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ABSTRACT 

Cryogenic liquid is often stored in a vacuum insulated Dewar vessel for a high efficiency of thermal 

insulation. Multi-layer insulation (MLI) can be further applied in the double-walled vacuum space to 

reduce the heat transfer from the environment to the stored cryogenic fluid. However, in loss-of-vacuum 

accident (LOVA) scenarios, heat flux across the MLI will raise to orders of magnitudes larger than with 

an intact vacuum shield. The cryogenic liquid will boil intensively and pressurize the vessel due to the 

heat ingress. The pressurization endangers the integrity of the vessel and poses an extra catastrophic risk 

if the vapor is flammable, e.g., hydrogen. Therefore, safety valves have to be designed and installed 

appropriately, to make sure the pressure is limited to acceptable levels. In this work, the dynamic process 

of the heat and mass transfers in the LOVA scenarios is studied theoretically. The mass deposition - 

desublimation of gaseous nitrogen on cryogenic surfaces is modeled, as it provides the dominant 

contribution of the thermal load to the cryogenic fluid. The conventional heat convection and radiation 

are modeled too, although they play only secondary roles, as realized in the course of the study. The 

temperature dependent thermal properties of e.g., gaseous and solid nitrogen and stainless steel are used 

to improve the accuracy of calculation in the cryogenic temperature range. Presented methodology 

enabling the computation of thermodynamic parameters in the cryogenic storage system during LOVA 

scenarios provides further support for the future risk assessment and safety system design. 

Key Words: cryogenic liquid; vacuum insulation; multi-layer insulation (MLI); loss-of-vacuum accident 

(LOVA); hydrogen safety. 

1 INTRODUCTION 

Cryogenic condition often refers to a temperature below 120 K. Cryogenic technology can be traced 

back to the late 19th century and has a wide range of applications so far e.g., in medicine, aerospace, 

superconductor, energy storage etc. [14,15] Gas liquefaction is an important application of cryogenic 

technology such as preparations of liquid helium, liquid nitrogen, LNG etc.. Liquid hydrogen (LH2) is 

a favourite energy storage form in particular for weight critical applications with a high energy and 

power demand due to its high mass specific energy density and additional cooling capacity. 

Double-walled Dewar containers are often used to store cryogenic liquids due to the high thermal 

insulation provided by the vacuum, with a typical remaining pressure of about 10-5 Pa between the inner 

and outer walls of the container. The vacuum insulation is one of the key factors to keep the cryogenic 

condition inside because it reduces effectively heat transfer from the environment. However, increased 

thermal ingress may occur in case of loss-of-vacuum accident (LOVA), which is defined as an accident 

scenario caused by an unintentional break of the vacuum enclosure on the vessel walls or the connected 

piping, or by the failure of the vacuum maintaining system etc. 

In LOVA scenarios the gases breaking the vacuum raise the heat transfer and induce serious heat loads 

to the cryogenic liquid. The liquid will boil intensively and the generated gas pressurizes the container. 

The pressurization rate depends on the rupture size. The pressurization endangers the integrity of the 

container. A large amount of vapor may be released after the failure of the container. If the stored liquid 

is hydrogen, extra catastrophic risks exist due to its high flammability and detonability. To release the 
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vapor under control, a safety relief device [18] is indispensable for the LH2 tank, which can be activated 

to mitigate the potential risks in case of accidental thermal ingress like in LOVAs. 

The objective of the study is to clarify the heat and mass transfer phenomenon in the double-walled 

vacuum space in LOVAs for a LH2 tank. The heat and mass transfer processes are modelled based on 

the carefully collected material properties at cryogenic temperatures [10, 13, 22-24]. The dynamic 

parameters of the LH2 cryostat in LOVA scenarios are estimated based on the modelling calculations. 

The obtained results supply a good base for further safety design of the LH2 storage system. 

2 LH2 CRYOSTAT AND ANALYTICAL ASSUMPTIONS 

A test facility for the investigation of LOVA events in LH2-storage vessels is designed at KIT. The 

schematic diagram of the experimental facility is shown in Fig. 1. 

 

Figure 1. Scheme of the test facility for LOVAs in LH2 cryostats 

As shown in Fig.1, the LH2 cryostat consists mainly of the cryogenic vessel (inner) and the vacuum 

vessel (outer). The inner vessel contains liquid hydrogen in 80 % of the total volume and gaseous 

hydrogen in 20 % at the saturation state with an absolute pressure of 4 bar and temperature of 26 K [16]. 

A two-phase discharge of hydrogen at the top of the cryostat has turned out to be not very efficient. 

Thus, LH2 is designed intentionally not to fill the complete nominal volume of the inner vessel, to 

guarantee only a gaseous discharge flow in demand. The outer vessel isolates the storage tank from the 

environment and forms the vacuum space together with the cryogenic vessel. To improve the thermal 

insulation, a multi-layer-insulation (MLI) system is wrapped around the cryogenic vessel, which is made 

of interleaving structure between reflective foils and insulating spacers [4]. 

Important assumptions are made as follows for the following modelling work. 

- The initiator of the LOVA is assumed typically as a break on the vacuum vessel wall, as shown in 

Fig.1. 
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- Due to the unavailability of the properties of solidified air at cryogenic temperatures, the venting gas 

is assumed as pure nitrogen. Such a substitution may bring an error of less than 10% according to [1]. 

- The venting nitrogen gas experiences phase change due to the cryogenic condition on the steel wall of 

cryogenic vessel or even in some inner layers of the MLI. The temperature is mostly below the triple 

point of nitrogen. Thus, desublimation occurs while gas molecules deposit on the solid surfaces. The 

non-compressed structure of the MLI is not gas tight at all. The venting gas molecules can readily diffuse 

to the vicinity of the outer wall surface of the cryogenic vessel, which has the lowest temperature in the 

entire vacuum enclosure. A rational assumption is made that the nitrogen crystals are formed mostly on 

the steel wall. Possible deposition in the MLI structures is ignored. The solid nitrogen layer is shown in 

blue in Fig.1, between the cryogenic vessel and the MLI. 

 - The initial pressure of the cryogenic vessel and the set pressure for hydrogen discharge is equally 

defined as 4 bar (absolute). It means that the two-phase hydrogen in the vessel stays in saturation during 

the concerned time duration in the LOVA. Therefore, the temperature of LH2 is assumed as 26 K 

uniformly, by ignoring possibly slight stratification of temperature in the two-phase fluid. 

3 KEY PHYSICAL PHENOMENA IN LOVA  

3.1 Break flow model 

The ambient gas enters the vacuum volume through the break once LOVA occurs. Depending on the 

pressure difference between the ambient and the vacuum enclosure, the venting flow can be critical or 

sub-critical. The mass flow rate at the break is well formulated as [1], 

𝑚𝐼𝑛(𝑃𝑣) =

{
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   (Eq. 1) 

𝑃𝑣𝑐 = 𝑃𝑎 (
2

𝜅𝑎+1
)

𝜅𝑎
𝜅𝑎−1         (Eq. 2) 

where, 𝑚𝐼𝑛 is the mass inflow rate at the break, kg/s; 𝑃𝑣 the pressure in the vacuum vessel, Pa; 𝑃𝑎 the 

ambient pressure, Pa; 𝜌𝑎 the ambient gas density, kg/m3; 𝐴𝑣 the break area, m2; 𝜅𝑎 the specific heat ratio 

of the venting gas; 𝑃𝑣𝑐 the critical pressure in the vacuum vessel, Pa, which divides the venting flows 

into critical flow and sub-critical flow at different stages. 

3.2 Loss of vacuum 

The vacuum is lost gradually due to the venting flow at the break, which pressurizes the vacuum volume. 

On the other hand, the venting gas molecules are adhered on the cryogenic solid surface due to 

desublimation, as a mass sink. Therefore, according to ideal gas equation of state, the vacuum pressure 

follows, 

𝑑𝑃𝑣

𝑑𝑡
=

𝑇𝑣𝑅𝑎

𝑉𝑣
[𝑚𝐼𝑛(𝑃𝑣) − 𝐴𝑐𝑟𝑚𝑑𝑒𝑝(𝑃𝑣, 𝑇𝑣 , 𝑇𝑐𝑟)]      (Eq. 3) 

where, 𝑃𝑣 is the vacuum pressure, Pa; 𝑡, the time, s; 𝑇𝑣 the gas temperature in the vacuum, K; 𝑅𝑎 the 

venting gas constant, J/K/kg; 𝑉𝑣  the vacuum volume, m3; 𝐴𝑐𝑟  the cryogenic surface area for mass 

deposition, m2; 𝑚𝑑𝑒𝑝  the mass deposition rate, kg/m2/s, which depends on the vacuum pressure, 

temperature and the surface cryogenic temperature for desublimation. 
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3.3 Mass deposition model 

It is not trivial to model desublimation precisely due to many factors. The mass deposition rate of venting 

gas is mostly measured as data by means of experiment, e.g. [32]. 

The phase change of the venting gas is from vapor directly to solid, if the cryogenic temperature is below 

the triple point of the gas. The mass deposition process is called desublimation. Or it is called 

condensation if the temperature is higher than the triple point. The driven potence to phase change is 

primarily the difference between the gas density at the bulk temperature and the saturated gas density at 

the solid surface temperature. The cryogenic surface “sucks” the gas molecules like a mass sink due to 

the so-called cryopumping effect. The mass deposition rate is modeled as, 

𝑚𝑑𝑒𝑝(𝑃𝑣, 𝑇𝑣 , 𝑇𝑐𝑟) = 𝑘𝑑𝑒𝑝[𝜌𝑣(𝑃𝑣 , 𝑇𝑣) − 𝜌𝑠𝑎𝑡(𝑇𝑐𝑟)]     (Eq. 4) 

where, 𝑚𝑑𝑒𝑝 is the mass deposition rate on unit surface area, kg/m2/s; 𝜌𝑣 the bulk gas density at the 

pressure 𝑃𝑣 and temperature 𝑇𝑣 in the vacuum enclosure, kg/m3; 𝜌𝑠𝑎𝑡 is the saturated gas density, kg/m3, 

as a function of the cryogenic temperature 𝑇𝑐𝑟; 𝑘𝑑𝑒𝑝 the mass transfer coefficient, m/s. 

The determination of the mass transfer coefficient is one of the key points in the mass deposition model 

in the study. It can be determined experimentally, but only few data is available. The mass transfer 

coefficient was measured on snow sublimations by T. A. Neumann [32]. The measured data were 

adopted by other researchers in their modeling of nitrogen desublimation on a liquid helium cryostat 

[1,2] and good results were obtained, even after being verified against experimental data. 

Therefore, the measured 𝑘𝑑𝑒𝑝 by T. A. Neumann is also adopted in the LH2 study. By ignoring the 

convection factor, the mass transfer coefficient takes a constant [32], 

𝑘𝑑𝑒𝑝 = 0.075          (Eq. 5) 

Accordingly, the heat flux due to mass deposition is determined as, 

𝑞𝑑𝑒𝑝(𝑃𝑣, 𝑇𝑣 , 𝑇𝑐𝑟) = 𝑚𝑑𝑒𝑝(𝑃𝑣, 𝑇𝑣 , 𝑇𝑐𝑟)[ℎ𝑣(𝑇𝑣) − ℎ𝑐𝑟(𝑇𝑐𝑟)]    (Eq. 6) 

where, 𝑞𝑑𝑒𝑝  is the heat flux due to desublimation, W/m2; ℎ𝑣  the bulk gas enthalpy at the vacuum 

temperature 𝑇𝑣, J/kg; ℎ𝑐𝑟 the solid or liquid enthalpy of the venting gas at the cryogenic temperature 

𝑇𝑐𝑟, J/kg. The thermal load is transferred by means of conduction through the solid layers or walls into 

the LH2. 

The generation rate of solid nitrogen is determined by, 

𝑑𝑀𝑠𝑛

𝑑𝑡
= 𝑚𝑑𝑒𝑝𝐴𝑠𝑛         (Eq. 7) 

where, 𝑀𝑠𝑛 is the total mass of iced nitrogen, kg; 𝐴𝑠𝑛, the surface area of the solid nitrogen layer in m2, 

where desublimation takes place. 

3.4 Heat transfer models 

A zero-dimensional lumped parameter model is set up to analyze the heat transfer processes from the 

“warm” vacuum space, layer-by-layer to the MLI, to the iced nitrogen layer and the cryogenic vessel 

wall, finally to the cryogenic liquid hydrogen, as shown in Fig. 2. The vacuum vessel wall is not modeled 

for simplification. A conservative assumption is also made that the gas temperature in the vacuum 

enclosure is equal to the ambient temperature, i.e. 𝑇𝑣 = 𝑇𝑎, although the 𝑇𝑣 should be slightly lower than 

the 𝑇𝑎 due to the expansion flow at the break. 
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Figure 2. Lumped parameter model for heat transfer analysis with 10 nodes of MLI, 1 node of solid 

nitrogen layer and 8 nodes of cryogenic wall (stainless steel 316) 

The 10-layer MLI system is modeled by 10 nodes, namely, modeled layer by layer. The mass deposition 

occurs firstly on the outer wall surface of the cryogenic vessel. Then the iced layer surface substitutes 

gradually the steel surface as the growing base of nitrogen crystals. The actual thickness of the iced layer 

is normally less than 1 mm, so it is modeled by one node. The vessel wall is represented by 8 nodes for 

accuracy consideration. The temperatures 𝑇𝑖 (𝑖 = 1,2,…20) are the sought solutions by solving the heat 

transfer equations. 

3.4.1 Convection 

Heat transfer occurs between the venting gas and the outer surface of the MLI by natural convection in 

the vacuum space during LOVA. The heat transfer coefficient (HTC) and the corresponding heat flux 

due to convection are determined by using the following correlations [11]. 

𝑁𝑢 =

{
 

 0.197𝑅𝑎0.25 (
𝐿

H
)

1

9
, 𝑖𝑓 Ra < 2 · 105

0.073𝑅𝑎
1

3 (
𝐿

H
)

1

9
, 𝑖𝑓 Ra ≥ 2 · 105

      (Eq. 8) 

α =
𝑁𝑢∙𝑘𝑁2

𝐿
          (Eq. 9) 

𝑞𝑐𝑜𝑛𝑣 = α(𝑇𝑣 − 𝑇1)         (Eq. 10) 

where, 𝑁𝑢 is the Nusselt number; 𝑅𝑎 the Rayleigh number with respect to gaseous nitrogen; 𝐿 the gap 

width of the vacuum enclosure, m; H the height of the vacuum, m; α the heat transfer coefficient, 

W/m2/K; 𝑘𝑁2 the thermal conductivity of gaseous nitrogen, W/m/K; 𝑞𝑐𝑜𝑛𝑣 the heat flux due to 

convection, W/m2; 𝑇1 the temperature of the outer surface of MLI, K. 

3.4.2 Thermal radiation 

Heat exchange exists between the inner wall of the vacuum vessel and the outer surface of MLI due to 

thermal radiations. The heat flux is determined by the Stefan-Boltzmann law for the concentric annular 

geometry [3]. 

𝑞𝑟𝑎𝑑 =
𝜎(𝑇𝑣

4−𝑇1
4)

1

𝜖𝑠𝑠
+
𝐴𝑠𝑠
𝐴𝑎𝑙

(
1

𝜖𝑎𝑙
−1)

         (Eq. 11) 

where, 𝑞𝑟𝑎𝑑 is the heat flux due to thermal radiation, W/m2; 𝜎 the Stefan-Boltzmann constant 5.67 ∙
10−8 W/m2/K4; 𝐴𝑠𝑠  the inner surface area of the vacuum vessel (stainless steel), m2; 𝐴𝑎𝑙 , the outer 

surface area of the MLI (aluminium), m2; 𝜖𝑠𝑠  and 𝜖𝑎𝑙  are the emissivities of the stainless steel and 

aluminium surfaces, respectively [19-21]. 
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3.4.3 Pool boiling heat transfer 

The saturated liquid hydrogen in the cryogenic vessel boils, if it is heated by the vessel wall in case of 

LOVA. The boiling heat transfer can be determined by using correlations for different regimes of boiling 

[5-8,17]. The Kutateladze correlation for pool boiling heat transfer [5], which has been verified for 

cryogenic fluids including N2, O2, H2, and He, is adopted hereby, 

𝑞𝑏𝑜𝑖𝑙(𝑇𝑤) = 𝜇𝑓𝐻𝑓𝑔 [
𝑔(𝜌𝑓−𝜌𝑔)

𝜎𝑓
]
0.5

[
𝐾𝑝0.7𝐶𝑝𝑓(𝑇𝑤−𝑇𝑠)

881𝑃𝑟𝑓
0.65𝐻𝑓𝑔

]

10

3
     (Eq. 12) 

𝐾𝑝 =
𝜌𝑓𝑃𝑠

𝜌𝑔[𝑔𝜎𝑓(𝜌𝑓−𝜌𝑔)]
0.5         (Eq. 13) 

where, 𝑞𝑏𝑜𝑖𝑙 is the heat flux due to bulk boiling, W/m2; 𝜇𝑓 the dynamic viscosity of LH2, Pa·s; 𝐻𝑓𝑔 the 

latent heat of vaporization of  LH2, J/kg; 𝑔 the gravity, m/s2; 𝜌𝑓 the LH2 density, kg/m3; 𝜌𝑔 the gaseous 

hydrogen density, kg/m3; 𝜎𝑓 the surface tension of LH2, N/m; 𝐶𝑝𝑓 the specific heat capacity of LH2, 

J/kg/K; 𝑃𝑟𝑓 the Prandtl number of LH2; 𝑇𝑤 the vessel wall temperature, K; 𝑇𝑠 the saturation temperature 

of LH2, K; 𝐾𝑝 a dimensionless quantity; 𝑃𝑠 the saturation pressure of hydrogen vapor, Pa. 

3.4.4 Thermal conduction 

The thermal conduction effect of the MLI, the solid nitrogen layer and the steel wall can be modeled by 

their thermal resistances. The temperature dependency of the material properties is considered in the 

model due to their significant change in the considered temperature range. 

(i) MLI is widely used in cryogenic applications. Modelling on the insulation mechanism of the MLI is 

conducted, e.g. in [4, 9, 12]. However, an apparent thermal conductivity of the MLI is measured by the 

manufacturer, which varies on the vacuum pressure and the local temperature in the MLI. The thermal 

insulance (R-value) of one layer of insulation is formulated as, 

𝑅𝑖𝑛𝑠(𝑃𝑣 , 𝑇𝑖𝑛𝑠) =
𝑡ℎ𝑖𝑛𝑠

𝑘𝑖𝑛𝑠(𝑃𝑣,𝑇𝑖𝑛𝑠)
        (Eq. 14) 

where, 𝑅𝑖𝑛𝑠  is the thermal insulance of one layer of insulation material, m2K/W; 𝑡ℎ𝑖𝑛𝑠  the layer 

thickness, m; 𝑘𝑖𝑛𝑠  the measured thermal conductivity, W/m/K, which is a function of the vacuum 

pressure 𝑃𝑣  and the layer temperature 𝑇𝑖𝑛𝑠 . In mathematical practice, for each node, the layer 

temperature can be approximated by the average value, i.e. 𝑇𝑖𝑛𝑠 = (𝑇𝑖 + 𝑇𝑖+1) 2⁄ , (i = 1,2, …10) for 

the ith  node by referring to Fig. 2.  

(ii) The thermal insulance of the solid nitrogen layer is formulated as, 

𝑅𝑠𝑛(𝑀𝑠𝑛, 𝑇𝑠𝑛) =
𝑡ℎ𝑠𝑛(𝑀𝑠𝑛,𝑇𝑠𝑛)

𝑘𝑠𝑛(𝑇𝑠𝑛)
        (Eq. 15) 

𝑡ℎ𝑠𝑛(𝑀𝑠𝑛, 𝑇𝑠𝑛) =
𝑀𝑠𝑛

𝜌𝑠𝑛(𝑇𝑠𝑛)𝐴𝑠𝑛
        (Eq. 16) 

where, 𝑅𝑠𝑛  is the thermal insulance of solid nitrogen layer, m2K/W; 𝑡ℎ𝑠𝑛  the solid layer thickness, 

m;  𝑘𝑠𝑛  the thermal conductivity of solid nitrogen, W/m/K, which is strongly depending on its 

temperature 𝑇𝑠𝑛; 𝑀𝑠𝑛 the total deposited mass, kg; 𝜌𝑠𝑛 the density of solid nitrogen, kg/m3, which varies 

significantly on its temperature. 

The temperature of the solid nitrogen layer can be approximated by the average, i.e. 𝑇𝑠𝑛 =
(𝑇11 + 𝑇12) 2⁄ , by referring to Fig. 2. In the layer thickness calculation (Eq. 16), the actual cylindrical 

annular geometry of the layer is approximated by a thin plane, because the ratio of the thickness over 

the diameter is in an order of 10-3 in practice [1].  
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(iii) The thermal insulance of the cryogenic vessel wall (stainless steel) is simply formulated as, 

𝑅𝑠𝑠(𝑇𝑠𝑠) =
𝑡ℎ𝑠𝑠

𝑘𝑠𝑠(𝑇𝑠𝑠)
         (Eq. 17) 

where, 𝑅𝑠𝑠  is the thermal insulance of stainless steel, m2K/W;  𝑡ℎ𝑠𝑠  the steel thickness, m;  𝑘𝑠𝑠  the 

thermal conductivity of steel, W/m/K, which varies on its temperature  𝑇𝑠𝑠 in the cryogenic condition. 

4 GOVERNING EQUATIONS  

According to the Fourier’s law, 19 heat conduction equations for the 19 nodes, as shown in Fig. 2, can 

be obtained, with a general form for the ith  node as, 

d

dt
(
𝑇𝑖+𝑇𝑖+1

2
) =

𝐴𝑖

𝑀𝑖∙𝐶𝑝𝑖
[𝑞𝑠𝑟𝑐 +

𝑇𝑖−1−𝑇𝑖

𝑅𝑖−1(
𝑇𝑖−1+𝑇𝑖

2
)
−

𝑇𝑖−𝑇𝑖+2

𝑅𝑖(
𝑇𝑖+𝑇𝑖+1

2
)+𝑅𝑖+1(

𝑇𝑖+1+𝑇𝑖+2
2

)
] (𝑖 = 1,2…19)  (Eq. 18) 

The pool boiling heat transfer occurs at the inner wall surface of the cryogenic vessel. The heat transfer 

equation can be formulated as, 

d𝑇𝑖

dt
=

𝐴𝑖

𝑀𝑖∙𝐶𝑝𝑖
[

𝑇𝑖−1−𝑇𝑖

𝑅𝑖−1(
𝑇𝑖−1+𝑇𝑖

2
)
− 𝑞𝑏𝑜𝑖𝑙] (𝑖 = 20)       (Eq. 19) 

In Eq. 18 and Eq. 19, 𝑇𝑖 is the material temperature as an independent variable, K; 𝐴𝑖 the cross section 

area perpendicular to the heat flux, m2; 𝑀𝑖 the material mass, kg; 𝐶𝑝𝑖 the specific heat capacity, J/kg/K; 

𝑞𝑠𝑟𝑐 the source of heat flux, W/m2, which can be 𝑞𝑑𝑒𝑝 (Eq. 6), 𝑞𝑐𝑜𝑛𝑣 (Eq. 10) and/ or 𝑞𝑟𝑎𝑑 (Eq. 11) 

depending on where the node is; 𝑅𝑖 the thermal insulance of the material, m2K/W. 

It should be noted that: 

- The discretion form of the heat transfer equation can be different. The second term inside the 

square brackets of Eq. 18 vanishes for the first node (i=1). 

- The “material” refers to one of the three, the MLI, the iced nitrogen or the stainless steel. 

- The 𝑅𝑖 depends not only on the temperature, but also on the vacuum pressure 𝑃𝑣 for the nodes 

of the MLI, and also on the growing mass of deposition 𝑀𝑠𝑛 for the solid nitrogen node. 

- The 𝐴𝑖 increases with time for the solid nitrogen node, which is a function of both the material 

temperature and the deposited mass. 

- The 𝐶𝑝𝑖 varies with the temperature in the nodes of the iced nitrogen or the stainless steel. 

The Eq. 18 and Eq. 19 together with Eq. 3 and Eq. 7 form a group of 22 ordinary differential equations 

(ODEs), with 22 independent variables, 𝑇𝑖 (i=1,2,..20), 𝑃𝑣 and 𝑀𝑠𝑛. The closed group of equations can 

be solved by using a mathematical tool, e.g. MATHCAD, with support of the material properties. 

5 CRYOGENIC MATERIAL PROPERTIES  

The correctness of the ODEs’ solutions is highly depending on the accurate material properties, which 

vary significantly with the cryogenic temperature. The thermal properties of the gaseous and solid 

nitrogen, the stainless steel and the MLI are carefully prepared to support the calculation. 

The saturation density and pressure of nitrogen [10] are the key parameters to determine if mass deposits 

or not, as shown in Fig. 3 (left). The precise fitting to the very small values in the temperature range 

below the triple point (63 K) is essentially important to judge the desublimation criterion (Eq. 4), which 

are zoomed in a logarithmic scale, as shown in the top-left square in Fig. 3 (left). The enthalpies of solid 
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phase (below triple point) and liquid phase (above triple point) of nitrogen are one of the dominating 

parameters to determine the heat flux due to mass deposition (Eq. 6), as shown in Fig. 3 (right). 

The thermal properties of gaseous nitrogen are shown in Fig. 4. As shown, they vary remarkably with 

the cryogenic temperatures and must be represented accurately in the convection model (Eq. 8-10) for 

a correct estimation. 

The thermal properties of solid nitrogen as shown in Fig. 5, support the conduction model (Eq. 15-16). 

As shown in the figure, two sudden jumps occur on the curves of heat capacity and the density, 

respectively, when the temperature approaches the transition point from the crystal type α to β of 

nitrogen (about 35.6 K) [13,24] and to the triple point (63 K). 

The thermal conductivity and the heat capacity of the stainless steel 316 [22] are shown as functions of 

cryogenic temperature in Fig. 6 (left), instead of constants in conventional temperature range. The two 

properties support the conduction model of steel (Eq. 17). 

The apparent conductivity of the MLI materials is measured as data by the manufacturer [23]. It turns 

out to be a function of the vacuum pressure and the temperature as shown in Fig. 6 (right). The 

conductivity is computed by double interpolations on the two parameters for the conduction model of 

the MLI (Eq. 14). 
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Figure 3. Saturation density, pressure and solid/ liquid enthalpy of nitrogen 
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Figure 4. Thermal conductivity, heat capacity and dynamic viscosity of gaseous nitrogen 

20 40 60 80 100 120 140

0

50

100

150

200

250

 Saturated N2 density, kg/m3

 Saturated N2 pressure, Pa

Ts, K

S
a

tu
ra

te
d

 N
2
 d

e
n

s
it
y
, 
k
g

/m
3

0.0

5.0x105

1.0x106

1.5x106

2.0x106

2.5x106

3.0x106

3.5x106

S
a

tu
ra

te
d

 N
2
 p

re
s
s
u
re

, 
P

a

30 40 50 60
10-9

10-7

10-5

10-3

10-1

Ts, K

S
a

t.
 N

2
 d

e
n

s
it
y
, 

k
g

/m
3

10-5

10-3

10-1

101

103

S
a

t.
 N

2
 p

re
s
s
u

re
, 

P
a



9 

0 20 40 60 80 100

0

2

4

6

8

10  Thermasl conductivity of solid N2, W/m·K

 Heat capicity of solid N2, J/K

T, K

T
h
e

rm
a
s
l 
c
o

n
d

u
c
ti
v
it
y
 o

f 
s
o
lid

 N
2
, 

W
/m

·K

0

500

1000

1500

2000

2500

H
e

a
t 
c
a

p
ic

it
y
 o

f 
s
o

lid
 N

2
, 

J
/K

   
0 20 40 60 80 100

650

700

750

800

850

900

950

1000

1050

D
e

n
s
it
y
 o

f 
s
o

lid
 N

2
, 

k
g
/m

3

T, K  
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Figure 6. Thermal conductivity of heat capacity of stainless steel 316 and thermal conductivity of the 

MLI 

6 COMPUTATION RESULTS 

With the support of the material properties, the group of ODEs are solved by using the MATHCAD.  

The transient parameters of the LH2 cryostat in the first 30 s in LOVA are obtained as the solutions. 

With a given size of the break on the vacuum vessel wall, the vacuum pressure evolution along time is 

shown in Fig. 7a. It indicates that the pressurization is fast. It takes about 10 s for the pressure to increase 

to the 99% of the upper limit (ambient pressure). 

The venting mass flow rate of nitrogen is shown in Fig. 7b. The critical flow rate remains constant up 

to 2.5 s, and then decays over time due to the decreasing pressure difference between the ambient and 

the vacuum enclosure. The mass deposition rate due to desublimation is shown in Fig. 7b, with the peak 

value at about 2 s. It is remarkable that quasi balance is set up between the mass source (venting flow) 

and the mass sink (desublimation) at about 10 s.  

The heat fluxes due to mass deposition, convection and thermal radiation are depicted in Fig. 7c. It is 

obvious that the heat fluxes of convection and radiation are negligible compared to that of phase change 

of the venting gas, i.e. the thermal load due to mass deposition dominates the safety limit of the cryostat. 

The peak value of the heat flux to the LH2 is 1.67·104 W/m2, namely, 1.67 W/cm2, at t ≈ 3 s. In other 

similar studies, the measured 𝑞𝑑𝑒𝑝 ranges in 3 – 6 W/cm2 for a LHe cryostat in LOVA with vacuum 

insulation only, and in 0.3 – 1.93 W/cm2 with additional insulation of MLI or other shields [25-31]. 



10 

The temperature evolutions at the different layers are shown in Fig. 7d. At the beginning stage of LOVA 

the temperatures increase remarkably in the MLI, in the solid nitrogen and in the stainless steel due to 

the ingress of the “warm” venting gas, before a slow evolution process is observed. At t = 30 s, the inner 

surface temperature of the stainless steel is 26.6 K. The pool boiling in the cryogenic vessel contributes 

to the 0.6 K temperature difference between the LH2 and the vessel wall. The outer surface temperatures 

of the steel wall, the solid nitrogen layer and the MLI is 34.7 K, 65.6 K and 128.7 K, respectively. Thus, 

the thermal resistances of the stainless steel, the solid nitrogen layer and the MLI contribute to the 

temperature differences of 8 K, 31 K and 63 K, respectively. The temperature drop in the solid nitrogen 

layer is almost half of that of the MLI, although the thickness of the iced nitrogen layer is in an order of 

half millimeter (Fig. 7e), only a tiny fraction of the MLI thickness. It means the solid nitrogen itself is a 

good thermal insulation material, due to its very low thermal conductivity. 

The surface temperature of the nitrogen layer after t = 5 s is higher than the nitrogen triple point (63 K) 

by within 2.5 K. In this condition, condensation takes place. 

The growing processes of the solid nitrogen layer and the total deposited mass are shown in Fig. 7e. At 

t = 30 s, the solid nitrogen layer thickness reaches 0.54 mm and the total deposited mass of nitrogen is 

about 0.7 kg. 

The heat fluxes due to convection and thermal radiation, which are 67 W/m2 and 27 W/m2, respectively, 

at the later equilibrium stage, are shown together in Fig. 7f for comparison. They occupy only 0.14% 

and 0.36%, respectively, of the peak thermal load caused by the mass deposition. Therefore, the two 

phenomena are ignored in some similar studies [1-3]. 
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Figure 7. Transient parameter evolutions in the LH2 cryostat in the first 30 s in a LOVA 

7 CONCLUSIONS 

Zero dimensional lumped parameter models on heat and mass transfers are developed to find the thermal 

load to the LH2 cryostat in a loss of vacuum accidental (LOVA) scenario, by modelling the multi-layer 

insulation, the iced nitrogen layer, the convection in the vacuum enclosure and the pool boiling heat 

transfer in the cryogenic vessel. Due to the difficulty of determining the actual location of nitrogen 

deposition, the nitrogen gas is assumed conservatively to desublimate on the outer surface of the 

cryogenic vessel wall. The computed results confirm that the mass deposition dominates the 

contributions to the thermal loads to the LH2. The convection and thermal radiation play significantly 

less roles. The estimated heat flux to the LH2 in LOVA supplies a key input parameter for the safety 

valve design for the cryogenic vessel. The computed thermal-dynamic parameters in the LH2 cryostat 

system support the design of the experimental facility for LOVA tests, including the cryostat itself and 

the auxiliary measuring system. In turn, the test data will be used to verify the theoretical models in 

future work. 
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