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ABSTRACT 
Cryogenic fuel tanks used in ships are continuously subjected to heat ingress and motions which 
affect the thermal behavior of the fluid inside the tanks. In this study, the ullage space of a liquid 
hydrogen (LH2) tank subjected to heat ingress and periodic rolling motion is analyzed using Com-
putational Fluid Dynamics (CFD). A two-dimensional transient model utilizing the dynamic mesh 
approach is created to represent the ullage space of a partially filled LH2 tank. Three cases are 
studied where the properties of the thermal insulation of the tank model are varied, resulting in a 
different heat ingress for each case. A low-frequency motion is applied to the model domain, which 
induces mixing of temperature layers and cooling due to vapor contact with wetted walls. After 60 
s of tank motion, most mixing is observed in the case with the smallest heat ingress, whereas in 
the cases with larger heat ingress and, consequently, larger thermal and density gradients, sepa-
ration into a warmer and colder vapor region can be observed. The model developed in this work 
can be used to gain insight into how liquid hydrogen tanks used on ships are affected by heat 
ingress and ship motions. 
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INTRODUCTION 
Hydrogen is considered a potential fuel in the ship-

ping industry to mitigate greenhouse gas emissions from 
the propulsion system. Like natural gas, hydrogen can be 
liquefied to increase its energy density and stored in cry-
ogenic tanks; this requires cooling down the hydrogen to 
temperatures around 20 K. Even with efficient thermal in-
sulation, LH2 tanks are affected by heat ingress leading 
to boil-off and thermal stratification [1, 2]. Ship motions, 
on the other hand, can cause mixing and destratification 
of the fluid, which affects e.g. the tank pressure. Under-
standing fluid behavior under such conditions is crucial 
for safe operation and design of the fuel tanks. 

Various studies have been conducted on fluid be-
havior in cryogenic tanks. Kang et al. [3] used Finite Ele-
ment Analysis to investigate thermal stratification in liq-
uid cryogen tanks and the effects of thermal aspect ratio. 
S B et al. [4] conducted experiments on thermal stratifi-
cation and pressurization in a partially filled liquid 

nitrogen (LN2) tank and developed a CFD model to pre-
dict fluid behavior in the tank. Jeon et al. [5] performed 
experiments on the thermal behavior and generation of 
boil-off gas in a Type C LN2 tank and conducted numer-
ical simulations using CFD. 

Furthermore, Jeon et al. [6] conducted experiments 
on the Type C LN2 tank subjected to rolling motions and 
presented a multiphase CFD model using the volume of 
fluid (VOF) method and a phase change model to predict 
the effects of liquid sloshing in the tank, while Liu et al. 
[7] implemented the VOF method to investigate the ef-
fects of intermittent external excitations on the thermal 
performance in a liquid oxygen tank. 

Most of these studies implemented two-phase 
models and either simulated the thermal stratification 
phenomenon in stationary tanks or the response to mo-
tions in tanks with initially uniform fluid temperatures. 
However, not many studies have been conducted on the 
effects of tank motions on an initially thermally stratified 
ullage space of a cryogenic fuel tank through 
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computational methods. 
In this study, CFD modelling with dynamic mesh is 

used to simulate the fluid behavior in the ullage space of 
an LH2 tank subjected to external heat input and rolling 
motion. The vapor phase is modelled exclusively for de-
tailed prediction of thermal behavior in the ullage while 
limiting the required mesh size and avoiding additional 
computational costs from including the liquid phase. The 
resulting model is used to demonstrate how mixing af-
fects the thermal behavior of the vapor phase in an LH2 
tank with different heat ingress and temperature gradi-
ents. Furthermore, the modelling approach in the present 
work is validated against experimental cases and da-
tasets sourced from previous studies. Thermal stratifica-
tion in the ullage is validated against experiments in a sta-
tionary LN2 tank [8], while the effect of tank motion is 
validated against experiments performed in a pressur-
ized hot water-water vapor tank [9]. 

METHODOLOGY 

Model LH2 Tank Concept and System 
Boundary Conditions 

A Type C cryogenic storage tank with double-walled 
vacuum insulation filled with perlite powder is used as the 
tank concept and visualized in Figure 1. The design 
choices made here are assumptions and estimates based 
on literature findings for LH2 tanks [1, 2, 10]. 

The tank has an inner length and diameter of 1500 
mm and 500 mm, respectively. Stainless steel of the 
grade 316L is used as wall material for both the inner and 
outer wall, which both have a thickness of 3.5 mm, while 
the thickness of the annular space between the walls is 
100 mm. The liquid filling level of the tank is 50%, with the 
pressure inside the tank at 4 bar and liquid temperature 
as well as initial gas temperature at 26 K, while the tem-
perature of the outer wall is set at 288 K. In the CFD sim-
ulations, the tank is modelled using a two-dimensional 
representation. 

In total, three cases are considered in this work, 
where the thermal boundary conditions are varied for 
each case by adjusting the thermal conductivity of the 
insulation. Ratnakar et al. [10] investigated the effective 
thermal conductivity of various insulation materials for 
cryogenic storage tanks and considered different vac-
uum levels in their study. The conductivity values used 
for the tank insulation in this work are taken within the 
ranges presented in the study for perlite powder vacuum 
insulation. Here, the thermal conductivity of the insulation 
is assumed to be varied by adjusting the vacuum level in 
the annular space. 

 
Figure 1. Design concept of the model LH2 tank. 

The thermal conductivity of the walls and insulation, 
as well as the total thermal conductivity for the entire wall 
structure in each case are summarized in Table 1. The 
heat transfer rates into the liquid zone and the boil-off 
rates are given in Table 2. These are calculated based on 
the heat conduction through the walls to the liquid zone 
with inner wall temperature of 26 K. 

Table 1: Thermal conductivity of the inner and outer walls 
(kw), insulation (kins) and the total thermal conductivity 
(ktot). 

 
Case  Case  Case  

kw [W/(m∙K)]    
kins 
[W/(m∙K)] 

   

ktot 
[W/(m∙K)] 

   

Table 2: Heat transfer rate into liquid (Ql) and boil-off rate 
at the liquid surface (mevap). 

 Case  Case  Case  
Ql [W]    
mevap [kg/s] ∙- ∙- ∙- 

For the tank motion simulations, a periodic rolling 
motion is applied to the model domain to simulate the 
motions of a moving ship. In each case, the amplitude is 
10° and the period is 12 s. The liquid surface remains flat 
throughout the motion. This can be seen as an approxi-
mate representation of a tank with floating baffles to mit-
igate sloshing. Furthermore, the tank motion causes wet-
ting of wall surfaces, where wetted surfaces are assumed 
to have the same temperature as the gas-liquid interface 
(26 K). Figure 2 shows the ullage at different stages of 
the tank motion and the direction of gravity perpendicular 
to the liquid surface. This approach for modelling the ul-
lage and gravity during tank motion allows for simpler im-
plementation of the dynamic mesh while maintaining re-
alistic domain geometry and gravity conditions. 
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Figure 2. Ullage position at different points of the tank 
motion. 

Numerical Model 
CFD analyses of the three cases are conducted us-

ing the Ansys Fluent 2024 R1 software. A two-dimen-
sional transient model with dynamic meshing is created 
to represent the vapor phase inside the tank. The simu-
lations are performed in two parts: Part 1: the formation 
of the thermal gradient in the ullage due to heat ingress 
and natural convection, and Part 2: the tank motion and 
its effect on the thermal gradient is investigated. 

Part 1: Thermal Gradient 
The fluid domain consists of hydrogen gas sur-

rounded by the tank walls and the liquid surface at the 
bottom. For the first part of the simulations, the domain 
is not moving, and the liquid surface is modelled as a wall 
with a mass source term to represent boil-off. A pressure 
outlet of the size 10 mm is set at the middle of the top 
wall to maintain the tank pressure close to 4 bar. The 
boundary conditions for the walls and liquid surface for 
each case are set as described in the previous section for 
computing the thermal gradient. 

In the first part, the thermal gradient in the ullage for 
the static tank is computed. This is conducted by first 
calculating the thermal gradients for steady state condi-
tions for a low Rayleigh value by reducing gravity and, 
subsequently, switching to a transient model and incre-
mentally increasing gravity to normal conditions. This ap-
proach is to prevent the solution from diverging. The sim-
ulations are run until the temperature gradients become 
stable, using a time step of 0.01 s. 

Part 2: Tank Motions 
Results from the first part of the simulations are then 

used as the initial conditions for the tank motion simula-
tions. The dynamic mesh method with user-defined func-
tions for the mesh motion is applied to represent the mo-
tion and change in shape of the vapor domain over time, 
see Figure 2. The direction of gravity is also set to follow 
the motion so that it is always perpendicular to the liquid 
surface. For the tank motion simulations, the domain is 
closed. The mass source term for the liquid surface is set 
to zero, which means that the vapor mass will remain 
constant. Furthermore, the wetted parts of the walls are 

set at the same temperature as the liquid surface. The 
time step used here is 0.005 s. 

Solver Settings 
The effects of heat ingress and buoyancy are con-

sidered by enabling the energy equation and using the 
ideal gas law for fluid density to solve the thermal gradi-
ents. The governing equations used in the model are con-
tinuity, momentum and energy conservation. Species 
transport is also used to account for the mass source 
term at the liquid surface, and the fluid flow is modelled 
using the k-ω SST turbulence model with near-wall treat-
ment. Furthermore, the pressure-based transient solver 
with PRESTO! pressure discretization scheme and PISO 
algorithm are used for the solver settings. The conver-
gence conditions for the residuals are set as 10-6 for en-
ergy and 10-5 for continuity and transport equations. 

METHOD VALIDATION 
Before modelling the LH2 cases, the model was val-

idated against experimental data from the literature. 
Firstly, the model for developing the thermal gradient in 
the static ullage was validated using experiments re-
ported by Singh et al. [8], where they measured the ver-
tical temperature gradient inside an LN2 tank at atmos-
pheric conditions with liquid filling levels of 57%, 69% and 
77%, with heat ingress of 0.27 W, 0.26 W and 0.29 W into 
the vapor phase, respectively, as well as a heat ingress 
of 2.03 W into the liquid for all cases. The tank used in 
the study consisted of an inner and outer vessel made of 
aluminum sheets with vacuum multi-layer insulation in 
between. The inner height of the tank was 360 mm, and 
the diameter was 300 mm [8]. In the present work, two-
dimensional meshes with a mesh size of 5 mm were used 
to model the vapor phase of each validation case. In Fig-
ure 3, results from the simulations are compared to the 
experimental data from the study by Singh et al. [8]. 

Secondly, the tank motion model was applied to one 
of the experiments conducted in the study by Grotle and 
Æsøy [9]. In their study, they measured the thermal re-
sponse in a pressurized hot water tank subjected to roll-
ing motions using an amplitude of 3° and various fre-
quencies. The tank used in their study was an insulated 
cylindrical pressure tank with spherical tank heads and 
supplied with a heating element. The length of the cylin-
drical part was 0.89 m, the diameter was 0.35 m, and the 
tank had a liquid filling level of 50%. Before the tank mo-
tion tests, the liquid was heated to 393 K, most of the air 
was removed and the tank pressure was increased to 
4.0254 bar [9]. The tank motion model with the dynamic 
mesh used in the present work was applied to the hot 
water tank experiment case with a frequency of 0.13 s-1, 
where the liquid surface remains flat [9]. A two-dimen-
sional mesh with a mesh size of 5 mm was used to model 
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the vapor phase of the hot water tank case. In Figure 4, 
the simulation results using the tank motion model are 
compared to the experimental data of the pressure re-
duction in the hot water tank. 

 
Figure 3. Simulation results for the vertical thermal gra-
dient validated against experimental data for liquid filling 
levels of (a) 57%, (B) 69% and (c) 77% [8]. 

 
Figure 4. Simulation results for the tank motion model 
validated against experimental data [9]. Results are for 
tank pressure over time. 

RESULTS FOR LH2 TANK CASES 

Mesh Sensitivity Analysis 
A mesh sensitivity analysis was conducted to deter-

mine the required mesh size for the LH2 tank ullage 
model. Three different mesh sizes were compared 
against each other: cell sizes of 2.5 mm, 5 mm and 10 mm 
with corresponding minimum cell sizes of 0.5 mm, 1 mm 
and 2 mm around the pressure outlet. The heat transfer 
rates at the tank walls and the vertical temperature gra-
dients for the different mesh sizes were investigated for 
Case 2, see Table 1 and 2. The difference between the 
heat transfer rates was less than 1% between all cases 
and Figure 5 reveals that the temperature gradients were 
almost identical. A mesh size of 5 mm is chosen for this 
study to balance accuracy and computational costs. 

 
Figure 5. Vertical temperature gradient in LH2 tank ullage 
computed for mesh sizes 2.5 mm, 5 mm and 10 mm. 

LH2 Tank Ullage Simulations 
The initial temperature gradients for Case 1, 2 and 3 

at stationary conditions were established using the 
method described earlier. In each case, the transient run 
was 120 s in total, at which point the gradients had 
reached a steady state. The temperature contours of the 
ullage for Case 1, 2 and 3 with the initial thermal gradients 
are shown in Figure 6(a1), (b1) and (c1), respectively. The 
time is marked as 0 s to indicate the initial state for the 
tank motion runs. Furthermore, the corresponding verti-
cal thermal gradients for each case are shown in Figure 
7(a). The sizes of the thermal gradients are 10.9 K, 18.7 K 
and 29.6 K for Case 1, 2 and 3, respectively. These are 
dependent on the total thermal conductivity values of the 
tank walls and the associated heat ingress into the tank. 

Once the initial thermal gradients were computed, 
the dynamic mesh method was applied and the tank mo-
tion cases were computed for a total run time of 60 s, or 
five complete oscillations of 12 s periods. The tempera-
ture distribution in the ullage for each case at the start 
and the end of the moving tank runs are shown in Figure 
6(a2), (b2) and (c2), and the corresponding vertical tem-
perature gradients are shown in Figure 7(b). 
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Figure 7. Vertical thermal gradient in the ullage for Case 
1, 2, and 3 with (a) initial thermal stratification and (b) 
after 60 s of tank motion. 

After 60 s of tank motion, there is a significant re-
duction in overall temperature and some mixing of tem-
perature layers in all cases. Most mixing can be observed 

for Case 1, which also has the smallest initial temperature 
gradient. This is expected behavior, as a smaller temper-
ature difference also means a smaller difference in den-
sity between fluid layers, which enhances mixing. For 
Case 3, on the other hand, the thermal gradient can be 
seen separating into two fluid layers around the middle of 
the domain: the denser cold zone at the bottom and the 
warmer zone with lower density on top. Case 2 also 
shows separation between fluid layers, although not as 
clearly as Case 3 and it still has moderate mixing between 
cold and warm zones. 

 
Figure 8. Tank pressure over time for Case 1, 2, and 3. 

Furthermore, the vapor cooling also causes a reduc-
tion in the domain pressure, as shown in Figure 8. Case 1 
has a significantly larger pressure reduction compared to 
Case 2 and 3, which have a similar pressure evolution to 
each other over time. The mixing and destratification of 
fluid layers in Case 1 allows warmer fluid to come into 

 
Figure 6. Temperature profile of the ullage at stationary conditions ((a1), (b1) and (c1)), and after 60 s of tank 
motion ((a2), (b2) and (c2)). 
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contact with wetted walls and the liquid surface, resulting 
in more efficient heat transfer from the vapor to the liq-
uid, and consequently, a larger pressure reduction. Both 
in Case 2 and 3, the fluid separation into two density lay-
ers hinders the mixing of the fluid and the subsequent 
heat transfer from vapor to liquid, slowing down the pres-
sure reduction rate. 

CONCLUSIONS 
A numerical investigation on the effects of heat in-

gress and ship motions on the thermal behavior in the ul-
lage of an LH2 tank was conducted using CFD modelling 
with dynamic meshing. Three cases were studied, where 
the thermal conductivity value of the tank insulation was 
varied and the subsequent response to the thermal gra-
dient and destratification effect due to rolling motion was 
analyzed. Varying the thermal conductivity value of the 
insulation affected the size of the temperature gradient. 
It was observed that for the case with the smallest tem-
perature gradient, the tank motion resulted in destratifi-
cation and an almost uniform temperature profile in the 
ullage within five complete oscillations. In the other two 
cases, the larger difference in density between fluid lay-
ers caused separation into cold and warm fluid regions. 
The results of this work demonstrate the effects of heat 
ingress and ship motion on the ullage space of an LH2 
fuel tank by varying the properties of the thermal insula-
tion. The developed model can be used for further inves-
tigations of similar effects in cryogenic tanks. 
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