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As the world moves towards green energy production, effective storage and transportation solutions become essential. To support this transition, energy carriers with minimal or zero environmental impact are required. Liquified hydrogen represents a promising candidate due to its emissions-neutral properties. However, its highly flammable nature necessitates adherence to strict safety codes and standards. Storing hydrogen often requires advanced super-insulation materials. To enhance the safety of cryogenic hydrogen storage tanks under extreme conditions, such as those encountered during fire accidents, it is crucial to understand the thermal behaviour of the tank. Predicting pressurization and potential failure in advance demands a robust and comprehensive model. However, still such models suffer lack of detailed heat transfer models which account for various sub-processes during an accident scenario. Hence, this study introduces a comprehensive model for the pressurization of cryogenic tanks equipped with multi-layer insulation (MLI) systemsin the event of fire, which comprises several sub-models. These sub-models account for heat transfer phenomena through the thermal insulation at nominal conditions and its thermal degradation during fire exposure, the fluid, the internal pressurization, and the performance of the pressure relief valve. This study provides valuable insights into the safety and the behaviour of hydrogen storage tanks under thermal loads.
Introduction
With the advancement of renewable energy technology and the increase in energy production, the need for a suitable energy carrier is felt more than ever before. Hence, various low- and zero-impact energy carriers regarding climate change, such as hydrogen, have been introduced. Specifically, the adoption of LH2 (liquified hydrogen) as a promising alternative energy carrier is attributed to its carbon-free combustion properties and its high volumetric energy density discussed in DNV (2021) and Jafarzadeh (2016). However, the extremely low boiling point of LH2 (20.3 K at atmospheric pressure (NIST, 2019) and the high flammability of hydrogen-air mixtures (Crowl & Jo, 2007) pose significant safety challenges in its storage and transportation. To enhance the safety of such a storage system, a thermal superinsulation technology, such as multilayer insulation (MLI) combined with vacuum is required. MLI is currently favored for LH2 transport (Pehr, 1996), which could be combined with vapor-cooled shields. Different studies such as Camplese et al. (2024) and Ustolin et al. (2022) introduces this type of insulation (mostly used in mobile applications) which has been optimized for minimal volume and low density e.g., for applications with stringent space and weight limitations. 

Despite MLI effectiveness in limiting heat transfer, study of Eberwein et al. (2024) shows that this insulation is susceptible to thermal degradation under high thermal loads. Work of Pehr (1996) and van Wingerden (2022) also demonstrated insufficient insulation capability in real-scale LH2 fire tests. Moreover, study of Camplese et al. (2024) reveal that thermal insulation degradation may leads to an increase in the thermal stresses of the cryogenic tank, which contributes to rapid tank pressurization. This effect compromises the structural integrity of the tank and may potentially result in catastrophic events such as Boiling Liquid Expanding Vapor Explosions (BLEVEs) and fireballs (Ustolin et al., 2021). However, there are still a few studies in which a whole tank including all sections and parameters are studied whereas such extreme boundary conditions are adressed. Hence, these outcomes underscore the need for a robust model to evaluate the safety of LH2 tanks under fire exposure scenarios.
This study proposes an advanced thermodynamic numerical multi-zone model for predicting the LH2 tank response, incorporating an MLI degradation sub-model due to fire exposure (Hajhariri et al., 2024). The model simulates the thermal response and pressurization of the tank, accounting for pressure relief valve (PRV) activation and insulation deterioration at elevated boundary temperatures.
This work further develops the lumped model proposed by Scarponi et al. (2016) and incorporates the correlations introduced by Wang et al. (2016) to calculate the heat transfer coefficient. For the sake of comparison, the model considers the tank properties and experimental conditions outlined in the study by Pehr (1996). The thermodynamic properties of the fluid are calculated based on the partial derivative of Helmholtz energy using the CoolProp package (Bell et al., 2014).
Methodology
Various modeling approaches exist for analyzing tank pressurization. Each has distinct objectives and underlying principles. These approaches can be categorized into equilibrium and non-equilibrium models. In the equilibrium approach, it is assumed that the liquid and gas phases are in thermodynamic equilibrium. As a result, the fluid is represented by a single node, which is characterized by its thermodynamic state. However, factors such as high heat influx into the tank and the potential degradation of insulation may lead to a rapid rise in evaporation rates, causing the internal pressure to escalate significantly and the equilibrium state cannot represent the actual thermodynamic behavior of the tank.
Conversely, the non-equilibrium approach accounts for the dynamic thermal behavior of the tank. In such models, the pressure increase is driven by the rise in the vapor phase temperature within the ullage, while the bulk liquid phase temperature may remain relatively lower. This distinction makes non-equilibrium models more appropriate for predicting the thermal response and pressurization of cryogenic tanks under scenarios involving fire or high thermal loads.
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[bookmark: _Ref183002583][bookmark: _Ref183002577]Figure 1 Schematic of double-walled tank and heat transfers used for the model.
In this study, a numerical multi-zone modeling approach is proposed to investigate the behavior of a liquid hydrogen (LH₂) tank under fire-like thermal loads. The multi-zone model comprises several sub-models, each dedicated to specific aspects of the system, including the thermal degradation of the MLI, liquid fill level dynamics, internal tank pressurization, and the onset of pressure relief valve (PRV) activations.
[bookmark: _Ref182826389][bookmark: _Ref182826315]Figure 1 illustrates the tank's division into three sections, where the vapor phase is separated from the liquid phase by a massless interface. This interface represents vapor in a saturated state, while the liquid and vapor phases remain in sub-cooled and superheated conditions, respectively. 
Studies by Camplese et al. (2024) and Hajhariri et al. (2024b) reveal the vulnerability of various types of MLI insulation to high thermal loads. Thermal degradation of this type of insulation leads to a release of degradation products and an increase of pressure in the vacuum space (Eberwein et al., 2024) which increases the heat flow within the insulation. 
To predict pressurization, the thermal and material balances of the cryogenic fluid are summarized in Table 1. In the model, the heat transfer by the surfaces that stay in contact with the vapor and the liquid is considered separately, as shown in Figure. 1. The model assumes a horizontal tank similar to the one tested by Pehr (1996) during the BMW fire test. For this study, a non-combustible MLI based on Aluminum as reflective foil and glass paper as spacer like the one used in the study by Hajhariri et al. (2024b) was considered. The heat transfer from the fire to the tank calculated according to the procedure proposed in the same work. 
Table 1.  Heat transfer and mass balances for the fluid part.
	Energy conservation

	Liquid phase
	
	(1)

	Vapour phase
	
	(2)

	Mass conservation

	Liquid phase
	
	(3)

	Vapor phase
	
	(4)

	Pressure variation
	
	(5)

	Liquid level (LF)
	
	(6)

	Interface Temp.
	
	(7)

	Evaporation
	
	(8)

	Condensation
	
	(9)

	 represent the enthalpy, system pressure, density,volume of the fluid section and temperature.  ,  are the heat and mass flow rate, represents the universal gas constant.shows the molecular weight where  represents the mass of the fluid segment and α is evaporation and condensation constants. Subscript ,  are condensation, evaporation, radiation toward the liquid interface, interface, liquid, vapor, saturation, wall, liquid-vapor interface, and interface, respectively. is the cross sectional area which is wetted by liquid phase.


 
The heat transfer properties of the LH2 such as the convection heat transfer coefficient, and boiling heat transfer equation are adopted from the work of Wang et al. (2016). To predict the temperature distribution in the insulation and in the fluid nodes, two sub-models are coupled together with a thermal balance at the inner wall of the cryogenic storage tank. For the sake of simplicity, the liquid-vapor interface is considered at saturation temperature. The evaporation and condensation couple the mass and energy transfer between the liquid and vapor phases. The evaporation-condensation model is achieved by employing Herz Knudsen model (Knudsen, M., 1967).
The internal temperatures of the liquid and vapor phases are closely linked to the tank’s internal pressure. When the PRV reaches its activation threshold, it releases a portion of the vapor to regulate the system’s pressure. However, if the PRV cannot adequately compensate for the increasing pressurization rate, the pressure may continue to rise, eventually exceeding the tank’s critical endurance limit. This could lead to catastrophic failures, such as a BLEVE.To consider this effect, the model includes the effect of the PRV, using the discharge model described by Scarponi et al. (2016). 
Given limitations in the published data (Pehr, 1996), this study adopts a series of assumptions to estimate the likely condition of the tank’s insulation system. The assumptions used in this study are listed in Table 2.
[bookmark: _Ref182826491]Table 2. Assumptions in this study
	Name of variable
	Quantity
	Name of variable
	Quantity

	
	0.001
	Outer wall (outer side) emissivity
	0.9 (Worst case consideration)

	

	30 mm
	Outer wall (inner side), emissivity
	0.27 (Eberwein et al., 2024)

	# layers
	35 , 40 (Fesmire et al., 2008)
	Inner wall emissivity
	0.1

	Pressure
	   Pehr, 1996
	Average liquid hydrogen emissivity
	0.1 (relevant inner wall emissivity)

	
	0.08 (Hajhariri et al., 2024a) accounts for MLI deterioration function
	Opening and closing threshold of PRV
	4.6 bar
4.1 bar


Results and discussion
Figure 2a and 2b show the course of pressure and liquid fill level over time estimated by the experimental and numerical approach, respectively. It worth to note, for the sake of representation, Figure 2a and later Figure 3b represents data per each 10 s, this is why the opening and closing of the PRV shows the peaks. The model underpredicts the experimental pressure between 150 s and 250 s.
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[bookmark: _Ref182991067]Figure 2 a) course of pressure over time estimated by the experimental and numerical approach. Numerical calculation regards 35 MLI layers. b) Liquid fill level over time. LF-Sim refers to the numerical calculation and LF-Exp refers to the experimental results.

There are two sources of uncertainty that may have contributed to the underprediction: 
1- the degradation of the vacuum could not be found from the experimental source, 
2- the effect of emissivity variation on the walls of storage system is not considered.
As the energy transition is partially occure through liquid-vapor interface, it is necessary to represent the dynamic energy exchange. Since the vapor phase become super heated phase, the rate of evaporation at the interface is expected to increase. Therefore, these underpredictions may also be related to the choice of evaporation-condensation model. Moreover, the effect of environmental conditions on the fire and its heat transfer (boundary condition) could not be fully represented by the numerical approach.
Figure 3a shows that 15 layers out of 35 MLI layers deteriorated during the fire exposure. The last layer deteriorates shortly after the rapid raise of the pressure curve. This led to a reduction of around 43% of the insulation performance and an increase of the the heat inleak up to 3 times, causing a relevant pressure build up.
The effect of the number of layers is visible in Figure 3b. It can be seen that increasing the number of layers may result in a insulation performance, with delaying tank pressurization. 
The model allows also to predict the temperature in the insulation and in the tank walls. The volume-weighte average temperature in vapor wetted solid and in the vapor phase in experimental and simulation are represented in Figure 4. The comparison of the results shows that the temperature of the vapor phase is underpredicted. However, as the temperature of the vapor phase and its respective wall are close to each other, it may shows that the thermocouples which was reading this two temperatures were very close to each other. Therefore it reports a temperature close to wall vicinity. Thus, it is expected that the volumed averaged temperature slightly underpredicts the temperature.

[image: ]
[bookmark: _Ref182984095]Figure 3 a) The onset of and final time for deterioration of 15 layers of insulation. The first layer deteriorates around 120 s and the 15th layer deteriorate around 250 s. b) Comparison the effect of MLI layers on the prediction of pressurization curve.
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[bookmark: _Ref182984241][bookmark: _Ref182984235]Figure 4 Comparison of the predicted temperature of the vapor section and its wetted respective wall vs the experimental temperature of vapor wetted section and vapor phase.
Conclusions
The multi-zone model presented in this study is capable of predicting the pressurization of cryogenic tanks (e.g., LOX, LH₂, LN₂, LNG, LPG) under fire exposure. Additionally, the model can estimate the temperature distribution along the inner tank wall and across the insulation layer. It is also capable of reproducing the volume-averaged temperatures of the vapor and liquid phases. Moreover, the model predicts the vulnerability of the insulation system during transient processes, identifying the time points at which thermal degradation of the insulation is likely to occur. The model has been validated against the study by Pehr (1996) and demonstrates agreement of the assumption with the findings of Fesmire et al. (2008), which reported the ideal performance of MLI systems consisting of aluminum foils and glass fiber spacers.The findings from this study provide valuable insights for emergency response planning and optimizing LH₂ tank designs to mitigate fire-induced hazards. Additionally, this model serves as a virtual framework for analyzing and improving the safety of LH₂ storage systems under extreme thermal conditions.
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