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Abstract 
The increasing use of Liquefied Natural Gas (LNG) as a fuel for ships and vehicles poses relevant safety 

concerns, extended to the entire LNG supply chain and distribution network. Understanding the phenomena 
associated with the behavior of LNG tanks exposed to severe heat sources is thus a fundamental issue to 
identify potential safety-critical scenarios. The experimental data and modeling approaches currently available, 
mainly referring to small-scale pilot vessels, feature relevant limitations when extended to large-scale 
applications. In the present study, a two-dimensional non-equilibrium computational fluid dynamics model 
(2D CFD) of LNG tanks exposed to fire engulfing scenarios was developed. The 2D CFD model was validated 
against experimental bonfire data and was extended to simulate the behavior of large-scale vessels used in 
specific industrial applications, as the road transportation of LNG and the fuel supply of ships. A set of Key 
Performance Indicators (KPIs) was defined to support the safety assessment of LNG tanks, and to identify the 
potential transition to safety critical regions during fire exposure. The CFD results obtained allowed 
investigating the influence of operative parameters and geometry on the pressure build-up in the tanks, as well 
as on the transient evolution of complicating phenomena, such as the thermal stratification. The KPIs defined 
provide a useful support for the design of safety systems and for decision making in emergency response. 

 

Keywords 
CFD Modelling; LNG; Cryogenic tanks; Pressurization rate; Temperature stratification; Safety assessment; 

Emergency response 
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List of abbreviations 
 

ADR European Agreement Concerning the International 
Carriage of Dangerous Goods by Road LPG Liquefied Petroleum Gas 

BLEVE Boiling Liquid Expanding Vapor Explosion MAWP Maximum Allowed Working 
Pressure 

BOG Boil Off Gas MDT Maximum Design 
Temperature 

CFD Computational Fluid Dynamics NIST National Institute of 
Standards and Technology 

EI Energy Index PI Pressure Index 

IGF International Code of Safety for Ships using Gases 
or other Low-flashpoint Fuels PSV  Pressure Safety Valve 

IMO International Maritime Organization SSLNG Small Scale LNG 

KPI Key Performance Indicator TI Temperature Index 

LNG  Liquefied Natural Gas VOF Volume Of Fluid 
 

 

1. Introduction 
In the last decade, the interest in liquefied natural gas (LNG) as a potential alternative energy source with 

a reduced environmental impact has soared (Speirs et al., 2019). A growing number of projects feature LNG-
fueled vehicles coming together with the development of a network of small-scale LNG (SSLNG) storage sites 
as part of the fuel supply chain (IGU, 2019). Moreover, bulk transport of LNG is expected to grow, due to the 
extension of the SSLNG network. 

However, the spread of LNG technologies poses relevant hazards due to the high flammability of natural 
gas (Dan et al., 2014; Kalathil et al., 2020; Markowski and Siuta, 2017; Iannaccone et al., 2019). LNG storage 
areas have a high vulnerability due to the possible occurrence of escalation scenarios and domino effect 
triggered by fire fires (Casal and Darbra, 2013; Dan et al., 2014; Pitblado and Woodward, 2011). Several 
scenarios may result in the fire engulfment of LNG tanks: e.g., the ignition of liquid spills following the leak 
from tank connection pipes, pools of diesel fuel catching fire because of road accidents, etc. The heat released 
from the fire is transferred through tank walls and an insulating layer to the tank lading (Bubbico and 
Mazzarotta, 2018; Landucci and Birk, 2013; Scarponi et al., 2018b), leading to the heat-up of the LNG and to 
pressure build-up. The increment of pressure and the simultaneous weakening of the vessel shell due to the 
high temperature caused by fire exposure may lead to the catastrophic failure of the exposed equipment, 
resulting in critical scenarios, such as rapid phase transition (Aursand and Hammer, 2018; Horvat, 2018) or 
Boiling Liquid Expanding Vapor Explosions (BLEVE) (Abbasi and Abbasi, 2007; Landucci and Birk, 2013). 
The latter scenario, following the involvement of LNG road tankers exposed to fire following road accidents 
was documented two times since year 2000 (Planas-Cuchi et al., 2004; Planas et al., 2015). 

Therefore, the analysis of the thermal behavior of LNG vessels when exposed to fire is of paramount 
importance to improve the protection of equipment from industrial fires and to develop safe storage and 
transport systems. However, a limited number of studies were developed in the technical and scientific 
literature with the aim of evaluating the thermal response of LNG and, more generally, that of cryogenic vessels 
exposed to fire scenarios. 

Scarponi et al. (2016) set up a non-equilibrium lumped model for the dynamic simulation of pressure build-
up and temperature behavior of LNG tanks under fire attack. Despite the model can replicate real accidents 
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dynamics, taking into account the effect of PSV (pressure safety valve) opening, it considers a single node for 
the liquid phase. Thus, it is unable to predict liquid temperature stratification. A similar model was developed 
by Hulsbosch-dam et al. (2017) and was validated using the results of the only experimental study of fire 
exposure of a cryogenic pressure vessel available to date in the technical and scientific literature. The non-
equilibrium model predicts the PSV opening time with good accuracy and can reproduce the experimental 
results obtained from the bonfire test of a 3 m3 double-walled tank filled with liquid nitrogen. However, even 
in this case the model is not able to predict liquid thermal stratification, which is a key parameter for assessing 
tank pressurization when exposed to severe external heat fluxes. This was documented in several experimental 
studies dedicated to pressurized tanks exposed to fire (Bradley et al., 2021) and in numerical studies, in which 
computational fluid dynamics (CFD) approaches were developed for the analysis of LPG (liquefied petroleum 
gas) tanks exposed to fire engulfing conditions (Scarponi et al., 2018a, 2019) or distance source radiation 
(Scarponi et al., 2020, 2018b). An extensive review of recent CFD applications in the areas of process safety 
and loss prevention was carried out by Shen et al. (2020), providing a detailed analysis of studies addressing 
LNG pool fires and related hazards. 

However, the application of advanced numerical studies, such as CFD, to model the thermal behavior of 
pressurized cryogenic storage tanks exposed to fire heat loads is still lacking. 

The aim of this study is to set up an original two-dimensional (2D) numerical approach to describe the 
behavior of cylindrical, double-walled, pressurized cryogenic storage vessels exposed to high heat loads such 
as those induced by fire. The prediction of tank internal fluid dynamic is of utmost importance to define the 
possibility of accident escalation, providing a fundamental understanding of the physical phenomena occurring 
inside a cryogenic storage tank affected by external fire. The results of this modelling approach can provide 
valuable information about tank conditions in case of fire that may be helpful to guide emergency response 
teams as well as to suggest a safe time window for intervention. For this purpose, a set of safety Key 
Performance Indicators (KPIs) is defined and calculated, based on the results of CFD simulations, thus 
enabling conservative but realistic considerations on the integrity of LNG tanks exposed to fires. 

2. Methodology 
2.1. Model description 

A range of different technologies for LNG storage is currently available. This study focuses on horizontal 
double-walled pressure vessels, since these types of tanks represent the preferred technical option for small 
and medium scale mobility applications and for intermediate storages in the supply chain and distribution 
network of LNG (Danish Maritime Authority, 2012; Gas Infrastructure Europe, 2020; Lo Brutto, 2019). 

A schematic view of the tank geometry and structure is illustrated in Figure 1. A perlite filling and vacuum 
conditions are present in the annular gap comprised between the inner and outer shell, to provide the required 
insulation performance (Wartsila, 2018). 

A two-dimensional model was developed for the analysis of the response to fire engulfment scenarios of 
the above-described equipment. The commercial code ANSYS® Fluent® 18.2 was used to perform 2D CFD-
based simulations. The governing equations considered are reported in Table 1.  
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Figure 1: Representation of the computational domain: a) tank section considered for the 2D CFD analysis; b) mesh 
overview; c) detailed view of the mesh in proximity of the internal wall of the tank, highlighting the different material 
layers (i.e., insulation, tank inner wall and tank lading). 

 

The continuity equation for the two phases was solved with the Volume Of Fluid (VOF) model (Hirt and 
Nichols, 1981), adopted in other similar works (Kassemi et al., 2018; Ovidi et al., 2019). The mass transfer 
between liquid and vapor phases (𝑚𝑚𝐿𝐿→𝑉𝑉  𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑉𝑉→𝐿𝐿) was predicted using the evaporation-condensation model 
implemented in Fluent, based on the study of Lee (1979) and Knudsen, (1934), considering default 
evaporation/condensation frequency values (𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in Eq. 1 and Eq. 2) as suggested in a previous 
study by Scarponi et al. (2016). 

According to Eq. 1 and Eq. 2, evaporation and condensation take place in a specific domain cell on the 
basis of temperature, which is calculated at cell pressure. If the temperature is above the calculated saturation 
temperature (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠), part of the liquid phase will evaporate, otherwise condensation will occur if temperature is 
lower than saturation: 

𝑚̇𝑚𝑉𝑉→𝐿𝐿  = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑉𝑉𝜌𝜌𝑉𝑉 �
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

� Eq. 1 

 

𝑚̇𝑚𝐿𝐿→𝑉𝑉 = 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝛼𝛼𝐿𝐿𝜌𝜌𝐿𝐿 �
𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

� Eq. 2 

where 𝛼𝛼 and 𝜌𝜌 indicate respectively the volume fraction and density of liquid (𝐿𝐿) and vapor (𝑉𝑉) phases. 

(c)   

Tank lading
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Table 1: Governing equations for turbulent, two phases, transient CFD setup. 

Property Equations Eq. 
ID 

Momentum 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝒖𝒖) + ∇ ∙ (𝜌𝜌𝒖𝒖𝒖𝒖) = −∇𝒑𝒑 + 𝜌𝜌𝒈𝒈 + ∇ ∙ �𝜇𝜇 �∇𝒖𝒖 + (∇𝒖𝒖)T −
2
3
∇ ∙ 𝒖𝒖𝐼𝐼�� − ∇ ∙ (𝜌𝜌𝒖𝒖′𝒖𝒖′) 

𝑡𝑡: time; 𝜌𝜌: two-phase volume fraction averaged density; 𝒑𝒑: ensemble averaged pressure; 
𝒖𝒖′: instantaneous velocity fluctuation; 𝜇𝜇: two-phase averaged viscosity; 𝒈𝒈: gravity 
acceleration; 𝐼𝐼: identity tensor. 

3 

Energy (fluid 
domain) 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + ∇ ∙ [𝒖𝒖(𝜌𝜌𝜌𝜌 + 𝑝𝑝)] = ∇ ∙ (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻) + λ(𝑚𝑚𝑉𝑉→𝐿𝐿 −𝑚𝑚𝐿𝐿→𝑉𝑉) 
𝐸𝐸: two-phase ensemble averaged specific energy; 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒: effective thermal conductivity; 
λ: latent heat of vaporization 

4 

Energy (solid 
domain) 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑠𝑠𝐶𝐶𝐶𝐶𝑠𝑠𝑇𝑇𝑠𝑠) = ∇ ∙ (𝑘𝑘𝑠𝑠𝛻𝛻𝑇𝑇𝑠𝑠) 
𝑇𝑇𝑠𝑠: solid temperature; 𝑘𝑘𝑠𝑠: solid thermal conductivity; 𝜌𝜌𝑠𝑠: solid density; 𝐶𝐶𝐶𝐶𝑠𝑠: solid heat 
capacity 

5 

Effective 
thermal 
conductivity 

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘 +
𝐶𝐶𝐶𝐶𝜇𝜇𝑇𝑇
𝑃𝑃𝑃𝑃𝑇𝑇

 

𝑘𝑘: two-phase volume fraction averaged thermal conductivity; 𝐶𝐶𝐶𝐶: two-phase volume 
fraction averaged heat capacity; 𝑃𝑃𝑃𝑃𝑇𝑇: turbulent Prandtl number (=0.85) 

6 

Turbulent 
kinetic 
energy 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + ∇ ∙ (𝜌𝜌𝜌𝜌𝒖𝒖) = ∇ ∙ ��𝜇𝜇 +
𝜇𝜇𝑇𝑇
𝜎𝜎𝑘𝑘
�𝛻𝛻𝛻𝛻� + 𝐺𝐺𝐾𝐾 − 𝑌𝑌𝐾𝐾 

𝐾𝐾: turbulent kinetic energy; 𝜇𝜇𝑇𝑇: two-phase volume fraction averaged turbulent viscosity; 
𝜎𝜎𝑘𝑘: turbulent Prandtl number for 𝐾𝐾; 𝐺𝐺𝐾𝐾: generative term for 𝐾𝐾 due to mean velocity 
gradients; 𝑌𝑌𝐾𝐾: dissipative term for 𝐾𝐾 due to turbulence. See (ANSYS Inc., 2018) for 
definitions of 𝜎𝜎𝑘𝑘, 𝐺𝐺𝐾𝐾  and 𝑌𝑌𝐾𝐾. 

7 

Turbulent 
specific 
dissipation 
rate 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + ∇ ∙ (𝜌𝜌𝜌𝜌𝒖𝒖) = ∇ ∙ ��𝜇𝜇 +
𝜇𝜇𝑇𝑇
𝜎𝜎𝜔𝜔
�∇𝜔𝜔� + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 

𝜔𝜔: turbulent specific dissipation rate; 𝜎𝜎𝜔𝜔: turbulent Prandtl number for 𝜔𝜔; 𝐺𝐺𝜔𝜔: generative 
term for 𝜔𝜔; 𝑌𝑌𝜔𝜔: dissipative term for 𝜔𝜔. See (ANSYS Inc., 2018) for definitions of 𝜎𝜎𝜔𝜔, 
𝐺𝐺𝜔𝜔  and 𝑌𝑌𝜔𝜔. 

8 

Turbulent 
viscosity 

𝜇𝜇𝑇𝑇 = 𝛼𝛼∗
𝜌𝜌𝜌𝜌
𝜔𝜔

 
See (ANSYS Inc., 2018) for definition of 𝛼𝛼∗.  

9 

Secondary 
phase 
volume 
fraction 
(Liquid) 

1
𝜌𝜌𝐿𝐿

 �
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝛼𝛼𝐿𝐿𝜌𝜌𝐿𝐿) + ∇ ∙ (𝛼𝛼𝐿𝐿𝜌𝜌𝐿𝐿𝒖𝒖)� = 𝑚𝑚𝑉𝑉→𝐿𝐿 −𝑚𝑚𝐿𝐿→𝑉𝑉 

𝜌𝜌𝐿𝐿: liquid density; 𝛼𝛼𝐿𝐿: liquid volume fraction; 𝒖𝒖: ensemble averaged velocity; 𝑚𝑚𝐿𝐿→𝑉𝑉 : 
evaporation liquid phase source term (see Eq. 1); 𝑚𝑚𝑉𝑉→𝐿𝐿: condensation liquid phase 
source term (see Eq. 2). 

10 

Primary 
phase 
volume 
fraction 
(Vapor) 

𝛼𝛼𝑉𝑉 = 1 − 𝛼𝛼𝐿𝐿 
𝛼𝛼𝑉𝑉: Vapor volume fraction 11 

Two-phase 
averaged 
material 
properties 

ψ = 𝛼𝛼𝐿𝐿ψ𝐿𝐿 + (1 − 𝛼𝛼𝐿𝐿)ψ𝑉𝑉 
ψ: two-phase volume fraction averaged property (where ψ can be density 𝜌𝜌, viscosity 𝜇𝜇, 
turbulent viscosity 𝜇𝜇𝑇𝑇 or thermal conductivity 𝑘𝑘. The average value is calculated from 
liquid and vapor properties (ψ𝐿𝐿 and ψ𝑉𝑉, respectively). 

12 
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Based on the estimation of the Rayleigh number of the system (𝑅𝑅𝑅𝑅 = 𝑔𝑔𝑔𝑔∆𝑇𝑇 𝐿𝐿3 𝛼𝛼⁄ ), the natural convection 
phenomena occurring inside the tank can be deemed laminar (𝑅𝑅𝑅𝑅 < 109) or turbulent (𝑅𝑅𝑅𝑅 > 109). The term 
L can be assumed as the tank internal diameter, 𝛽𝛽 is the thermal expansion coefficient, 𝛼𝛼 the thermal diffusivity, 
𝑔𝑔 is the gravity acceleration and ∆𝑇𝑇 is the temperature difference between tank wall and liquid bulk. For all 
the case studies described in Section 2.2, the estimated Rayleigh number resulted higher than 1010, hence the 
free convection boundary layer can be considered turbulent. The k-ω SST turbulence model developed by 
Launder and Spalding (1972) was selected to reproduce the turbulent natural convection regime without the 
use of wall functions, since the model has been proven valid in previous studies dealing with similar systems 
(Ovidi et al., 2019; Scarponi et al., 2018a). 

To avoid uncertainties related to LNG composition, the model was set up considering tanks filled with pure 
substances: nitrogen (for the model validation case) and methane (being the main component of LNG mixture) 
properties were retrieved from NIST database (Lemmon et al., n.d.). Liquid densities, vapor specific heat and 
thermal conductivity were expressed as function of temperature, whereas all the other fluid properties were 
kept constant. Vapor phase density was calculated using the Peng-Robinson equation of state (Peng and 
Robinson, 1976), and stainless steel properties were collected from a NIST cryogenic material properties 
collection (NIST, n.d.) and relevant EN 10088:2014 (European committee for standardization, 2014). 

Thermal properties of the insulation material were calculated according to models proposed by Beikircher 
and Demharter (2013), who measured the effective thermal conductivity (namely, ktot) of evacuated perlite 
samples for average temperatures up to 150 °C at mid-section of the specimens and for vacuum pressures 
ranging from 0.01 to 1000 mbar. Hence, the initial value of 𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡 was set to 92 mW/(m K), i.e., representative 
of the experimental vacuum conditions in the annular gap between tank walls. To account for the deterioration 
of insulation performance, perlite thermal conductivity was increased to a value of 300 mW/(m K), which is 
conservatively doubled with respect to the maximum value for complete loss of vacuum insulation, based on 
the study by Beikircher and Demharter (2013). This increased value is intended to be representative of a 
seriously compromised cryogenic tank insulation, for which vacuum in the annular gap is completely lost and 
part of the perlite is displaced due to the sudden pressurization. 

2.2. Description of the reference simulation cases 
The proposed CFD model was validated against data collected from a set of experimental bonfire tests 

conducted by the Netherlands Organization for Applied Scientific Research (TNO) in 2015 (Kamperveen et 
al., 2016). The tests were aimed at investigating the possibility of a catastrophic rupture of 3 m3 cryogenic 
vessels (storing liquid nitrogen) exposed to radiation intensities higher than 35 kW/m2, and to understand their 
thermal and mechanical response in extreme fire exposure conditions.  

Table 2: Features of the tanks and initial conditions assumed in the simulation cases considered (MAWP: maximum 
allowable working pressure; MDT: maximum design temperature; ktot: overall perlite thermal conductivity; ID: tag used 
in the following to identify the simulation case). 

Case 
ID 

Filling 
degree Material 

Inner 
diameter 

[m] 

Insulation 
thickness 

[m] 

Insulation 
ktot 

[mW/ (m 
K)] 

Length 
[m] 

Initial 
pressure 

[bar] 

Initial 
temperature 

[°C] 

MAWP; 
MDT 

[bar;°C] 

Nominal 
capacity 

[m3] 

 Validation case 
V66 66% N2 1.2 0.20 92* / 300** 2.55 2.0 -189.52 7.0; 50 3.0 

 Open-deck ship-fuel tank (case-study A) 
A85 85% 

CH4 4.3 0.25 300** 16.5 6.0 -134.42 11.0; 50 240 A50 50% 
A15 15% 

 Road tanker (case-study B) 
B85 85% 

CH4 2.3 0.12 300** 13.8 1.0 -161.49 3.0; 50 58.0 B50 50% 
B15 15% 

*value calculated assuming undamaged insulation 
**value calculated assuming damaged insulation  
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The numerical setup was then used to evaluate the consequences of the exposure to an engulfing fire of 
larger LNG storage tanks, respectively used for maritime fuel storage and for road LNG transportation. A 
summary of the tank main features for all the three reference simulation cases is reported in Table 2. 

2.2.1. Validation case 
The geometry of the 3 m3 tank and the test conditions were reproduced and implemented in the CFD model. 

For safety reasons, the experimental campaign was carried out with liquid nitrogen. After the tank filling 
operation, the cryogenic lading was set to rest for two hours in order to reach stable saturation conditions. 
Then, propane burners positioned below the tank were ignited, reproducing full engulfment fire conditions. 
Tank pressure was monitored throughout the fire test and several thermocouples were installed at different 
positions (e.g., inner and outer tank walls, liquid and vapor ullages). 

Unfortunately, temperature measurements during the test resulted in a highly disturbed signal, 
compromising the reliability of the specific dataset obtained. The external wall temperature reached values 
over 800 °C on the bottom part, whereas the top section of the tank was heated up to about 600 °C, due to the 
disturbing effect of wind and the consequent flame tilting. Weakening of the external carbon steel shell 
eventually resulted in serious structural damages and distortions on the tank shell, leading to the opening of 
the vacuum rupture disk on the outer wall and causing the displacement of a non-quantified amount of perlite. 
This resulted in the alteration of the thermal properties of the insulating material, whose thermal conductivity 
was estimated as indicated in Section 2.1. Further information on the experimental setup and test procedure is 
reported elsewhere (Hulsbosch-dam et al., 2017; Kamperveen et al., 2016). 

2.2.2. Real scale open-deck LNG tank for naval propulsion (Case-study A) 
Construction of LNG-fueled vessels shall be compliant to international codes and standards, such as the 

international maritime organization (IMO) IGF code (IMO, 2015), in which specific requirements are set for 
the design of gas fuel system and safety features that are to be installed on board. Unlike conventional liquid 
fuel tanks, which are integrated into the ship structure, the LNG tanks are expected to be independent and they 
can be installed either within the ship hull or on open deck. In the first case, a gas-tight tank room is required, 
while the latter arrangement does not need any particular provision. 

Most LNG-fueled vessels (other than LNG carriers) are designed to use IMO type C tanks (IMO, 2016). 
Type C tanks are independent pressure vessels featuring vacuum insulation and double wall structure. Open 
deck installations have capacities ranging from few hundreds of cubic meters up to 1000 m3. The annular space 
enclosed between inner and outer shell contains perlite grains as insulating media, combined with vacuum 
conditions. 

Table 2 reports the features of the 240 m3 tank considered for the simulation. For sake of comparison, a 
two-hour full engulfment fire condition was simulated as for the above-described validation case. As reported 
in the table, a damaged perlite insulation layer was assumed as well, as in the bonfire test, to allow an easier 
comparison with the validation test results. Different filling degrees of the tank were considered in the 
simulations, to assess how this parameter affects tank thermal response.  

2.2.3. LNG road tanker (Case-study B) 
Cryogenic tanks built for road transport application are designed according to prescription given in the 

ADR regulation (United Nations Economic Commission for Europe (UNECE), 2018) and technical standard 
EN 13530-2:2002 (European committee for standardization, 2008). The tank concept is similar to type C tanks 
installed on ships: perlite insulation is kept under vacuum conditions in the annular gap. Table 2 reports the 
features considered for the 58 m3 tank. Even in this case, a two-hour full engulfment fire condition was 
assumed. 

2.3. Numerical setup 
The solution of the governing equations listed in Table 1 requires the construction of a computational grid. 

Three unstructured meshes were built in ANSYS® Meshing™, one for each simulation case presented in 
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Section 2.2. A reduction of required computational time was achieved by imposing a symmetry condition 
along the transversal axis of the tank (see Figure 1). The adoption of k-ω turbulence model requires a finer 
grid resolution for the near wall region, that was achieved through the creation of inflation layers starting from 
the internal wall boundary (see Figure 1c). Further details of the meshes used are reported in Table 3.  

The transient nature of the analysis was modelled using a first-order implicit scheme, with a fixed time step 
of 0.01 s. The under relaxation factors, time step size, and other mesh characteristics were specifically tuned 
for the proposed model starting from the values adopted in (Scarponi et al. 2018a), as well as the selected 
discretization schemes reported in Table 3. Grid independence, time step sizes and governing equations 
convergence criteria were tested for all the simulation results obtained for the validation case (V66, see Table 
2), as detailed in Appendix A. 

 

Table 3: Details of numerical setup. Values of under-relaxation factor are reported together with discretization schemes 
used and main mesh features. 

Discretization scheme Under relaxation factor 
Equation/quantity Scheme Variable Value 
Density 2nd order upwind Pressure 0.3 
Momentum 2nd order upwind Density 0.7 
Energy 2nd order upwind Body forces 0.7 
k & ω 2nd order upwind Momentum 0.5 
Pressure PRESTO! Vaporization mass 0.7 
Volume Fraction Geo-Reconstruction Turbulent kinetic energy 0.8 
Pressure-velocity 
coupling SIMPLEC Turbulent dissipation rate 0.8 

Gradients Turbulent viscosity 1.0 
Least square cell-based Energy 0.8 

Mesh features 
Case ID Mesh elements First layer thickness 

[m] 
Inflation 

layers 
Minimum 

cell size [m] 
V66 63404 9.9×10-5 45 0.005 
A15-A50-A85 30264 7.0×10-4 40 0.030 
B15-B50-B85 69533 7.0×10-5 50 0.010 

 

To reproduce the operating conditions of cryogenic storage tanks, the fluid is considered to be at saturated 
conditions at the initial pressure value, whereas a linear temperature gradient is present between cryogenic 
lading temperature and ambient temperature (here assumed to be 16 °C for all cases). Fluid is assumed to be 
initially motionless, hence no velocity field is present. Moreover, turbulent kinetic energy and specific 
dissipation rate were initialized at 10−9 m2/s2 and 10−3 s-1, respectively. No-slip condition was imposed at the 
tank inner wall. 

Simulation of full-engulfing pool fire scenario was achieved setting a variable heat flux boundary condition 
at the outer shell wall. The heat flux absorbed by the tank was calculated according to the Stefan-Boltzmann 
law: 

𝑞̇𝑞′′ = 𝜎𝜎𝜀𝜀𝑤𝑤(𝑇𝑇𝑓𝑓4 − 𝑇𝑇𝑤𝑤4) Eq. 13 

where 𝑇𝑇𝑓𝑓 is the flame blackbody temperature, assumed equal to 860 °C based on experimental 
measurements (Kamperveen et al., 2016). The subscript w refers to wall properties, thus 𝜀𝜀𝑤𝑤 and 𝑇𝑇𝑤𝑤 are defined 
as the wall surface emissivity (here conservatively considered equal to 1) and the wall temperature, 
respectively. This modelling approach has been proven successful in a different range of applications 
(Landucci et al., 2016; Scarponi et al., 2018) and allows a satisfactory reproduction of actual engulfing fire 
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boundary conditions, since radiation in hydrocarbon fires may be responsible of up to 80% of the total heat 
transferred (Birk et al., 2016). 

The proposed model, intended for the basic understanding of thermal and fluid dynamics of fire-exposed 
LNG vessels, does not consider BOG venting or pressure safety valve operation. Rather, it allows modeling a 
closed system that represents an extreme condition from a safety perspective. 

2.4. Safety Key Performance Indicators (KPIs) 
Three different KPIs were defined in order to exploit the results obtained from the CFD simulations and to 

provide an overview of the safety profile of LNG tanks exposed to fire engulfment. The KPIs and their 
definitions are reported in Table 4. All the KPIs are defined as positive quantities, and values higher than unity 
indicate potentially unsafe conditions. 

 

Table 4: KPIs defined for the assessment of safety performance of pressurized cryogenic vessels. Specific parameters 
used in KPI definition are also defined. 

KPI symbol Equation Definition Eq. ID 

TI 
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

𝐴𝐴𝑑𝑑,𝐶𝐶
 Quantification of thermal-induced 

stresses on tank structure 14 

PI 1 −
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑃𝑃𝑡𝑡
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑃𝑃0

 

Quantification of the reduction of 
design safety margins with respect 
to stresses induced by internal 
pressure 

15 

EI 
𝐸𝐸𝑉𝑉𝑉𝑉
𝐸𝐸0

 
Amount of energy released in case 
of tank failure with respect to a 
reference value 

16 

Parameter Value/Equation  Eq. ID 

𝐴𝐴𝑑𝑑,𝐶𝐶  0.48 Critical size of tank insulation 
defect [m2] (Scarponi et al., 2017) - 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 * Surface of tank inner wall with a 
temperature greater than MDT [m2] - 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 See Table 2 Tank maximum allowable working 
pressure [bar] - 

𝑃𝑃0 See Table 2 Tank initial pressure [bar] - 
𝑃𝑃𝑡𝑡 * Tank pressure at time t [bar] - 

𝐸𝐸𝑉𝑉𝑉𝑉 
𝑑𝑑𝑈𝑈�

∆𝐻𝐻�𝑇𝑇𝑇𝑇𝑇𝑇
×  𝜂𝜂 × 2 

Energy released in case of vessel 
burst at ground level, expressed in 
TNT equivalent mass [kg] 
(Mannan, 2012) 

17 

𝑑𝑑𝑈𝑈� * 
Variation of tank specific internal 
energy between initial conditions 
and the considered time step [kJ/kg] 

- 

∆𝐻𝐻�𝑇𝑇𝑇𝑇𝑇𝑇 4680 TNT specific explosion energy 
[kJ/kg] - 

𝜂𝜂 0.5 Fraction of 𝑑𝑑𝑈𝑈� converted into blast 
wave - 

𝐸𝐸0 0.52 

Energy needed to generate a blast 
wave able to damage pressurized 
equipment at 5 m distance, 
expressed in TNT equivalent mass 
[kg] 

- 

* Values to be calculated for each time step considered 
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The first KPI, TI, gives a measure of the thermal stresses to which the internal surface of a fire-exposed 
double-walled cryogenic tank can be subject. The parameter 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 is the extent of the internal surface that is 
heated by the fire at a temperature higher than the maximum design temperature (MDT). Annex B of European 
standard EN 13458-2:2002 (European committee for standardization, 2002) states that the MDT for static 
vacuum insulated austenitic steel vessels is 50 °C (see Table 2). The parameter 𝐴𝐴𝑑𝑑,𝐶𝐶 is the value of the “critical 
size” of the overheated surface, that is, the critical extent of the wall surface that, when heated above the MDT, 
becomes sufficient to jeopardize the integrity of the tank shell (Scarponi et al., 2018). The 𝐴𝐴𝑑𝑑,𝐶𝐶 value reported 
in Table 4, which is used for the definition of TI indicator, is based on the experimental results obtained by 
Birk (2005) and the finite elements modelling carried out by Scarponi et al. (2017). In both studies, the 
mechanical integrity of LPG tanks with defective thermal protection coating exposed to fire was investigated. 
Following the definition of TI, the value of the indicator should be 0 under normal operating conditions 
(absence of a fire) and equals 1 when a portion of the inner wall area as large as 𝐴𝐴𝑑𝑑,𝐶𝐶 is heated at a temperature 
higher than the MDT by the external fire. 

As expressed by Eq. 15, the indicator PI depends on the dynamic evaluation of the pressure inside the tank, 
providing a measure for the change in the safety margin with respect to the tank MAWP, which is considered 
equal to tank design pressure. As for the previous case, the KPI value equals 0 in normal operating conditions. 
In the presence of an external fire, leading to a pressurization of the tank, the value of the KPI progressively 
approaches 1, i.e., the limit value at which the internal pressure equals the MAWP. Values above 1 indicate 
that the internal pressure exceeds MAWP and the possibility of a mechanical failure of the tank. 

While TI and PI indicators refer to the inherent safety of the storage tank, EI was defined to provide a 
quantification of the damage potential following the catastrophic rupture of the vessel that might lead to 
accident escalation (domino effect) (Tugnoli et al., 2013). Following the vessel burst, the internal energy 
accumulated inside the tank is suddenly released to the surroundings. A fraction of this energy (the quantity 𝜂𝜂 
reported in Table 4) is converted into a blast wave, with a potential damage to the equipment surrounding the 
LNG tank. A reference minimum energy required to generate a blast wave able to damage the surrounding 
equipment, E0, is defined. The value of E0 is assumed equal to a peak static overpressure of 0.2 bar at 5 m from 
the explosion center, indicated by Tugnoli et al. (2013) as the reference overpressure threshold to damage 
pressurized equipment. The damage threshold was derived from equipment-specific models for the calculation 
of the damage probability developed by Cozzani and Salzano (2004), derived from the collection and analysis 
of a wide dataset of experimental and observational data. The distance of 5 m was assumed as a lower limit 
for the distance between adjacent tanks1.  

Thus, as defined by Eq. 16, EI represents the ratio between the explosion energy resulting from vessel burst 
(EVB) and a reference value for escalation, E0. Among the different models available in the literature for the 
estimation of explosion effects, the TNT-equivalence model was used in the present study for the sake of 
simplicity. Using this model, the explosion energy (thus, both E0 and EVB) can be expressed as an equivalent 
amount of TNT, as mentioned in Table 4. Further details about the TNT equivalence model can be found in 
the literature (Kinney and Graham, 1985; Mannan, 2012). In accordance with the other defined KPIs, a value 
of EI >1 indicates that blasts following the LNG tank rupture might have the potential for causing a domino 
effect resulting in accident escalation. 

3. Results and discussion 
3.1. Model validation 

Pressure profiles obtained for two-hour engulfing fire simulations of the 3 m3 cryogenic vessel are reported 
in Figure 2 together with the data obtained from the experimental test. A drastic change of the experimental 
pressurization rate can be observed in the validation test 30 min after the start of fire exposure. The sudden 

 
1 As required by the European standard EN 1473:2016 (CEN (European committee for standardization), 2016), the 
separation distance between two LNG tanks must be at least equal to half the diameter of the secondary container of the 
larger tank. The 5 m limit considered in this study avoids considering a too low and unrealistic equipment spacing. 
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pressure increase started immediately after the opening of the vacuum rupture disk and the partial release of 
perlite insulation material, as discussed in Section 2.2.1. Thus, in order to validate the model, simulations were 
carried out assuming different alternatives for the properties and performances of the insulating layer: 

1. Insulated tank, i.e., undamaged tank insulation for the entire duration of the simulation; 
2. Damaged insulation since the beginning of the simulation (see below for the description of the 

assumed damage); 
3. Undamaged tank insulation until 30 min after fire is started, then damaged insulation – case V66, 

see Table 2. The same damage assumed as in simulation 2 was considered; 
4. Bare tank (no insulation is present). 

All the simulations were run considering the same geometry, initial and boundary conditions of the validation 
case V66 (see Table 2), thus reproducing the conditions of the experimental test described in Section 2.2.1. 
 

 

Figure 2: (a) Comparison between experimental and modelled pressurization profiles for the validation case assuming 
different conditions of the insulation; (b) detail of the pressure build-up obtained for bare tank simulation. V66 simulation 
case: see Table 2 for details; Insulated tank: no damage is assumed to occur to the insulation; Damaged insulation: 
insulation assumed damaged since the beginning of the simulation; Bare tank: no insulation considered. 

 

Figure 2 reports the results of the four simulations carried out. Figure 2b shows the extreme and unrealistic 
situation of a bare LNG tank without thermal insulation. It can be noted that under these conditions the tank 
will reach the final test pressure level in less than 2 min, following a pressurization transient similar to that 
experienced for fire-engulfed LPG storage tanks (Scarponi et al., 2018). As shown in Figure 2a, if an 
undamaged insulating layer is to be considered, the pressurization rate would be well predicted for the first 30 
min, but afterwards the model would underestimate the experimental pressure. The thermal conductivity of the 
undamaged thermal insulation layer was estimated according to the approach described in Section 2.1 (see 
Table 2). 

The worsening of the insulation performance experienced during the bonfire test was likely to be caused 
by the loss of vacuum in the tank annular gap , together with the displacement of granular perlite. As stated in 
the experiment report of the validation test (Kamperveen et al., 2016), after 30 min a complete loss of vacuum 
and partial discharge of perlite occurred in the insulation layer of the tank. To account for this event in the 
simulation, the properties of the damaged insulation layer were modified (see Table 2 and indications reported 
in Section 2.1). Simulations showing the performance of such damaged insulation in the validation test are 
reported in Figure 2a. When the damage is assumed to occur at the beginning of the experimental test, a 
significant overestimation of the internal pressure build-up is evident. If, as in the experimental report, the 
damage of the insulation is assumed to occur 30 min after the fire start, the model shows a good agreement 
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with experimental data: predicted pressure values are comprised in a range between ±3% deviation from 
measured test data. 

As mentioned in Section 2.2.1, unstable temperature measurements were obtained during the validation 
test. However, as indicated by (Kamperveen et al., 2016), the thermocouples provided stable and reliable 
values immediately before fire ignition and after fire was stopped. Hence, to obtain at least an indicative 
representation of the transient heat-up process, a simplified data smoothing was applied, averaging the 
experimental values obtained from the thermocouples, considering a linear trend among the unbiased values 
measured at the beginning and at the end of the fire test. 

The CFD model performance in reproducing time evolution of liquid and vapor temperatures was assessed 
following the method proposed by Hanna et al. (1991). This approach requires the calculation of the geometric 
mean bias (MG) and the geometric mean variance (VG) of both measured (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) and predicted (𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) values. 
Temperatures data from the experimental test and CFD simulation were compared considering 5 min intervals. 
For each time step (identified by index 𝑖𝑖), 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 and 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶,𝑖𝑖 were used to calculate the quantities in Eq. 18 and 
Eq. 19. 

𝑀𝑀𝑀𝑀 = 𝑒𝑒𝑒𝑒𝑒𝑒� ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒)����������� − ln(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶)������������ Eq. 18 
 

𝑉𝑉𝑉𝑉 = 𝑒𝑒𝑒𝑒𝑒𝑒� (ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) − ln(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶))2����������������������������� � Eq. 19 

Where the terms ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒,)�����������, ln�𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶,������������� and (ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒)− ln(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶))2����������������������������� are calculated in the following way: 

ln�𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒,������������ =  ∑ ln�𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖�𝑖𝑖 ∑ 𝑖𝑖⁄   Eq. 20 
 

ln�𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶,������������� =  ∑ 𝑙𝑙𝑙𝑙(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶,𝑖𝑖)𝑖𝑖 ∑ 𝑖𝑖⁄   Eq. 21 
 

(ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) − ln(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶))2����������������������������� =  ∑ (ln(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖) − ln(𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶,𝑖𝑖))2𝑖𝑖 ∑ 𝑖𝑖⁄   Eq. 22 

The bias in model predictions, i.e., the tendency to systematically over or under-predict temperature values, 
is expressed by MG, whereas the VG value is a measure of the scatter in the model predictions around a mean 
value. Points located to the left of MG=1 suggest a model over-prediction, whereas points to the right of this 
value indicate under-prediction. Confidence levels of MG=0.5 and MG=2 (representing a factor of two for 
over and under-prediction respectively) are also reported, defining a range for an “acceptable” model. Note 
that in Figure 3 a perfect model would be represented by a point at the vertex of the parabola. 
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Figure 3: (a) Geometric mean bias (MG) and variance (VG) of model-predicted temperature values compared against 
experimental measures. (b) Position of liquid-vapor interface and of thermocouples in the experimental bonfire test used 
for the validation case V66. 

 

As shown in Figure 3, vapor temperature (thermocouple TC 2, located on the top part of vapor ullage) 
shows a good agreement with experimental data, whereas liquid temperature (TC 5 on the tank bottom) and 
vapor temperature 8.5 cm above the liquid interface (TC 15) experience more important deviations from test 
data, even if they remain below the MG=2 limit. 

 

3.2. Analysis of case studies 
Figure 4 shows the pressure rise curve obtained for the other case studies analyzed (see Table 2). Figure 4a 

shows that in Case-study A, concerning a ship LNG fuel tank, even assuming a degraded thermal insulation 
layer since the beginning of the simulation, the PSV opening pressure (considered equal to the MAWP value 
reported in Table 2) is obtained only in the case of very low filling degrees of the tank (15%, see Table 2). The 
analysis of simulation results clearly indicates that, as expected, higher tank filling degrees result in slower 
pressurization rates due to the slower heat-up of the tank lading. 

After an initial period (approximately the first 10 min of simulation), in which the pressure build-up is 
limited, the pressurization rate starts to constantly increase, reaching overall average values of about 0.512, 
0.337 and 0.271 bar/10 min for cases A15, A50 and A85, respectively. As shown in Figure 4a, the increase in 
the pressurization rate occurs approximately 20 min after the start of fire exposure. 

Similar results were obtained for case-study B, concerning the simulation of an engulfed road tanker. In 
this case as well, a higher pressure increase is obtained when the filling degree is decreased. However, in this 
case-study, the exposure to full engulfment conditions results critical for all the three filling degrees analyzed. 
In simulation case B15, the tank MAWP is reached 30 min before case A15, whereas in cases B50 and B85 
this value is reached about half an hour later than case B15. An average pressurization rate of about 0.593 
bar/10 min can be estimated in case B15, while cases B50 and B85 have pressurization rates of 0.270 and 
0.249 bar/10 min, respectively. Furthermore, comparing Figure 4a and Figure 4b, it is possible to notice that 
cases B50 and B85 follow an almost identical pressurization trend, differently from what observed for case A, 
where the filling rate plays a more important role due to the different size of the tank. 
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Figure 4: Pressurization profiles for (a) Case-study A (200 m3 type C tank) and (b) Case-study B (58 m3 road tanker) 
engulfed in fire. For the description of simulation cases refer to Table 2. 

 

Besides the pressurization effect related to the thermal expansion of the vapor, pressure rise inside the tank 
is directly related to the mass of liquid evaporated during fire exposure. Regions of condensation and 
evaporation inside the tanks are represented in Figure 5. It is possible to notice that for both the simulation 
cases considered, even after one hour of fire exposure, evaporation takes place only in a very thin region in 
contact with tank walls (see panels A2 and B2 of Figure 5), whereas the liquid-vapor interface regions farther 
from the tank walls cool down the vapor, eventually condensing it. As time passes, the size of the evaporation 
clusters in proximity of the interface and in contact with the tank wall starts to grow. Small residual 
condensation regions are still present close to the tank bottom: these are zones where the small vapor pockets 
detaching from bottom walls reach the colder liquid bulk, promptly condensing. Comparing the results 
obtained for case-studies A and B, it can be noticed that the extension of the evaporating regions at the interface 
is more limited for case B. This effect might be caused by different initial conditions between the two cases 
and/or by the different tank sizes. Similar results are obtained for the other cases listed in Table 2, as shown in 
Appendix B. 
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Figure 5: Time evolution of condensation and evaporation regions inside tank lading for simulation cases A50 (panels 
A1-A3) and B50 (panels B1-B3). Table 2 reports the details of the two simulation cases. 
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Figure 6: Temperature contour plots (in K) for simulation cases A50 (A1-A3) and B50 (B1-B3) at different times. Table 
2 reports the detail of the simulation cases. 

 

Figure 6 shows the liquid temperature distribution at different time steps for case-studies A and B. To better 
show the evolution of the liquid thermal stratification at the boundary with the vapor/liquid interface, only 
liquid temperature is reported in the panels. The results obtained for the other cases listed in Table 2 are shown 
in Appendix B. As clearly shown from the comparison of panels A1 and B1 of Figure 6, after 30 min of fire 
exposure a slight liquid stratification starts developing on the upper liquid layer for tank A (see panel A1), 
with temperatures decreasing from 142 to 140.5 K from the vapor/liquid interface up to 1 m depth in the liquid. 
Conversely, for tank B (see panel B1) a more homogenous situation is predicted, with temperatures differences 
lower than 1 K from the vapor/liquid interface to the bottom of the tank. This is possibly due to the lower 
volume and thermal inertia of tank B, inducing a more efficient recirculation and homogenous temperature 
distribution, as observed for the simulation of LPG tanks (Scarponi et al., 2018a). The same qualitative 
behavior is also observed for prolonged fire exposure, where again a more pronounced stratification of 
temperature distribution is observed for tank A (e.g., see the results in panels A2 and A3 with respect to the 
results in panels B2 and B3 of Figure 6).  

Clearly enough, the overall liquid heat-up is more pronounced for tank B than for the case of tank A. 
Actually, after 120 min of fire exposure, the maximum liquid temperature increment from the initial 
temperature is of about 23 K for tank B and of 10 K for tank A. Figure 7 shows the dynamic behavior of the 
maximum wall temperature in the top space of the tank in contact with the vapor phase (i.e., in the position of 
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TC 2, see Figure 3b). Due to the lower thermal inertia of the vapor phase and to the limited heat transfer 
coefficients, the temperature growth is more pronounced than in the liquid phase for both tanks, exceeding the 
MDT after prolonged fire exposure. The influence of the filling degree is more pronounced in the simulations 
of tank A (see the solid curves in Figure 7), leading to a delayed heat-up of the tank, whose temperature exceeds 
the MDT after 65 and 80 min of fire exposure for 15 and 85% filling degree values, respectively. Conversely, 
tank B heat-up is faster than tank A, and MDT is exceeded after only about 45 min in all simulated cases. This 
evidences a negligible effect of the filling degree and a lower thermal inertia for tank B, both due to the limited 
volume of the free vapor space that needs to be heated up compared to tank A. 

 
Figure 7: Maximum wall temperature profile calculated for the simulation cases summarized in Table 2. 

 

3.3. KPI values and transition to safety critical regions 
The results of 2D CFD simulations were used to evaluate the KPIs defined in Section 2.4, in order to explore 

the safety margins with respect to regions where the possible structural failure of the selected LNG tanks 
exposed to fire may occur. Figure 8 reports the values of the KPIs obtained for the different simulation cases 
after 60, 90 and 120 min since fire ignition. As discussed in Section 2.4, for all the defined KPIs, a value higher 
than 1 identifies the transition to safety-critical values. Thus, three different volumes were determined in the 
space defined by the three safety KPIs: 

i) a safe region, where all the KPI values considered have values lower than one (green zones in 
Figure 8);  

ii) an intermediate region, in which at least one indicator is higher than one, identifying a potentially 
dangerous situation (yellow zone in Figure 8);  

iii) an unsafe region, in which all the KPI values have values higher than one, exceeding the safety 
limits (red zone in Figure 8). 
 

Figure 8a reports the values obtained for PI and TI in the different simulation cases. Given the relatively 
high wall temperatures obtained in the simulations, none of the TI values falls in the safe region except for the 
case A85 at 60 min of fire exposure. This is due to the combined effect of the high thermal inertia of the liquid 
lading (i.e., due to the high filling degree) and to the limited time of fire exposure. The results obtained provide 
a simplified indication of the tank mechanical integrity reduction induced by the thermal weakening. Figure 
8a also shows that most of the results are in the yellow region, due to the low PI values obtained associated 
with the limited pressure build-up (see Figure 4). Only after very long fire exposures, simulation results fall in 
the red region. This confirms that the risk of tank structural failure is enhanced by a thermal weakening of the 
steel. The thermal weakening is particularly relevant for tanks having lower filling degrees, due to the higher 
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extension of the vapor space, in which higher temperature values are obtained. In fact, for the simulation case 
B15 all KPIs fall inside the red area after 60 min of fire exposure. 

 
Figure 8: Comparison of safety KPIs for fire-engulfed cryogenic pressure tanks: a) TI (Temperature index) versus PI 
(Pressure index); b) EI (Energy index) versus PI (Pressure index); c) 3D representation of the unsafe volume where all 
the three KPIs are above the safety threshold. 

 

Figure 8b shows the values of EI and PI. The results evidence that after 60 min of fire exposure the EI 
values are always in the unsafe region. This indicates that after 60 min of fire exposure, the energy released by 
a catastrophic failure of the tank would always be sufficient to cause a domino effect, resulting in an escalation 
of the accident. 

As shown in Figure 8c, six cases were identified having the most critical conditions, since all the three KPIs 
fall in the unsafe region. Five of these cases are related to case-study B, whilst for the larger tank considered 
in case-study A, only case A15 falls in the unsafe region after two hours of fire exposure. This indicates that 
safety-critical scenarios are likely to involve smaller vessels with lower values of LNG inventories. This is due 
to combined effect of thermal weakening, which affects a higher portion of tank surface in contact with the 
vapor, and a sufficient energy accumulation, able to lead to relevant escalation effects in case of tank failure, 
due to the limited thermal inertia of the tank lading. It is evident how a prolonged full-engulfing fire condition 
(more than 60 min) will undermine tank structural integrity resulting in potential escalating scenarios, 

(a) (b)

(c)

Simulation cases

 

 

A15 60 min

A15 90 min

A15 120 min

A50 60 min

A50 90 min

A50 120 min

A85 60 min

A85 90 min

A85 120 min

B15 60 min

B15 90 min

B15 120 min

B50 60 min

B50 90 min

B50 120 min

B85 60 min

B85 90 min

B85 120 min

0 1 2 3 4

PI

0

50

100

150

200

250

TI

0 1 2 3 4

PI

0

5

10

15

20

25

30

E
I

 

 

 

 

  



19 
 

especially for smaller tank dimensions. Thus, a prompt intervention of automated safety systems and of the 
emergency response team is deemed crucial to avert serious damage to individuals and assets. The application 
of specific risk based fireproofing strategies in perspective may also be considered, similarly to current 
practices adopted for the protection of industrial equipment storing flammable materials (Tugnoli et al., 2012). 

Therefore, it may be concluded that the results obtained from the case-study evidence how the modelling 
approach and the KPIs may effectively identify the hazard deriving from specific fire scenarios, identifying 
conditions where the tank integrity may be compromised. For LNG road tankers in particular, the rapid 
intervention of emergency responders can result fundamental to avoid the loss of tank physical integrity and 
the worsening of accident conditions. The results may thus be used to support emergency planning, and more 
specifically first response actions, allowing the planning of effective response actions minimizing the potential 
exposure of emergency teams to unsafe conditions. 

With respect to design, the results are relevant in particular for LNG storage tanks used for maritime 
applications. The KPIs defined may constitute a useful tool to increase the safety profile of onshore LNG 
storage facilities adopting type C tanks and falling under the obligations of accident prevention policies, such 
as the Seveso III directive in Europe (European Commission, 2012). Based on the analysis of the potential fire 
scenarios and of the related KPI values, different safety measures might be considered for installation, 
depending on the position of the tank (above or below deck), such as the inerting of ship compartment where 
tanks are installed or the increase of separation distances between adjacent equipment.  

 

4. Conclusions 
The aim of the present study was the investigation of the thermal response of LNG tanks engulfed in fires. 

A 2D CFD model was developed, validated, and extended to large-scale tanks of industrial interest, simulating 
fire engulfment scenarios. The results provide insights on the evolution of pressure and temperature during fire 
exposure, along with the distribution of evaporation regions during fire engulfment of insulated tanks. The 
results evidence that the pressurization rate is higher with lower liquid levels. Extended fire exposure is 
necessary to reach critical values of pressure build-up in the vessels. The results obtained highlight the 
influence of thermodynamic and geometrical features over the spatial distribution of evaporating zones and 
temperature fields inside cryogenic tanks, and the importance to further investigate such phenomena, in order 
to accurately predict the evaporation rate, causing tank pressurization, resulting from fire exposure. 

The set of defined KPIs was suitable to identify the possible transition to safety-critical regions of the tanks 
exposed to fire, where structural integrity may be affected and a high potential for domino effects resulting in 
accident escalation is present. The values obtained for the KPIs in the simulation cases highlighted the 
relationship between the hazards originating from pressure build-up and thermal weakening of the tank 
structure. Moreover, despite higher filling degrees result in a higher escalation potential, critical safety 
conditions are reached more rapidly for cases having a lower liquid level and a lower inventory.  

The KPIs defined thus allow for the identification of critical trends and unsafe conditions during fire 
exposure of LNG tanks, providing a useful support for the design of safety systems and for the planning of 
emergency response The set of KPIs defined was suitable to identify the possible transition of the tanks 
exposed to fire to safety-critical regions, where structural integrity may be affected and a high potential for 
domino effects resulting in accident escalation is present. The values obtained for the KPIs in the simulation 
cases highlighted the relationship between the hazards originating from pressure-build up and thermal 
weakening of the tank structure. Moreover, despite higher filling degrees results in a higher escalation 
potential, critical safety conditions are reached more rapidly for cases having a lower liquid level and a lower 
inventory. The KPIs defined thus allow for the identification of critical trends and unsafe conditions during 
fire exposure of LNG tanks, providing a useful support for the design of safety systems and for the planning 
of emergency response. The modelling approach and the KPIs allow identifying the scenarios that may lead to 
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unsafe conditions for the tank, supporting the planning of effective first response actions accounting for the 
safety of responders. 
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Appendix A. Grid and time step independence study 
This appendix presents the main results of the grid and time-step independence study, all referring to the 
simulation of the validation case (V66, see Table 2). The finer mesh used for the grid independence study was 
created reducing the maximum element size and length, whereas the dimension of the first cell close to tank’s 
inner wall was held constant. This resulted in a mesh having around 2.3 times the number of elements reported 
in Table 3. To investigate the effects of time step size on modelling results, a transient simulation with a 
doubled time step size, namely 0.02 s, was run. To prove that modelling results are independent from the 
selected convergence criteria, an additional simulation was run with more stringent criteria. The sum of scaled 
residual for continuity, momentum and energy equations was required to be one order of magnitude lower than 
previous setting (from 10-3 to 10-4 for continuity and momentum; 10-6 to 10-7 for energy equation). The results 
of the model independence study are reported in Figure A1, in which the variation of pressure predictions from 
the model setup used for independence testing are plotted against the results of the benchmark model used for 
the validation case (V66, see Table 2). It is possible to notice that the differences between the results of the 
two models are always lower than 3%, thus confirming the robustness and stability of the numerical setup 
adopted. 

 

 
Figure A1: Parity plot reporting the results of the grid independence analysis. 
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Appendix B. Additional results for the case studies 
B.1  Additional results for cases A85 and B85 

The results reported in this appendix are analogous to those presented in Section 3.2 for the cases A50 and 
B50. The extent of evaporation and condensation clusters inside the tank lading are shown in Figure B.1 for 
three reference time steps (panels A1-A3 for case A85 and B1-B3 for case B85). 

It can be noticed that evaporation regions appear to be smaller than those highlighted in Figure 5 for both case 
A85 and B85. These results may be linked to the slower pressurization rate of storage tanks with a higher 
filling degree, as seen in Figure 4. A reduction of condensation zones in the bulk region of case B85 (panel 
B2) can be observed compared to analogous results of case B50. 

The dynamic evolution of the temperature inside the tank is illustrated in panels A1-A3 and B1-B3 of Figure 
B.2. For case A85, temperature values and trend similar to those obtained for case A50 are predicted. Instead, 
for case B85, the temperature stratification becomes more pronounced than in case B50; this is particularly 
evident from the observation of panels B3 of Figure B.2 and Figure 6, respectively for case B85 and B50 
(obtained after 120 min of simulation). This is possibly due to the larger liquid inventory associated with the 
incremented filling degree of case B85, obtaining a similar behavior to the one of the larger tank A.  

 

B.2 Additional results for cases A15 and B15 
The evaporation and condensation regions inside the tank lading are depicted in Figure B.1 for three time steps 
of reference (panels A4-A6 and B4-B6). 

Compared to the situation reported in Figure 5, the extent of evaporation zones for lower filling degrees is 
much higher and an evaporation cluster can be found in proximity of tank wall, close to the interface, already 
after 30 min of fire exposure. Process conditions of case B15 seem to be more favorable for the evaporation 
process than those encountered in case A15. The greater extension of evaporating regions for lower liquid 
levels can be correlated to the faster pressurization dynamic observed for these cases. 

The dynamic evolution of the temperature in the liquid phase is illustrated in Figure B.2 (panels A4-A6 for 
case A15 and B4-B6 for case B15). Compared to the temperature profiles observed for cases A50 and B50 
(see Figure 6), both cases A15 and B15 feature a more homogenous liquid temperature profile. In other words, 
the stratification is poorly observed in cases at 15% filling degree, for which also higher temperature 
increments are predicted compared to the cases at 50% filling degree. In fact, the temperature increase is about 
17 and 36 K from the initial temperature, thus almost doubled compared to the simulations at higher filling 
degrees. This is possibly due to the limited thermal inertia of the liquid phase, which induces larger 
recirculation and consequent energy accumulation in the tank lading. 



26 
 

 

Figure B.1: Time evolution of condensation and evaporation regions inside tank lading for cases A85 (A1-A3); B85 (B1-B3); A15 (A4-A6) and B15 (B4-B6). 
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Figure B.2: Temperature contour plots (in K) for cases A85 (A1-A3); B85 (B1-B3); A15 (A4-A6) and B15 (B4-B6) at different times. 
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