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Large Eddy Simulation for the Rapid Phase Transition of LNG

Abstract

The environmental concerns on the use of fossil fuels have incentivized the utilization of cleaner
solutions for energy supply. Natural gas in the form of a liquid (LNG) is considered a promising and
highly attractive alternative due to the high density and relatively low cost of transportation.

In the case of accidental release on water, elevated heat transfer causes rapid evaporation that has the
potential to lead to a rapid phase transition (RPT), thus producing significant overpressures.

In this work, the effects of composition, release rate, and the fluid dynamic regime of water on the
RPT of LNG are analyzed by means of detailed analysis based on computational fluid dynamics and
large eddy simulation for the turbulence model. The thermodynamic properties at ultra-low
temperature related to the species considered in the mixtures are estimated by using an approach
based on quantum mechanics.

Results are compared with experimental analysis, quite satisfactorily. A preliminary conclusion
shows that calm water, as within port facilities, decreases the likelihood of the RPT or its magnitude
to a negligible intensity. On the contrary, the addition of ethane or propane may dramatically affect
the explosive phenomenon.
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1. Introduction

The last decades have been characterized by the continuous increase of attention toward the
environments, promoting the development of alternative solutions for energy production. Among
them, natural gas has been indicated as promising fuel [1]. The existence of significant reservoirs
located in remote areas has actively encouraged the liquefaction processes because of the increased
density and reduced capital cost for the compressed gas [2]. However, the implementation of LNG
on large scales has arisen serious concerns related to the accuracy of existing models adopted for
safety evaluations [3], or to the applicability and robustness of existing procedures developed for
more traditional conditions [4]. Indeed, ultra-low temperature conditions are accompanied by poor
understanding of several physic-chemical models (e.g., evaporation rate [5], dense gas dispersion and
stratification [6], and combustion [7]), interactions with traditional mitigation systems [8][9], and the
likelihood of unconventional accidental scenarios [10]. Besides, the effects of LNG composition on
consequence analysis is still poorly understood for several accidental scenarios [11]. Regardless of
the presence of ignition sources in the proximity of the releasing point, in the case of accidental release
of LNG on water, the intimate mixing between two liquids and the difference between bubble point
of the mixture and room temperature may lead to extremely elevated evaporation rates, thenceforth
referred to as rapid phase transition (RPT), potentially causing significant shock waves [12] and
vapour cloud explosions [13]. Several examples of industrial accidents and large scale tests have been
reported in the literature [14][15]. Quite obviously, these scenarios spawn concerns especially in
shore installations, where elevated congested areas can be present, posing the attention on risk related
to bunkering procedures [15]. Hence, safety parameters should represent a pillar in policy generation
to secure long-term operation and business development [16].

In this light, the utilization of theoretical-sound models for the prediction of the evaporation rate is
essential for meaningful estimations of RPT related scenarios [17]. To this aim, several models can
be adopted [18][19][20]. However, most of them are empirical-based, developed, and validated in
non-cryogenic conditions. Hence, their applicability for the evaluation of the accidental release of
LNG should be carefully evaluated with preliminary investigations. Besides, different boiling
regimes (e.g., nucleate boiling, transition regime, and film boiling) can be distinguished [21][22] and
significantly affect the overall heat transfer coefficients. This phenomenon makes crucial the
prediction of the transition temperatures and the corresponding maximum and minimum heat fluxes
[23]. This is particularly true for the condition leading to the change from transition to nucleate
boiling, often referred to as Leidenfrost temperature (or point) [24]. Indeed, the Leidenfrost point is
mainly affected by the composition of the boiling liquid and, together with superheat limit
temperature, can be used as a trigger criterion for RPT [10]. The former can be estimated by using
the correlation developed by Kalinin and co-workers [25], whereas several data related to the latter
parameter has been reported by Reid [26] during his pioneering studies on the subject. Considering
the difference between LNG and water temperatures, the film boiling regime is often assumed. Under
this hypothesis, a theoretical based model developed by Klimenko [27] has been implemented for the
LNG case [5], resulting in evaporation rate of 0.07 kg m* s. This value is in line with the lower
bound of the experimental measurements reported in a dedicated literature review [28]. Moreover,
Parihar et al. [29] suggest that the evaporation from the LNG pool can be simulated by the injection
of natural gas vapor with an evaporation rate of 0.135 kg m2 s**. However, higher values, up to 0.20
kg m2 s have been reported [30]. This variability can be partially attributed to the turbulence of
water [18], often not included in the experimental campaign reports, and promotes the evaluation of
consequences for a larger evaporation rate, as well. Quite clearly, the initial LNG composition plays
a significant role in the time evolution of the investigated scenario because of the different volatility



of the species forming the mixture, resulting in time-dependent liquid and vapor compositions.
Besides, trustworthy estimations of thermodynamic properties at low-temperature conditions of each
species involved are essential to guarantee accurate values. In this sense, the adoption of a theoretical
approach, such as quantum mechanics calculations, is suggested to break away from the errors related
to the non-ideal behaviour of the system [31].

Once the evaporation occurred, either the generated overpressure or the fuel concentration
distributions for time and position are of interest for the sake of consequence analysis. The former
generates blast waves commonly modeled assuming the acoustic approximation [12]. Although a
localized impact characterizes them, blast waves are potentially able to damage storage systems in
the surrounding area, triggering second cascading events [32].

Under this framework, in this work, the effects of LNG composition and release rate on RPT have
been studied numerically, by selecting an appropriate theoretical approach for the calculation of
thermodynamic properties theoretically.

2. Methodology

The present study was conducted using the computational fluid dynamic code OpenFOAM and the
large eddy simulation (LES) approach for the analysis of turbulent flows [33]. For the sake of
simplicity, a 2-dimensional domain was considered. The conservation equations of mass, momentum,
species, and energy can be expressed as follow:
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where S5 ¢, i the source term of the liquid film evaporation, S, .., is the source term of the liquid
droplets, p is the gaseous pressure, zjj and = are the viscous and turbulent stress tensors, respectively,
Yk the mass fractions of the kth element, wer the effective dynamic viscosity and Rk the velocity of
every single reaction. Furthermore, the energy equation is expressed as a function of the enthalpy h:
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where e is the internal energy, p the density, ¢; the diffusive heat flux, g. the turbulent heat flux, hy the
heat source, Ruq the radiative heat, Sy 0,q 1s the enthalpy source term of the evaporated mass from
the liquid film and Sy, ¢y is the enthalpy source term of the evaporated mass from the particles.

For the aims of RPT analysis, particular attention was posed to the liquid spill (in the absence of
ignition). Considering the different characteristic scales of the investigated phenomena, the



abovementioned system was divided into two sub-systems dividing the two phases, following the
widespread numerical approach commonly adopted for heterogeneous systems [34]. Hence, a domain
containing only the cryogenic liquid was defined for the estimation of the evaporation rate and vapor
composition leaving the pool. Then, these results were considered as boundary conditions for the
second sub-system, containing vapor and air. The pool was assumed of a circular shape. The inlet
velocity was referred to as in the gas phase directly, as suggested by Halin-Luketa et al. [35] and,
from now on, it will be indicated as the release rate v, The corresponding evaporation rate (Eyqp)
expressed in mass per unit surface can be easily calculated by using the vapor density p g at the liquid

temperature:

Evap = Vrpyg )
The boundary conditions adopted in this work are reported in the following table.

Table 1. Summary of the boundary conditions adopted for the evaluation of LNG spills.

Parameter

Initial LNG temperature 108 K
Room temperature 293.15K
Pool diameter (inlet size), D 0.1-3.0m
Domain sizes (L x H) (4x12)m?

The domain sizes were conveniently selected to reduce the effect of their boundaries on the obtained
results for the case of a pool diameter of 1 m. To this aim, a structured grid having the cell sizes
reported in Table 3 was adopted for the grid sensitivity analysis.

Table 2. Summary of the cell sizes adopted for the grid sensitivity analysis. Note that the x and y axes represent horizontal and
vertical directions, respectively.

Mesh Name Size on x [m] Size on y [m]
Mesh 1 10.0 - 10 10.0 - 10
Mesh 2 2.6-107 3.0- 107
Mesh 3 1.0- 102 1.3-10
Mesh 4 8.0-103 10.0 - 10

The effect of the pool dimension was evaluated at first, by assuming a cylindrical pool characterized
by a constant diameter. This parameter relies on the amount of LNG spilled and may significantly
variate with the time after release during the early stages. Typically, diameters of about 30 m can be
expected for uniquely large scale releases (e.g., the immediate release of 40 m® of LNG) [36]. On the
other hand, smaller releases, e.g., caused by rupture of loading arms during the bunkering procedures,
represent more credible scenarios for LNG operations [37]. In these cases, the quantities involved are
significantly lower. The total arm length (intended as the sum of the length of the in/outboard arms)
varies from 8.5 to 30 m, with a constant diameter of 0.30 m [38]. Hence, the release volume of LNG
ranges from 0.6 to 2 m®. In this light, pool diameter was variated between 0.1 — 3.0 m, to evaluate the
different released amount and stages observable during the pool formation at the early stage that



follows the release. Afterward, a constant diameter of the pool equal to 1.0 m was considered for the
following analyses.

In addition, the release rate v, was gradually increased, starting from the lower values reported in the
literature, associated with an accidental release on calm water conditions [5], until the minimum value
causing structural damages. More specifically, it was increased from the initial value of 0.12 m s up
to 40 m s, The effect of the LNG composition was also considered (Table 4). Light alkanes (i.e.,
methane, ethane, and propane) are distinguished by non-hydrocarbon species (e.g., nitrogen and
carbon dioxide and traces of heavier compounds commonly present in natural gas), which have been
conveniently merged and referred as “Inert” [39]. Three different compositions were assessed: pure
methane (Mixture 1), representing the benchmark case; the heavier composition that should be
referred to as natural gas (Mixture 3); and an intermediate composition (Mixture 2).

Table 3. Summary of the cell sizes adopted for the grid sensitivity analysis. Note that the x and y axes represent horizontal and
vertical directions, respectively.

Mixture CHa4 [w/w] C2Hs [w/w] CsHs [w/w] Inert [w/w]  p, [kg m
Mix 1 100 0 0 0 1.79
Mix 2 84 10 4 2 1.82
Mix 3 70 18 8 4 1.83

A base case scenario having pool diameter equal to 1 m, composed of Mix 1, and evaporation rate
equal to 0.21 kg m? s, was defined for preliminary evaluations.

The thermodynamic properties related to the species considered in these mixtures and air were
estimated by using an approach based on quantum mechanics. More specifically, optimized
geometries, harmonic frequencies, and rotor scans (if hindered rotors are contained in the analyzed
species) were calculated by using the CBS-QB3 level of theory [40]. To this aim, the rigid rotor
harmonic oscillator (RRHO) approximation corrected for 1D hindered rotors was utilized, and the
full rotation was divided into 45 sections of 8° each. Stable geometries were found for any
configurations. The collected data were implemented in Automated Reaction Kinetics and Network
Exploration (Arkane) tool [41] for the calculation of thermodynamic parameters. The whole
procedure, including possible troubleshoot, was automated using an automated rate calculator (ARC)
package [42].

3. Results and discussion

The collected data on thermodynamic properties were expressed in terms of NASA polynomial
coefficients, to include the effect of temperature (Table 4). For the sake of simplicity, only the
coefficients referring to the low-temperature range were reported, being all the intermediate
temperature adopted in this work higher than 350 K, i.e., considerably higher than the maximum
expected temperature in the case of absence of ignition. Oxygen and nitrogen coefficients were
included for completeness.



Table 4. Low -temperature coefficients of NASA polynomial, as calculated for the species involved in this work.

Species Ao A1 A2 A3 A4 As As
CHs 421-10° -536-10° 251-10° -2.14- 10% 597-10"2 -1.02-10* -9.21-10"
C:Hs  3.75-10° 455-10° 4.08-10° -457-10% 157-10" -1.15-10* 4.74-10°
CsHs 3.06-10° 129-102% 347-10° -471-10% 171-10" -144-10* 1.08-10'
N2 3.54-10° -6.93-10% 2.10-10° -1.29-10° 2.59-10" -1.04-10° 2.99-10°
0: 3.12-10° 1.73-10° -853-107 1.70-10"° -123-10" -1.04-10° 6.28-10°

These values were considered for the estimation of the main thermodynamic properties throughout
the following investigations.

The base case scenario described in the previous section was analyzed for the individuation of
optimized computational domains. It was evaluated by implementing different mesh sizes, and the
results of this analysis were reported in terms of temperature distributions calculated along the vertical
axis at the symmetry (Figure 1).

Vertical distance from LNG release [m)

1.8 4
Mesh 1
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Figure 1 Numerical estimations of temperature distributions to the vertical distance from the release obtained with different meshes.

Considering the reported results, Mesh 4 was used to investigate the effect of the release rate v, and
mixture composition on the overpressure produced. Subsequently, the temporal and spatial evolution
of the volume fraction of methane, for different v, values were analyzed for the base case conditions
(i.e., fixed mixture composition equivalent to Mix 1 and pool diameter equal to 1 m). More
specifically, v, of 10 m s™' (Figure 2.a), 20 m s™! (Figure 2.b), and 40 m s™! (Figure 2.c) were assumed,

respectively.



y‘[m] Methane volume fraction [v/v]
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Figure 2 Time and spatial distribution of methane mole fraction with the release rate of 10 m s (@), 20 m s* (b), and 40 m s (c), in
case of mixture composition equal to Mix 1 (pure methane).



It is possible to observe that the differences in the release rate lead to an increase in the instability of
the flow field. This increases the vorticity phenomena, especially on the side of the domain, and
results in a more corrugated profile. Quite clearly, the higher the release rate, the greater the height
reached (e.g., at 0.20 s, 2.0 m, 3.4 m, and 6.8 m, respectively). In addition to that, it is possible to
affirm that the longer is the time, the higher is the mixing with the air. Simulations with 40 m s*
(Figure 2.c) were stopped at 0.20 s due to elevated computational cost.

Typical overpressure curves for the three compositions analyzed in this work, as obtained by the
CFD-LES simulations, are reported in Figure 3. For the sake of comparison, the dimensionless
overpressure Y = (AP/AP,,,,), assuming AP, ., as the maximum overpressure observed for each time,
with respect to the shifted time t = (t — t,) is reported, where t, represents the time where LNG
came into contact with water.

1.1

I Mixl ]
1.0 = Mix 2 ~N -

Dimensionless overpressure, v [-]

0.2 , | , | , | ,
0.0 0.1 0.2 0.3 0.4

Shifted time, 1 [S]

Figure 3. Dimensionless overpressure (AP /AP,,,,) as a function of the shifted time 7 for different LNG compositions. The curves are
chosen at the distance where the maximum overpressure was obtained at any time.

A typical bell-shape is observed for all the investigated mixtures. It is worth mentioning that
variations between Mix 2 and Mix 3 are much lower than Mix 1. Indeed, the presence of ethane and



propane in the gaseous mixture significantly anticipates the overpressure peak concerning pure
methane.

The evaluation of AP,,,,, With respect to the boundary conditions may define the investigated scenario
uniquely. The effect of pool diameter on AB,,,, Was evaluated at first (Table 5). For the sake of
conciseness, data related to Mix 1 (i.e., pure methane) were reported exclusively.

Table 5. Maximum overpressure (AP,,,,) generated by the release of pure methane (Mix 1) with respect to pool diameter (D)
expressed in m and the release rate (v,.), expressed in kPa.

D [m]
v, [m s 0.1 0.5 1.0 2.0 3.0
0.12 2.59:10° 8.06:10° 1.44-10* 2.74-10* 3.89-10*
10 0.18 0.56 1 1.9 2.7
20 0.72 2.24 4.00 7.60 10.80
40 2.88 8.96 16.00 30.40 43.20

In the table, it is worth noting that APR,,,, increases linearly with the diameter for any release rate
investigated in this work.

The overpressures calculated by the CFD-LES for all the investigated compositions as a function
vy-are reported in Figure 4. The plot is related to a sample distance of 10 m from the source point.
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Figure 4. Maximum overpressures generated at 10 m from the releasing point by the accidental release of LNG as a function of the
release rate for different mixture compositions. Pool diameter D =1 m.

Here, it is worth noting that reported estimations of the pressure trends may explain the elevated
variability of the data reported by Reid [26], where overpressures within the range 700 — 30000 Pa
were reported at 10 m from the releasing point. Besides, a positive parabolic trend for v, can be
identified for all the investigated conditions, thus suggesting that the term related to the kinetic energy
of the vapor phase may have a dominant role in the determination of the severity of RPT scenarios.

All other diameters analyzed in this work show the same trends with the release rate and the mixture
composition.

An empirical-based correlation for the estimation of the maximum overpressure for time AP, as a
function of release rate v,. and pool diameter (D,,) can then obtained as:

APnax =4+ Dy " pix, - MW - v? 8



where ppir, and MW are the molar density calculated at the boiling temperature and the average

molecular weight of the actual fuel mixture. The accuracy of the given correlation with respect to the
numerical predictions obtained in this work is provided in Figure 5.
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Figure 5. Comparison of the overpressure obtained by means of CFD-LES analysis and simplified correlation (Equation 8),
generated by an accidental release of LNG for the release conditions analyzed in this work.

The equation indicates that temperature affects the mixture density, only. Hence, the initial
composition of LNG has a limited impact on the temperature representative of the vapor phase layer
causing the overpressure, although the boiling temperature variates.

Finally, a limiting velocity (v);,) is essential for the domino effects, taking into consideration the
standard value of AP,,,, = 7 kPa, i.e., the lowest value for structural damages [43] [44], for the
analyzed compositions (Table 6).



Table 6. Calculated values for the limiting velocity (v;;;,) giving @ maximum overpressure of 7 kPa.

Mixture V4 [M 5]
Mix 1 34.11
Mix 2 29.58
Mix 3 28.00

Mix 2 and Mix 3 differences are within 5 % either for maximum overpressure or limiting velocity,
whereas both values significantly differ for Mix 1. In particular, the addition of ethane and propane
leads to significantly higher overpressure for any investigated release rate, indicating that the
assumption of LNG as pure methane does not represent a conservative hypothesis for the RPT
scenario. Besides, the reduction of limiting velocity in the case of ethane and propane addition may
represent a possible explanation of the correlation between composition and RPT occurrence
observed for LNG.

Conclusions

The occurrence of RPT during LNG handling at port facilities or due to the accidental release on the
water was found to be relatively unlikely because of the calm water conditions. Indeed, a positive
parabolic trend of the maximum overpressure for the release rate was observed, thus demonstrating
the dominant role of the kinetic energy. The addition of ethane and propane has a significant effect
on generated overpressure, mostly because of the increased molecular weight of the evaporate, as
demonstrated by the simplified correlation developed in this work.
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