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Abstract: During the storage process, liquefied natural gas (LNG) may undergo severe evaporation,
stratification, and rollover in large storage tanks due to heat leakage, aging, or charging, causing major
safety risks. Therefore, this article theoretically analyzes the causes and inducing factors of the LNG
stratification and rollover phenomenon in the storage tank of coastal engineering. The computational
fluid dynamics was used to establish a numerical model for the heat and mass transfer of LNG
multicomponent materials in the imaginary layered interface of the storage tank, and the evolution
process of LNG from spontaneous stratification to rollover was simulated. The accuracy of the
mathematical model is verified by comparing numerical results with experimental data from open
literature. The effects of the density difference between upper and lower layers, layering parameters,
heat leakage parameters, and the baffles structure on the rollover process were studied. The effects
of the interfacial surface variations are not included in this study. The results show that different
baffle structures will form different boundary velocity fields, which will only affect the severity of the
rollover, not the occurrence time. The larger the layering density difference, the earlier the rollover
occurs. Under current conditions, the baffle structure that has the best suppression of rollover and
the minimum boundary velocity is at 0.5 m above the stratified interface with the installation of the
baffle at 5 degrees.

Keywords: coastal LNG engineering; storage tank; evolution process; stratification; rollover;
baffle structure

1. Introduction

Natural gas is an important energy carrier in the post-petroleum era. Because of
its large reserves, less polluting, and efficient conversion, natural gas has become the
main pillar of the world’s energy [1,2]. In order to facilitate storage and long-distance
transportation like petroleum, natural gas is usually liquefied to form liquefied natural gas
(LNG) at atmospheric pressure at −162 ◦C after removing water, carbon dioxide and heavy
hydrocarbons using adsorption and separation. Its volume is 1/600 of the gaseous state;
its density is 600 times that of the standard state, and its weight is only 45% compared
with the same volume of water [3,4]. LNG not only improves the efficiency of natural gas
storage and transportation but also can recover natural gas resources in remote areas and
make reasonable use to reduce resource waste. Therefore, canned land transportation and
LNG transport by ocean-going freighter have become important forms of international
energy trade [5]. According to the forecast of the global LNG outlook [6], global energy
demand from 2019 to 2035, more than 40% will be supplied by LNG, and its output will
maintain an annual growth rate of more than 4%. Since LNG is a multicomponent mixture
mainly dominated by methane, the relevant thermophysical properties (density, boiling
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point, temperature and pressure) vary slightly depending on the origin [7]. In the process
of transportation and storage of LNG, the unstable storage phenomenon caused by the
violent evaporation of the liquid is prone to occur in the storage tank. This phenomenon is
the layered rollover, and the stratification is the direct cause of the instability rollover [8,9].
The delamination of LNG refers to the formation of two liquid layers with different densities
in the upper and lower tanks. According to previous research [10–12], there are three main
reasons. (1) Impurity aging: LNG contains nitrogen impurities. The molecular weight
of impurities is greater than the LNG components, and the boiling point is lower than
the boiling point in LNG. Therefore, in the process of evaporation, impurities evaporate
before other components, and the evaporation rate of impurities in the storage tank will
produce different layers. (2) Infiltration of external heat: under the influence of heat leakage
from the bottom and sidewalls of the storage tank, the temperature of the liquid in the
lower layer rises, and the density decreases. The strength of the LNG movement in the
storage tank is not sufficient to allow the upper and lower liquids to mix uniformly in a
short time. Thermal convective motion exists in the respective layers, thereby forming
an unstable layer with a high-density in the upper layer and a low-density in the lower
layer. (3) Improper filling method: artificially fill the storage tank with LNG, which is
different from the original temperature and composition. Filling LNG with a density higher
than the original liquid by using the top-feed method or filling LNG with a lower density
than the original liquid by using the bottom-feed method these conditions are liable to
form an unstable stratification in the storage tank. At present, limited measures can be
taken, such as more stringent processes to filter impurities, artificially control the filling
rate, and appropriate and effective methods to avoid the stratification caused by reasons 1
and 3. However, due to the existence of a large temperature difference, the natural heat
penetration of the storage tank is difficult to eliminate, so the layering caused by reason 2
is inevitable at this stage.

As there have been several serious LNG rollover accidents in storage tanks in his-
tory [13,14], so many researchers have used theoretical models, experimental studies,
and numerical simulations to study the mechanism and preventive measures in the evo-
lution process of LNG from stratification to rollover in tanks [15]. The development of
theoretical models has undergone the development process of two-stage models [16,17],
three-stage models [18,19], four-stage models [20] and other models [21,22]. These mod-
els range from the original interface-based static and two-component assumptions to
the current nonsteady-state interfaces, multicomponent multi-variable, and other pro-
cesses. They gradually systematically and theoretically simulate the simulation of layering
and rolling of LNG storage tanks, which are increasingly similar to the actual situation.
The prediction of the phenomenon of stratification and rollover of LNG in storage tanks is
becoming increasingly accurate.

For the experimental study of related phenomena, Sugawara et al. [23] studied the
layered rollover phenomenon of LNG from different origins with a 500 mm diameter
tank. The fact that the interface accelerates down before rolling is verified by experiments.
Muro et al. [24] used methane, ethane, propane and other layered liquids to conduct experi-
ments in stainless steel vacuum storage tanks to study the relationship between evaporation
rate and fluid superheating. Marcel et al. [25] used a scrapped LNG storage tank to perform
a rollover experiment, which proved that the interface at the initial stage of the layering
was basically stationary, and the interface moved rapidly downward when the rollover oc-
curred. Munakata et al. [26] studied the effect of initial concentration difference on roll time,
conducted experiments on cylindrical and rectangular gas storage containers, and found
that the mixing strength and interface descent velocity of liquid in cylindrical storage tanks
were large and the time was short. Tanasawa et al. [27] performed a tumble experiment in a
small-capacity storage tank, using a visual method to record the movement of the boundary
layer along the vertical wall surface, and used a shadow photography technique to observe
the density distribution in each liquid layer. Bates et al. [28] experimentally studied the
evolution process of layered LNG from formation to decomposition. This evolution was
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found to include a stable interface and a migration interface, which migrated over time and
eventually flipped. Gorieu et al. [29] introduced how to operate LNG terminals flexibly and
safely under the condition of different LNG producing areas and diversified LNG quality.
The strict requirements and solutions of the above conditions to the injection objects are
analyzed by using the experimental data of manufacturers.

With the rapid development of computer technology, using numerical simulation
technology to numerically calculate the heat and mass transfer of a large number of un-
steady and complex processes has become an effective method for current research [30,31].
In the numerical simulation, it is possible to simulate the thermophysical process under
different working conditions by changing the boundary and initial conditions and obtain
a series of results [32]. Zakaria et al. [33] analyzed the heat and pressure distribution of
LNG during heat leakage. The simulation involves heat leakage from static storage tanks,
bottom and sidewalls. The results show that the maximum pressure point is on the cir-
cumference connecting the tank top and the tank sidewall. Degawa et al. [34] carried out a
numerical simulation of the effects of different jet angles on the filling of cylindrical storage
tanks. Studies have shown that secondary backflow is caused by jets on the horizontal
cross-section of the tank, and it consists of a pair of vortices. Zhao et al. [35] proposed
a theoretical model of gas–liquid-layered LNG tank rollover based on large eddy simu-
lation and obtained a gas–liquid-layered LNG tank rollover curve model. Wei et al. [36]
carried out a numerical study on the interface instability process of multicomponent liq-
uids. The effect of rheological behavior on interface stability was studied. The tumbling
process, the variation trend of evaporation rate and temperature distribution were de-
scribed. Hubert et al. [37] developed a prediction tool for LNG flipping in 3D storage tanks
within the framework of OpenFOAM. The results are compared with the experimental
tests, and it is found that there is a good consistency between the predicted value and
the measured value. The maximum deviation of the roll time and the peak value are less
than 15%. Felipe et al. [38] provided a rule of thumb for estimating the temperature of
evaporated gas in industrial storage tanks and developed an unbalanced model related
to LNG evaporation from large storage tanks at constant pressure. Federica et al. [39]
used CFD technology to simulate the self-pressurization behavior of cryogenic storage
tanks. The evaporation of ethylene and methane in storage tanks was studied. Ethylene
was found to pressurize and vaporize faster than methane. Due to more effective natural
convection, the liquid thermal stratification of methane is wider than that of ethylene.

Since LNG will replace oil as the transitional product of green energy, LNG receiving
stations and storage tanks have been built in coastal port cities all over the world. Therefore,
it is important to study the heat and mass transfer and flow of LNG in storage tanks and
understand the mechanism of the relevant processes to prevent the stratification and to
tumble of LNG storage tanks due to various factors. In summary, the current numerical
simulation studies of the stratified failure and rollover process in the above literature are
mainly focused on the LNG storage tanks in the static storage state and the LNG stratifi-
cation in the storage tanks caused by filling. The effect of heat, or only considering heat
leakage, but not changing properties. At the same time, few studies have considered LNG
multicomponent, variable physical properties, heat leakage and temperature differences.
It is worth noting that there is almost no research on the effect of adding baffle structure in
the storage tank on preventing the phenomenon of a rollover after delamination. There-
fore, this article considers the multicomponent, variable physical properties, heat leakage,
and temperature difference of LNG and establishes a simulation model of rollover caused
by the stratification of LNG in a static storage state. The characteristics and mechanism
of LNG from stratification to rollover are analyzed. The published literature experimen-
tal data and simulation data are used as benchmarks to verify the accuracy of the CFD
technique in this paper. Finally, by adding baffles of different structures to the storage
tank, the effects of various structures on the rollover phenomenon after LNG layering were
studied to obtain the optimal baffle setting.
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2. Object Description
2.1. LNG Thermal Properties Description

In the process of layering and rolling, LNG involves the calculation of heat, mass and
momentum transfer. Changing the content and temperature of LNG components will
have a significant effect on its thermophysical properties, which will, in turn, affect the
calculation results of its heat and mass transfer processes. Therefore, an accurate calculation
of LNG physical property data is particularly important. The main parameters that affect
the heat and mass transfer of LNG are density ρ, specific heat capacity cp, viscosity µ,
and thermal conductivity λ. Under the influence of heat leakage from the external envi-
ronment of the storage tank, the LNG temperature in the tank will change, which affects
these physical properties. The parameters will also change accordingly. In many kinds
of literature, the simulation of the tumbling process mostly sets the physical parameters
of LNG to a constant value, neglecting the impact of the environment and discrepancy
with the actual situation. In order to solve this problem, this study introduces four fitting
polynomials that consider multiple components and variable properties on the assumption
of state. As shown in Table 1, the theoretical calculation process of the above four physical
parameter polynomials comes from the compound calculation manual [40]. In an appropri-
ate temperature range, the physical parameters of the LNG can be accurately calculated
under the assumption that the upper layer is saturated under gas pressure and the lower
layer is superheated. Under the temperature ranges and assumptions, the fitted polyno-
mials and the results of thermodynamic properties calculated by ASPEN software using
the Peng–Robinson equation of state are compared. Their deviation is between −4.30% to
7.22%, which meets the needs of practical application.

Table 1. Liquefied natural gas (LNG) thermophysical correlation and applicable range.

Item Theoretical Derivation Fitting Formula Range

ρ (kg/m3) ρ =
n
∑

i=1
(xi · Ai · Bi

−(1−T/Tci)
ni × 103)

ρu = 21.67 T − 19,998.39
ρl = −1.45 T + 590.12 100 K~125 K

cp (J/kg·K) cp =
n
∑

i=1
xi · (A + BT + CT2 + DT3)

cp_u = −180.36 T − 23,585.1
cp_l = 6.901 T + 2658.2 100 K~125 K

µ (W/m2·K) µ = (
n
∑

i=1
xi · 10(A+B/T+CT2+DT3)1/3

i )
3 µu = 0.0059 T − 0.4753

µl = −0.0013 T + 0.3392 100 K~125 K

λ (Pa·s) λ =
n
∑

i=1

n
∑

j=1
( xivi

xjvj 2/(λ−1
i + λ−1

j ))
λu = 0.00029 T + 0.031

λl = −0.000002 T + 0.0004 100 K~125 K

2.2. Physical Processes Description

When LNG is stored for a long time, two or more LNG layers of different temperatures
and densities will form. Under the influence of heat and gravity, the convection of the
liquid in the tank will be aggravated, and eventually, the superheated lower liquid will rise
rapidly and generate a large amount of boil-off gas (BOG). First, the surface of the LNG will
continuously evaporate due to heat leakage in the storage tank, thus changing its original
composition, density and temperature. Molar mass components evaporate first and then
the heavier part. Both the lower and upper temperatures are slowly rising. The density of
the lower layer decreases, and the density of the upper layer increases due to evaporation.
This process is called LNG stratification, as shown in stage 1 in Figure 1a. Second, under
the influence of heat leakage from the bottom, the liquid in the lower layer of the storage
tank is evaporated through the layered upper surface partition. With heat transfer and
convection, the lower layers gradually become overheated, and the density of the lower
layers continues to decrease. In step 2, the bottom layer temperature rapidly rises to a
maximum value and then drops. In summary, stratification occurs gradually in steps 1 and
2. The lower layer of liquid penetrates slowly but steadily into the upper layer. This process
is shown in Figure 1b and is called LNG interlayer penetration. Third, all accumulated
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superheat in the lower layer is released from the free surface by evaporation, resulting
in rapid mixing of the lower and upper layers. In step 3, the amount of BOG suddenly
rises linearly and starts to decrease after reaching the maximum value. Other parameters,
such as the temperature and density of the upper and lower layers, tend to stabilize after
gradually approaching, and each stabilizes at a specific value. The drastic change in
parameters during this time is the biggest challenge for LNG storage tanks. This process
is shown in Figure 1c, which is called LNG rollover. Finally, the LNG in the tank reached
a new uniform equilibrium in temperature and density, as shown in Figure 1d. In step
4, the parameters of the upper and lower layers tend to approach stability, the amount
of BOG gradually decreases to a minimum, and the LNG storage tank returns to a new
thermodynamic equilibrium.
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In the actual project of the LNG storage tank, there will be a set of monitoring systems
to observe the changes in the density, pressure, temperature and other parameters in the
tank. The measuring points of the monitoring system are evenly distributed in the height
direction of the storage tank, and the storage tank is divided into a number of continuous,
etc. In the high-rise, as shown in Figure 1, the tumbling in the storage tank can be seen as
the violent mixing of LNG between two adjacent layers. Therefore, the physical model
of the storage tank is simplified as follows: (1) taking a 16 × 104 m3 LNG storage tank as
an example, ignoring the influence of the wall thickness of the tank, the diameter of the
tank is 80 m, and the height of the upper and lower liquid layers is 2 m, respectively, so the
two adjacent liquid phases are intercepted to establish a two-dimensional model; (2) only
study the tumbling of the liquid phase fluid in the tank, and the liquid phase fluid is an
incompressible Newtonian fluid, without considering the influence of the gas phase fluid;
(3) the heat leakage from the sidewall of the storage tank is smaller than the heat leakage
at the bottom, and the impact is smaller. The heat leakage from the external environment
is simplified as the heat leakage at the bottom of the lower liquid phase; (4) since the
tumbling process of LNG in the storage tank is approximately axisymmetric, only the left
half of the centerline of the two layers is taken. The abscissa x is the radial direction of the
storage tank, and the ordinate z is the height direction of the tank. Finally, select the upper
LNG center and lower center at the centerline of the storage tank, the center of the layered
interface and the boundary point to monitor the density and velocity, respectively.
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3. Numerical Implementation
3.1. Governing Equations

The basic governing equation of fluid flow is the constraint condition that liquid flow
must meet. In addition, LNG is a multicomponent material. To meet the multicomponent
transport equation, turbulent motion is involved in the internal rolling process of the
storage tank, and a turbulent model needs to be set up. The followings are a set of flow
control equations in a rectangular coordinate system [41].

Mass conservation equation:
∂u
∂x

+
∂v
∂y

= 0 (1)

Momentum conservation equation:

∂ui
∂τ

+ uj
∂ui
∂xi

= −1
ρ

∂p
∂xi

+ (ν + νt)∇2ui + Fi (2)

Energy conservation equation:

∂t
∂τ

+ u
∂u
∂x

+ v
∂t
∂y

= (
λ

cp
+

ηt

σt
)(

∂2t
∂x2 +

∂2t
∂y2 ) (3)

Composition equation:

∂S
∂τ

+ u
∂S
∂x

+ v
∂S
∂y

= (
v

SC
+

vt

σC
)(

∂2t
∂x2 +

∂2t
∂x2 ) (4)

k-ε equation:{ ∂
∂τ (ρk) + ∂

∂xi
(ρkui) =

∂
∂xj

[(µ + µt
1.0 )

∂k
∂xj

] + Gk + Gε − ρε
∂
∂t (ρε) + ∂

∂xi
(ρεui) =

∂
∂xj

[(µ + µt
1.3 )

∂ε
∂xj

] + 1.44 ε
k (Gk + 1.92ε)− Gε

(5)

where i and j are coordinate direction. ρ, p and τ are density, pressure and time, respectively.
v and vt are the viscosity coefficient of laminar and turbulent flows. Fi is the volume force
of fluid in the unit direction. u and v are the velocities in the x- and y-direction. S and σ
are the mass fraction and diffusion coefficient of each component. k is turbulent kinetic
energy, ε is turbulent kinetic energy dissipation rate. G is the generic term of turbulent
kinetic energy caused by mean velocity gradient.

3.2. Computational Models with Grids

The mixture model and transient state in Fluent 17.9 were selected for the solution.
The software sets the center points of the upper and lower layers of the model centerline
storage, as well as the center points of the layered interface and the model boundary points
to monitor changes in speed and density. The model is simplified to a two-dimensional
plane structure, and the upper and lower control bodies adopt structured grids, and the
grids are encrypted in the boundary layer after the partition and the partition are added.
The grids of other models with partition structures are still expanded according to this grid
density except for boundary refinement. The simplified method, meshing and governing
equation of the model are consistent with the previous verification, and the baffle is
simplified to a baffle without thickness and without heat transfer. The grid independence
verification result is that the measurement speed of the interface at the center points of
the upper and lower layers is the evaluation standard, and the number of 42,000 grids
is selected as the calculation standard. Its speed is 0.011 m/s, and there is no change in
subsequent grid growth.
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3.3. Assumptions and Boundary Conditions

In order to reduce the complexity of the model, this paper has simplified the following
four points by reducing the non-significant terms in the model to the physical model of
layering and rolling in the LNG storage tank: (1) the model selects a two-dimensional
model and ignores the wall thickness of the inner tank. (2) do not consider the gas phase,
only the liquid phase; (3) assuming the initial conditions, that is, stratification has oc-
curred, study the temperature and velocity changes of the liquid in the LNG tank after
the stratification; (4) it is assumed that the flow of LNG complies with Newton’s internal
friction law, and the effects of flow and viscous dissipation are not considered. Since the
mixing flow process of the LNG liquid in the storage tank between the liquid phases
after layer formation is not affected by external forces, a gravity acceleration is set during
the simulation.

The boundary conditions: the initial temperature of the upper layer is 113.3 K, the tem-
perature of the lower layer is 114.2 K, the pressure in the storage tank is 0.2 MPa, the heat
leakage at the bottom of the storage tank is 10 W/m2, the total height of the liquid in the
storage tank is 4 m, and the upper and lower layers are each 2 m. The model does not
consider wall thickness, and simplifies the baffle into a wall without thickness and does
not consider heat transfer. The densities of the upper and lower layers are calculated from
Table 1. For the sidewalls and bottom walls are specified as follows: (1) the velocity is
no-slip condition; (2) ∂S⁄∂y = 0; (3) ∂k⁄∂y = 0. The initial conditions for the rollover model of
LNG storage tank are set as follows: (1) the initial temperature of the two layers of LNG
is set, respectively, and the initial temperature is fixed; (2) the density of the two types of
LNG is temperature-dependent and meets different relationships, respectively. There is a
density difference between the density of the upper and lower layered LNG; (3) the initial
velocity of the fluid is 0. In the process of the evolution of LNG liquid from stratification to
rollover in the storage tank, the movement condition at the interface is relatively represen-
tative. The liquid in the stable storage LNG tank is a stable natural convective circulation,
while the liquid in the tumbling phase is a violent eddy and turbulent motion. Therefore,
it is possible to judge whether the tank is in the rollover process by judging whether there
is turbulence.

4. Results and Discussion
4.1. Numerical Model Validation

Before the numerical simulations, the model validation was carried out and compared
with the experimental data reported by Bates et al. [27], and those rollover experiments
were conducted by several gas companies. These data include LNG temperature and
density measurement in the tanks under different stratification conditions. According to
the survey, the reported accuracy of the experimental data was about 1.2% to 7.2% based on
the inaccuracy of the temperature and density measuring equipment. The data error during
the stratification to rollover is small, and the data error measured during the rollover is large.
This was due to the immaturity and high-cost of the transient measurement technology
at the time, and the average value of the process was used to record the dynamic rollover
state during data measurement. As shown in Figure 2, using numerical simulation to re-
implement the experimental and operating conditions, the temperature distribution in the
numerical simulation is a good way to summarize the experimental results and visualize
from the stratification to rollover in tanks. The experiment and simulation describe that the
fluid in the storage tank due to the heat leakage at the bottom is first of high-temperature
in the lower layer and low-temperature in the upper layer. Under the action of gravity and
thermal convection, it gradually evolves and finally rolls over. The results show that the
numerical calculation results are compared with the experimental data in the literature,
and the changes in temperature are similar, and the difference between the calculated
values and the experimental values is not more than 6.8%. The surface of the LNG will
continuously evaporate due to heat leakage in the storage tank, thus changing its original
composition, density and temperature. Both the lower and upper temperatures are slowly
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rising. This process is called LNG stratification, which is where the verification process is
started. Under the influence of heat leakage from the bottom, the liquid in the lower layer
of the storage tank is evaporated through the layered upper surface partition. With heat
transfer and convection, the lower layers gradually become overheated, and the density
of the lower layers continues to decrease. The bottom layer temperature rapidly rises
to a maximum value and then drops. The lower layer of liquid penetrates slowly but
steadily into the upper layer based on the different densities of the upper and lower
layers. All accumulated superheat in the lower layer is released from the free surface by
evaporation, resulting in rapid mixing of the lower and upper layers (12–48 h). The drastic
change in parameters during this time is the biggest challenge for LNG storage tanks,
which is called LNG rollover (48–60 h). Finally, the LNG in the tank reached a new uniform
equilibrium in temperature and density.
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4.2. Effects of Density Difference, Heat Leakage and Stratification on Rollover

This study is aimed at the evolution of the rollover phenomenon when LNG liquids
of different densities from different regions are injected into the storage tanks, or when the
density difference between the upper and lower layers is caused by the precipitation of
impurities in the aging LNG after some time. The magnitude of the convection rollover of
the upper and lower layers caused by the density difference is expressed by the speed of the
interface monitoring point. In the five cases where the average density difference between
the upper and lower layers of the liquid in the storage tank is 5 kg/m3 to 0.2 kg/m3, respec-
tively, the duration of the rolling activity under different stratification density difference,
the maximum velocity and the time required on the boundary surface of the rolling under
different stratification density difference are shown in Figure 3. It can be concluded that in
the same tank with the same external conditions such as diameter and volume, the greater
the density difference of the layered LNG liquid, the earlier the boundary surface begins to
fluctuate, the earlier the maximum velocity at the interface appears, and the greater the
maximum velocity at the boundary surface, the more likely it is to roll, and the more urgent
and intense in the rollover process.
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Figure 3. The variation of density difference occurred at time and velocity on the rollover process. (a) Density difference
effect; (b) occurred time and velocity.

In practice, the layered state of the LNG liquid in the storage tank is various, and the
height of the upper and lower layered layers will be very different. Therefore, under the
condition of fixed density difference, the influence of the total layer height and the ratio of
the upper layer height to the total layer height in the layering parameters were studied.
The relevant results are shown in Figure 4 as follows: First, in those cases where the total
height of the stratification changes, 5 cases in the interval from 1 m to 10 m of the height of
the stratification are calculated. It can be concluded that the larger the total height of the
stratification, the more severe the rollover occurs, the longer the duration, and the greater
the maximum velocity that the layer interface can achieve. Second, the influence of the
percentage of the upper layer height to the total layer height on the rollover process was
calculated in 9 cases (10–90%). The results show that the maximum velocity of the interface
is higher when the ratio of the upper layer height to the total layer height is 20% to 50%,
which indicates that the rolling in this area is the most violent. As the proportion of the
height of the upper layer increases, the time of the rollover is always increasing. It can be
inferred that the smaller the proportion of the upper level is, the more likely it is to rollover
in the short-term and the more harmful it is.
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Figure 4. The variation of layered total height, the upper layered ratio on the rollover process. (a) Layered total height;
(b) occurred time and the upper layered ratio.
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The temperature difference between the bottom and the outer wall of the LNG cryo-
genic storage tank relative to the liquid in the tank is relatively large, which is much larger
than the temperature fluctuation of the outdoor environment, and the influence of outdoor
air temperature fluctuation can be ignored. The heat transfer form of the bottom of the
storage tank and the wall of the storage tank is mainly that the heat is transferred to
the internal tank through the outer tank and the cold insulation material in the form of
heat conduction. Therefore, by assuming a fixed heat flux, a study was conducted on the
effects of heat leakage from the bottom and wall facing the tank on the rollover process.
Figures 5 and 6 show the results of different heat leakage conditions in the case of heat
leakage from the bottom of the storage tank and heat leakage from the outer wall surface of
the storage tank. With the increase of the heat leakage at the bottom, the velocity increases
during the rollover, and the tumbling time decreases. Under different heat leakage from
the sidewall, the maximum velocity and time of rollover do not change much. In the case
of a small amount of heat leakage, the time difference between the bottom leakage heat
and the sidewall leakage caused by the rollover is not too much, but the rolling velocity is
different. With the increase of the heat leakage, the influence of the sidewall heat leakage,
on the whole, is getting smaller and smaller; the time and severity of the rollover are mainly
affected by the bottom heat leakage.
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Figure 5. Effect of heat leak at the bottom of the tank on the rollover process.
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Figure 6. Effect of heat leak at the wall of the tank on the rollover process.
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4.3. Effects of Baffle Structure on Rollover

Heat leakage and stratification are naturally unavoidable in the storage tank. There-
fore, the structure of the storage tank needs to be artificially changed to alleviate the
occurrence of liquid rolling after layering. Moreover, considering that the cost, construction
and shape of the storage tank are calculated and applied in practice, this study only consid-
ered the influence of tank internal baffles on the rollover process after liquid stratification
in the case that the structure outside the storage tank and the loading volume remains
unchanged. The model studied is that the total height of the liquid is 4 m, and the upper
and lower layers are 2 m, respectively, without considering the wall thickness, and the
baffle is simplified into a wall surface without thickness and without considering the heat
transfer. The density difference between the upper and lower layers is about 1 kg/m3.
The results show that compared with the reference structure without the baffle, adding
the baffle can appropriately delay the time that the rolling interface can reach the maxi-
mum velocity. However, the rollover time is approximately the same under different baffle
lengths, and the maximum velocity corresponding to the baffle is the smallest when the
baffle length is 2 m.

Figures 7 and 8 show the baffle length and velocity distribution of the model with the
baffles structure. It can be seen that small vortex mixing occurs first, which increases the
liquid velocity and causes disturbances between layers. Due to the influence of the baffle,
the tumbling vortex at the tank wall began to disturb the nearby liquid and developed
toward the center. As the center vortex increased, the number of vortexes increased,
and vortices appeared inside the liquid. During the tumbling process, the speed is gradually
increasing, and the mixing and agitation between the upper and lower layers are vigorously
ongoing. Finally, the entire flow field started to stabilize, and the liquid mixing speed
became slower and slower.
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Figure 8. Velocity distribution in the tank with baffles structure.

Figure 9 shows the effect of the installation position of the baffles on the liquid rollover
process in the storage tank. The middle position of the upper and lower layer was set
to 0 installation height, and 8 cases from −0.75 m to 0.75 m were calculated. The figure
represents the installation scheme and position, and it can be concluded that the rollover
time of the baffle at different installation heights is approximately equal, which indicates
that different installation heights have little effect on the time of the rollover. Moreover,
the maximum velocity corresponding to several structures is different. The maximum
velocity corresponding to the baffles when the installation height is 0.5 m is the smallest.
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Finally, the suppression effect of the installation angle of the baffle on the rollover
is studied, which is reflected in the time when the maximum velocity is reached and the
start time, as shown in Figure 10. The model set a 0-degree angle with the parallel upper



J. Mar. Sci. Eng. 2021, 9, 95 13 of 16

and lower boundary lines as the installation and stipulated that the installation angle of
the partition counterclockwise was positive; otherwise, it was negative. The results are
calculated under 11 conditions from−45 degrees to 45 degrees. Under different installation
angles of the baffles, the occurrence time of the rollover in the storage tank is generally the
same, but the corresponding maximum velocity is different, which means that the different
angles have a certain inhibitory effect on the violent rollover in the storage tank. Moreover,
the larger the installation angle, the larger the consumables of the baffles are, and it is
not easy to fix. Finally, under various conditions, it is believed that under the installation
condition of +5◦, it can effectively suppress the severity of rolling and reduce consumables.
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Figure 10. Effect of baffle installation angle of the tank on the rollover process.

5. Conclusions

In this paper, computational fluid dynamics technology is used to study the numer-
ical simulation of the rollover process of LNG storage tanks after stratification and its
influencing factors. In the simulation process, the characteristics of LNG multicomponent
and variable physical properties were fully considered, and the influence of the density
difference between upper and lower layers, layering parameters, heat leakage parame-
ters, and the baffles structure on the rollover process was studied, respectively. Relevant
conclusions are as follows:

(1) The degree of the tumbling of the LNG storage tank is mainly determined by the
influence of the maximum velocity of the interface in the central area. The magnitude of its
effect is mainly determined by the density difference between the upper and lower layers,
while the density difference between the upper and lower layers is only affected by the
heat leakage from the bottom;

(2) After the baffle is added, different baffle structures that have different boundary
velocity fields will be formed. However, this velocity field only affects the severity of the
rollover and does not affect the time when the rollover occurs. The time is only affected by
the density difference;

(3) With the change of the distance between the baffles from the top and bottom
of the layered interface and the installation angle, the trend of the rollover intensity is
consistent. After comprehensive consideration, it is concluded that at 0.5 m above the
stratified interface with the installation of the baffle at 5◦ has the best inhibition effect on
the rollover intensity.

Subsequent studies can be carried out from the following aspects: (1) the multiphase
species transport model that is used to consider the miscible factor of the LNG mixture,
which eliminates the unrealistic gravity separation in the stratification and tumbling



J. Mar. Sci. Eng. 2021, 9, 95 14 of 16

phenomenon; (2) the influence of mass transfer and heat transfer at the gas–liquid and
liquid–liquid interfaces and the effects of the interfacial surface variations are considered
as a further study topic; (3) simulation of different injection methods to analyze the layered
tumbling of LNG in the tank under the mixed charging mode.
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Nomenclature

cp Specific heat capacity (J·kg−1·K−1)
F Volume force of fluid (kg·m·s−2)
G Generic term of turbulent kinetic energy (kg·m2·s−2)
i Free coordinates in the Cartesian coordinate system
j Free coordinates in the Cartesian coordinate system
k Turbulent kinetic energy (kg·m−2·s−1)
P Pressure (kPa)
Re Reynolds Number
S Mass fraction and diffusion coefficient
T Temperature (K)
t Time (s)
u Velocities in the x-direction (m/s)
v Velocities in the y-direction (m/s)
x Coordinate direction
y Coordinate direction
Greek symbols
λ Fluid thermal conductivity (W·m−1·K−1)
µ Dynamic viscosity (kg·m−1·s−1)
ρ Density (kg·m−3)
τ Time (s)
ε Turbulent kinetic energy dissipation rate

Abbreviations

BOG Boil-off gas
CFD Computational fluid dynamics
LNG Liquefied natural gas
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