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Liquefied natural gas (LNG) is a viable, environmental-friendly alternative marine fuel. Several LNG-fueled vessels are already operating, and the LNG market is expected to grow further in the next years. A capillary marine LNG infrastructure network is developing to strengthen the fuel supply chain, which includes small-scale LNG storage and bunkering installations. However, safety remains a crucial aspect for the expansion of sustainable and reliable LNG technologies due to flammability hazards of natural gas. Storage tanks are vulnerable units from a safety point of view: external fires might affect LNG tanks leading to their catastrophic failure with a possibility of accident escalation. The present contribution aims at the evaluation of thermal response of storage tanks exposed to high levels of thermal radiation from distant sources, such as a pool fires generated after the ignition of LNG spills. A two-dimension computational fluid dynamic (CFD) approach is applied to predict tank pressurization rate and temperature distribution for a set of case studies. The results obtained give insight about the dynamic response of pressurized cryogenic vessels involved in process accidents, providing a useful contribution to emergency response planning as well as identifying important safety aspects regarding LNG storage and distribution chain.
Introduction
The International community is committed to achieve a reduction in pollutant emissions by introducing stringent environmental regulations, such as the International Maritime Organization (IMO) sulfur cap, which limits the sulfur content in maritime fuels. As a consequence, ship owners have been seeking solutions to comply with new emission limits and Liquefied natural gas (LNG) currently represents an economic alternative energy source with a reduced environmental impact. The growing interest for LNG fueled vessels is linked to the development of a small-scale LNG sites network as part of the supply chain, as well as an increase in road transportation of LNG. 
Despite the positive safety record of LNG transportation industry, the fire and explosion hazards posed by this substance cannot be disregarded. Storage areas are identified as one of the most vulnerable part of a process plant and fire scenarios represent a frequent cause of accident escalation (Casal and Darbra, 2013). As highlighted by Iannaccone et al. (2019), the potential damage extent resulting from accident escalation involving LNG storage tanks is the largest among all the other process units of a typical small-scale LNG site. Moreover, fire exposure of pressurized cryogenic storage tankers has resulted in critical events, such as boiling liquid expanding vapor explosion, fireballs and missiles projection (Planas et al., 2015). It is therefore important that hazards related to accidental fire exposure are taken into account in the design, operation and management of installation devoted to LNG transportation and storage. The present work focuses on analysis of the response of double-walled LNG tanks exposed to thermal radiation from distant hydrocarbon pool fire. A 2D CFD approach was chosen for the analysis. This kind of approach was proved to be more effective than the use of traditional lumped models, which suffer several limitations and are not able to predict pressurization and temperature distributions with confidence (Scarponi et al., 2018a).
Model description
Numerical setup
The problem under analysis is transient, turbulent (values of Rayleigh number higher than 109 were found in a preliminary dimensional analysis), and multiphase in nature. 
Following the approach proposed by Scarponi et al. (2019) in a similar work on LPG tanks, the k-ω SST turbulence model (without the use of wall functions) was selected to account for turbulence effects. The volume of fluid model was selected as multiphase model, since it is suitable for simulating the behavior of two immiscible phases (Liquid and Vapor in this case), tracking the interface between them (Hirt and Nichols, 1981). To calculate mass transfer rates from liquid to vapor phases and vice-versa (indicated by terms  and  in Eq. (1) and Eq. (2), respectively), the evaporation-condensation model implemented in ANSYS Fluent (Lee, 1979) was used, considering default evaporation/condensation frequency values ( and ) as suggested in a similar work (D’Aulisa et al., 2014). For each cell on the domain, the model determines whether evaporation or condensation take place based on the cell temperature ): if  is above the saturation temperature () calculated at the cell pressure, part of the liquid phase will evaporate, otherwise condensation will occur:
	
	(1)

	
	(2)


The terms α and ρ in Eq. (1) and Eq. (2) indicate respectively the volume fraction and density of liquid (L) and vapor (V) phases.
To avoid the introduction of uncertainties related to material composition, LNG was modelled as pure methane. Peng –Robinson equation of state was used to model vapor phase density, whilst liquid properties were expressed as a function of temperature based on data from Lemmon et al. (2020). Thermal properties of the insulating material were collected from Beikircher and Demharter (2013). The duration of all simulations carried out was set equal to two hours.
To model the time evolution of the systems, a first-order implicit scheme with a fixed time step of 0.01 s was used. Spatial discretization of density, momentum, energy and turbulence model equations was performed with a second order upwind scheme. Pressure equation was discretized using the PRESTO! scheme, while volume fraction equations were solved with the Geo-Reconstruction scheme. Pressure-velocity coupling was achieved by using the SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) algorithm. The key governing equations of the 2D CFD model are reported in Scarponi et al. (2018a).
Case studies
Two different double-walled pressurized cryogenic tanks types were analyzed. Each one was simulated considering three different filling degrees. In this type of tanks, the annular space between tank inner and outer walls is filled with a thermal insulating material, which is typically kept under vacuum conditions to enhance insulating performance.
The first case study (referred to as Case A in the following) is based on a typical tank size for naval applications, while the other case (referred to as Case B) is representative of a standard trailer tank used for road transportation of LNG. Tank construction details of the case studies are reported in Table 1, along with initial conditions considered.
For both cases A and B it was assumed that the tank insulation material is made of perlite grains. Past accidents and fire tests have shown that fire exposure is likely to induce loss of vacuum in the annular gap due to thermal deformation of the outer tank wall (Hulsbosch-dam et al., 2017), thus reducing the insulation effectiveness. Therefore, to analyze a worst-case scenario condition, vacuum was considered to be lost since the beginning of the simulation. A constant thermal conductivity value of 0.3 W/(m K) was considered for the damaged perlite insulation, based on the outcomes of the study carried out by Beikircher and Demharter (2013).
Calculation grid and initial conditions
The CFD simulations were carried out using the software ANSYS® Fluent® 18.2.0 and considered, as computational domain, a 2D vertical (and perpendicular to the axial direction) section of the cylindrical tank (see Figure 1a). Two unstructured meshes (one for each case study analyzed) were generated using ANSYS® Meshing™, the meshing parameters are reported in Table 2. The grid was refined in the proximity of the inner wall in order to accurately resolve the temperature and velocity profile in this region, as required by k-ω SST turbulence model. Such refinement was achieved through the creation of inflation layers.
For both case studies, the tank lading was assumed to be at saturation condition according to the values of temperature and pressure reported in Table 1, with uniform temperature throughout the fluid domain (both liquid and vapor). The fluid inside the tank was initially at rest and turbulent kinetic energy and specific dissipation rate were initialized at 10−9 m2/s2 and 10−3 s-1 respectively. 
[bookmark: _Ref35439916]Table 1: Construction details and initial conditions considered for the case studies.
	Case ID
	Filling degree [%]
	Initial pressure [bar]
	Initial temperature [K]
	Inner diameter [m]
	Insulation thickness [m]
	Length [m]
	MAWP* [bar]
	Nominal capacity [m3]

	Marine LNG storage tank

	A85
	85
	6.0
	138.73
	4.3
	0.25
	16.5
	11.0
	240

	A50
	50
	
	
	
	
	
	
	

	A15
	15
	
	
	
	
	
	
	

	Road trailer LNG tank

	B85
	85
	1.0
	111.66
	2.3
	0.12
	13.8
	3.0
	58.0

	B50
	50
	
	
	
	
	
	
	

	B15
	15
	
	
	
	
	
	
	


* MAWP: Maximum Allowed Working Pressure, assumed equal to tank design pressure.

A linear temperature gradient was imposed for perlite insulation: the temperature decreases linearly (along the wall radius) from  (considered equal to 16 °C) and the initial saturation temperature of methane, as reported in Table 1. 
[bookmark: _Ref35441724]Table 2: Details of mesh features.
	Case ID
	Mesh elements
	First layer thickness [m]
	Inflation layers
	Maximum cell size [m]

	A85
	58,914
	7.0×10-4
	40
	0.030

	A50
	
	
	
	

	A15
	
	
	
	

	B85
	137,064
	7.0×10-5
	50
	0.010

	B50
	
	
	
	

	B15
	
	
	
	


Fire characterization and boundary condition
An LNG pool fire was taken as reference scenario for the present study. This may result following a release occurring during fuel transfer operations. The amount of LNG spilled from a 3” (76.2 mm) diameter transfer hose was used as input for the estimation of pool diameter and flame geometry using well-established consequence models (Van Den Bosh and Weterings, 2005). The pool fire was modelled following a solid flame approach. To account for the effect of the wind on the flame shape, this was modelled as a tilted cylinder. The pool fire considered in both case studies has a diameter of 3.2 m, a flame height of 11.9 m and is assumed to be distant 15 m from the tank center. The flame is tilted by an angle of 57° due to the considered wind velocity of 5 m/s.
The incident radiation induced by the pool fire over the tank wall is not uniform. Thus, a preliminary analysis was required to set the appropriate boundary condition, representative of the fire scenario under analysis. This was done by following the approach proposed by Scarponi et al. (2018b), who studied the exposure of LPG tanks to a distant fire front. Neglecting the fraction of radiation absorbed by the atmosphere and assuming the fire as an emitting surface with a constant equivalent black body temperature (, that was set to a value of 860 °C), the incident radiation () at point P on the tank surface can be expressed as follows: 
	
	(3)


where σ is the Stefan-Boltzmann constant and  is the ambient temperature (set to 16 °C). The term  is the view factor between point P and the ﬁre. With reference to Figure 1a, the analytical expression of the view factor between a tank element  with area  and an element  on the surface of the pool fire, with area  is: 
	
	(4)


[bookmark: _GoBack]where  and  indicate the angle between the segment  (connecting  and ) and surface normal vectors  and  respectively.
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Figure 1: Meshed 3D geometries of pool fire and tank used for view factor calculation (a). Panel (b) shows the variation of the incident radiation as a function of the angular coordinate on the central circular section.
The tank outer wall and the surface of the fire were discretized using grid elements with a maximum edge size of 0.1 and 0.2 m, respectively. Eq. (4) was solved numerically using a MATLAB® script, approximating the integral with a summation over all mesh elements of the fire. In this way, view factors were calculated for each mesh element on the tank surface. Thus, using Eq. (3), it was possible to obtain the values of the incident radiation over the red dashed line reported in Figure 1a, representing the external boundary of the 2D computational domain considered for the CFD simulations. The result of this calculation for the two tanks under analysis are reported in Figure 1b.
At this point, Eq. (5) can be used to calculate an equivalent black body temperature, , representative of the incident radiation hitting the tank wall, that will be used for the definition of the boundary condition.
	
	(5)


Knowing , the solver calculates the entering heat flux () for each point P on the outer wall of the tank using according to Eq. (6).
	
	(6)


Where,  is the tank outer wall emissivity (assumed equal to 0.7),  is the pool fire equivalent black body temperature and  is the tank outer wall temperature.
Results and discussion
Due to the novelty of LNG fueled transportation technologies, there are currently no available experimental data concerning heat effects on storage tanks caused by distant fires that can be used to validate the model. Only a set of experimental bonfire tests challenged the possibility of a catastrophic rupture of cryogenic vessels engulfed by flames (Kamperveen et al., 2016). The heat load induced by external fires on storage tanks determines a temperature increase of the tank lading, promoting evaporation of the liquid phase and, consequently tank pressurization. This is clearly visible in Figure 2, reporting the dynamic evolution of tank pressure for the six case studies. It can be observed that the pressurization rate increases with the decrease of the filling degree. This result is in accordance with heat leaks experimental tests carried out with liquid hydrogen (Van Drew et al., 1992). For both the tanks analyzed the pressure increase is limited to 1 bar above the initial pressure value. 
Comparing Figure 2a and 2b, it can be noticed how different operative conditions and tank size affect the pressure build-up: while cases A show a significant time lag (about 45 minutes) before the pressure starts to rise, pressurization for case study B is not delayed.
[image: ]
Figure 2: Pressurization curves obtained for the case studies listed in Table 1.
In summary, for all the cases, the pressure reached inside the tank after two hours of pool fire exposure remains always below the MAWP values reported in Table 1, suggesting that tank integrity is not threatened by this kind of fire scenario.
However, pressure is not the only factor having the potential to induce tank rupture. Degradation of steel structural properties due to high temperatures and local thermal stresses may also result in tank failures. Figure 3 compares the variation of tank’s inner wall temperatures with position for the case studies at different times. It is clear how the higher heat transfer coefficients for the liquid phase contribute to keep the wetted part of tank wall at lower temperatures than the wall portion in contact with the vapor, possibly inducing thermal stresses. Moreover, the temperature predicted for cases B is far greater than the correspondent cases A. This effect could be linked to the thinner insulation layer of Case B that increases the heat flux reaching the inner wall and to a higher surface-to-volume ratio characteristic of smaller diameter tank. However, in all the six cases, the maximum temperature reached by the wall section in contact with the vapor region is always lower than 323 K, which is the maximum design temperature for static vacuum insulated austenitic steel vessels as specified in the European standard EN 13458-2:2002 (European committee for standardization, 2002).
[image: ]
Figure 3: Inner wall temperature profiles at 90 min (a) and 120 min (b) as a function of radial position θ.
Conclusions
The CFD modelling approach presented in this work allowed to study the response of LNG tanks to a complex scenario such as a distant pool fire and to analyze the influence of the tank size and filling degree on vessel pressure build-up and wall temperature rise. It was observed that the pressurization rate increases with lower tank filling degrees, independently from tank size and initial conditions. It was found that road trailer tanks (Case B) start to pressurize as soon as they are exposed to the fire conditions, whereas marine LNG storage tanks (Case A) remain almost unaffected by the investigated pool fire scenario up to about 45 minutes. The analysis of tank inner wall temperatures shows that greater temperature differences between liquid and vapor regions of the vessel can be expected for larger tanks (Case B). This situation may generate localized thermal stresses in proximity of vapor-liquid interface that could weaken the tank structure and induce local yielding. A more detailed analysis of tank structural integrity with finite elements software would be required to further investigate this aspect. Results produced in this work could support the setup for such analysis.
In summary, values of pressure and wall temperature obtained in the CFD simulation suggest that the impact of distant pool fires resulting from moderate LNG leakages will not be critical for pressurized cryogenic tanks even if their insulation is compromised. However, this does not exclude that more severe fires (e.g. full engulfment fires) might represent a threat for tank integrity, especially for the smaller ones, possibly leading to accident escalation.
The results of this work can provide a basis for a broader accidental scenario modelling covering different fire and operative conditions. Pressurization dynamics, walls and tank lading temperature data can also represent a valuable source of information for emergency responders, providing useful information to evaluate possible tank failure conditions.
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