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Abstract 1 

A new transient 1-D model relevant to the non-isobaric evaporation of cryogenic liquids has been 2 

developed. It provides time-dependent vapour and liquid temperature profiles, tank pressure, liquid 3 

volume and evaporation rates. Natural convection in the vapour and liquid phases are simplified to 4 

volumetric heat sources that assume instantaneous radial and uniform mixing, respectively. The 1-D 5 

model was compared to a CFD model across three experimental scenarios for pressure, vapour 6 

temperature and liquid temperature. It was found that the 1-D model achieved a comparable accuracy 7 

to CFD, requiring less than 1/1000th simulation time. The model can simulate days of evaporation in 8 

less than 10 seconds, making it suitable to optimise operating conditions and cryogenic storage tank 9 

designs. 10 

 11 

 12 

 13 

 14 

  15 



3 
 

1  Introduction 1 

Cryogenic liquids are substances with a saturation temperature below -150 °C at atmospheric 2 

pressure. Most cryogenic liquids of industrial interest are formed by liquefaction either of gas mixtures 3 

such as air and natural gas, or of pure valuable gases, such as oxygen, methane and hydrogen. 4 

Although liquefaction is an energy intensive process [1], the cryogenic liquids have two main benefits 5 

that have made their production economically sustainable and socially relevant. At atmospheric 6 

pressure, the densities of these liquefied gases are significantly higher than the densities of the gases 7 

at room temperature, ranging from 640 kg/m3 for methane to 871 kg/m3 for oxygen. This facilitates the 8 

storage of these gases in liquefied form, as achieving the same density in the gaseous phase would 9 

require extremely high pressures, impractical for industrial supply chains. Secondly, their extremely low 10 

temperatures make them suitable refrigerants for industrial processes [2] and efficient energy sinks for 11 

cold energy recovery in power cycles [3, 4].  12 

Recently, cryogenic liquids have become pivotal for the sustainable energy transition towards a 13 

decarbonised energy landscape. For this purpose, relevant applications are liquid air energy storage 14 

(LAES) [5], liquid hydrogen storage [6] and cryogenic CO2 separation for carbon capture [7]. Although 15 

the cryogenic engineering industry is technologically mature, it requires specialised process units to 16 

withstand cryogenic temperatures, particularly for the storage of cryogenic liquids. Cryogenic liquids 17 

are stored in highly insulated storage tanks to minimise the heat ingress from the surroundings, driven 18 

by the large temperature difference between the surroundings and the stored cryogen. As there is no 19 

perfect insulation, the heat ingress heats and evaporates the cryogen producing boil-off gas (BOG). 20 

The evaporated cryogen accumulates in the vapour phase, increasing the tank pressure. Once the 21 

pressure reaches an established set-point, which ranges from 1.1 to 1.3 bar for large scale [8, 9], up to 22 

3.6 bar in mid-scale [10] and up to 10 bar for small scale storage [11], BOG is removed from the tank 23 

to reduce the tank pressure.  24 

The continuous generation of BOG creates practical, safety and economic challenges. For large 25 

scale storage tanks operating at pressures slightly above the atmospheric, the removed BOG is 26 

redirected to a BOG management system for its re-liquefaction or utilisation. In less modern plants and 27 

tankers, in extreme scenarios or for small scale storage, the BOG is vented to the atmosphere. The 28 

continuous removal of BOG from the storage tank limits the cryogen holding time and limits the 29 

economic viability, especially for liquid hydrogen supply chains [6]. Furthermore, it can generate a 30 

significant environmental impact in the case of methane or natural gas [12]. Therefore, minimising BOG 31 

rates is a key objective in the optimisation of the design and operation of cryogenic storage tanks. 32 
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The evaporation and BOG rates during cryogenic liquids storage result from the interplay of complex 1 

transport phenomena in both liquid and vapour phases. In particular, natural convection, thermal 2 

stratification, self-pressurisation, non-uniform wall heat fluxes to the fluid phases and interfacial heat 3 

and momentum transfer all play an important part. The magnitude and relevance of these phenomena 4 

depend on the tank scale and operating conditions.  5 

In large-scale tanks, the narrow range of operating pressure results in a nearly isobaric evaporation 6 

of the cryogen, where the BOG is continuously removed as it is generated [9, 13, 14]. The isobaric 7 

evaporation results in a constant, nearly spatially homogeneous liquid temperature that simplifies liquid-8 

phase transport phenomena. In contrast to the liquid phase, the vapour phase is thermally stratified 9 

[15, 16] owing to the interplay of wall heating, natural convection, vapour advection and interfacial 10 

cooling [17, 18]. The continuous removal of the generated BOG results in vertical heat advection being 11 

a dominant heat transfer mechanism in the vapour phase [17]. The advection governed heat transfer 12 

in the vapour phase and the nearly constant, uniform liquid temperature during isobaric-evaporation 13 

has enabled the development of reduced-order models [17, 19]. These models have shown a 99% 14 

accuracy when validated against CFD simulations [18] and require less than 1/1000th of simulation 15 

time. This makes them suitable for process and design optimisation. 16 

In small and medium-scale tanks, the pressure operating range is wider than that of large-scale 17 

tanks resulting in the non-isobaric storage of the cryogenic liquid. The pressure build-up, owing to liquid 18 

evaporation, will continuously increase the saturation temperature of the cryogen, which is equal to the 19 

temperature of the vapour-liquid interface. Owing to the low liquid thermal diffusivity, experimental [20-20 

24] and modelling [25-29] research concludes that the interface will heat at a faster rate than the liquid 21 

phase bulk. The continuous increase in saturation temperature in conjunction with natural convection 22 

induced by the heating of the tank bottom and walls drives liquid thermal stratification. This results in 23 

both liquid and vapour thermal stratification, making non-isobaric storage significantly more complex to 24 

model than isobaric storage.  25 

In contrast to isobaric storage, reduced order models for non-isobaric storage are scarce and of 26 

very limited range of applicability. This has limited progress in the design and optimisation of non-27 

isobaric storage tanks, which are critical for energy storage applications such as liquid hydrogen tanks 28 

used in aviation [30] and road freight [31]. Early non-isobaric evaporation models have aimed to provide 29 

a physical description of the relevant boundary layers [25, 32] or simplified, but consistent interfacial 30 

energy balances [20].  Unfortunately, these models were not able to provide a good prediction of any 31 

relevant process variables. More recent models have focused on modelling the interfacial energy 32 
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balance by means of effective convection coefficients for the vapour or the liquid or both [23, 33]. These 1 

models are simpler than boundary layer models and achieve a better accuracy. However, they neglect 2 

liquid thermal stratification and the non-uniform wall heat flux [29]. These models require parameter 3 

fitting, which results in a limited range of applicability owing the incomplete description of underlying 4 

physics. 5 

Several reduced order models for non-isobaric evaporation model the vapour to interface heat 6 

transfer as convective [22, 34, 35]. This approach has two physical limitations. Firstly, all experimental 7 

data on vapour thermal stratification [20-24] confirms that the cryogen vapour is a very ineffective 8 

medium for heat transfer due to its extremely low thermal conductivity. Secondly, the 9 

advective/convective vapour velocities are not only low but circulate the vapour away from the interface 10 

in the opposite direction to the vapour-to-interface heat flux [18]. In our previous non-isobaric CFD 11 

model [29], we proposed an alternative modelling approach to explain the apparent inconsistency 12 

between the measured and modelled vapour and liquid temperature profiles and pressure build-up. 13 

The simulations indicate that most of the external vapour heat ingress is conducted through the dry 14 

walls to the vapour-liquid interface, producing wall evaporation. This is a result of  two effects: (i) the 15 

austenitic steel tank wall [36] has a thermal conductivity three orders of magnitude higher than 16 

cryogenic vapour and (ii)  the small vapour radial temperature gradient at the tank walls [18] decreases 17 

the driving force for heat transfer, along the radial direction, in the vapour side of the wall-vapour 18 

interface.  19 

In this work, we propose a new one-dimensional model for the non-isobaric evaporation of cryogenic 20 

liquid storage tanks with physically sound foundations. The model considers the spatial-temporal 21 

variation in the vertical direction of vapour and liquid phases, pressure build-up and wall evaporation. 22 

It takes our previous CFD model [30] as the starting point, removing the need to solve the liquid velocity 23 

profiles. When compared against the CFD model, the 1-D model achieved an excellent fit in pressure, 24 

requiring only a 1/1000th of simulation time. This efficiency makes the new model suitable for optimising 25 

the design, operation and control of storage tanks, as it simulates hours of evaporation in less than 5 26 

seconds. Simultaneously, its simplicity facilitates the analysis of the transport phenomena that 27 

dominate pressurisation and evaporation rates. In Section 2, the physical and mathematical models 28 

are described. In Section 3, the model predictions are compared against experimental data and the 29 

results obtained with Huerta and Vesovic’s CFD model [30] for liquid nitrogen evaporation. In Section 30 

4, a summary and conclusions of the results are given. 31 

 32 
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2 Model development 1 

2.1 Physical model 2 

The cryogenic storage tank has been modelled as a vertically orientated cylinder with multi layered 3 

insulation (MLI) characterised by an effective thermal conductivity. The vapour and liquid have been 4 

assumed to be separated by a smooth interface. This assumption is valid for heat fluxes below 50 W 5 

m-2 K-1 typically observed during cryogen storage after the tank has been preconditioned [37, 38]. 6 

Figure 1 depicts a schematic of the cryogenic storage tank under non-isobaric conditions. The origin of 7 

the coordinate system is set at the bottom of the tank, and the vapour-liquid interface is set at  𝑧𝑧 = 𝑙𝑙L, 8 

where 𝑙𝑙L is the liquid height. The tank height, 𝐻𝐻, is constant and equal to 𝐻𝐻 = 𝑙𝑙L + 𝑙𝑙V where 𝑙𝑙V is the 9 

vapour height. The temperature gradient, between the surrounding air and the cryogen drives several 10 

heat ingresses.  Namely, heat ingress to the liquid bulk: (i) through the bottom of the tank at a rate 𝑄̇𝑄b, 11 

(ii) through the tank walls at a rate 𝑄̇𝑄L and (iii) through the vapour-liquid interface at a rate 𝑄̇𝑄iL. The 12 

vapour phase is heated by heat ingress: (i) through the tank roof at a rate 𝑄̇𝑄r and (ii) through the tank 13 

walls at a rate 𝑄̇𝑄V, while it is simultaneously cooled by the interphase at a rate 𝑄̇𝑄Vi. The wall heat 14 

partitioning fraction, 𝜂𝜂𝑤𝑤, represents the fraction of the external vapour heat ingress 𝑄̇𝑄V,ext that is 15 

transferred directly to the vapour-liquid interface [29], primarily by conduction through the tank walls in 16 

the negative z-direction. This produces a heat flow to the interface at a rate 𝑄̇𝑄V,ext𝜂𝜂𝑤𝑤 that results in the 17 

direct evaporation of the cryogen. As the evaporation progresses, the tank pressure increases owing 18 

to the interplay between vapour heating, liquid thermal expansion and phase change. 19 
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 1 
Figure 1: Schematic of the modelled closed cryogenic storage tank. The solid and dashed arrows represent heat 2 
and mass flows, respectively. 𝛿𝛿 is the thickness of the layer below the interface where the 𝜂𝜂𝑤𝑤 fraction of the 3 
external vapour heat ingress is transferred to the liquid. The region near the tank wall in contact with the vapour 4 
phase and just below the vapour-liquid interface is zoomed-in to illustrate the wall heat flux partitioning. 5 

 6 

2.1.1 Vapour phase model 7 

Computational [15, 18, 39] and experimental [20-22, 36] evidence has shown that a steep 8 

temperature gradient develops in the vapour phase of cryogens stored in tanks. This indicates that far 9 

from the vapour-liquid interface, natural convection and advection in the vertical direction are small and 10 

can be neglected. The vapour phase model is the same as in our previous work [29]. Thus, the vapour 11 

phase temperature is governed by an unsteady 1-D heat diffusion equation for a compressible gas with 12 

a heat source, 13 

𝜕𝜕𝑇𝑇V
𝜕𝜕𝜕𝜕

= 𝛼𝛼�V
𝜕𝜕2𝑇𝑇V
𝜕𝜕𝑧𝑧2

+
𝑆̇𝑆w,V

𝜌̅𝜌V𝑐𝑐p̅
+ 𝑆̇𝑆c. (1) 14 
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where 𝑇𝑇V is the vapour phase temperature, 𝛼𝛼�V = 𝑘𝑘�V/𝜌̅𝜌V𝑐𝑐p̅ is the vapour thermal diffusivity,  and 𝜌𝜌V, 𝑐𝑐pV 1 

and 𝑘𝑘V are the density, specific heat capacity and thermal conductivity, respectively of the vapour 2 

phase. The thermophysical properties are evaluated at the average vapour temperature. Therefore, 3 

assuming instantaneous radial heat transfer and azimuthal symmetry, the heating of the vapour through 4 

the walls is modelled by a volumetric source term, 5 

𝑆̇𝑆w,V =
4𝑈𝑈V𝑑𝑑o
𝑑𝑑i2

(𝑇𝑇air − 𝑇𝑇V)(1 − 𝜂𝜂w), (2) 6 

where 𝑈𝑈V is the overall heat transfer coefficient of the storage tank, 𝑑𝑑o and 𝑑𝑑i are the external and 7 

internal tank diameters, respectively. The wall heat partitioning fraction is formally defined as, 8 

𝜂𝜂w =
∫ �∫ 𝑘𝑘w

𝜕𝜕𝑇𝑇w
𝜕𝜕𝜕𝜕 |𝑟𝑟=𝑟𝑟i𝑑𝑑𝑑𝑑

𝑙𝑙L
𝑙𝑙L−𝛿𝛿

� 𝑑𝑑𝑑𝑑2𝜋𝜋
0

𝑄̇𝑄V,in
, (3) 9 

where 𝑇𝑇w and 𝑘𝑘w are the temperature and the thermal conductivity, respectively of the tank wall. The 10 

quantity 𝛿𝛿 is the height of the region, below the interface, where a large wall heat flux, 𝑄̇𝑄V,ext𝜂𝜂w, is 11 

transferred directly from the tank walls into the cryogenic liquid. As the liquid in this region is close to 12 

the saturation temperature, regardless of the level of stratification, this results in its direct evaporation 13 

[29]. Recent experimental and modelling evidence suggest that the value of 𝜂𝜂w is close to unity owing 14 

to the rapid vertical heat conduction through the metal part of the wall in contact with the thermally 15 

stratified vapour [22, 23, 29]. In this work 𝜂𝜂w will be either fitted to experimental data for different 16 

experimental scenarios or assumed to be equal to 0.97 in other case. This simplifies the need for a full 17 

conjugate heat transfer model to compute the wall temperature gradient in the radial direction at the 18 

wall-liquid contact line, 𝜕𝜕𝑇𝑇𝑤𝑤/𝜕𝜕𝜕𝜕|𝑟𝑟=𝑟𝑟i.  19 

For large pressurisation rates, the saturation temperature may increase at a faster rate than the 20 

temperature of the vapour immediately adjacent to the interface. This will lead to the rapid condensation 21 

of vapour in this region. This effect has been modelled by means of a condensation heat source 𝑆̇𝑆c [29], 22 

 𝑆̇𝑆c = � 𝑓𝑓c(𝑇𝑇sat − 𝑇𝑇V)       if 𝑇𝑇V < 𝑇𝑇sat 
0                              otherwise    

,     (4) 

where 𝑓𝑓c is a condensation relaxation coefficient. The vapour temperature profile is invariant to 𝑓𝑓c in the 23 

range 10 ≤ 𝑓𝑓c ≤ 3600, and it can be tuned to improve convergence [29]. Equation 1 is subject to the 24 

following initial and boundary conditions, 25 

𝑇𝑇V�𝑡𝑡 = 0,  𝑙𝑙L < 𝑧𝑧 < (𝑙𝑙L + 𝑙𝑙V)� = 𝑇𝑇sat(𝑃𝑃|𝑡𝑡=0), (5.a) 26 
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𝑇𝑇V(𝑧𝑧 = 𝑙𝑙L) = 𝑇𝑇sat(𝑃𝑃), (5.b) 1 

𝑘𝑘V
𝜕𝜕𝑇𝑇V
𝜕𝜕𝑧𝑧

|𝑧𝑧=𝑙𝑙L+𝑙𝑙V = 𝑈𝑈r(1 − 𝜂𝜂w)(𝑇𝑇air − 𝑇𝑇V|𝑧𝑧=𝑙𝑙L+𝑙𝑙V). (5.c) 2 

where, 𝑃𝑃 is the pressure in the vapour bulk and 𝑇𝑇sat is the cryogen saturation temperature, which is a 3 

function of the pressure. If there is a known heat flux at the tank roof 𝑞𝑞r, Eq. 5.c is simply 4 

𝜕𝜕𝑇𝑇V/𝜕𝜕𝜕𝜕|𝑧𝑧=𝑙𝑙L+𝑙𝑙V = 𝑞𝑞r/𝑘𝑘V. At the beginning of the evaporation, the vapour temperature is assumed to be 5 

equal to the cryogen saturation temperature at the initial pressure (Eq. 5.a). At the vapour liquid 6 

interface, the temperature of the vapour is equal to the saturation temperature at the pressure of the 7 

vapour (Eq. 5.b) at all times. At the tank roof, the heat flux from the roof to the vapour is driven by the 8 

temperature difference between the surroundings and the vapour in contact with the tank roof (Eq. 5.c). 9 

 10 

2.1.2 Liquid phase model 11 

The evaporation of the cryogenic liquid and the heating of its vapour will increase the tank pressure 12 

and consequently increase the cryogen saturation temperature. Because of the low liquid thermal 13 

diffusivity, the saturation temperature will increase faster than the bulk temperature, inducing thermal 14 

stratification [20-23, 36, 40, 41]. The thermally stratified layer will develop vertically from the interface 15 

towards the bottom of the tank. It is worth noting that thermal stratification will dampen natural 16 

convection in the thermally stratified layer [18, 29]. Therefore, it will be assumed that the thermal 17 

boundary layer will develop at the rate corresponding to the physical time scale of thermal diffusion, 18 

𝛿𝛿 ∝ �4𝛼𝛼�L𝑡𝑡, where 𝛼𝛼�L is the liquid thermal diffusivity evaluated at the average liquid temperature and t 19 

is the time. On this basis, advection will be neglected. Far from the interface, the liquid is mixed radially 20 

by buoyancy driven flows originated at the regions adjacent to the heated bottom and tank walls [29]. 21 

These are modelled as two volumetric source terms that indicate the different levels of mixing due to 22 

the heating of the liquid by the tank bottom, 𝑆̇𝑆b, and by the tank walls, 𝑆̇𝑆w. This results in an unsteady, 23 

1-D heat diffusion equation with two source terms, 24 

𝜕𝜕𝑇𝑇L
𝜕𝜕𝜕𝜕

= 𝛼𝛼�L
𝜕𝜕2𝑇𝑇L
𝜕𝜕𝑧𝑧2

+
1

𝜌̅𝜌L𝑐𝑐p̅
(𝑆̇𝑆w + 𝑆̇𝑆b), (6) 25 

where 𝑇𝑇L is the liquid phase temperature. The wall and bottom heating source terms are defined as, 26 

𝑆̇𝑆w =
4𝑈𝑈L𝑑𝑑o
𝑑𝑑i2

(𝑇𝑇L − 𝑇𝑇air), (7) 27 
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𝑆̇𝑆b =
𝑈𝑈b(𝑇𝑇L|𝑧𝑧=0 − 𝑇𝑇air)

𝑙𝑙L
. (8) 1 

where 𝑈𝑈L and 𝑈𝑈b are the overall heat transfer coefficients of the tank walls and tank bottom, 2 

respectively. These coefficients are allowed to differ, as in some cryogen storage scenarios, the heat 3 

flux through the bottom of the tank is higher than through the tank walls. In those scenarios, the bottom 4 

of the tank is either heated to prevent ground freezing or supported by pillars that conduct heat from 5 

the ground.  Eq. 6 is subject to the following initial and boundary conditions, 6 

𝑇𝑇L|𝑡𝑡=0 = 𝑇𝑇sat(𝑃𝑃0), (9.𝑎𝑎)   7 

𝑇𝑇L|𝑧𝑧=𝑙𝑙𝐿𝐿 = 𝑇𝑇sat(𝑃𝑃), (9. 𝑏𝑏) 8 

𝜕𝜕𝑇𝑇L
𝜕𝜕𝜕𝜕

|𝑧𝑧=0 = 0. (9. 𝑐𝑐) 9 

These boundary conditions indicate that: (i) at the beginning of the evaporation, the liquid temperature 10 

is spatially homogeneous and equal to the saturation temperature at the initial pressure (Eq. 9. a); (ii) 11 

at the vapour-liquid interface, the liquid temperature is equal to the saturation temperature at the given 12 

vapour pressure (Eq. 9. b) and (iii) as the bottom heat ingress is included as a volumetric source term, 13 

see Eq. 8, a zero gradient boundary condition is set at the tank bottom (Eq. 9. c) to avoid double-14 

counting the bottom heat ingress. Equations 9. a-9. c constitute an initial-boundary value problem (IBVP) 15 

for the liquid phase. 16 

 17 

2.1.3 Evaporation rate and pressure evolution 18 

The evaporation rate 𝐵̇𝐵L is modelled as the sum of interfacial evaporation and the direct evaporation 19 

due to the wall heat conduction, 𝑄̇𝑄V,ext𝜂𝜂w, [29], 20 

𝐵̇𝐵L = 𝐵̇𝐵L,i + 𝐵̇𝐵L,w. (10) 21 

The interfacial evaporation is defined by means of the energy balance at the vapour-liquid interface, 22 

using the Fourier’s law, 23 

𝐵̇𝐵L,i =
𝑘𝑘V
𝜕𝜕𝑇𝑇V
𝜕𝜕𝜕𝜕 |𝑧𝑧=𝑙𝑙𝐿𝐿+ − 𝑘𝑘L

𝜕𝜕𝑇𝑇L
𝜕𝜕𝜕𝜕 |𝑧𝑧=𝑙𝑙𝐿𝐿−

𝛥𝛥𝐻𝐻LV
, (11)  24 

where Δ𝐻𝐻LV is the latent heat of vaporisation of the stored cryogen.  The spatial positions defined by 25 

𝑧𝑧 = 𝑙𝑙L+, 𝑧𝑧 = 𝑙𝑙L− represent the region just above and just below the vapour-liquid interface. Adjacent to the 26 
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fluid-wall contact line, the wall heat flux is amplified by two distinct mechanisms. First, far from the 1 

interface, the dampening of natural convection and low thermal conductivity induce thermal stratification 2 

in both fluid phases. This stratification is more pronounced in the vapour phase [18] than in the liquid 3 

phase [29], leading to a less efficient heating effect of the wall in contact with the liquid phase. Second, 4 

evaporation near the wall instigates a minor convective loop that circulates from the interface towards 5 

the centre of the tank before returning to the wall [29]. This results in a non-uniform vertical distribution 6 

of wall heat flux [42, 43], where a substantial portion of heat flux is directly transferred from the wall to 7 

the liquid just beneath the vapour-liquid interface. The interaction between these mechanisms and the 8 

high thermal conductivity of the wall in the z-direction culminates in a significant proportion of external 9 

heat ingress into the vapour being transferred directly downwards through the metal part of the wall to 10 

the interface. The heat directly transferred to the interface induces evaporation, defined as the wall 11 

evaporation, at the rate, 12 

𝐵̇𝐵L,w =
𝜂𝜂w𝑄̇𝑄V,ext.

Δ𝐻𝐻LV
, (12) 13 

The mass balance over the vapour subsystem results in, 14 

𝜌̅𝜌V
𝜕𝜕𝑉𝑉V
𝜕𝜕𝜕𝜕

+ 𝑉𝑉V
𝜕𝜕𝜌̅𝜌V
𝜕𝜕𝜕𝜕

= 𝐵̇𝐵L, (13) 15 

where 𝑉𝑉V is the vapour volume. As the tank volume is constant, the liquid volume can be calculated 16 

directly from, 17 

𝑉𝑉L = 𝑉𝑉T − 𝑉𝑉V, (14) 18 

where 𝑉𝑉T is the tank volume. The total mass of stored cryogen is constant over time and equal to, 19 

𝑚𝑚tot = 𝑉𝑉T�𝜌̅𝜌L𝐿𝐿𝐿𝐿 + 𝜌̅𝜌V(1 − 𝐿𝐿𝐿𝐿)�, (15) 20 

where LF is liquid filling defined as, 𝐿𝐿𝐿𝐿 = 𝑉𝑉L 𝑉𝑉T⁄ . The pressure in the vapour is evaluated using an 21 

equation of state, 22 

𝑃𝑃 = 𝜌̅𝜌V𝑍̅𝑍V(𝑃𝑃,𝑇𝑇�𝑉𝑉)𝑅𝑅𝑇𝑇�V, (16) 23 

where 𝑇𝑇�V = 1/𝑙𝑙V  ∫ 𝑇𝑇V𝑑𝑑𝑑𝑑
𝑙𝑙V
0  is the average vapour temperature, and the vapour phase compressibility 24 

factor, 𝑍̅𝑍V, is evaluated at the pressure and average vapour temperature of the cryogen. 25 

 26 
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2.2 Computational implementation 1 

The non-isobaric evaporation model has been implemented in MATLAB R2023b®. The partial 2 

differential equations, alongside their initial and boundary conditions for the vapour and liquid sub-3 

models, were discretised explicitly in space using the method of lines [44]. The second-order spatial 4 

derivatives were discretised using second-order central approximations to ensure a second-order 5 

accuracy of the solution. The Robin boundary conditions for the vapour and liquid subsystems were 6 

discretised using second-order backward and forward differences for the first derivative, respectively. 7 

A grid spacing of Δ𝑧𝑧 = 1 mm was required to ensure grid independence, producing grids with 𝑛𝑛𝑧𝑧L =8 

𝑙𝑙𝐿𝐿/Δ𝑧𝑧 + 1 computational nodes in the liquid and 𝑛𝑛𝑧𝑧V = 𝑙𝑙V/Δ𝑧𝑧 + 1 nodes in the vapour. The explicit 9 

discretisation of the PDEs and their boundary conditions produced a system of 𝑛𝑛𝑧𝑧L + 𝑛𝑛𝑧𝑧V ordinary 10 

differential equations. This system was augmented with the mass balance in Eq. (13) and the non-11 

linear thermodynamic equilibrium equation, Eq. (16), producing a differential-algebraic equations (DAE) 12 

system. The DAE system was integrated using the highly efficient ode15i variable-step, variable-order 13 

routine [45] to minimise simulation time while retaining a high numerical accuracy. For each equation, 14 

the convergence criterion has been established by setting the absolute and relative tolerances to 10-9 15 

and 10-4, respectively. Although the convergence criteria were strict, the convergence was very fast. 16 

The simulation of 2 hours of non-isobaric evaporation took less than 10 s in a single core of an Intel® 17 

Core™ i5-7300HQ CPU processor. 18 

  19 
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3 Results 1 

The 1-D model was validated against Kang et al. [21] experimental data for non-isobaric 2 

evaporation of liquid nitrogen (LN2). The experiments were carried out over intermediate heat fluxes 3 

(18-65 Wm-2), resulting in a broad pressure range (0.1–1 MPa). These conditions represent a stringent 4 

test, which allows for the identification of the range of applicability of the developed model.  5 

The Kang et al. [21] experimental set-up was not fully characterized, so a number of model 6 

parameters were obtained by fitting to the available measurements. In particular, the overall heat 7 

transfer coefficients for vapour and liquid and the wall heat partitioning factor were treated as adjustable 8 

parameters. The fitting procedure used the measured pressure, liquid and vapour temperatures for this 9 

purpose. The necessity of using three fitting parameters arises primarily to take into consideration, in a 10 

simplified manner, the non-unform heat flux distribution in the internal tank wall [29].  A detailed 11 

description of the parameter fitting strategy to is presented in Supplementary Material SM1.The vapour 12 

temperature initial condition was a third-degree polynomial fitted to the measured vapour temperature 13 

profile at the beginning of the experiments. The overall heat transfer coefficient for the bottom of the 14 

tank was calculated from the experimentally available heat flux, as 𝑈𝑈b = 𝑞𝑞b,exp/(𝑇𝑇air − 𝑇𝑇L). The roof was 15 

assumed thermally insulated, 𝑞𝑞r = 0, in agreement with the results of finite element analysis performed 16 

by Kang et al. for their experimental configuration [21]. Nitrogen was assumed to behave as an ideal 17 

gas, 𝑍̅𝑍V = 1, as this retained the simplicity of the model. More complex equations of state that were 18 

tested did not improve the fit. The values of fitted parameters are given in Table 1. As the 1-D model 19 

has a simplified representation of liquid phase heat transfer, the fitted parameters differ from those 20 

obtained when fitting the CFD model. The fitted values for the overall heat transfer coefficients are 21 

within the order of magnitude of values used for cryogen storage tanks. For example, the large-scale 22 

LNG tank used by Migliore et al. was characterised by the coefficients 𝑈𝑈L = 𝑈𝑈V = 0.36 Wm-2K-1 [9]. In 23 

a separate study, the lab-scale LN2 tank used by Perez et al. was characterised by the coefficients  24 

𝑈𝑈𝐿𝐿 = 0.25 𝑊𝑊𝑚𝑚−2𝐾𝐾−1,𝑈𝑈𝑉𝑉 =  0.24 𝑊𝑊𝑚𝑚−2𝐾𝐾−1) [22].  25 

Table 1: Fitted parameters for the 1-D and CFD models for Kang et al. [21] experiments of LN2 evaporation in a 10 26 
L vertically orientated storage tank. The overall heat transfer coefficients at the tank bottom, Ub, were available in 27 
the experimental data and equal to 2.71, 2.73 and 3.12 W m-2K-1 for the liquid fillings of 0.3, 0.5 and 0.8, respectively. 28 

 LF = 0.3 LF = 0.5 LF = 0.8 
Parameter 1-D CFD 1-D CFD 1-D CFD 

𝜂𝜂𝑤𝑤 0.914 0.970 0.949 0.980 0.959 0.980 

𝑈𝑈L (W m−2 K−1)  0.347 0.220 0.365 0.300 0.299 0.210 

𝑈𝑈V  (W m−2 K−1) 0.088 0.130 0.138 0.190 0.214 0.420 
 29 
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The thermodynamic and thermophysical properties of nitrogen are calculated using a Helmholtz-1 

energy-explicit-type multiparameter equation of state [46] part of the open-source library COOLPROP 2 

[47]. The saturation temperature was calculated using Antoine’s equation. 3 

 4 

3.1 Comparison of 1-D model and CFD model against experimental data  5 

In this section, the pressure build-up and temperature profiles obtained with the 1-D model are 6 

compared to experimental data and to the predictions of our CFD model [29]. Figure 2 shows the 7 

variation of vapour pressure as a function of time for three different liquid filling scenarios measured by 8 

Kang et al. in their LN2 non-isobaric evaporation experiments [21]. Low (LF = 0.30), intermediate (LF = 9 

0.50) and high (LF = 0.80) liquid fillings are depicted in yellow, mustard and blue colours, respectively. 10 

Experimental data is shown as circles, while the 1-D and CFD model’s predictions are shown as solid 11 

and dashed lines, respectively. In general, we would expect the CFD model to fit the experimental data 12 

better than the 1-D model. However, a complete convergence of the parameter fitting requires roughly 13 

a thousand evaluations of the objective function. With the CFD model, each evaluation required 14 

between 1 and 2 hours, compared to 5 s with the 1-D model. Hence, the computational constraints 15 

resulted in the CFD effective parameters being of lower accuracy than those of the 1-D model.   16 

For high LF scenarios, the 1-D model achieved an excellent agreement. The average absolute 17 

deviation (AAD) and maximum percentage deviation (MD) between the predicted and experimental 18 

pressures were 1.7% and 1.8%, respectively. The deviations are smaller than those obtained with the 19 

CFD model.  For low and intermediate liquid fillings, the agreement was adequate (AAD = 6.3%, MD = 20 

30.8%) and similar to the CFD model. For all scenarios, the 1-D model slightly overpredicts the 21 

pressurisation rate at the beginning of the evaporation. As the evaporation progresses and the pressure 22 

increases, the overprediction decreases until the trend reverses at higher times. Towards the end of 23 

the evaporation and as the pressure approaches 1 MPa, the 1-D model underpredicts the 24 

pressurisation. To understand the causes of these deviations, we turn our attention to the temperature 25 

profiles.  26 

 27 
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 1 

Figure 2: Comparison of the pressure variation during the non-isobaric evaporation of  LN2 in a vertically-oriented 2 
10 L storage tank between the experimental data of Kang et al. [21] and the predictions of  the two models: 3 
experimental data (circles), 1-D (solid lines) and CFD (dashed lines); Low (LF = 0.3), intermediate (LF = 0.5) and 4 
high (LF = 0.8) liquid fillings are depicted in yellow, crimson red and dark blue, respectively. 5 

 6 

Figure 3 shows the vapour temperature profiles obtained with the 1-D and CFD models for low (Fig. 7 

3a), intermediate (Fig. 3b) and high (Fig. 3c) liquid fillings, respectively. The abscissa represents the 8 

vapour temperature, and the ordinate represents the vertical distance from the interface. The initial 9 

temperature profile is depicted in black, and the following time steps are depicted in colours that 10 

increase their light intensity until yellow is depicted to represent the end of the simulation. The line-style 11 

convention for 1-D, CFD and experiments is the same as that used in Fig. 2. For all scenarios and time 12 

steps, the 1-D model achieves an excellent agreement in reproducing the vapour temperature (AAD < 13 

1.2%, MD < 3.6%). The CFD model predicts very similar profiles as both models share the same vapour 14 

phase sub-model. The small differences can be attributed to differences in the interfacial temperature 15 

owing to the differences in predicted pressures, see Figure 2. 16 

 17 
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 1 

Figure 3: Comparison of the vapour temperature variation during the non-isobaric evaporation of LN2 in a 2 
vertically-oriented 10 L storage tank between the experimental data of Kang et al. [21] and the predictions of  the 3 
two models:  experimental data (circles, E), 1-D (solid lines) and CFD (dashed lines). Subfigures a, b and c show 4 
low (LF = 0.3), intermediate (LF = 0.5), and high (LF = 0.8) liquid fillings, respectively. In each subfigure, the y-5 
axis shows the vertical distance from the vapour-liquid interface, while the x-axis shows the vapour temperature.  6 

 7 

Figure 4 compares the liquid temperature profiles obtained with the 1-D and CFD models against 8 

Kang et al. [21] experiments for low (4a), intermediate (4b) and high (4c) liquid fillings, respectively. 9 

The abscissa represents the liquid temperature, and the ordinate represents the vertical distance from 10 

the bottom of the tank. The colour and line-style conventions are the same as those in Figure 3. As 11 

evaporation progresses, the temperature of the liquid increases and thermal expansion, rather than 12 

evaporation, dominates the liquid volume change. This leads to an increase in a liquid volume and the 13 

upward displacement of the vapour-liquid interface, as can be observed in Figs 3 and 4. Overall, the 14 

liquid temperature predicted by the 1-D model is in good agreement with experimental data for all 15 

scenarios (AAD < 1.1%, MD < 5.6%).  16 
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 1 

Figure 4: Comparison of the liquid temperature variation during the non-isobaric evaporation of  LN2 in a 2 
vertically-oriented 10 L storage tank between the experimental data of Kang et al. [21] and the predictions of  the 3 
two models: experimental data (circles, E), 1-D (solid lines) and CFD (dashed lines) Subfigures a, b and c show 4 
low (LF = 0.3), intermediate (LF = 0.5), and high (LF = 0.8) liquid fillings, respectively. In each subfigure, the y-5 
axis shows the vertical distance from the bottom of the tank, while the x-axis shows the liquid temperature.  6 

The main differences between the experimental temperature profiles and the 1-D model predictions 7 

are observed immediately below the vapour-liquid interface, see Figure 4. The 1-D model does not 8 

accurately reproduce the temperature profile in the region below the interface for low and high liquid 9 

fillings. For low liquid filling, the 1-D model overpredicts the liquid temperature and shows an S-shaped 10 

temperature profile, see Fig. 4a. The S-shape would require that the maximum resistance to heat 11 

transfer occurs in an intermediate region between the interface and liquid bulk. This has not been 12 

observed in any of the most relevant experimental studies for non-isobaric cryogen evaporation [20, 13 

22, 36, 48]. In contrast, those studies show a concave profile characteristic of a boundary layer in the 14 

presence of natural convection, qualitatively similar to that obtained by the CFD model, see the dashed 15 

lines in Fig. 4a. For high liquid filling, the 1-D model predicts a temperature profile that propagates 16 

through the region equal to the physical length scale of heat conduction, 𝛿𝛿~ 4�𝛼𝛼�L𝑡𝑡. In contrast, the 17 

experimental data exhibits a temperature boundary layer that propagates instantly, see Fig. 4c. The 18 

size of this region is a result of convective currents below the interface, which are stronger in the high 19 

liquid filling scenarios than in other scenarios. In conclusion, the differences in liquid temperature near 20 

the interface predicted by the 1-D model and experimental data arise from neglecting advection and 21 

simplifying natural convection, see Eq. 6. 22 
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The pressure build-up is governed by cryogen evaporation, liquid thermal expansion and vapour 1 

heating. Figures 3 and 4 show that the predictions of the 1-D model are in good agreement with 2 

measured vapour temperature profiles and with the bulk liquid temperature. Therefore, we can surmise 3 

that the deviations observed for the pressure build-up, see Figure 2, can be attributed to inaccuracies 4 

in the evaporation rate. The 1-D model underprediction of the liquid temperature gradient below the 5 

interface, see Figure 4, implies an underprediction of the interfacial cooling by the liquid, see Eq. 11. 6 

To compensate for this effect, the parameter fitting procedure decreases the wall heat partitioning 7 

coefficient, 𝜂𝜂w, and the vapour phase heat transfer coefficient, 𝑈𝑈V, see Table 1. This results in an 8 

overestimation of the initial evaporation rate, owing to the underprediction of interfacial cooling, and an 9 

underestimation of the long-term evaporation rate, owing to the underestimation of the wall evaporation, 10 

see Eq. 12. The former results in the overprediction of the pressure build-up during the initial stages, 11 

while the latter results in the underpredictions of the pressures, as can be seen in Figure 2.  12 

Notwithstanding the minor deviations discussed so far, overall, the good fit achieved for pressure, 13 

liquid and vapour temperatures demonstrates the usefulness of the 1-D model for practical applications.  14 

  15 
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3.2 Comparison between 1-D and CFD models using best-fit CFD parameters 1 

In this section, the assumptions of the 1-D model are tested by comparison them to those of the 2 

CFD model. For this purpose, we run both models using the CFD parameters, see Table 1.  Figure 5 3 

shows the pressure build-up predicted by the CFD and 1-D models using the same parameters. The 4 

1-D model significantly overpredicts the pressure in both scenarios, showing a larger overprediction for 5 

large liquid filling. This pressure overprediction resulted from the 1-D model overprediction of the 6 

evaporation rate, see Eq. (10), which was the main driver of pressure build-up. On average, the 1-D 7 

model overpredicted the evaporation rate by 70-90%. In contrast, the wall evaporation, see Eq. 12, was 8 

comparable in both models. The largest difference observed was 17% higher in the 1-D model for the 9 

low liquid filling scenario.  10 

 11 

Figure 5: Comparison of the pressure variation during the non-isobaric evaporation of LN2 in a 10 L vertically-12 
oriented storage tank between the 1-D (solid lines) and CFD (dashed lines) models. Low (LF = 0.3) and high (LF 13 
= 0.8) liquid fillings are depicted in yellow, and blue, respectively.  14 

 15 

As the 1-D model does not resolve natural convection, it underestimates the liquid temperature 16 

gradient below the interface, 𝜕𝜕𝑇𝑇L/𝜕𝜕𝜕𝜕|𝑧𝑧=𝑙𝑙𝐿𝐿−. The underestimation of the liquid vertical temperature below 17 

the interface results in an underestimation of the interfacial cooling. This underestimation is higher for 18 

large liquid filling owing to more vigorous natural convection [29]. The interfacial cooling term, see Eq. 19 

11,  dominated the interfacial energy balance in all scenarios, which resulted in a negative interfacial 20 

evaporation rate 𝐵̇𝐵L,i that signalled the presence of interfacial condensation. However, the evaporation 21 
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rate, 𝐵̇𝐵L, calculated by both CFD and 1-D models was positive for all scenarios because wall 1 

evaporation, 𝐵̇𝐵L,w, dominated over interfacial condensation. Therefore, in the 1-D model, the higher 2 

evaporation rates, 𝐵̇𝐵L, that produced faster pressurisation, see Figure 5, resulted from the significantly 3 

lower interfacial condensation rate. 4 

Figure 6a shows the liquid temperature profile for the scenarios of low (LF = 0.3) and high (LF = 5 

0.8) liquid fillings in yellow and black lines, respectively. Dotted lines are used to illustrate the initial 6 

vapour temperature, while the vapour temperature profiles at the end of the simulation are depicted as 7 

solid and dashed lines for the 1-D and CFD models, respectively. Two y-axes are displayed for the 8 

liquid height: (i) in black, on the left-hand side, for high liquid filling and (ii) in yellow, on the right-hand 9 

side, for low liquid filling. Figure 6b shows the differences between the predictions of the 1-D and CFD 10 

models for average liquid and interfacial temperature in dotted and solid lines, respectively, for low and 11 

high liquid fillings. For both liquid fillings, the 1-D model overpredicted the interfacial temperature and 12 

underpredicted the average liquid temperature, see Figs. 6a-b. The higher interfacial temperature 13 

predicted by the 1-D model is a consequence of the pressure overprediction, see Figure 5, as pressure 14 

determines the saturation temperature that is used as a boundary condition at the vapour-liquid 15 

interface. Consequently, the larger interfacial temperature overprediction for high liquid filling, 16 

compared with low liquid filling, results from the larger pressure overprediction for this liquid filling, see 17 

Figure 5.  18 
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 1 

Figure 6: Comparison of the liquid temperature variation during the non-isobaric evaporation of LN2 in a 10 L 2 
vertically-oriented storage tank between the 1-D and CFD models. Subfigure (a) shows the liquid temperature 3 
profiles at the end of each simulation for the 1-D model in solid lines and the CFD model in dashed lines for low 4 
(LF = 0.30) and high (LF = 0.80) liquid fillings. The initial temperature profile of each scenario is depicted in 5 
dotted lines. Subfigure (b) shows the difference between the interfacial (--) and average (..) liquid temperatures 6 
predicted by the 1-D and CFD models for each liquid filling. 7 

The lower average liquid temperature predicted by the 1-D model, see Figure 6b, results from the 8 

differences in the macroscopic energy balance of the liquid phase. The simulations indicate that the 9 

difference can be attributed to the interfacial cooling term in Eq. 11 as the bottom and wall heat 10 

ingresses differed by less than 1% between the two models. The interfacial cooling flux by the interface 11 

is governed by the liquid temperature gradient below the interface, which was significantly smaller in 12 

the 1-D model. This resulted in the 1-D model underpredicting interfacial liquid heating and 13 

consequently the average liquid temperature.  14 

Figure 7a shows the vapour temperature profiles at the beginning and the end of the evaporation 15 

for low and high liquid fillings following the same colour and line-style conventions as that of Figure 6a.  16 

Although the shape of the temperature profiles, by the end of the experiment, are qualitatively similar, 17 

the quantitative agreement is poor with the 1-D model underpredicting the vapour temperature over 18 

a) b) 
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most of the domain. The larger differences observed for the lower filling can be partially attributed to 1 

the longer experimental run.  2 

 3 

Figure 7: Comparison of the vapour temperature variation during the non-isobaric evaporation of LN2 in a 10 L 4 
vertically orientated storage tank between the 1-D and CFD models. The parameters used in both models were 5 
obtained through parameter fitting of the CFD model to Kang et al. [21] experiments. Subfigure (a) shows the 6 
vapour temperature profiles at the end of each simulation for the 1-D model in solid lines and the CFD model in 7 
dashed lines for low (LF = 0.30) and high (LF = 0.80) liquid fillings. Subfigure (b) shows the difference between 8 
the roof (--) and average (..) vapour temperatures predicted by the 1-D and CFD models for each liquid filling. 9 

Figure 7b shows the difference between the predictions of the 1-D and CFD models of average 10 

vapour temperature following the same colour and line-style contentions as that of Figure 6b. For both 11 

liquid fillings, the 1-D model underpredicts the average vapour temperature, and the deviations increase 12 

in magnitude monotonically with time. For the roof temperature, the 1-D model first overpredicts and 13 

then monotonically underpredicts the roof temperature for both liquid fillings.  14 

The differences in vapour temperature can be attributed to the higher evaporation rates, resulting 15 

in higher pressure and higher vapour density in the 1-D model. In essence, the higher overall pressure 16 

predicted by the 1-D model resulted in 25% (LF = 0.30) and 67% (LF = 0.80) higher vapour densities 17 

at the end of the simulation compared to the CFD model. As we are dealing with a compressible gas, 18 

a) b) 
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changes in pressure, rather than in temperature, dominate changes in density. The significantly higher 1 

vapour densities were observed in conjunction with vapour volumes, which were only 2% different. This 2 

yielded a larger vapour mass in the 1-D model. Heating a larger mass of vapour will result in a lower 3 

vapour temperature, for the same heating rate. Simultaneously, a lower vapour temperature produces 4 

an increase in driving force, 𝑇𝑇air − 𝑇𝑇V, see Eq. 2. The simulations indicate that the contribution of the 5 

former is higher (25.4% for LF = 0.30 and 73.5% for LF = 0.80) than that of the latter (6.6% for LF = 6 

0.30 and 1.8% for LF = 0.80). This interplay between the two effects explains the underprediction of 7 

average vapour temperature by the 1-D model.  8 

The initial overprediction and subsequent underprediction of roof temperature is a consequence of 9 

the differences in the transient evolution of vapour temperatures. Eq. 1 is the superposition of unsteady 10 

heat conduction, linking the vapour bulk temperature to the temperature of the interface and the roof, 11 

and to the wall heating. The physical time scale for heat conduction is 𝜏𝜏 ~ 𝑙𝑙V2/𝛼𝛼�V = 𝜌̅𝜌V𝑙𝑙V2/(𝑘𝑘�V𝑐𝑐p̅).  During 12 

the initial overprediction period, the roof temperature predicted by the 1-D model was less than 1 K 13 

higher than the CFD model. Therefore, the changes in average vapour thermal conductivity or heat 14 

capacity between the two models in that period are negligible. In contrast, the time-averaged vapour 15 

density obtained with the 1-D model during this period is 15% and 32% higher for low and high liquid 16 

filling, respectively. As the vapour volumes differed by less than 2%, the vapour heights 𝑙𝑙V in both 17 

models are comparable and 𝜏𝜏1D/𝜏𝜏CFD ~ 𝜌̅𝜌V,1D/𝜌̅𝜌V,CFD > 1. This implies that the roof perceives the 18 

interfacial cooling at a later time in the 1-D model, resulting in a higher temperature.  The roof 19 

temperature is also influenced by wall heating. The smaller wall heating contribution for the 1-D model, 20 

compared with the CFD model, leads to lower roof temperature. In the initial stages, the lack of 21 

interfacial cooling is main contributor, and we observe 1-D model overpredicting the roof temperature. 22 

At later stages, the effects of interfacial cooling are felt, and together with smaller wall heating 23 

contribution, results in the temperature maximum observed in Fig 7b. From this point onwards, the 24 

difference in the roof temperature dynamics is analogous to the difference in the average vapour 25 

temperature, as they both increase monotonically. The appearance of the maximum temperature at 26 

later times for the low liquid filling scenario compared to the high liquid filling scenario is a direct 27 

consequence of 3.5 times larger vapour height, which delays the cooling effect of the interface. 28 

An additional comparison between 1-D and CFD models was performed using Seo and Jeong [20] 29 

non-isobaric LN2 evaporation experiments that were carried out over a narrow pressure range (100-30 

145 kPa) in Supplementary Material SM2. The average absolute deviations between both models were 31 

less than 1% for all variables, confirming a good performance of the 1-D model.  32 
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4 Conclusions 1 

A computationally fast model to predict the non-isobaric evaporation of cryogenic liquids has been 2 

developed. It is based on a detailed analysis of the physical phenomena that drive evaporation in 3 

storage tanks, using insights obtained from the CFD simulations. The underlying assumption is that 4 

wall evaporation and interfacial cooling by liquid natural convection dominate the pressure build-up.  5 

The vapour and liquid phases are modelled as 1-D domains in the vertical direction, where heat transfer 6 

is governed by a time-dependent heat diffusion equation with volumetric heat sources that account for 7 

the heating by the storage tank walls.  Additional heat sources are included to allow for the possible 8 

condensation of vapour at the interface and for heating of the liquid phase by the bottom of the storage 9 

tank. The interface is assumed to be at the saturation temperature, which is a function of the overall 10 

pressure. Conjugate heat transfer through the solid tank walls was assumed to lead to evaporation of 11 

the cryogen liquid at the interface.  12 

The results of the developed 1-D model were compared with those of the CFD simulations. The 1-13 

D model provides good qualitative agreement with time-dependent vapour and liquid temperature 14 

profiles, tank pressure, liquid volume and evaporation rates. In contrast, the neglect of detailed 15 

consideration of natural convection leads to overprediction of pressure, resulting in poor prediction of 16 

the interface temperature and the vapour temperature profiles.  Due to the complexity of non-isobaric 17 

cryogen evaporation in storage tanks, even complex CFD and multiphase models require parameter 18 

fitting. Considering this limitation, we have used the same experimental data from the literature that we 19 

previously used to optimize the CFD model to fit three adjustable parameters in the 1-D model.  For 20 

this purpose, we used the overall heat transfer coefficients from the surroundings to the vapour and 21 

liquid phases, alongside the wall heat partitioning fraction. By optimising the values of these three 22 

parameters, the 1-D model recaptured the experimental pressure and the measured temperature 23 

profiles with the same accuracy as the CFD model. This demonstrates the usefulness of the 1-D model 24 

for practical applications. 25 

The efficiency and simplicity of the 1-D model developed in this work gives it major practical 26 

advantages over more complex models. It can simulate several hours of non-isobaric evaporation in 27 

less than 10 seconds, making it suitable for model-based control of cryogenic storage tanks, provided 28 

that experimental data is used to optimize a small number of heat transfer parameters.  29 

 30 

 31 
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