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Liquid hydrogen (LH2) is one of the main green energy vectors currently pursued to achieve decarbonization in the
maritime sector. However, its use can lead to several consequences due to loss of containment. After a leak of LHa,
a pool may form and extend the hazard time, during which the hydrogen gas, after evaporation, can encounter an
ignition source. To better estimate and understand the evaporation time of a pool after its spreading, this study
develops and validates a ring reduction model for simulating cryogenic pool spreading and evaporation. In the
proposed model, the cryogenic liquid pool is discretized by rings, which allow for a more precise evaporation
calculation and better simulate the pool spreading and shrinking. The model solves local mass and energy balances
at each time step, calculating heat flux, evaporation, and accurately calculates transient ground temperature profiles.
During evaporation, the radius is updated by progressively removing the outer and inner rings as their mass
evaporates. This study proves that while the ring reduction model is robust, the implementation of the right heat
transfer correlations for cryogenic pools is still a research gap that must be addressed to accurately replicate pool
scenarios.
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1. Introduction While the condensed-phase explosion is

an important research gap, there are integral
Liquid hydrogen (LH>) is a flammable fluid that ~ models that can simulate pool spreading. For
can lead to severe consequences. Since LHz is  instance, the DNV software PHAST (Witlox et al
stored at cryogenic temperature, leaks from  2023) is able to simulate pool spreading and
cryogenic equipment might occur (Goff et al.  evaporation (PVAP model) after a discharge of
2024). After a leak of LH», the fluid breaks down  various fluids. Although PHAST is not validated
into droplets and is subjected to flashing  for the use of LH,, it is widely used to assess pool
(Rescigno ef al. 2025). These droplets are subject scenarios. In PHAST, the pool evaporation is
to evaporation and might reach the ground, form  simulated while assuming a constant height.
a pool, and extend the hazard time. This pool is Another integral model, GASP, developed by the
then subject to evaporation due to the temperature Health and Safety Executive (HSE) in the UK
difference between the ground and the cryogenic  (Webber 1990), consists of a system of coupled
liquid. The evaporated gas will then mix with the  ordinary differential equations that describe the
air, and if ignited, it can lead to various  temporal evolution of the global properties of the
phenomena such as explosions, flash fire, or pool. Six primary variables are defined to
ignite a pool fire (Holborn et al 2022; Hall et al  represent the pool: i) radius, ii) radial velocity of
2014). Additionally, given that the hydrogen  the liquid at the edge, iii) liquid volume, iv) pool
boiling temperature is lower than the freezing  temperature, v) discharged liquid volume, and vi)
point of oxygen, a condensed-phase explosion  vaporized volume. In both PHAST and GASP, the
represents another phenomenon that must be  heat flux is calculated using Fourier’s law of
considered (Ustolin et al 2022). conduction (TNO 2005; Witlox er al 2023),
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assuming a constant surface contact and solving
the semi-infinite solid problem.

However, assuming a constant surface
may overpredict the heat flux, because LH, due to
its cryogenic temperature can be subject to
different regimes (nucleate boiling, transition, and
film boiling) when it spreads on the ground. The
regime depends on the temperature difference
between the ground and the cryogenic fluid
(Wang et al. 2016). During the nucleate boiling
regime, the warm wall creates a local superheated
liquid layer in contact with the surface, leading to
vapor bubble formation (Baldwin er al. 2021).
The bubbles then grow due to thermal diffusion
and hydrodynamic instability. At higher
temperature differences, a continuous vapor film
forms between the pool and the ground, and heat
transfer occurs mainly by convection through the
film itself (Baldwin et al. 2021).

Other approaches, such as the LAUV
model (Verfondern and Dienhart 2007) and the
one adopted by (Grenli er al 2025), use the
shallow water equations to simulate the pool
spreading, where the pool height and velocity are
described as functions of space and time through
a system of nonlinear partial differential
equations. To better evaluate the pool spreading,
vaporization, and contraction, this study proposes
a model where ground temperature and pool mass
are functions of space and time, assuming an
average pool height. The pool is discretized into
concentric rings, on which local mass and energy
balances are solved to calculate heat flux,
transient ground temperature profiles, and
evaporation rates. During evaporation, the radius
of the pool is updated by progressively removing
the inner and outer rings as their mass is
evaporated, improving the estimation of
evaporation time.

2. Methodology

2.1 Pool model with retraction

In this study, the pool is represented as an axially
symmetric domain, discretized radially into
concentric rings. Each ring represents a portion of
the surface that is “wet” by the liquid at a different
instant, and whose temperature evolves
independently over time. This allows the

reconstruction of the ground temperature field
and the local heat flow as a function of both time
and radial position. At each time step, the model
solves:

e The redistribution of mass across the

rings,

e The growth or contraction of the pool
radius,

e The calculation of the surface

temperature beneath each ring of the
pool,

e The heat balance for each ring,

e The local evaporation of the liquid for
each ring,

e The calculation of the average pool
height.

2.1.1 Spreading law

During the growth phase, the radius of the
pool is updated based on the spreading velocity
linked to the average thickness of the liquid. The
radial velocity u, [m/s] is defined as per Eq. 1,
adapted from (Witlox 2000):

Uy =+ Zg (H - Hmin) —CF (1)

Where g is the acceleration due to
gravity [m/s?], H is the average thickness of the
puddle [m], H,; is a minimum thickness
threshold [m] , CF is a viscous resistance term
added to account for ground friction [m/s], and
calculated as per (TNO 2005). During the
growing phase, the radius of the pool r [m] is
updated with the correlation from (TNO 2005) for
smooth subsoil (Eq.(2)):

dar

il 2
As the radius increases, the surface of the

pool is divided into N concentric rings, each

defined by an inner radius and an outer radius,

leading to an area 4; [m?].

2.1.2 Ground thermal model

The terrain is modeled as a semi-infinite solid
with no internal generation of thermal energy, no
radial thermal gradient, and constant thermal
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conductivity. The ground temperature T [K] is
calculated with a 1-D model, as per Eq. 3:

a%T

_1or
0z2

w9 3)
Where z is the vertical coordinate [m],
and « is the thermal diffusivity [m?/s]. The soil is
subject to a convective boundary condition upon
contact with the cryogenic liquid, as per Eq. 4:

ar

—k 0z

= 1 (Truuia = T, (0,)) )

z=0

Where  T,(0,t) is the ground
temperature [K] at z = 0 and at time ¢, T4 is the
cryogenic fluid temperature [K], h is the
convective heat transfer coefficient [W/m?-K],
and k is the thermal conductivity of the ground
[W/m-K]. The model assumes that the pool is at a
constant temperature, Tfp,;q, namely the
saturation temperature at ambient pressure, which
is 20.3 K for LH». All thermodynamic properties
in the model are derived from the CoolProp
library developed by (Bell et al. 2014). In the
proposed model, h is estimated using a boiling
curve as a function of the local temperature
difference between the ground and the cryogenic
fluid. The boiling curve code was obtained from
the study conducted by (Ustolin et al. 2021) and
subsequently modified for the purposes of this
work. For each time step and for each ring, the
model calculates the appropriate boiling regime,
returning h for each wet area A; over the release
time. Due to the difference between the ground
temperature and LH», heat transfer will occur
primarily via the film boiling regime, defined as
per Eq. (5) (Breen and Westwater 1962):

lc
0.37+0.283
1/4
lc py AT
A3 pv(pr—pv) g H

Where [ is the Laplace length [m], D
refers to the pool diameter [m], p, is the gas
dynamic viscosity [kg/m-s], AT is the temperature
difference between the pool and the ground [K],
A, is the vapor thermal conductivity [W/m-K], p,,
is the gas density [kg/m?], p; is the liquid density
[kg/m3], g is the gravity constant [m/s], and H]'c is
the effective latent heat of vaporization calculated
as in (Ustolin ef al. 2021).

q= AT )

By solving Eq. 3 and Eq. 4 for any
concentric ring A;, the ground temperature
T, ;(r,z,t) can be calculated as per Eq. 6:

Tg,j(r, Z, t) = Ti + (Tfluid - Tl) [eTfC (ZL\/H) -

2
h;j“) erfc (2 Z+ h'Zﬁ)] 6)
Where T; is the initial temperature of the
soil [K], T, ;(r,zt) is the temperature of the
concentric ring 4; at the coordinate z and wet time
t. As Eq. 6 suggests, the soil temperature in each
ring depends on the elapsed time since the liquid
wetted the specific region.

h}'Z
exp |-~ +

2.1.3 Local energy balance and pool contraction
procedure

For each ring, the conductive heat flux
eona,j (v, t) [W/m?*] from the ground to the liquid
is expressed as (Eq. 7):
qcond,j(r' t) = hj (Tg,j - Tfluid) (7
To obtain the outgoing heat flux (Quyy),
convection with air and radiation are added to the
conduction term. The heat exchange between the
surface of the pool (Tfy,;4) and the ambient air is
modeled as laminar flow over an isothermal plate,
thus the average convection coefficient ﬁx
[W/m?-K] along the pool surface is assumed as
per Eq. 8 (Bergman and Lavine 2018):
_ 0664Re.’”
L

_ 1/3
hx Pr/°k (8)

Where Rey, is the Reynolds number for a
laminar flow [-], Pr is the Prandtl number [-], £ is
the kinematic viscosity [m?/s]. The net radiative
contribution between the surface of the pool and
the environment is expressed, in general terms, by
Stefan-Boltzmann's law. The ground properties
(e.g., the emissivity) are highlighted in Table 2.
Once the outgoing heat flux is computed, the
evaporation rate of the pool mass (1,,;) in any
ring can be computed as per Eq. (9):

Qouz J (rt)
Ly

€

The,,,j(r, t) =
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Where Q'wt' j is the outgoing heat flux
[W] of the j-th ring, and L,, is the latent heat of
vaporization [J/kg]. During the spreading phase,
the total volume increases and new outer rings are
created as the mass is redistributed with a uniform
thickness (H), turning the mass of each ring
proportional to its area. At the same time frame,
the local energy balance is computed, and the
evaporated mass is calculated. When the total
volume decreases, the radius is not reduced
kinematically but is updated by progressively
removing the outer (or inner) rings (whose areas
are A;) as soon as their masses evaporate.
Ultimately, the average height is calculated by
considering the total volume of the pool and the
updated radius.

2.4 Case study

Pool spreading simulations were carried out
against the experimental data of NASA test 6
(Chirivella and Witcofski 1986). The available
experimental data are outlined in Table 1.

Table 1. Experimental data from NASA test 6
(Chirivella and Witcofski 1986).

Parameter NASA test 6
Mass flow rate 9.50 [kg/s]
Release duration 38.00 [s]

1.2 x 1.2 m metal
plate, with sand
surrounding it

Impact surface

Since the LH, flashing and droplet
evaporation are out of the scope of this study,
three mass flow rate scenarios were simulated to
compare the results with the NASA test 6: case A)
My, = 9.5 kg/s; case B) myy, = 4.75 kg/s;
case C) myy, = 2 kg/s, with a spill zone (the
area on the ground where the liquid is introduced
into the numerical model) of 0.75 m. In the
simulation, sand is considered as the impact
surface, although the impact surface in the
experiment comprises a 1.2 x 1.2 m metal plate
and sand outside it. The main physical parameters
used for the simulation are summarized in Table
2.

Table 2. Physical parameters.

Parameter Value Reference
Thermal 0.94 W/m-K (Greonli,
conductivity of Skarsvag,
sand and
Munkejord
2025)
Thermal 4.88:107m%s  (Grenli,
diffusivity of sand Skarsvag,
and
Munkejord
2025)
Emissivity of sand 0.9 [-] (Bergman
and
Lavine
2018)
Spill zone 0.75m (Gronli,
Skarsvag,
and
Munkejord
2025)
Wind speed 2.2 m/s (Jin et al.
2017)
Initial ground 278.15K -
temperature
Ambient 288.15 K (Jin et al.
temperature 2017)
3. Results

Figure 1 shows the results of the pool
model considering three different mass flow rates.
Since discharge parameters and release height of
NASA test 6 are unknown, to account for the LH,
evaporation before ground contact, it is necessary
to simulate and hypothesize different scenarios.
The pool radius and height were plotted until the
LH, mass within any ring j evaporated. As
expected, the lower the mass flow rate, the
smaller the maximum pool radius. While case A)
greatly overpredicts the maximum pool radius,
case C) slightly overpredicts the pool radius. The
results warn that flashing and droplet evaporation
are a non-negligible phenomenon. The results
outlined in Figure 2 reveal a good agreement with
the evaporation time of 5.5 s following the
termination of the liquid discharge of NASA test
6. Notably, while in the case A) the pool
evaporated after 11 s following valve shut-off, in
the case C) the pool evaporated only after 7 s. This
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trend is consistent with experimental results, since
a larger radius implies a larger mass and a higher
thermal capacity, and thus requires a higher
evaporation time. Additionally, Figure 2 points out
that after 13 s the pool reaches a steady state since
the rate of pool evaporation and the rate of
cumulative mass addition are equal. During this
phase, the pool radius increases while the pool
height decreases, suggesting that during the
steady state, the mass of LH is distributed along
the radius.

0.035

0.03

0.025

0.02

0.015

Pool radius, 7., [m]

0.01

Average pool height, H ., [m]

0.005

Time [s]
Figure 1. Validation of the pool model with the radius
range data of the NASA test 6 (Chirivella and Witcofski
1986), considering three different mass flow rates. case
A)myy, = 9.5kg/s; case B) my, = 4.75kg/s; case
C)myy, = 2kg/s.

Figure 3 shows the ground temperature
profiles for case C) along the pool radius at
different simulation times. The model can
calculate the temperature in any ring of the pool
and based on the wetting time of the j-th ring,
update the local temperature accordingly. The
simulation demonstrates that the ground
temperature increases towards the edge of the
pool since the external rings of the pool are in
contact with the liquid for a shorter period of time.

Based on the temperature profiles along
the ground, conduction heat fluxes were
calculated in the j-th ring, thereby enabling the
calculation of the local heat balance, the
calculation of the evaporated mass, and finally the
local mass balance. The cumulative evaporated
mass per ring over the simulation is highlighted in
Figure 4. The figure shows the radial distribution
of the cumulative evaporated mass Mgy 1o ¢, o)

along the radius of the pool for different instants.

The evaporated mass peaks in an intermediate
region of the radius, decreasing towards both the
pool center and the outer edge of the pool.
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 evaporated mass
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Figure 2. Pool mass evolution over time for case C)
My, = 2 kg/s.
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Figure 3. Ground temperature profiles T, (0,t) along
the radius at different times for case C) myy, = 2kg/s.

This behavior reflects the balance between the
temporal evolution of the local heat flux and the
effective area of the rings. On one hand, the
central rings, although exposed for longer to local
heat flux, contribute with a reduced area
compared to the outer rings. Additionally, the
longer the exposure to LH, the lower the ground
temperature beneath the pool, leading to a
reduced heat flux over time. On the other hand,
peripheral rings, although characterized by a
larger area, are exposed for a shorter time to heat
flux due to the spreading (or reduction) of the
pool. The intermediate region maximizes the
product of exposure time and evaporating surface
area, resulting in the maximum cumulative
evaporated mass.
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Figure 4. Cumulative evaporated mass mgy tor (T, t)
per ring at selected times along the radius for case C)
My, = 2 kg/s.

4. Discussion

The good agreement of the evaporation time after
valve shut-off for case C) (see Figure 1) proves
that the ring reduction model is a very precise way
to simulate pool evaporation phenomena. Current
models that use a constant pool height during
reduction may lack accuracy because, as the pool
shrinks with a constant height, evaporation slows
rather than speeds up. However, the smaller the
pool (and the radius), the faster the evaporation.
This is also evidenced by the work conducted by
(Nguyen et al. 2024), which points out that in the
simulations conducted with a constant height, the
cryogenic pools on the ground need more time to
evaporate.

The overprediction of the pool radius in
Figure 2 is a consequence of different factors.
Firstly, the LH, evaporation before ground
contact is not considered in this study. However,
this phenomenon cannot be accurately estimated
when simulating the NASA test 6. Notably, outlet
nozzle diameter, release height, and nominal
pressure at the release valve are unknown. Since
the flashing phenomenon after the leak and the
droplet size are dependent on the jet velocity and
on the thermodynamic properties of the fluid at
the nozzle (Rescigno et al. 2025), it is not possible
to validate all the phenomena from liquid
discharge to pool spreading. Thus, only a
comparison with the radius range is possible,
simulating various mass flow rates.

Gronli et al. (Grenli et al 2025)
simulated NASA test 6 and obtained a maximum
pool radius of roughly 5.5 m when using a film
boiling regime for the convection term, while they
obtained a maximum pool radius of roughly 3.8 m
considering a perfect thermal contact between the
cryogenic liquid and the ground. The difference
in the maximum pool radius with this study (7 m)
may be due to the different film boiling regime
equations used, which can lead to different heat
fluxes. Nonetheless, in their simulations, even
with perfect thermal contact, the pool radius is
overestimated, suggesting again that flashing
after release occurs.

Nevertheless, the perfect thermal contact
model tends to overestimate the heat flux when
considering cryogenic fluids. The perfect thermal
contact model assumes that the ground
temperature T,(0,t) is constantly equal to the
cryogenic fluid temperature. However, due to the
temperature difference between the ground and
the liquid, a gas layer forms between the
cryogenic pool and the ground (Shirai et al.
2010). However, experiments discussed in
(Nguyen et al. 2024) revealed that after the
discharge of liquid nitrogen, the ground surface
temperature almost reached the liquid nitrogen
temperature after a few seconds. The results of
the experiments show that the temperature of the
soil drops immediately and significantly.
Therefore, with the current film boiling
correlations, it is not possible to model the
phenomenon accurately. Thus, the actual
behavior may lie somewhere between perfect
thermal contact and the film boiling regime.

This study warns that in the region
immediately downstream of the source, a stable
boiling regime cannot be achieved throughout the
release phase, as the cryogenic fluid droplets
continuously impact the ground. In areas outside
the impact area, the liquid moves by gravity and
will therefore continuously break the thin gas
layer that forms as soon as the liquid touches the
ground. Before boiling occurs, nucleation and
phase transition take place. However, with current
mathematical correlations that assign the regime
based on the temperature difference between the
ground and the fluid, the boiling regime is always
assigned for LH, without first considering
nucleation and transition. This, therefore, could
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limit heat flux when studying a fluid in motion
and not in a stable scenario, e.g., a tank containing
liquid hydrogen, as in (Ustolin et al. 2021).

5. Conclusion

This study developed and validated a novel ring
reduction model to simulate the spread and
evaporation of cryogenic pools, particularly for
LH,. The methodology simulates the spreading
and contraction of the pool by adding or removing
concentric rings based on local mass and energy
balances. The model showed good agreement
with the evaporation time observed in NASA test
6. However, the pool radius was overestimated,
mainly due to unmodelled pre-impact evaporation
(flashing after discharge and droplet evaporation)
from unknown release conditions. The model
calculates the temporal evolution of the ground
temperature beneath the pool. The results indicate
that the ground temperature increases towards the
edge of the pool. Furthermore, the analysis
highlights a crucial limitation of the current heat
transfer correlations when simulating the
spreading of a pool. The choice between the use
of i) correlations for film boiling or ii) the
classical assumption of perfect thermal contact
appears to be still a research gap. Experimental
evidence suggests that the actual pool behavior
lies somewhere in between. Perfect thermal
contact overestimates the heat flux, while
correlations for film boiling underestimate it and
may not be fully applicable during the spreading
phase. Therefore, future work will be carried out
to 1) compare the ring reduction model with other
methods and ii) focus on the development and
implementation of new heat transfer correlations
specifically designed for forced convection and
spreading cryogenic fluids to improve the
accuracy of predictions for dynamic pool
scenarios.
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