank pressure drop

The theoretical solution of the tank pressure drop is deduced based
on mass conservation law. The condensation of vapor gas causes the
reduction of vapor mass, as given by Eq. (20).
𝑑(𝜌𝑣𝑉𝑣)

𝑑𝑡
= �̇�𝑐𝑜𝑛𝑑 (20)

As the fuel tank experiences pressure drop in a short time, the phase
change leads to little volume change( 𝑑𝑉𝑣𝑑𝑡 = 0) and the conservation
equation can hence be expressed as
𝜕𝜌𝑣 𝑑𝑃 +

𝜕𝜌𝑣 𝑑𝑇𝑣 = −
�̇�𝑐𝑜𝑛𝑑 (21)
𝜕𝑃 𝑑𝑡 𝜕𝑇𝑣 𝑑𝑡 𝑉𝑣
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The equation of state (EOS) for vapor gas can be written as

𝑃 =
𝜌𝑣𝑅𝑔𝑇𝑣
1 − 𝑏𝜌𝑣

− 𝑓 (𝜌2𝑣) (22)

By applying EOS and neglecting the high order term of vapor
density, Eq. (20) can be transformed to an expression of the time
derivative of tank pressure, as shown in Eq. (23).

𝑑𝑃
𝑑𝑡

= −
𝑅𝑔𝑇𝑣

(1 − 𝑏𝜌𝑣)2
�̇�𝑐𝑜𝑛𝑑
𝑉𝑣

+
𝑅𝑔𝜌𝑣
1 − 𝑏𝜌𝑣

𝑑𝑇𝑣
𝑑𝑡

(23)

The fuel tank pressure drop can be obtained by integrating Eq. (23)
along time

𝛥𝑃 (𝑡) = ∫

𝑡

0

𝑅𝑔𝑇𝑣
(1 − 𝑏𝜌𝑣)2

�̇�𝑐𝑜𝑛𝑑
𝑉𝑣

𝑑𝜏 + ∫

𝑡

0

𝑅𝑔𝜌𝑣
1 − 𝑏𝜌𝑣

𝑑𝑇𝑣
𝑑𝑡

𝑑𝜏 (24)

As the boil-off gas is at a low pressure and temperature state, the
erm 𝑏𝜌𝑣 ≪ 1; Eq. (24) can hence be rewritten as

𝑃 (𝑡) =
𝑅𝑔

𝑉𝑣 ∫

𝑡

0
𝑇𝑣�̇�𝑐𝑜𝑛𝑑 𝑑𝜏 + 𝑅𝑔 ∫

𝑡

0
𝜌𝑣

𝑑𝑇𝑣
𝑑𝜏

𝑑𝜏 (25)

The vapor density is a time-varying parameter depending on the
condensation rate, as given by

𝜌𝑣(𝑡) =
𝑀𝑣,0 − ∫ 𝑡

0 �̇�𝑐𝑜𝑛𝑑𝑑𝜏
𝑉𝑣

= 𝜌𝑣,0 −
∫ 𝑡
0 �̇�𝑐𝑜𝑛𝑑𝑑𝜏

𝑉𝑣
(26)

where, the subscript 0 represents the initial state.
Substituting Eq. (26) into Eq. (25), we obtain

𝛥𝑃 (𝑡) =
𝑅𝑔

𝑉𝑣 ∫

𝑡

0
𝑇𝑣�̇�𝑐𝑜𝑛𝑑 𝑑𝜏+𝑅𝑔𝜌𝑣,0𝛥𝑇𝑣(𝑡)+

𝑅𝑔

𝑉𝑣 ∫

𝑡

0

(

∫

𝑡

0
�̇�𝑐𝑜𝑛𝑑 𝑑𝜏

)

𝑑𝑇𝑣
𝑑𝜏

𝑑𝜏

(27)

Introducing the accumulated condensation mass 𝑀𝑐𝑜𝑛𝑑 = ∫ 𝑡
0 �̇�𝑐𝑜𝑛𝑑

𝜏, Eq. (27) becomes

𝑃 (𝑡)=
𝑅𝑔

𝑉𝑣 ∫

𝑡

0

(

𝑇𝑣
𝑑𝑀𝑐𝑜𝑛𝑑

𝑑𝜏

)

𝑑𝜏+𝑅𝑔𝜌𝑣,0𝛥𝑇𝑣(𝑡)+
𝑅𝑔

𝑉𝑣 ∫

𝑡

0

(

𝑀𝑐𝑜𝑛𝑑
𝑑𝑇𝑣
𝑑𝜏

)

𝑑𝜏

(28)

The first and third terms at the right hand side can be merged,
yielding the solution of pressure drop

𝛥𝑃 (𝑡) =
𝑅𝑔

𝑉𝑣
𝑇𝑣(𝑡)𝑀𝑐𝑜𝑛𝑑 (𝑡) + 𝑅𝑔𝜌𝑣,0

(

𝑇𝑣,0 − 𝑇𝑣(𝑡)
)

(29)

According to Eq. (29), predicting the pressure drop requires to
determine the vapor volume, the condensation mass and the vapor tem-
perature. It is also worth noting that the initial vapor density instead of
the transient vapor density during depressurization can be directly used
for calculation. Considering that the vapor volume is almost unchanged
in the duration of the depressurization process, the pressure drop is
only determined by the condensation mass and the vapor temperature.
Fig. 14 illustrates the comparison results of the numerical simulation
and the theoretical calculation, where the data of the condensation
mass and the vapor temperature are acquired from numerical results. It
can be seen that the calculation results of Eq. (29) are consistent with
the numerical results, of which the pressure deviations are within ±
20 kPa, i.e.,2.5% of the pressure variation range.

The comparison results indicate that Eq. (29) can be applied for
quantitative determination of the phase transition in the thermal non-
equilibrium tank subjected to sloshing. By measuring the time histories
of the pressure and the vapor temperature inside the fuel tank, the
condensation mass and the phase change rate can hence be obtained
by Eq. (30).

⎧

⎪

⎨

⎪

𝑀𝑐𝑜𝑛𝑑 (𝑡) =
𝑉𝑣

𝑅𝑔𝑇𝑣(𝑡)
[

𝛥𝑃 (𝑡) − 𝑅𝑔𝜌𝑣,0
(

𝑇𝑣,0 − 𝑇𝑣(𝑡)
)]

�̇� (𝑡) =
𝑑𝑀𝑐𝑜𝑛𝑑 (𝑡)

(30)
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⎩ 𝑐𝑜𝑛𝑑 𝑑𝑡 t
.2. Approximating prediction of pressure–time histories

In Eq. (29), the transient vapor temperature is required for predict-
ng the pressure drop. Here we further analyze the prediction of the
ressure–time histories with an approximating function of the transient
apor temperature.

According to Sections 4.2 and 4.3, the variation of the liquid tem-
erature is quite small comparing to the vapor temperature. The vapor
one presents a prominent temperature stratification, while the liquid
emperature is quickly rendered uniform by sloshing. Hence, the vapor
emperature nonuniformity should be taking into account, and it is
ractical to regard the liquid temperature as a constant during the
uration of tank depressurization (𝑇𝑙 ≈ 𝑇𝑙,0). In terms of the heat

transfer between liquid and vapor phases, heat conduction plays the
dominate role. Thus, the vapor temperature could be approximately
calculated referring to the solution of semi-infinite heat conduction
problem with the first type boundary condition, as given by

𝑇𝑣(𝑡, 𝑧) − 𝑇𝑙
𝑇𝑣,0(𝑧) − 𝑇𝑙

= erf

(

𝑧
2
√

𝑎𝑣,𝑒𝑡

)

(31)

where, 𝑎𝑣,𝑒 represents the effective vapor thermal diffusivity under
sloshing, z is the height above the free surface.

Let 𝑇𝑣(𝑡, 𝑧) − 𝑇𝑙 = 𝜃(𝑡, 𝑧) and 𝑧∕𝑎𝑣,𝑒𝑡 = 𝑡∗(𝑧), where 𝑡∗(𝑧) is a
dimensionless parameter, the integral-average temperature difference
between liquid and vapor along height is expressed as

�̂�(𝑡) = 𝜃0
2
√

𝑎𝑣,𝑒𝑡
𝐻𝑣 ∫

𝑡∗(𝐻𝑣)

0
erf

(

𝑡∗
)

𝑑𝑡∗

= 𝜃0

(

erf
(

𝑡∗(𝐻𝑣)
)

+ 𝑒−𝑡∗
2(𝐻𝑣) − 1

𝑡∗(𝐻𝑣)
√

𝜋

) (32)

where, 𝜃0 represents the initial temperature difference between liquid
and vapor; 𝐻𝑣 is the height of the vapor region. The terms 𝑇𝑣(𝑡) and
𝑇𝑣,0 − 𝑇𝑣(𝑡) in Eq. (29) are replaced by

𝑇𝑣(𝑡) = 𝜃0

(

erf
(

𝑡∗(𝐻𝑣)
)

+ 𝑒−𝑡∗
2(𝐻𝑣) − 1

𝑡∗(𝐻𝑣)
√

𝜋

)

+ 𝑇𝑙,0 (33)

𝑇𝑣,0 − 𝑇𝑣(𝑡) = 𝜃0

(

𝑒−𝑡∗
2(𝐻𝑣) − 1

𝑡∗(𝐻𝑣)
√

𝜋
− erfc

(

𝑡∗(𝐻𝑣)
)

)

(34)

Substituting Eqs. (33) and (34) into Eq. (29), the pressure–time
istories can be obtained by

𝑃 (𝑡) =
𝑅𝑔

𝑉𝑣
𝑀𝑐𝑜𝑛𝑑 (𝑡)

[

𝜃0

(

erf
(

𝑡∗(𝐻𝑣)
)

+ 𝑒−𝑡∗
2(𝐻𝑣) − 1

𝑡∗(𝐻𝑣)
√

𝜋

)

+ 𝑇𝑙,0

]

−𝑅𝑔𝜌𝑣,0𝜃0

(

erfc
(

𝑡∗(𝐻𝑣)
)

− 𝑒−𝑡∗
2(𝐻𝑣) − 1

𝑡∗(𝐻𝑣)
√

𝜋

) (35)

The pressure–time histories predicted by Eq. (35) are compared to
he numerical results, as shown in Fig. 15. The predicted pressures devi-
te from the numerical results within the range of −60 kPa to +20 kPa
−7.5%–2.5% of the pressure variation range) under different sloshing
requencies and mass transfer rate. The increasing deviations compared
o Eq. (29) are primarily caused by the approximating function of the
ransient vapor temperature (see Fig. 15).

The time-average pressure deviations and the corresponding best-
itted effective thermal diffusivity are given in Fig. 16(a). The time-
verage pressure deviations are within 14 kPa. It can be seen that
he effective thermal diffusivity increases with the increases of the
loshing frequency and the decrease of the mass transfer coefficient.
he reason is that the sloshing enhances the heat exchange between
he liquid and vapor phase, and the condensation releases heat that
mpedes the heat transfer between the two phases. Fig. 16(b) shows
he sensitivity analysis of the effective thermal diffusivity on the time-
verage pressure deviations. The increase of sloshing frequency makes
he prediction results more sensitive to the effective thermal diffusivity.
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Fig. 14. Comparisons between the numerical simulation and the theoretical calculation: (a) evolution of pressure drops; (b) pressure deviations.
Fig. 15. Comparisons between the numerical simulation and the approximation prediction: (a) evolution of pressure drops; (b) pressure deviations.
e

Within a range that covers all the best-fitted values of the effective
thermal diffusivity, the maximum time-average pressure deviation is
less than 40 kPa, which is 5% of the pressure variation range. The
results indicate that the calculation of vapor temperature based on the
semi-infinite heat conduction simplification is feasible for predicting
tank depressurization under sloshing conditions.

6. Conclusion

In this paper, the sloshing effects on the coupled pressure–temperatur
response in LNG fuel tank were numerically and theoretically inves-
tigated. A numerical model using the CFD technique was presented
accounting for the liquid sloshing movement and the interfacial mass
and heat transfer. The validity of the model was confirmed by the
corresponding experimental data. Three-dimensional simulations of the
depressurization process in a practical LNG fuel tank under sloshing
conditions were performed. The coupled dynamics of pressure vari-
ation, temperature evolution and phase transition were analyzed. A
theoretical expression that quantitatively describes the relations of the
pressure, temperature and condensation were proposed. Following are
the salient conclusions drawn from the analyses:

(1) Liquid temperature undergoes three stages during the depressur-
ization process, namely thermal stratification, sloshing-induced
11
mixing and overall temperature rise. The sloshing strengthens
the heat transfer from liquid to vapor, and averages the temper-
ature spatially, resulting in a slight overall temperature rise.

(2) Vapor temperature forms a stratified layer that alters periodi-
cally with the variation of the free surface shape. The overall
temperature declines rapidly accompanied with the decrease
of the temperature gradient in the vapor region. Finally the
vapor temperature presents cyclical fluctuations along with the
sloshing motion.

(3) Tank depressurization is caused by the mutual effects of temper-
ature drop and phase transition. The depressurization continues
until the liquid and vapor phase achieves thermal equilibrium.
At the early stage, the temperature drop is the dominant ef-
fect, and then the vapor condensation effect becomes promi-
nent. A larger condensation rate brings forward the time to
achieve thermal equilibrium, while weakens the sloshing effect
on depressurization.

(4) Sloshing frequency has a significant effect on the pressure–
temperature response, especially when the excitation frequency
is close to resonance conditions. A higher sloshing frequency
accelerates the depressurization process and shortens the time
to reach thermal equilibrium. The increase of sloshing frequency
also alters the liquid sloshing mode, which produces liquid jet
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Fig. 16. Time-average pressure deviations and the corresponding best-fitted effective thermal diffusivity (𝑎𝑣,𝑒) (a); sensitivity analysis of 𝑎𝑣,𝑒 on the pressure deviations (b).
d

flow and makes the vapor temperature variation more violently
and irregularly. The phase transition is enhanced by sloshing at
the early stage, and then tends to be slight and little affected by
sloshing frequency.

(5) The theoretical equation of the pressure drop quantitatively
describes relations between pressure drop, temperature variation
and phase transition. The relative deviations of the calculated
pressure with the numerical results are less than 2.5% of the
pressure variation range under various sloshing frequencies and
mass transfer coefficients. The coupled pressure–temperature
response can be further predicted by introducing an equivalent
thermal diffusivity that reflects the sloshing effect on vapor
temperature evolution. The calculation results indicate that the
deviations of the pressure drop are among −7.5%–2.5% of the
pressure variation range.

The proposed theoretical equation characterizes the quantitative
relations between pressure drop, temperature drop and condensation,
but it is noted that its application for predicting tank depressurization
still requires accurate correlations or data of the phase transition rate.
According to the theoretical equation, the pressure drop at arbitrary
time only depends on the transient vapor temperature and the con-
densation mass. With known initial parameters including the vapor
volume and the initial vapor density, the condensation mass and the
transient condensation rate can be inversely determined by measuring
the vapor temperature and the tank pressure. Considering that the
phase transition between the thermal non-equilibrium liquid and vapor
phases is complex and strongly coupled with the liquid sloshing, the
theoretical equation can offer a feasible approach of quantifying the
phase transition rate under sloshing conditions by inversion method,
and may give a guidance for future works to develop condensation
correlations in LNG fuel tanks under a wide range of sloshing and
working conditions.

Nomenclature
𝑎𝑣,𝑒 Effective thermal diffusivity (m2∕s)
𝐴𝑓 Maximum tank displacement (m)
𝑏 Repulsion parameter (m3∕kg)
𝐷 Tank diameter (m)
𝐸 Internal energy (J/kg)
12
𝑓 Frequency (Hz)
𝐅𝜎 Term of surface tension (N∕m3)
𝐅𝑣𝑜𝑙 Term of body force (N∕m3)
𝑔 Gravitational acceleration (m∕s2)
ℎ𝑓 Liquid depth (m)
ℎ𝑓𝑔 Latent heat (J∕kg)
𝐻𝑣 Height of the vapor region (m)
𝒊, 𝒋, 𝒌 Unit vector
𝐿𝑡 Tank length (m)
�̇� Condensation rate (kg∕s)
𝑀 Mass (kg)
𝑃 Pressure (kPa)
𝐫 Position
𝑅 Radius (m)
𝑅𝑔 Gas constant (J∕(kg K))
𝑆𝑚 Mass source term (kg∕(m3 s))
𝑆ℎ Energy source term (J∕(m3 s))
𝑡 Time (s)
𝑡∗ Dimensionless time
𝑇 Temperature (K)
𝐮 Velocity (m∕s)
𝑉 Volume (m3)
𝑧 The height above the free surface (m)
Greek symbols
𝛼 Volume fraction
𝛽 Bifurcation parameter
𝛾 Mass transfer coefficient (s−1)
𝜀 Angular acceleration (rad∕s2)
𝜇 Viscosity (Pa s)
𝜆 Thermal conductivity (W∕(mK))
𝜌 Density (kg∕m3)
𝜃 Angle (rad)
𝜃0 Initial temperature difference between liquid an

vapor (K)
�̂� Integral-average temperature difference (K)
𝝎 Angular velocity (rad∕s)
𝜏 Time (s)
Abbreviations
BOG Boil-off gas
HFO Heavy fuel oil
LNG Liquefied natural gas
PBU Pressure build-up unit
VLE Vapor liquid equilibrium

VOF Volume of fluid
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Subscripts
0 Initial state
cond Condensation
m Maximum
l Liquid
sat Saturation
v Vapor
y,z Coordinates
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