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Abstract Liquefied natural gas (LNG) rollover refers to
the sudden mixing of stratified LNG layers, which can
cause the generation of significant amounts of boil-off gas
which create safety issues significantly in LNG storage
tanks. Therefore, understanding of the phenomenon is very
important for prevention purpose. Heat leak is a major
challenge as it causes slow LNG boil-off leading to LNG
stratification and LNG rollover phenomenon which has
negative impact on people, environment, company asset
and reputation. In this work, rollover phenomenon evolu-
tion is modeled and simulated using ANSYS FLUENT
16.0 software to study and analyze the effect of different
ambient temperatures on the rollover phenomenon in LNG
storage tanks and to study the stress distribution due to

Z. Zakaria
Faculty of Engineering, Universiti Malaysia Sabah, 88400 Kota
Kinabalu, Sabah, Malaysia

M. S. O. Baslasl - A. Supee (D<)

Department of Energy Engineering, Faculty of Engineering,
School of Chemical and Energy Engineering, Universiti
Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia
e-mail: aizuddin@utm.my

A. Samsuri - I. Ismail

Department of Petroleum Engineering, Faculty of Engineering,
School of Chemical and Energy Engineering, Universiti
Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

A. Supee

Energy Management Group, Faculty of Engineering, School of
Chemical and Energy Engineering, Universiti Teknologi
Malaysia, 81310 Johor Bahru, Johor, Malaysia

N. B. Haladin

Language Academy, Faculty of Social Sciences and Humanities,
Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor,
Malaysia

rollover and its effects on inner wall of the tank and
determine the rollover time. This study examined the effect
of different ambient temperatures ranged from 283 to
323 K on the LNG rollover inside a 5000 m®> LNG storage
tank. Results show that higher temperature will cause
higher heat transfer leaks to the LNG tank. The heat
transfer through the tank walls is higher than the heat leaks
to the tank through tank base. The pressure inside the LNG
storage tank is strongly affected by the surrounding tem-
perature. Higher temperature will cause higher pressure to
build up in the tank especially along the area between the
roof of the tank and the side walls. The simulations results
show that significant initial density differences (Ap)
between the stratified layers lead to late rollover events but
last for longer time. At Ap =30, 15 and 7 kg/m’, the
rollover will last for 3.1, 2.5 and 2.2 h, respectively.

Keywords LNG storage tank - Rollover -
CFD simulation - Stratified LNG layer

Introduction

Natural gas is progressively being utilized for many
applications, mostly for power generation sector and
feedstock for many petrochemicals. Nowadays, natural gas
is very important source of energy with currently overall
consumption equal to 3.5 Tm>/annum, which accounts for
almost one-fifth of overall global energy consumption, with
expectation of increase in the demand to be 50% higher by
2035 [1]. One of the important aspects in gas supply
demand value chain is the transportation in order to secure
a reliability and stability in the relationship among pro-
ducers, shippers, distribution companies and end users [2].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11668-019-00739-2&amp;domain=pdf
https://doi.org/10.1007/s11668-019-00739-2

1440

J Fail. Anal. and Preven. (2019) 19:1439-1447

Liquefied natural gas (LNG) is a natural gas in its liquid
state with distinguished properties such as transparent,
colorless, odorless, non-corrosive and non-toxic. LNG is
fully produced from natural gas and can be utilized in many
sectors such as power generation, industrial and commer-
cial heating applications, and chemical feedstock to
produce valuable products [3]. LNG is a liquid mixture of
hydrocarbons mostly comprising of methane, with less
fractions of other light hydrocarbons such as ethane, pro-
pane, butane and some other gases such as carbon dioxide
and nitrogen. Generally, the liquefaction of natural gas
reduces its origin volume to almost 600 times less than its
original volume as in gas form [4-6]. This reduction in
volume will increase the energy density stored in the fuel
and make LNG more reliable and practical to store and
transport to long distances where the pipeline construction
is infeasible. LNG can be stored in three well-known types
of storage tanks such as single-containment, double-con-
tainment and full-containment storage tank [7].

Different LNG sources have different densities; there-
fore, the addition of new batch liquid of LNG to the
existing LNG quantity in a storage tank can form stratifi-
cation of two or more layers within the tank. Rollover is the
phenomenon of rapid release of large amount of LNG
vapor because of stratification [8§—11]. The potential strat-
ification appears when two or more layers with different
densities exist in the LNG storage tank. This difference in
densities might occur due to different LNG sources or
compositions [12]. This type of stratification is known as
fill-induced stratification.

Rollover phenomenon at LNG storage tanks had con-
siderable attention after the huge venting incident at La
Spezia, Italy, in 1971 [13]. The tank was over-pressurized
due to the release of a massive amount of LNG vapor from
a rapid boil-off. The relieve valve system was not able to
discharge vapor at a fast enough rate to protect the tank.
This phenomenon can lead to tank failure, resulting in
release of a massive amount of LNG to environment [14].
As time goes, the two layers ultimately approach equality
in density due to mass and heat transfer between the two
adjacent layers and boil-off from the surface of the top
layer, as shown in Fig. 1.

During stratification, the heavier layer at the bottom of
stratified tank receives heat from the bottom as well as the
tank’s sidewalls. The lower layer eventually becomes
superheated, but it cannot release LNG vapor due to the
upper layer which acts as a cover to hinder vapor releasing
from the heavier layer at the bottom [16], as shown in
Fig. 2. The temperature of the top layer in LNG tank is
lower than the that of bottom layer. This is because the heat
leakage through the bottom of the tank is greater than that
through tank side walls which causes a decrease in the
density of the lower layer at faster rates. The system
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stability depends on the density of the upper layer. If the
density of the upper layer increases due to the increase in
temperature and the mass transfer with the vapor layer,
then there is a potential of rollover phenomenon [17].

Rollover Phenomena Mechanisms

Stratification can rise at LNG storage tank either by sup-
plying the tank with different-density LNG cargo or by
auto-stratification (or nitrogen-induced stratification) due to
loss of nitrogen preferentially resulting in density differ-
ences between the layers [15]. Rollover is a merging
process that takes place when the two separated (stratified)
layers approach equality in density by the heat and mass
transfer. This event is normally caused by a rapid vapor-
ization of large amount of LNG.

The heat input from the surroundings is absorbed by the
liquid LNG in the tank and then transferred by convection
transmission mode to the surface where the vaporization of
LNG takes place, as shown in Fig. 3. As time goes, the
lower layer becomes superheated and less dense due to the
heat absorbed.

Heat Leak

Heat leak into the liquid LNG is the main cause for boil-off
gas (BOG) generation in the storage tanks. This heat is
determined by the structure of the tank. Several types of
storage tanks are available. The aboveground full-con-
tainment tank will be selected as main LNG storage tank in
this study. This is because the full containment is the most
commonly used type of LNG storage tank by the industry
due to its high safety aspects [2].

The heat flows into the LNG storage tank through heat
transfer from sidewalls, roof and base of the tank. The
prediction of heat transferred into the LNG tank and
solving energy balance for BOG estimation are mainly
related to the thermal analysis of the tank. The estimation
of the heat in-leak rate into the LNG is crucial and directly
linked with geometry of LNG tank and the precise avail-
ability of thermal properties of the insulation and tank wall
materials.

Previous Simulation Studies of LNG Rollover

Most simulation studies to simulate industrial incidents of
LNG rollover have benchmarked their simulations based
on the technical and operational data documented by Sar-
sten [13] for La Spezia LNG rollover incident. LNG
rollover simulation studies done so far can be categorized
into two recognizable intervals which are summarized in
Table 1. The first one was started from 1972 when the
Sarsten [13] documented La Spezia rollover incident until
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Fig. 2 Schematic of stratified LNG storage tank [16]

the successful simulation study on this incident introduced
by the later study of Heestand et al. [14]. The second
interval started from 1983 onward. This period has expe-
rienced the introduction of computational fluid dynamics
(CFD) methods.

In 2007, Koyama [20] conducted a simulation study
using computational fluid dynamics (CFD) on LNG storage
tank of 200,000 m® with a diameter of 72 m. The study was
conducted to investigate filling procedures of different-
density LNG cargo. He used ANSYS FLUENT software
with a liquid-liquid, Eulerian—Eulerian homogeneous
multiphase model. Standard k—¢ turbulent model was used
in this study with tetra, wedge, pyramid-type 3D mesh,
62,286 nodes and 152,795 elements. The LNG tank was
filled using bottom filling nozzle with lighter LNG. The

HEAT

Fig. 3 Stratified tank behavior [8]

Table 1 Simulation studies for La Spezia rollover incident

Time to rollover

No. Year References (h) Criterion for rollover
1972 [18] 42 Temperature equalization
1975 [19] 34 Density equalization

3 1983 [14] 30.5 Density equalization

results showed a change in the volume fractions of the
LNG over time in a turbulent system, as shown in Fig. 4.
He also found that many factors can contribute to the LNG
stratification in the storage tanks such as the filling rate,
initial density difference between layers and the initial
LNG depth.

The evolution of rollover phenomenon in different
capacities LNG storage tanks was studied by previous
researcher [21]. In this study, rollover was modeled and
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Fig. 4 CFD simulation results Deny
for LNG tank filling [20]
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Table 2 LNG storage tank parameters
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Table 3 LNG and perlite properties

Parameter Value/description Material LNG Perlite
Capacity (m®) 5000 Density, p (kg/m®) 424 152
Diameter (m) 22 Temperature (K) 112
Height (m) 13 Thermal conductivity (W/m K) 0.21 0.029
Flow state Turbulent Dynamic viscosity, v (kg/m s) 1.179 x 107

simulated using FLUENT software from the time of
stratification breakdown to the rollover occurrence. Fur-
thermore, the study was conducted at different initial
density differences between layers on various storage tanks
of 5000, 30,000 and 160,000 m>. Their results showed that
the evolution of rollover passed through three phases: The
rollover took place near the tank side walls, then the roll-
over approached the center, and last phase was the rollover
between the layers. Besides, they found that the rollover
coefficient increases with the increment of initial density
difference. In addition, they also managed to determine the
rollover threshold which is defined as the critical density
difference. This simulation study showed that the critical
density differences of the 5000, 30,000 and 160,000 m>
storage tanks are 7, 5 and 3 kg/m’, respectively. Therefore,
research on the effect of different ambient temperatures can
predict rollover accurately and ensure the safety of LNG
storage tanks.

Simulation Work
Tank Sizing and Design

This simulation study started with designing the geometry
of LNG storage tank with the dimensions listed in Table 2.

Turbulent model for this study should be selected to be
used in the rollover simulation. k—¢ model was selected due
to its accuracy [20]. The physical properties of LNG and
insulation material (perlite) in the storage tank used in the
simulation are listed in Table 3.
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Fig. 5 LNG tank geometry (5000 m®)
Simulation Procedures

The simulation procedures are as follows:

1. Create LNG tank geometry: It illustrates the shape of
the main problem. Based on the parameters listed in
Table 2, Fig. 5 depicts the generated LNG tank
geometry.

2. Meshing the created geometry: For accurate results,
high-quality meshes are required, i.e., orthogonal
quality value should be close to 1. Fine mesh was
used with total number of grid cells equal to 40,000
cells as shown in Fig. 6.

3. Set up the problem as a transient state time as well as
choose the standard k—¢ model as viscous model.

4. Material properties: The LNG and perlite properties
were selected as described in Table 3.
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Fig. 6 Meshing the geometry

Table 4 Different densities for LNG layers

Set nos. 1 2 3

prorrom (kg/m?) 460 445 437
prop (kg/m’) 430 430 430
prorrom — prop (kg/m?) 30 15 7

5. Operating conditions: Ambient temperature ranging
from 283 to 323 K was used. The operating temper-
ature inside the tank was 112 K. The operating
pressure and gravity were 101.3 kPa and 9.81 m/s’,
respectively.

6. Boundary condition for this work is shown in Table 3.

7. Solution and iterations.

Rollover Time Prediction

The simulation started by defining two different LNG
layers which are the top and the bottom layers. These two
layers have different densities because of supplying LNG
from two different sources. This study was conducted to
investigate the reaction between the two layers and predict
the rollover time and instability inside the tank. The
properties of the two layers are listed in Table 4.

Results and Discussion

Effect of Different Ambient Temperatures on LNG
Storage

Figure 7 shows the data collected from simulation works,
whereby the heat transfer through the tank wall and the
base was recorded to investigate the effect of different
ambient temperatures around the globe on the LNG stored
in the tank. Higher ambient temperatures will cause higher
heat transfer leaks to the LNG tank. The heat transfer

through the tank base is much less than the heat leaks to the
tank through tank walls. This is basically because of the
small area of the base which has the value of 380 m?
compared to the area of the walls which was 899 m”. In
this case, the search for unique material with very low
thermal conductivity is crucial matter to insulate the tank
contents from the higher ambient temperatures. In this
study, perlite insulation material with thermal conductivity
of 0.029 W/m K was used which is considered to have
relatively low conductivity value. The heat input from the
surroundings is absorbed by the liquid LNG in the tank and
then transferred by convection transmission mode to the
surface where the vaporization of LNG takes place.

Stress Distribution on LNG Tank

Figure 8 shows that the highest pressure inside the tank
during rollover phenomenon is along the area between the
roof of the tank and the side walls (shown by red circle; the
pressure at red zone is equal to 727 kPa and at blue zone is
equal to 181 kPa at 303 K ambient temperature). The
pressures detected in this area are plotted in Fig. 9 at
various different ambient temperatures. These pressures are
higher compared to the operating pressure of 101.3 kPa. As
the vapor pressure of liquid increases, the structural
integrity of vessel will weaken if the vent valves on the
tank are not capable of handling the large amount of LNG
vapor released which causes a gradual increase in the
vessel pressure leading to vessel rupture that can lead to
leakage of flammable LNG such as La Spezia incident
[13], where 2000 tons of LNG was vented to the sur-
rounding area.

Figure 9 clearly shows that the pressure inside the LNG
storage tank is strongly affected by the surrounding tem-
perature. Higher temperature will cause higher pressure to
build up in the tank especially along the area between the
roof of the tank and the side walls. This is because the high
temperature will boil off more LNG liquid that accumu-
lates at the top zone of the storage tank.

Density Behavior of LNG Layers During Storage

Initially, as shown in Fig. 10, there were two dissimilar
LNG layers in terms of density and temperature: The
bottom layer in red color was set as a primary layer with
density value of 460 kg/m>, and the upper layer in the blue
color was set as a secondary layer in the tank with density
value of 430 kg/m>. The layers are divided by a sharp
interface.

The density contours in Fig. 11 show the density
changes of LNG layers in the storage tank over time. The
difference in density is primarily because of the disparity in
composition and temperature because of supplying LNG
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from different sources. After filling process, diffusion
between the LNG layers takes place due to heat leaks from
the surrounding to the tank through the insulated walls. The
difference in density in the storage tank can cause unsta-
ble LNG storage conditions which may lead to evolution of
rollover phenomenon. The diffusion intensity between the
two layers is increasing gradually especially along and near
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Fig. 10 LNG layers at#=0h
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Fig. 11 Density contour

to the walls of the tank. This diffusive heat transfer will
make the sharp interface between the two layers becomes
in transition state, leading to natural convection circulation
flow.
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The interface zone between the two layers (Fig. 12)
shows that the difference in density in the tank causes the
rollover incident, causing the instability situation of LNG
storage and rollover evolution. The natural convection
circulation starts at the interface zone and increase as more
heat leaks from the outside area to the tank. As time goes,
the circulation increases till the layers of LNG are fully
mixed and boil off large amount of LNG vapor. At the
beginning, the rollover takes place near to the tank walls
and finally transfers to the center of the LNG storage tank.

Rollover Time

The initial density difference between the bottom and the
upper layer (Ap = pgorrom — PTtop) Was set at 30, 15 and
7 kg/m® to determine the rollover starting time and its
duration in the tank after the filling process immediately.
As time goes, the differences in density between the top
and bottom layer will gradually decrease to zero. The
variation in density fluctuation with time was recorded and
is plotted in Figs. 13, 14 and 15.

Figure 13 shows that at r = 0 h, the density difference
between the stratified layers was 30 kg/m’, but due to the
mass diffusion and natural convection circulation between
the two layers, there will be a density equalization which
acts as a driving force for evaporating large amount of

Fig. 12 Natural convection at interface zone

Fig. 13 Prediction of rollover 35

LNG. The rollover will start at +=7.7h and end at
t = 10.8 h which means 3.1 h of rollover and instability
inside the LNG storage tank.

Table 5 summarizes rollover time for various initial
density differences. It clearly shows that the initial density
difference between the stratified layers has strong effect on
the rollover starting time and duration. It is found that
bigger initial density difference leads to late rollover
events, but lasts for longer time. At Ap = 30, 15 and 7 kg/
m>, the rollover will last for 3.1, 2.5 and 2.2 h,
respectively.

By the heat and mass transfer, this rapid mixing of
stratified LNG liquid results in rollover, whereby the
merging process takes place when the two separated
(stratified) layers approach the equality in density. This
event basically will lead to the rapid vaporization of sig-
nificant amount of LNG. After density equalization was
achieved, the top surface will become denser than the
bottom due to continuous evaporation process which means
density differences become negative (Ap =
PBOTTOM — PTop) that is caused by higher density at the
top part. This will force the top layer to go down and
bottom to rise up because the top layer is the lighter layer,
and the same process will continue for some hours till the
stability is achieved in the tank which means the end of
rollover phenomenon.

Conclusion

Rollover phenomenon evolution was simulated using
ANSYS FLUENT 16.0 software to study the effect of
ambient temperatures on the rollover phenomenon. It is
found that the surrounding temperature significantly affects
the heat leak. Increased temperature will increase heat
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Fig. 14 Prediction of rollover 20
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Table 5 Rollover time at various initial density differences

Ap (kg/ Starting time of rollover  Rollover end  Duration
m?) (h) (h) ()
30 7.7 10.8 3.1
15 7.3 9.8 2.5
7 6.8 9 22

transfer leaks to the tank. The heat leaks via tank walls are
much higher than the heat leaks via tank base due to the
small area of the base itself. The pressure inside LNG tank
is strongly affected by the surrounding temperature. Higher
temperature leads to the higher pressure buildup especially
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4 5 6 7 8 9 10 11 12 13
Time (hr)

along the area between the roof of the tank and the side
walls, and this area may act as a failure point which leads
to the tank rupture. Besides, larger initial density differ-
ences between the stratified layers caused late rollover
events but lasts for longer time.
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