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Abstract: At least 24 liquefied natural gas (LNG) rollover incidents have been reported since 1960.
During rollover, because of the heat ingress through the tank walls, a stratified LNG may be suddenly
homogenized while releasing massive amounts of vapor. It can result in an overpressure in the tank
and significant amounts of potentially explosive LNG vapor being vented out. Both of these factors
represent considerable hazards. Rollover is a physical mixing process in a single tank with two or
more different cells of LNG of different compositions, temperatures, and densities that can manifest in
large boil-off rates. It can exceed venting equipment capacities, and vapor pressure in tank increases
rapidly and in extreme cases can lead to tank damage. This paper presents numerical approach for
determination of time of rollover occurrence in storage tank. The presented model is based on the
energy balance of the stratified cryogenic liquid and the gas phase as separate three thermodynamic
systems in the storage tank. As a result of proposed model, for the adopted assumptions and
cylindrical tank volume of 78,500 m3, the approximate time of the rollover occurrence was determined
for two cases. In the first case, for heavier LNG, the rollover phenomenon will occur 193.25 h after
the start of the calculations from the assumed initial conditions. In the second case, for light LNG
with a higher initial liquid level in the tank, the rollover will occur after 150.25 h.

Keywords: LNG; rollover; evaporation; boil-off gas; rollover model

1. Introduction

The role of liquefied natural gas (LNG) over the last few decades has grown as a
key alternative for reduction of greenhouse gas emissions from solid fuels in the future.
The clear development of the LNG market is possible through the ability to change the
volume of natural gas after liquefaction and reduce it by 600 times, which is also the main
advantage of LNG in the process of storage and transport. The demand for LNG is expected
to increase in the next 20 years [1]. The first estimates indicate that the COVID-19 pandemic
also did not hit the LNG sector in the long term. On the other hand, new geopolitical
conflicts, in particular those involving significant traditional suppliers (e.g., Russia) of
natural gas, cause natural gas consumers are rapidly looking for other sources of this fuel.
LNG in particular is considered in this case as the most advantageous alternative as stable
source of natural gas deliveries. The development of the LNG market results in an increase
in LNG supplies (from 270 Mtonnes LNG in 2016 to 389.2 Mtonnes in 2022), which launches
new sources of this fuel (especially in the US).

LNG delivered from different sources has different composition and, consequently,
various physical and quality properties. A consequence of diversity of LNG sources is the
need to store LNG with different compositions in the same terminal, in the same tanks.
Density variability of LNG available on the market causes certain technological problems
in the process of its storage. Slight differences in LNG density, even less than 2-4 kg/m?
(min. 0.5-1%) may disturb the stability of the storage process. Incorrect management of
the storage process may lead to the stratification of the cryogenic liquid in the tank. The
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consequences of undetected liquid stratification in the tank may cause severe damage
of a storage tank which is not properly secured. When liquid stratification occurs, free
evaporation from the bottom layer of LNG is not possible, as a consequence of its increase
of temperature and decrease of density. When the density of the bottom layer equalizes to
that of the top layer, the LNG in the tank will mix rapidly with the evaporation of significant
amounts of overheated LNG from the bottom layer. This phenomena is called rollover.

Only 24 rollovers incidents were reported by the GIIGNL group [2] from the last
60 year period, including the most documented incidents from La Spezia in 1971 [3] and
Partington in 1993 [4]. Additionally, more recently, rollover phenomena has become a
one of main issues for the rapidly developing floating storage and regasification units
(FSRU) industry which has experienced more than twenty rollover incidents in a 10 year
period [5]. Most of these rollovers are caused by frequent refilling of FSRU units which
have limited monitoring equipment onboard the vessels compared to the onshore LNG
plants [6]. Consequently, rollovers are currently considerably more frequent onboard
FSRU and pose a more frequent safety risk. Rollover incidents have motivated the interest
of many researchers to carry out both theoretical and experimental studies [5]. Some
experiments in small scale with mixtures of Freon 11, Freon 113, and salt water conducted
in 1980s by Nakano [7] and Morioka and Enya [8]. Also the rollover phenomenon was
analyzed in a larger scale (about 500 m?) tank in Nantes [9]. The first several parameter
models were successively developed by Chatterjee and Geist [10] and Germeles [11] to
predict rollover occurrence during storage process. These research was developed on the
same fundamental concepts by Heedstand and Shipman [12], Bates and Morrison [13],
and Deshpande et al. [14]. These mentioned models are focused on the heat and mass
transfers between bottom and top layers which are determined by empirical formulas and
correlations primarily applied for pure or binary liquids. In these models impact of the
hydrodynamics during rollover phenomenon is not fully appreciated. Hydrodynamic
effect at the beginning of rollover is the source of the heat and mass transfers between
top and bottom liquid layers, also the complexity of this multicomponent liquid has an
additional influence on the course of the phenomenon. Despite some imperfections, these
models are used widely in the LNG industry [5].

Rollover phenomena were observed before 1980s. Many numerical models were
developed on basis of some experiments and observations of rollovers, and proposed expla-
nation of the sequence of events leading to the situation in which the rollover phenomenon
may occur [6]. Most of the authors focused on the role of the liquid separating layers with
different properties and the importance of the boundary layer between the LNG layers
in the storage tank [10-22]. It should be noticed that most of these models are based on
the few well-measured rollover events that occurred during period from 1970s to end of
1990s: in La Spezia (Italy) in 1971 [3]; in Fosssur-Mer (France) in 1978 [16]; and Partington
(United Kingdom) in 1993 [4]. The results of these tests and analysis performed on the
basis of various models are often summarized in GIINL reports (e.g., [2,23]). Presently, the
initiation process of both the stratification of the cryogenic liquid and the initiation of the
rollover phenomenon itself is still not fully recognized. Despite the development of LNG
technology to the mature stage, experimental research in this area is still performed [24-26].

The rollover models available in the open literature based on various numerical calcu-
lation methods and measured data often are not connected in results with real accidents
on the occurrence time of the rollover phenomenon [14,26,27]. Most publications on the
LNG storage process, including the rollover phenomenon, focus on the evaporation rate
as the main indicator [28], while few studies describe the stratification process and the
pressure profiles of cryogenic liquids in storage tanks [29-31]. The methods of heat balance
and mass balance in the storage tank for describing the LNG weathering process have
been described in several papers [32-35]. Pellegrini et al. proposed model does not require
knowledge of the boil-off rate (BOR) as amount of evaporated gas per day, in terms of the
amount of liquid volume relative to the initial volume of LNG [35]. In the case of liquid
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stratification in the tank and the introduction of an additional layer of liquid as a separate
thermodynamic system, these methods have been used in a few research [25,28].

In recent years, a completely different approach to modelling the processes leading to
the rollover phenomenon has appeared; analytical models are increasingly supplemented
by numerical modelling. For example, the evolution of the rollover phenomenon was
modelled using the ANSYS FLUENT program depending on different ambient tempera-
tures [36]. Numerical simulations of the influence of the difference in density of individual
layers of cryogenic liquid on the occurrence of the rollover phenomenon were consid-
ered in the work of Liu et al. [37]. A very important element of research on the rollover
phenomenon is the numerical determination of the factors influencing the formation of
cryogenic liquid stratification and modelling of heat and mass flow [38]. Many works use
the finite elements method and computational fluid dynamics (CFD) method to model
and predict the occurrence of the rollover phenomenon [5,39-41]. Some studies investigate
the effect of the forced convection caused by the cargo tank motions from sea waves on
the heat and mass transfer between LNG layers and its impact on rollover occurrence [42].
A summary and review of knowledge regarding the rollover phenomenon is presented
in [43].

The main novelty of presented approach is an extension of the non-equilibrium LNG
weathering model presented by Migliore et al. 2015 and 2017 [32-34] for a storage tank with
stably stratified cryogenic liquid. This approach has not been used earlier to determine
the time of the rollover phenomenon. In addition, several modifications were made in
performed approach compared to the model proposed in Migliore et al. 2015 and 2017
works [32-34], i.e., parallel (not sequential calculations mainly used in earlier methods)
execution of calculations for three computational cells (two liquid layers and a vapor phase)
with simultaneously performing equilibrium calculations between the top liquid layer
and the vapor phase within the iteration step. Many earlier works describe the rollover
phenomenon, but there has been no model analogous or similar to the one presented in
this article for determining the time of occurrence of the rollover phenomenon and the
possibility of determining the physical parameters of LNG and its vapors in the tank.

2. LNG Properties and Stratification Causes

Liquefied natural gas is a cryogenic liquid stored at around temperature of 113 K
(=160 °C) under the atmospheric pressure or pressure slightly above the atmospheric
pressure in strongly insulated tanks. It is composed of methane (around 95% and higher
for light LNG, and about 90% and less for heavy LNG). LNG also contains some amounts
of heavier hydrocarbons, such as ethane, propane, butane and some traces of nitrogen (less
than 1%) [9]. The composition and density of LNG depend on its source (Table 1) [44]. Due
to the process of the preferential evaporation of its most volatile components (nitrogen with
bubble point temperature 77 K (=196 °C) and methane with 112 K (—161 °C), respectively),
the composition of LNG changes during storage and more significantly during its marine
transportation [45-47]. As a result, both the growing number of liquefaction sites as well
as the “weathering” process contribute to the diversification of LNG compositions and
its properties.

Due to its physical properties, and, in particular, high sensitivity to temperature
changes, LNG is very unstable. The factors influencing the instability of the gas storage
process in liquefied form include (i) LNG storage for a long period, (ii) fluctuations in the
composition of the stored LNG, (iii) cyclic processes of filling and emptying the storage
tank, and (iv) high nitrogen content in stored LNG (above 1%) [48-50]. Each of these
factors could contribute to the stratification of the stored LNG into two layers of different
densities [4,13,51]. The risk of cryogenic fluid stratification appears when there are two
separate layers with different densities. The liquid in the top, lighter layer was heated
by the influx of heat from the surroundings and was evaporated. During evaporation,
the changes initially concerned only the surface layer of the liquid. Light hydrocarbons
evaporated as the most volatile ones, which resulted in changes in the composition of
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this layer. With longer heating, changes in composition entailed significant changes in the
density of the top layer. The top layer was getting heavier. The liquid in the bottom layer
was also heated, but it did not evaporate because the hydrostatic pressure exerted by the
top layer increased the temperature of the bubble point. As a result of this process, the
lower layer became warmer and warmer and at the same time its density decreased.

Table 1. LNG compositions from various export sources, based on [44].

Composition Methane Ethane Propane C4+ Nitrogen
Source %mole %mole %mole %mole %mole

Australia NWS 87.33 8.33 3.33 0.97 0.04
Australia Darwin 87.64 9.97 1.96 0.33 0.10
Algieria—Skikda 91.40 7.35 0.57 0.05 0.63
Brunei 90.12 5.34 3.02 1.48 0.04
Egypt-Idku 95.31 3.58 0.74 0.35 0.02
Egypt-Damietta 97.25 2.49 0.12 0.12 0.02
Indonesia—Badak 90.14 5.46 2.98 1.41 0.01
Libya 81.39 12.44 3.51 0.64 2.02
Malaysia-Bintulu 91.69 4.64 2.60 0.93 0.14
Nigeria 91.70 5.52 2.17 0.58 0.03
Norway 92.03 5.75 1.31 0.45 0.46
Oman 90.68 5.75 2.12 1.25 0.20
Peru 89.06 10.26 0.10 0.01 0.57
Qatar 90.91 6.43 1.66 0.73 0.27
Russia—Sakhalin 92.54 4.47 1.97 0.95 0.07
Trynidad 96.78 2.78 0.37 0.06 0.01
USA-Alaska 99.70 0.09 0.03 0.01 0.17
Yemen 93.17 5.92 0.77 0.12 0.02

3. LNG Stratification and Rollover

Rollover occurs in stratified fluids as a result of fill-induced stratification or an auto-
stratification. Fill-induced stratification (as the most often cause of stratification leading to
rollover occurrence) is caused by loading of a new LNG delivery in a tank with old LNG
from previous deliveries. Stratification may occur after bottom filling an LNG with higher
density than old LNG. Simple way to prevent fill-induced stratification is use the mixing
effect in tank by refilling with heavier LNG from above or lighter from the bottom. An
example diagram of rollover phenomenon stages is presented in Figure 1.

The key issue in the description of the storage process is the phenomenon of sponta-
neous stratification of the cryogenic liquid. The process of liquid stratification formation in
the LNG storage tank has already been described in the works of Heestand and Shipman,
1983; Sarsten et al., 1972; Laciak, 2013 [3,12,49]. In this research, the stage of cryogenic
liquid stratification was omitted and the process of storing the stratified liquid in the tank
until the possible occurrence of the previously discussed rollover phenomenon was ana-
lyzed. Following the occurrence of the discussed cases, the level of safety in the process
of liquefied natural gas storage was significantly increased. Sensors are installed in the
storage tanks that allow for the continuous monitoring of the temperature, pressure and
density profiles of the stored LNG. The accepted tolerances do not allow the liquid to
stratify in the tank. In a situation where, on the basis of real-time data, the system detects
an unacceptable difference in the density of the liquid at different depths, special pumps
are activated to mix the liquid in the storage tank. These pumps are not used continuously
because natural circulation (convection) occurs in the cryogenic fluid, which causes the
density of the liquid to remain almost constant throughout the vertical dimension of the
tank. Natural convection consists in the exchange of heat by the movement of the liquid in
the tank. Warmer layers of liquid have lower densities and are displaced upwards. If the
natural convection of the liquid is disturbed, the liquid in the tank may stratify. Despite a
significant improvement in the safety of the storage process, the possibility of the rollover
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phenomenon is still a real threat to the safe operation of the LNG unloading terminal. In
recent years, available scientific publications have appeared on the subject of the rollover
phenomenon, in which mainly simulation calculations related to the phenomenon itself
have been presented. The analytical solutions of the stratified liquid storage process is
insufficiently described.
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Figure 1. Stages of process leading to rollover phenomena.

The process leading to the rollover phenomenon is characterized by several distinct
stages [6,47]. The zero stage consists of weathering processes of LNG or its incorrect filling
as the causes of stratification. In this stage natural convection throughout the entire volume
is slowly fading away. In stage 1, cryogenic liquid is stably stratified in LNG tank and
there is only slight mass transfer between the layers due to slow diffusion and convection
processes. In this stage the boil-off rate is lower in comparison to normal operational
conditions. Lower layer cannot evaporate, and mass transferred to vapor phase comes
from upper layer. Temperature of bottom layer increases and as a result of this process its
density decreases. Stage 1 has duration of several hours to even few days, depending on
many factors. Stage 2 is characterized by specific symptoms of mass transfer initiation from
the bottom layer to the top layer. The first discontinuities in the boundary between the
layers can be observed, the point heated LNG from the lower layer migrates to the upper
layer due to lower density of heated bottom layer. Kulitsa and Wood pointed to a several
processes resulting from shear-convection flow at the interface which cause this migration.
The most significant of them are strengthening double-diffusive and penetrative convection
cycles; mass entrainment by penetrative convection of a vertical oscillating interface layer;
mechanical entrainment by penetrative convection of vertical oscillating interface layer;
and mechanical entrainment of part of the bottom layer into the top layer along the tank
vertical walls [6].

The tank pressure is not stable due to increasing of boil-off rate as a result of increased
the top layer volume by starting migration of hotter mass from the bottom layer. BOR



Energies 2023, 16, 7666

6 of 23

increase is the last warning sign before a proper rollover, in which there is rapid mixing
of the layers. The duration of stage 2 typically varies from few hours to about one day,
depending on differences in layers volume and density. A proper rollover is stage 3; it
occurs when the densities of the top and bottom layers equalize. Simultaneously, the
bottom layer has a higher temperature and higher saturation pressure, with a relatively
colder top layer. This initiates rapid mixing of the entire LNG mass, but initially this process
is not homogeneous. In this stage, the rapid mixing of both layers is observed with multiple
increased boil-off rate (about 20 times) often exceeding the vapor phase discharge capacity
from the tank. Also, the maximum pressure of all processes is measured in stage 3. Stage 3
is relatively short; its duration is about several minutes. Stage 4 is the post-rollover period
with fully mixed LNG in tank. Boil-off rate and LNG temperature are stabilized. Liquefied
natural gas returns to stable conditions with lower levels in storage tank and different
composition in comparison to period before stratification. Stabilization process is relatively
short and lasts about 1 h; after that LNG in tank is stable with natural convection started in
full volume [6].

4. Analytical Prevention Model—Stable Stratification Model (SSM)
4.1. Physical Description

The purpose of this analysis is to indicate the time after which the rollover phe-
nomenon will occur from the moment a stable stratification of the cryogenic liquid is recog-
nized. This issue is particularly important from the storage tank operational point of view.
The proposed model for determining the time of rollover occurrence is a more advanced
development of the non-equilibrium LNG storage model presented by i.e., Migliore [32-34],
in which the liquid phase and the gas phase are considered as separate systems. It follows
that gas phase heats up faster than the liquid phase (due to the lower heat capacity for
vapor phase in the temperature range close to the boiling point) and it is confirmed by
industrial experience. Due to the faster heating of vapor phase, part of the heat will be
transferred from gas phase to liquid LNG, which will accelerate the evaporation process
as a result of increasing the total amount of heat supplied to the liquid. Non-equilibrium
models with heat exchange between phases were proposed, among others, by Migliore
et al. [32-34]. However, they present assumptions in which heat transferred to the tank
through the roof in the developed model with heat exchange between the phases can be
neglected, considering that the suspended roof with poured expanded perlite constitute
an almost perfect insulating barrier. In fact, there are no ideal insulating barriers, heat
flow through the roof of the storage tank is explicitly considered in the model presented in
this paper.

With the proposed model the time of rollover occurrence determined from the moment
of stable stratification occurrence of the tank is the most advanced development of the
model with heat exchange between the phases. Hence, the proposed model name is stable
stratification model (SSM). Additionally, the liquid phase is divided into two separate
thermodynamic systems, which constitute individual layers formed in the stratification
process. Apart from the heat transferred from the vapor phase to the top layer of the liquid
phase, the heat exchanged between the bottom layer and the top layer was also included. In
case of bottom layer is warmer than the top layer, it accelerates the evaporation process due
to the increase in the total amount of heat supplied to the top layer of the liquid. Illustrative
assumptions of the model with heat exchange between phases is presented in Figure 2.

Convenient set of liquid-vapor equilibrium (VLE) conditions is obtained using the
fugacity) of a given ingredient, which are directly related with Gibbs free energy. The use
of fugacity significantly simplifies equilibrium calculations. Equilibrium conditions are
described by the equality of fugacity for a given component in the liquid and gas phases:

fv,=frdlai=1,...,n 1)
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Figure 2. Illustrative diagram of the LNG storage tank, including the stable stratification of the
cryogenic liquid in the non-equilibrium model.

In the general case, when considering the behavior of a real gas or liquid, the fugacity
of each component is a function of both temperature and pressure. Furthermore, the
fugacity of pure ingredients is usually expressed by the fugacity coefficient as defined:

f(p.T) =9, T) p )

The fugacity of a component in a mixture in the gas phase is described by the relation-
ship:
flp. T) = ov,(p, T) - yi - p ©)
for liquid phase:
S1(p.T) = @1, (psat, T) - X - psati - Ci )

where: C;—Poynting correction factor:

o, - (p— Psat)] 5)

Ci = exp [ RT

After inserting Equations (3)-(5) into Equation (1), the transformed equation for
equilibrium conditions (VLE equilibrium state) is obtained:

ov,(p,T)-y-p=r,(psat, T) - x - psar - Cidlai=1,...,n (6)

where ¢ is the fugacity coefficient (defined as the ratio of fugacity to pressure), x is the
liquid composition (assumed equal to the liquid subsystem composition and provided as
input to the VLE calculations), ¥ denotes the composition of the vapor phase (evaporated
gas from liquid phase) at the near-liquid vapor layer (film layer) (which is mixed with the
vapor subsystem), ps is the saturation pressure, whereas T denotes temperature of the
liquid and vapor subsystems in the film interface under saturation pressure.

In the presented model, the process of liquid stratification formation in the storage
tank itself is not investigated; this process is well described in the literature of Laciak,
2013 [49]; Bates and Morrison, 1997 [13]; Heestand and Shipman, 1983 [12]. Therefore the
height of bottom and top layers is a model parameter that must be known in advance.



Energies 2023, 16, 7666

8 of 23

The proposed model assumes that the stratification process has already ended and that
the liquid in the tank is stably stratified. The model determines the time of the rollover
occurrence and changes in the parameters of the stratified liquid layers and the gas phase.

Equation (7) describes the energy balance of the storage tank in the storage process.
In the analyzed model, including liquid stratification, Equation (7) should also include
the division of the liquid phase into two separate components corresponding to each of
the layers. The solution of Equation (7) is obtained analogously by means of numerical
methods of the Euler method. The heat balance of the entire tank is as follows:

Qin = Hp(tiy1) — Hp(t;) + Hr(tiy1) — Hr(t;) + Hy(tiy1) — Hy(t;) + B-hy(tiy1)  (7)

In the case of the stratification model, it should be assumed that the gas phase and
the layers of the liquid phase constitute separate thermodynamic systems. The heat input
through the side walls should be considered separately for the gas phase (8) and the top
layer (9) and the bottom layer (10) of the liquid phase:

Qwyv = Uy - Ay - (Tpp — Tv) 8)
QWT = UT ' AT : (Tamb - TT) (9)
Qws = Up - Ag - (Tymp — Tp) (10)

Modelling of the LNG storage process with a stable liquid stratification in the tank in a
given time interval is performed in a given time step by separately determining the energy
balance for both layers of the liquid phase and the LNG vapors in the tank, including
the heat input to each of the phases in the considered time step. Under this model, the
calculation procedure assumes a parallel solution of the energy balance for the lower layer
of the liquid phase, the upper layer of the liquid phase and the gas phase. In this approach,
it is necessary to determine three unknown temperatures at the end of the time step for each
of the discussed systems. The proposed model procedure is innovative in relation to the
known and previously proposed solutions, it is based on parallel calculations of the energy
balance for three thermodynamic systems, including interactions between these systems in
the form of heat exchange between the layers or evaporation from the upper layer.

Compared to the previous analysed solutions, e.g., Migliore [32], the greatest differ-
ences occur in the calculation of the energy balance of the liquid phase. In the case of the
top layer, it is assumed that the liquid has a temperature close to the boiling point, therefore
it is possible to perform equilibrium calculations, assuming that the amount of the gas
phase at the boiling point is minimal and can be omitted in terms of the energy balance for
the upper layer. The boiling point of LNG is taken as the initial temperature in the time
step for the top layer. The liquid in the bottom layer has a given composition and an initial
temperature lower than its boiling point. Then the heat input from the environment is
determined for each of the systems. Heat is supplied to the lower layer of the liquid phase
through the bottom plate, side walls to the height of the border between the bottom and top
layers. The top layer is heated by the side walls from the boundary of the layers to the LNG
level in the tank, heat is also transferred from the warmer vapor phase and from the bottom
layer if is warmer. The heat supplied to the top layer is used for the evaporation process.
As a result of the application of heat, a new thermodynamic equilibrium is established for
the top layer, where part of it (B ) evaporates to the gas phase, the top layer has a new
temperature at the end of the time step. The heat balance equation for the top layer is
as follows:

Qrin = Hr(tit1) — Hr(t;) 4+ Br - hyo(tit1) (11)

after expanding:

Qwr £ Qine + Qv = Nr(tiv1) - hr(tiv1) — Nr(ti) - hr(ti) 4+ Br - hyo(tizq) (12)
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where Hr, hT are overall enthalpy and molar enthalpy for the liquid phase in the top layer,
By is the amount of vaporized gas, Qy;—the amount of heat transferred from the gas phase,
hy,—unit enthalpy of LNG vapor in the state of equilibrium, Q—the amount of heat
exchanged with the bottom layer.

For the non-evaporative bottom layer, the heat balance equation is:

Qpin = Hp(tit1) — Hp(t;) (13)

after expanding:

Qws £ Qine + QF = Np(ti11) - hp(tiy1) — Np(t;) - h(t;) (14)

Hpg, hp are overall enthalpy and molar enthalpy for the liquid phase in the bottom layer,
Qr—the amount of heat penetrating through the bottom of the tank, Q;n;—the amount of
heat exchanged with the top layer.

The heat balance for the gas phase in the time interval from ¢ = ¢; to t = t;,1 is defined
as follows:

Qvin = Hy (tiy1) — Hy(t;) — Br - hyo(tiy1) + B - hy(tigq) (15)

Qwv + Qr — Qur = Ny (tit1) - hy (tiy1) — Ny (t;) - hv (t;) — Br - hyo(tis1) + B - hy (tit1)
(16)
The temperature of the gas phase for a given height in its space is calculated using the
error function [52]. This equation combines the law of heat conduction and the conservation
of energy law for the gas phase:

Tv(zv) = (Tvz — Tr) '€Vf( (17)

2y
5 m) + Tt

Huerta and Vesovic presented a modernized model for determining the gas phase
temperature [52], but preliminary verification with real data from the LNG storage process
does not confirm the conclusions obtained in that analysis, the real temperature increase of
the vapor phase in the LNG tank is higher.

With above equation it is possible to determine an approximate profile of the gas
phase temperature as a function of the height in the space occupied by the gas phase at
a given time step. Due to the fact that the gas phase is cooled by the colder liquid phase,
it is necessary to determine an average temperature representative for the determination
of the heat balance, which, as mentioned above, will be its solution. Figure 3 shows the
temperature distribution in the storage tank with included temperature profile of the vapor
phase for assumed calculations variants. To determine the average temperature of vapor
phase, the trapezoidal numerical integration method was used, where the integration was
performed by Equation (18). The height of the space occupied by the gas phase zy was
divided into a given number of integration intervals.

ZV:Z
Tyay = / Ty (zv)dz (18)
Z\/ZO
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Figure 3. Temperature profile in storage tank with stable stratified cryogenic liquid.

The result of the integration is the average temperature of the gas phase in a given time
step. After determining the average temperature, it is possible to determine the amount of
heat transferred from the gas phase to the liquid phase Qyr:

Qvi = Ny - Cpv(Tyi — Tvay) (19)

where Cpy is the specific heat of the gas phase, Ty; is the temperature of the gas phase at
the beginning of the time step, Ty, is the temperature of the gas phase at the end of the
time step.

4.2. Model Algorithm

The presented model algorithm for determination of time of rollover occurrence
includes the interphase heat exchange. An integrated calculation procedure combining the
energy balance of the system with equilibrium calculations for a given time step to calculate
changes in thermodynamic parameters of the liquid and gas phases and the amount of
evaporated LNG.

The solution of the heat balance of the gas phase is fulfilled only by a temperature at
the end of the iterative step. The initial temperature of the gas phase at the beginning of the
first iteration step is taken as equal to the boiling point of LNG. This approach corresponds
to industrial experience from the storage of liquefied natural gas, where immediately
after each filling of the storage tank, the temperature of the vapor phase is close to the
temperature of LNG.

As mentioned earlier, in the stratification model, apart from the assumptions analogous
to the model with heat exchange between phases, the division of the liquid phase into
top and bottom layers was included. Therefore, the calculations for the gas phase and
the two layers of the liquid phase must be performed in parallel. The estimation of three
interdependent quantities, i.e., the new boiling point of the top LNG layer and the new
temperature of the bottom LNG layer, as well as the new temperature of LNG vapors results
is necessary to perform non-linear system of equations including numerical equilibrium
calculations solved for each time step.

Similarly, the temperature of the vapor phase is calculated first, then the amount of
heat transferred from the vapor phase to the liquid top layer is calculated by solving the heat
balance equation for the vapor phase. In the next step, the new boiling point temperature is
determined based on the heat balance of the liquid top layer corrected by the heat supplied
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from vapor phase. At the same time, calculations of the heat balance for the bottom layer
of the liquid phase are performed and the amount of heat transferred between the layers
is determined. The algorithm for the stratification model presented in Figure 4 contains,
similarly to the variant of non-equilibrium model, an integrated calculation procedure
combining the energy balance of the system with equilibrium calculations using REFPROP
9.0 libraries for a given time step.

START t=ti
Stable stratified LNG

Input data:
Compositions of LNG in top and bottom layers,
Quanity of LNG in the tank,
Height of top and bottom liquid layers,
Storage tank parameters,
Storage pressure,
Initial temperature in bottom layer,

Ambient temperature,
[

Heat balance
for initial conditions in storage tank

¥
Equilibrium calculations for initial conditions
for the time step for liquid top layer and
vapour phase
I

< N
Y Y Y

Calculation of heat transferred into Calculation of heat inflow into liquid Calculation of heat inflow into vapour

bottom layer top layer phase

v v
— o o Determination of vapour phase new
Determination of new temperature of Determination of new vapour-liquid temperature
bottom liquid phase equilibria for liquid top layer
M . —

Calculation of new density of liquid Determination of new LNG amount in Amount of Determination of new mass balance of

bottom layer top layer and new LNG composition in LNG vapour phase and amount of BOG

top layer eveporated leaving the storage tank

Calculation of new density of top layer

— Heat trasfer — v
gl Determination of new energy balance from vapour Determination of new energy balance

heal o
exchange of liquid top layer Pha;eyteorlop of vapour phase

A,
Determination of new energy balance
of liquid _bottom layer

Y

NO Qsin = AHs YES > YES Qrin = AHT NO >

>« YES Qvin = AHv NO

Y
End of time step t = ti+1
New volume of LNG in storage tank,
Time of Roll-Over New composition of LNG top layer,
New mass balance in storage tank,
Amount of BOG leaving storage tank.

occurrence T

STOP
Calculations results

Last time step NO

t=1t

YES

STOP
Calculations results

Figure 4. Algorithm of Stable Stratification Model (SSM) for prediction the time of rollover occurrence.

The description of the calculation algorithm for the stable stratification model (5SM)
according to the presented flowchart is presented on Figure 4. The start of the time step is
indicated as t;, and the end of the time step t;,1, the computational procedure is completed
when the iteration counter of the time steps reaches the value k and the end time is indicated
as t;. The presented model is based on an algorithm in which input data (storage tank
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data, operational data, layer composition) are determined for time t;. Then, equilibrium
calculations are performed for the initial state (calculation of the boiling point of the top
liquid layer and the initial temperature of the vapor phase). In the next steps, subsequent
calculations are performed in parallel for both layers of the liquid phase and the vapor
phase, with the equilibrium calculations covering the top liquid layer and the vapor phase.
The new mass balance of each layer of the liquid phase and gas phase and energy balance
of these layers is checked in next steps. If the energy balance of the liquid layers, i.e., the
supplied heat, is equal to the enthalpy increase, the condition of equal density of both
layers of the liquid phase is checked. In the stable stratification model, the final criterion, in
addition to the assumed number of time steps, is the equalization of the density of both
layers of the liquid phase as a necessary condition for the rollover phenomenon. The result
of calculations made using the SSM model in this case is the time of the rollover occurrence
and results describing the parameters of the liquid layers (including compositions) and the
gas phase in time f;.

5. Assumptions

For the presented computational model, a number of assumptions were made to
reflect the normal operating conditions of a cryogenic tank with a stably stratified cryogenic
liquid. The adopted assumptions can be divided into two groups, the first is the technical
parameters of the storage tank (Table 2) and the second is the operational parameters of
the storage process (Table 3). In case of technical parameters, it should be considered an
example of the geometry of the storage tank—the model is applicable for any dimensions
of the storage tank and any structure of the walls of the tank, its bottom, or roof. For
operational data, the key parameters are the initial temperature of the bottom layer and the
top layer of the stratified cryogenic liquid. The pressure in the storage tank, the initial level
of LNG in the tank and the determination of the thickness of the layers of cryogenic liquid,
as well as the molar composition of LNG in both layers (Table 3); moreover, the ambient
temperature (of the air surrounding the tank and the ground) also plays a key role.

Table 2. Selected storage tank parameters used for model development.

Parameter Value Unit
Inner tank diameter 50 m

Inner tank wall thickness 40 mm

Primary thermal insulation thickness 800 mm

Secondary thermal insulation thickness 400 mm

Outer concrete wall thickness 500 mm

Foundation plate thickness 1200 mm

Foundation thermal insulation thickness 1000 mm

Thickness of suspended roof 40 mm

Thickness of roof insulation 500 mm
Thermal conductivity of inner tank wall 90 W/(m-K)
Thermal conductivity of primary insulation 0.05 W/(m-K)
Thermal conductivity of secondary insulation 0.1 W/(m-K)
Thermal conductivity of concrete wall and foundation plate 1.8 W/(m-K)
Thermal conductivity of foundation plate insulation 0.1 W/(m-K)

Tank height 43 m
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Table 3. Selected operational parameters used for calculations.
First Variant (1) Second Variant (2)
Ambient air temperature 293 K 293 K
Ground temperature 285K 285K
Initial temperature in bottom layer 116.12K 115K
Tank operational pressure 1.5 bar(a) 1.3 bar(a)
Initial density of top layer 451.19 kg/m3 434.01 kg/m3
Initial density of bottom layer 452.68 kg/ m3 435.52 kg/ m?
Initial level of LNG in tank 24 m 26 m
Initial thickness of top layer 9m 9m
Composition of top layer
methane 90.0% 95.5%
ethane 6.7% 3.2%
propane 2.3% 0.9%
n-butane 0.5% 0.0%
iso-butane 0.5% 0.3%
nitrogen 0.0% 0.1%
Composition of bottom layer
methane 90.1% 94.8%
ethane 6.4% 3.3%
propane 2.1% 1.0%
n-butane 0.4% 0.2%
iso-butane 0.5% 0.1%
nitrogen 0.5% 0.6%

The calculations were performed for two variants of the composition of the stored
stratified LNG and two variants of storage pressures for the assumed time step of 6 h.
The first variant was performed for heavy LNG containing a greater amount of heavier
hydrocarbons, while the second variant was for light LNG with low content of heavier
hydrocarbons. In the first variant, the LNG density was slightly above 450 kg/m?, and in
the second variant, it was about 435 kg/m3. Differences in the density between top and
bottom layers for both variants are approx. 1.5 kg/m?3. The presented calculations assume
a stably stratified liquid in the storage tank, the composition and physical properties of
individual layers are described in Table 3.

6. Results and Discussion

This section presents the results of analytical modelling of a stably stratified cryogenic
liquid in storage tank with use the developed SSM model. The presented analysis covers
the changes:

(1) densities of top and bottom layers;

(2) temperatures of the bottom layer and the top layer of LNG;

(38) vapor phase temperature;

(4) Dboil off rate (BOR);

(5) thicknesses of bottom and top layers;

(6) heat transferred into storage tank and between phases and layers in tank.

In the SSM model, calculations are completed at the time of the basic requirement
of the rollover phenomenon, i.e., the equalization of the densities of both liquid layers
in the tank. In both of these cases, the initial temperature of the bottom layer is entered
in the model as assumed value. Temperature of top layer is a result of vapor-liquid
equilibrium calculations. An important issue in the adopted calculation assumptions is
the heat exchange between the top and bottom layers. In most cases, the temperatures of
the each layer is different, it translates into heat transfer from the layer with the higher
temperature to the layer with the lower temperature. The temperature difference between
the layers is insignificant, up to a few Kelvin, but the lack of a thermal barrier between the
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layers means that the amount of heat transferred is significant. The heat transfer coefficient
between the layers was determined from the equation [25]:

1/3
W x| 8es—pr) (20)

2. (PBEPT
v ()

where C'—correlation coefficient, pg—density of bottom layer, pr—density of top layer,
v—LKkinematic viscosity.

Figures 5 and 6 show the changes in LNG density in the bottom and in the top layer. In
the first analyzed case, the top layer does not contain nitrogen, so its density will increase
due to the evaporation of the lightest hydrocarbon component, i.e., methane. In the second
variant, a residual amount of nitrogen remains in the top layer so that in the first hours of the
simulation, the density of the top layer slightly decreases, and after nitrogen evaporation,
it begins to increase, because at this stage the methane starts to evaporate. The density of
the bottom layer in both cases decreases due to the considerable increase in temperature of
this layer and the inability to evaporate due to the hydrostatic pressure exerted by the top
layer. The most important result of this analysis is the determination of time the rollover
phenomenon. In the first case, for heavier LNG, with a slightly lower level of LNG in
the tank, the rollover phenomenon will occur 193.25 h after the start of the calculations
from the assumed initial conditions. In the second case, for light LNG with a higher initial
liquid level in the tank, the density equalization of both layers will occur after 150.25 h.
Simulation results for variants 1 and 2 for selected time steps are presented respectively in
Tables 4 and 5.

454.0

Density, kg/m?

0 50 100 150 200

Time, h

—+—Top layer —e—Bottom layer

Figure 5. LNG density changes in top and bottom layers in variant 1.
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Figure 6. LNG density changes in top and bottom layers in variant 2.

Table 4. Simulation results for variant 1 in selected time steps.

Time Step t=0h t=30h t=60h t=90h t=120h t=150h t=180h
Temperature of bottom layer, K 116.124 116.3609 116.5512 116.79 117.0298 117.2703 117.5601
Temperature of top layer, K 117.9392 117.9403 117.9413 117.9425 117.9438 117.945 117.9464
Temperature of gas phase, K 126.5542 162.533 180.7731 193.6171 200.0772 202.9652 203.3263
Density of top layer, kg/ m3 451.2055 451.2373 451.2655 451.3007 451.336 451.3713 451.4137
Density of bottom layer, kg/ m3 453.6301 453.2938 453.0234 452.6838 452.3425 451.9996 451.5862
Density difference, kg/ m> 2.424581 2.056484 1.75796 1.383114 1.006509 0.628253 0.172478
Composition of top layer:

Methane 0.900 0.899904 0.899822 0.899719 0.899617 0.899514 0.899390
Ethane 0.067 0.067069 0.067124 0.067192 0.067261 0.06733 0.067413
Propane 0.023 0.023019 0.023038 0.023061 0.023085 0.023109 0.023137

n-Butane 0 0 0 0 0 0 0
iso-Butane 0.010 0.010008 0.010016 0.010027 0.010037 0.010047 0.01006

Nitrogen 0 0 0 0 0 0 0

Table 5. Simulation results for variant 2 in selected time steps.

Time Step t=0h t=30h t=60h t=90h t=120h t=150h
Temperature of bottom layer, K 1155 115.697 115.8942 116.0915 116.2888 116.4857
Temperature of top layer, K 115.0313 115.0415 115.054 115.067 115.08 115.0926
Temperature of gas phase, K 123.0159 154.2574 170.4496 177.5019 181.4353 181.9967
Density of top layer, kg/m3 434.0142 434.01 434.0081 434.0074 434.0078 434.0093
Density of bottom layer, kg/m3 435.4609 435.1719 434.8822 434.592 434.3017 434.0117
Density difference, kg/m3 1.446645 1.161924 0.874034 0.584666 0.293898 0.002427
Composition of top layer:

Methane 0.955 0.954976 0.954948 0.954909 0.954858 0.954813
Ethane 0.032 0.032041 0.032083 0.032138 0.032208 0.032267
Propane 0.009 0.009009 0.009021 0.009036 0.009056 0.009073

n-Butane 0 0 0 0 0 0
iso-Butane 0.003 0.003003 0.003007 0.003012 0.003019 0.003024

Nitrogen 0.001 0.00097 0.000941 0.000904 0.000859 0.000823
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The temperature of the bottom layer increases more dynamically than the top layer in
both cases. The heat supplied to the top layer is largely devoted for evaporation, so that
the temperature of the top layer changes slowly. The bottom layer heats up more quickly;
however, due to the hydrostatic pressure of the top layer, it does not reach the bubble
point. The bottom layer will be heated from a temperature of 116.12 K to a temperature
of 117.71 K for variant 1 (Figure 7), and from 115.5 K to 116.48 K for variant 2 (Figure 8).
The temperature of the gas phase, until the appearance of the rollover phenomenon in the
variant 1, increased to a maximum of 203.32 K, while in the variant 2 to 182 K (Figure 9).
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Figure 7. Temperature changes of top and bottom layers in variant 1.
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Figure 8. Temperature changes of top and bottom layers in variant 2.
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Figure 9. Vapor phase temperature changes for both variants.

The analysis of the non-equilibrium model for the stratified cryogenic liquid in the
storage tank shows interesting results in relation to the evaporation rate before the rollover
phenomenon occurs. If the total volume of stratified LNG will be considered for boil-off
rate, it is possible that the LNG level in the tank will slightly increase. This is caused by
lower value of the BOR evaporation coefficient, because only the top layer evaporates,
while the liquid in the bottom layer increases its volume due to the thermal expansion of
the liquid as a result of its temperature increase. Certainly, this situation also depends on
the composition of LNG. In case of stratification occurrence in the tank where heavy LNG is
stored, the volume increase caused by rising temperature of the bottom layer significantly
exceeds the volume loss of the top layer resulting from the lower BOR coefficient for heavy
LNG (Figures 10 and 11). For light LNG, the situation is different; initially there is a slight
increase in the total volume of stratified LNG in tank. After approx. 12 h, the efficiency
of evaporation of light LNG from the top layer, clearly higher for light LNG at a lower
pressure in the tank, exceeds the volume increase caused by rising temperature of the
bottom layer (Figure 12).
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Figure 10. Boil off rate as percent of top layer evaporated volume for both variants.
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Figure 11. Total LNG volume and both layers volume in storage tank for variant 1.

34,000 51,060
¢
32,000
@, 51,050
= 30,000
~ ©
5 5
o 28,000 51,040 .
= 9
_ 26,000 E
= 51,030 £
< 24,000 =
2 g
£ 22,000 - 51,020 7
-
o Z
Z. 20,000 —
— 51,010
18,000 4
16,000 51,000
0 20 40 60 80 100 120 140 160
Time. h
—+—LNG volume in bottom layer —#—LNG volume in top layer LNG total volume

Figure 12. Total LNG volume and both layers volume in storage tank for variant 2.

Another considered issue in performed analysis was the detailed heat balance of the
storage tank. Heat transfer to the tank, to both liquid layers, between the vapor phase
and the top layer of the liquid, and the heat exchange between the layers in the stratified
LNG are described in detail. While the heat inflow from the ambient environment is based
primarily on the difference between the ambient temperature and the temperature in the
tank, the heat flow inside the tank is strictly dependent on the temperatures of the vapor
phase and the layers of the stratified liquid. The heat transfer into the liquid phase can
be assumed as approximately constant because the liquid temperature changes slightly
and the model assumptions assume a constant ambient temperature. For the prediction
of the rollover case, the phenomenon of heat transfer between the layers of the stratified
liquid is also important issue. Due to the fact that the temperatures of both layers do not
differ significantly, the heat flow between the layers is relatively insignificant. In variant
1, the initial temperature difference between the layers is higher, whereby the amount of
heat transferred between the layers is primarily influenced by the temperature difference
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(Figure 13). In the case of variant 2, with a lower temperature difference between the
layers, the amount of heat transferred at this time from the bottom layer to the top layer
depends primarily on the difference in the density of the layers resulting from Formula (21)
(Figure 14). In this case, the amount of heat exchanged between the layers (from bottom to
top layer—bottom layer is warmer) initially increases and then decreases with decreasing
the difference in density between the layers begins to decline. Temperature of the vapor
phase increases faster, in both cases, the amount of heat transferred to the vapor phase
decreases as a function of time, but at the same time the amount of heat transferred to the
liquid phase from the vapor phase increases.
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Figure 13. Heat balance in storage tank for variant 1.
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Figure 14. Heat balance in storage tank for variant 2.
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7. Conclusions

The literature review of incident data in LNG industry confirms the 24 rollover inci-
dents have occurred since 1970s, fewer incidents have been reported in last 20 years but
rollover phenomena in LNG storage process can still occur. This implies that the rollover
phenomena is still important issue for LNG industry which has lessons to be learnt for
better understanding of this problem. The detailed principles of stratification process
initiation are still not carefully recognized. In present time, LNG tanks are equipped with
sophisticated tank measurement armature that the most important LNG parameters in
the tank such as level, temperature, and density profiles can be observed in real time with
high accuracy.

Nevertheless, tools are still needed to avoid a situation where the LNG stratification
phenomenon occurs in the tank or, when it does occur, to determine how much time the
LNG terminal operator has to prevent rollover as a consequence of stratification. For
this purpose, an analytical stable stratification model (5SM) was prepared, based on the
energy balance in the storage tank using vapor-liquid equilibrium calculations based on
REFPROP 9.0 libraries. With the proposed model the time of rollover occurrence can be
determined from the moment of stable stratification occurrence of the tank is the most
advanced development of the model with heat exchange between the phases. In order to
determine the time of rollover occurrence, the densities of both layers of the liquid phase in
a given time step are determined, the time when these densities will equalize is considered
the time of rollover phenomena occurrence.

A performed model is proposed also for estimation other important parameters i.a. of
the boil off rate in a LNG storage tank as a result of heat transfer, temperatures of vapor
phase and both layers of liquid phase, heat transferred to the tank (to vapor phase and
both layers of liquid phase), and LNG level in tank. Models can obtain results for wide
range of assumptions manipulating pressure, initial temperature of bottom layer, ambient
temperature and other initial conditions. In practice, when the user knows the composition
of the layers and the initial temperature of the layers, the analytical model developed in
the present work can be used to predict the rollover occurrence by describing the detailed
heat balance in storage tank.

To confirm the feasibility of the model, two different cases are presented for an exem-
plary storage tank in which the LNG stratification phenomenon occurred. In the first case,
stratified heavy LNG (approx. 90% methane) at 1.5 bar storage pressure was analyzed, in
the second case, light LNG stratification (approx. 95% methane) at 1.3 bar storage pressure.
In both cases, the difference in layer density was about 1.5 kg/m?3.

In the presented model, for the adopted assumptions, the approximate time of the
rollover occurrence was determined for both cases. In the first case, for heavier LNG, with
a slightly lower level of LNG in the tank, the rollover phenomenon will occur 193.25 h after
the start of the calculations from the assumed initial conditions. In the second case, for light
LNG with a higher initial liquid level in the tank, the density equalization of both layers
will occur after 150.25 h. The accuracy of the model strictly depends on the length of the
time step; extending the time step, it is more difficult to precisely determine the time of
rollover occurrence.

A developed model is used to predict changes of the parameters of stratified LNG and
time of rollover occurrence in the storage tank. The possibility of rollover time determi-
nation directly affects the increase in the process safety level. The analytical approach to
determination of the rollover occurrence provides a reference for further studies on this
issue. A more comprehensive study on the heat transfer between the layers connected with
equilibrium calculations and detailed temperature distribution model in liquid layers are
required to investigate the time of rollover more precisely.
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Nomenclature
A area of heat transfer, m?
Br. liquid vaporized (boil off gas), moles
B vapor vented from tank, moles
G isobaric heat capacity, ] /mole
f fugacity, Pa
H enthalpy, |
h molar enthalpy, J/mole
k thermal conductivity, W/(m-K)
N total moles, moles
Q heat transferred, |
T temperature, K
u heat transfer coefficient, W /(m?-K)
z height, m
Greek symbols
o thermal diffusivity, m? /s
v kinematic viscosity, m?/s
P density, kg/m?3
@ fugacity coefficient
Subscripts
amb ambient
av average
B liquid bottom layer
F y tank bottom slab (foundation)
i initial, beginning of time step
i+1 end of time step, initial of next step
in inleak
INL interlayer
R by tank roof
T liquid top layer
14 vapor phase (vapor layer)
VL vapor to liquid
4 vapor phase at z height
W by tank side wall
Acronyms
LNG Liquefied natural gas
BOR Boil off rate
SSM Stable stratification model
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