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ABSTRACT

In the event of a leak of liquid hydrogen, a pool can form that vaporizes, disperses, and
eventually dilutes to a non-flammable mixture. In this work, we describe fast-running
models for the pooling and vaporization of liquid hydrogen in a steady cross-wind.
Several pooling models from the literature are compared to solve for the flow and
extent of the pool. The size of the pool can serve as the source for a separate
dispersion model, which builds upon the existing one-dimensional Gaussian plume
model in HyRAM+. Additional terms for the effects of a cross-wind on momentum and
entrainment were added so that the model could handle the effects of a cross-wind on
a low-speed flow. The models are compared to experimental data on pooling extent
and downwind dispersion for steady flow rates of liquid hydrogen in a steady cross-
wind. In the two compared experiments, liquid flow rates of 15 and 45 g/s were spilled
onto concrete in cross-winds of approximately 1.8 m/s. The rate of growth of the pool
and the downwind concentration boundaries are compared to the models, showing
good agreement, although additional tuning is needed. These models can contribute
to the advancement of codes and standards for liquid hydrogen systems.
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1. INTRODUCTION

Hydrogen is only a liquid at very low temperatures (approximately 20 K at 1 atmosphere), and if
it spills onto a surface, it rapidly absorbs heat from its surroundings, vaporizes and disperses in
the atmosphere. Understanding and modeling this type of release is important; to safely utilize
this fuel, it is essential to understand where flammable regions occur so that ignition sources
can be kept outside of these zones.

Thyer (2003) reviewed data on cryogenic liquid spills, noting only a single study with
hydrogen (Takeno et al., 1994). Both the review and the study with hydrogen concluded that
the boiling rate of liquid natural gas and hydrogen can often be correlated using a simple 1D
heat-transfer conduction model with a boiling rate proportional to t-1/2 (Thyer, 2003; Takeno
et al.,, 1994). Friedrich et al. (2023) performed vaporization experiments on different substrates
and similarly found a t2/2 boiling rate for liquid hydrogen spilled onto a solid surface. These
studies had some confinement of the hydrogen in a vessel or with walls and did not examine
the formation of a pool spreading on an unconfined surface.

Experiments by Royle and Willoughby (2014) observed an approximately 2.14 m long, 1.3 m
wide pool for a downward release of liquid hydrogen onto concrete at 60 lpm from a 100 mm
height in a 4 m/s cross-wind. The experiments were performed outdoors, so there was variability
in the wind speed and direction. Some measurements of concentration demonstrated high
variability, with occasional concentrations above 10 vol-% being observed 7.5 m downwind.
Hansen and Hansen (2022) summarize experiments performed by the Norweigian Public
Roads Administration (Aaneby et al., 2021). In outdoor tests, with 740 and 830 g/s releases
downwards from 0.32 m height and wind speeds of approximately 4 and 2.5 m/s wind,
temperatures below -200°C were observed at distances less than 0.5 m from the release point,
and Hansen and Hansen (2022) claim little evidence of a pool, but Aaneby et al. (2021) describe
a pool limited to 0.5 to 1 m from the release point. Indoor tests formed a pool 0.5-1 m from
the release point with 500 g/s hydrogen spilling downwards onto the floor with very limited
ventilation. In all cases, once the release stops, all remaining liquid quickly vaporizes. Although
there have been a handful of other liquid hydrogen spill/release experiments (e.g., Arthur D.
Little, Inc. (1960); Witcofski and Chirivella (1984); Schmidtchen et al. (1994); Verfondern and
Dienhart (2007); Coldrick (2020); Buttner et al. (2021)), the data on liquid hydrogen spilling onto
solid, unconfined surfaces, forming a pool, and dispersing into a cross-wind is quite limited.

Two common modeling approaches for pool formation and vaporization are solving the shallow
water equations (Brandeis and Kansa, 1983; Brandeis and Ermak, 1983; Verfondern and
Dienhart, 2007), or a simpler force balance driven by gravity (similar to the gas accumulation
over spreading pools (GASP) approach of Webber (2012) and the model described by Nguyen
et al. (2020)). Both of these approaches will result in a pool size over time, which is a function
of the release rate and the heat transfer from the surface to the liquid being spilled, most often
solved by assuming that solid surfaces can be treated as a semi-infinite (in depth).

Once the pool size and vaporization rate have been established, these details can be used
as a source term for a dispersion model. Dispersion modeling can be accomplished using
computational fluid dynamics or using simpler reduced-order models for dispersion. The
Hydrogen Plus Other Alternative Fuels Risk Assessment Models (HyRAM+) (Ehrhart et al., 2024)
toolkit has a plume dispersion model, but the current publicly released version does not have
a model for wind effects, which are very important for these low momentum releases from a
large pool. Wind will affect both the momentum and entrainment into the plume.

Experiential measurements of liquid hydrogen pooling and dispersion under well-controlled
conditions have been made, and these are compared to newly developed reduced-order
models in this work.

2. APPROACH
2.1 POOL MODELING

As discussed in the introduction, there are some common simplified models for pool formation
and vaporization. An engineering model was developed by Cirrone et al. (2021) where a semi-
infinite surface conducts heat into liquid hydrogen, driving vaporization at the same rate at
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which the liquid hydrogen is flowing into the pool. The latent heat of vaporization, AH,q, relates
the mass flow rate my,, and the heat transfer, which is limited only to 1-D conduction from the
surface (geong) through the relationship

_ Qcond (1)

My, = .
" AHygp

The one-dimensional conduction to a semi-infinite surface can be analytically evaluated to

— 2
Acond = T poo
P V wat

where r,o0 1 the radius of the pool, k and « are the thermal conductivity and thermal diffusivity,
respectively of the surface, Tyface o IS the far-field (usually also the initial) temperature of
the surface, and Ty is the boiling point of the hydrogen at atmospheric pressure. Algebraic
manipulation results in the pool radius as a function of time

My, AH,qp at
Mool =\| 777 ==\ = 3)
poe \l k (Tsurface,oo - Tboil) T

(2)

Inspection of this equation shows that the pool will continually grow at a rate proportional to
t1/#, This is due to the assumption of a semi-infinite solid with a constant temperature gradient
at the surface (i.e., the use of Eq. 2) and the lack of other heat loss terms from the liquid
hydrogen.

The second means of modeling the pool, colloquially called the GASP model, is a first-order
system of differential equations described by Webber (2012):

dr

a =u (4)
du _4gh(1-59)
- F (5)

where r is the pool radius at time t, u is the velocity of the pool front, g is acceleration due
to gravity, h is the height of the pool (assumed to be uniform), s is a shape factor that can
be used to modify for non-solid surfaces (but is O for solid ground), and F is the frictional
force of resistance to spreading. The height is related to the pool volume (assumed to be
cylindrical) through the liquid hydrogen density and pool radius, while enforcing conservation
of mass, which is given in Eq. 1 to close the system of equations. Conduction to the surface is
calculated via Eq. 2, but the radius of the pool over time is tracked, with conduction integrated
over the differential conduction annuli as the pool expands. Friction is calculated using the
correlation from Webber (1991): the maximum of laminar (Figminar) OF turbulent (Fiubuient)
frictional resistance is assumed where

vu
Flcminar = 759? (6)
U2
Feurbutent = 4-49CfF (7)

where v is the dynamic viscosity of the liquid hydrogen, and C; is a constant (assumed to be
1.69 x 1073). This system of equations was solved using an explicit Runge-Kutta method of
order 8 implemented by SciPy (Virtanen et al., 2020).

Finally, the third means of modeling the pool in this work used the shallow water equations as
described by several authors (Brandeis and Kansa, 1983; Brandeis and Ermak, 1983; Verfondern
and Dienhart, 2007). The shallow water equations are a coupled set of first order partial
differential equations with both time and radius as independent variables, where conservation
of mass and momentum are written as

a(uh) . a(urh)

5 g Tru-w)=0 (8)
du 9 [(u? F
Fa(?g”)T‘o’ ©)
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where w is the vaporization velocity of the pool. Similar to the other models, the vaporization
velocity is found by algebraically solving Egs. 1 and 2, tracking the annular conduction over time.
To use the ODE solver of SciPy (Virtanen et al., 2020), the domain is discretized in the radial
dimension to 5000 points using upwinding and downwinding schemes suggested by Brandeis
and Kansa (1983) before integrating the resulting system of ordinary differential equations over
time using an explicit Runge-Kutta method of order 8 implemented by SciPy (Virtanen et al.,
2020).

2.2 DISPERSION MODELING

The HyRAM+ model for jet dispersion was modified to include the effect of wind on momentum
and entrainment. Details of the base model can be found in the HyRAM+ technical reference
manual (Ehrhart et al., 2023), section 3.3.1. The effect on the momentum of the plume does
not have any empirical coefficients. The streamwise derivative of the flow of momentum from
the wind is equal to

d - .
Epwind = wandpambientEy (10)

where S is the streamwise dimension, med is the momentum flow vector from the wind [N],
Vwing 1S the wind velocity vector [M/s], pampient IS the density of the ambient air [kg/m?3], and E is
the entrained flow at a given streamwise point [m?/s]. Components of this flow (by multiplying
by the s1in or cos of the relative wind angle) are added to the right-hand side of the appropriate
x- and y-momentum equations (Egs. 72 and 73 in Ehrhart et al. (2023)).

The effect of wind on entrainment has two empirical coefficients, a proportionality to
the component of wind that is parallel to the flow direction (c)), and the component
of the wind that is perpendicular (c,). The entrained flow at each streamwise point is
increased by

wand =B (CJ_ |Vwind Sin(eplume - 6wind)| + CH |wand Cos(eplume - ewind) - Vplume,CL') ’ (11)

where E,inq is the additional entrainment due to wind [m?/s] (added to Eq. 79 in Ehrhart et al.
(2023)), B is the half-width of the plume [M], 8ying aNd Byume are the angles of the wind and
plume, respectively, to the x-axis, and vpme i is the centerline velocity of the plume, at each
streamwise point.

The pool is assumed to be a circular source of saturated vapor hydrogen released vertically,
and the HyRAM+ jet model with wind effects is used to solve for the trajectory. Manual
experimentation with the effects of ¢, and ¢, on the angle of the plume, compared to images
of the visible cloud led to initial default values of ¢, =0.1 and ¢, =5 being used in this work,
although these values were varied for some simulations, as described later.

2.3 EXPERIMENTAL

Additional details can be found in Hecht (2025), but briefly, liquid hydrogen release experiments
were performed in a large, repurposed blast tube where unimpeded pooling and dispersion
could be simulated, but with a steady, controllable cross-wind. The blast tube has a 5.6 m
diameter and a 115 m length. A large industrial fan, with filters a short distance downwind to
prevent dust and provide a more uniform flow field, was able to produce steady cross-winds
ranging from 0.9 to 1.9 m/s. Liquid hydrogen was staged in batches in a 1,500 | vacuum-
insulated dewar that sat on top of a scale. The pressure in the dewar was maintained near
atmospheric pressure and flowed, primarily due to gravity, into approximately the center of the
blast tube. The hydrogen was released from 3 cm diameter piping approximately 23 cm above
an interchangeable substrate, which was an approximately 1.2 m square piece of concrete,
concrete with embedded thermocouples, or carbon steel. The spill rate was measured in two
ways: based on the liquid level, which was calculated based on the differential liquid/vapor
pressure in the dewar, and based on the mass loss rate detected by the scale upon which the
dewar sat.

A grid of 7 x 7 (spaced by 15 cm) 1.3 mm diameter type-K thermocouples (without the central
thermocouple so that the flow wouldn’t be impeded) sat on top of the substrate to measure the
extent of flow of liquid hydrogen. Due to the coarseness of the thermocouple grid, the limited
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accuracy of the thermocouples at low temperature, and potential time lag for cooling, any
temperature observed below -220 °C (53 K) was assumed to be liquid hydrogen. Downwind
of the pool, three movable rakes contained an additional 54 thermocouples. Co-located
with 15 of the thermocouples were extractive tubes that were connected to the National
Laboratory of the Rockies (NLR)’s hydrogen wide area monitoring (HyWAM) system (Buttner
etal., 2021). Analysis elsewhere (Hecht, 2025) showed that the HyYWAM measurements of mole
fraction were well-correlated with the thermocouple measurements when adiabatic mixing
of ambient air with saturated vapor hydrogen was assumed. For this work, the temperature
measurements were converted to concentration for comparison to modeling results of
mole fraction.

3. RESULTS AND DISCUSSION

The substrates in the experiments were small for some of the tests and liquid hydrogen could
be observed spilling off of them, for high flow rates of liquid hydrogen. For comparisons to the
extent of the pool, a test with a low flow rate of hydrogen was used. Example test results with
a low hydrogen flow rate are shown in Figure 1. The green dashed vertical lines in Figure 1(a)
show the time that the liquid hydrogen began to flow, just after 15:40. The gray shaded region
shows the near steady-state data that was averaged, approximately 23.5 min. The red dashed
vertical lines indicate the time when the liquid hydrogen stopped flowing. The top frame shows
the pressure in the tank, which was slightly above atmospheric and decreased slightly as the
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Figure 1 Experimental results
fora 12.5 lpm release of LH,
onto concrete with a 4 mph
cross-wind.
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spill progressed. The second frame shows the two measurements that were converted into
a volumetric flow rate, which is plotted in the third frame. Averaging the two measurements
results in an approximate flow rate of 12.5 liters/minute (lpm) of hydrogen. The fourth frame
down on the left shows the wind speed, which was approximately 1.9 m/s (4.15 mph), and the
fifth frame shows the growth of the pool radius.

The contour plots in Figure 1(b) are average measurements of the temperatures at the surface
(top) and 12.7 mm below the surface (bottom). The pool radius at each point in time was
calculated from the instantaneous surface temperature measurements. Any temperatures
below 53 K were assumed to be liquid hydrogen, and the area that was covered by liquid
hydrogen was converted into a circular radius dimension. The red line shown in the upper plot
of Figure 1(b) shows an approximate isocontour at 53 K; the approximate dimensions of the
average pool. The pool is not centered on the substrate, but is being blown down-wind slightly
and seems to flow in the southern/negative horizontal direction, perhaps due to a slight slope
to that side, or an unevenness of the wind.

The three contour plots in Figure 1(c) show the average down-wind thermocouple temperatures
at three down-wind locations. Temperatures are lowest towards the middle and top of the
measurements, and also increase going downwind (note the different temperature scales for
each of the frames). Because the flow rate of hydrogen was so low, the temperatures are fairly
close to ambient (at the edges of the plots); in other words, the mole fraction of hydrogen
is low.
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o »
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Figure 2 compares the three different pooling modeling approaches to the data from the
experiment of Figure 1. The blue line shows the result of the engineering model described by
Eg. 3. The engineering model predicts the largest pool of the three models, and overpredicts the
radius in this case. The orange line is the result of the GASP model, described by Egs. 4 and 5.
With the properties used, however, there were issues getting the ODE solver to converge, and
the frictional force needed to be increased by a factor of 15 to get the model to integrate.
Nonetheless, the radius predicted is very near the experimental results. Finally, the shallow
water equations, given in Egs. 8 and 9, result in a prediction of pool radius that is much smaller
than was observed experimentally. Other simulations using these models (not shown) showed
similar trends of the engineering model always predicting the largest pool radius, the shallow
water equations the smallest, and the GASP model somewhere in-between. The GASP and
shallow water equations are both currently slow to solve due primarily to tracking the pool
radius over time to determine the annular conductive heat flux. Additional work on the models
is needed to increase the speed of solutions, and hopefully improve the range of material
properties (e.g., substrate conductivity, substrate thermal diffusivity) for which a solution can
be found.

Since there are challenges in predicting the pool radius over time, and previous work showed
that CFD models for dispersion were relatively insensitive to the pool radius (Mangala Gitushi
et al., 2023), the dispersion model was tested for its sensitivity to pool radius. The left-hand
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Figure 2 Experimental data of
pool radius for the test shown
in Figure 1 (12.5 lpm liquid
hydrogen flow) compared to
the different pooling models
for concrete with properties of
k=1.4W/m-K,

a=6.9x 107 m?/s.



frames of Figure 3 show the 4% mole fraction contour for a 1 m diameter source pool, and the
right-hand frames for a 0.5 m diameter source pool for two hydrogen flowrates and 3 wind
speeds. A red dashed line on the plot also shows the vector to the tip of the 4% mole fraction
contour and the angle of that line is shown in red text. Aside from the bulging contour near
the plume origin (x < 0), the contours are nearly identical. The bulge is an artifact of displaying
the plume as its trajectory rotates from the vertical release to the nearly horizontal wind-driven
dispersion near the pool source, while it is diluted greatly by wind-driven entrainment. In a
real release, one would expect the average mole fraction contour to be smooth all the way
down to the pool. The larger pool has a barely perceptible longer profile in the x-dimension.
A higher flow rate of liquid hydrogen results in a more upward-driven plume (it starts with
additional upward momentum), and also results in a longer plume with more flammable mass
contained within.
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Due to uncertainty with the pool model (and the independence of plume dispersion on the
pool radius), the dispersion model was compared to experimental data using an average
experimentally measured pool radius as the source of hydrogen. The experimentally measured
average mass flow rate and wind speed were also used in the model. The wind was given
an upward trajectory of 5° above horizontal because the experimental configuration had a
ramp leading up to the substrate that was not directly on the ground. Figure 4 shows the
experimental data compared to the HyRAM+ model for two experiments with different release
rates of liquid hydrogen of 15 and 45 g/s. Both the data and the model contain upward
sloping plumes, and the high mole fractions extend further downwind as the hydrogen release
rates increase. However, the mole fractions predicted by the model are much higher than
those observed experimentally; there is much more spreading and dilution in reality than is
predicted by the model. A more diluted, wider plume is also clear from the side profiles. In
particular, Figure 4(a) shows an entire simulated mole fraction field that is less than 0.04
for the slice that is -61 cm from the center. The experimental plume, on the other hand,
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Figure 3 HyRAM+ dispersion
model with variations in wind
speed (rows) and source pool
diameter (columns).
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has mole fractions that are greater than 0.08, at least in the part of the slice that is 4.57 m
downwind of the pool. The profiles further show that the average experimental plume is not
centered on the axis. Video evidence also showed that the condensed moisture tilted in the
negative horizontal direction. Obstructions (such as cameras and data acquisition equipment)
upwind of the release are suspected of causing the wind to deviate slightly from the blast
tube axis.
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The amount of dilution in the model is easily controlled by the entrainment coefficients, ¢,
and ¢,. In Figure 5, both ¢, and ¢, were varied, to 0.9 and 1.8, respectively. In this case, the
extent of the plume and mole fractions are significantly reduced, and the plume is much wider,
but the upward trajectory of the plume is also reduced. As the entrainment of air increases
(due to the significant increase in ¢;), the buoyancy of the plume decreases, since hydrogen
is the buoyant component of the plume, and if there is less hydrogen in the plume, there
is commensurately less buoyancy. A thorough comparison and automated minimization of
error between the model results and all of the experimental data with additional flow rates
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Figure & Experimental data
(left) compared to HyRAM+
dispersion model (right) for
two different conditions. Top
row contains slices in the
downwind direction and
bottom 5 frames are the same
data, but sliced in the
horizontal direction.
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of hydrogen, additional cross-wind speeds, and other substrates are needed to see if additional
tuning of the entrainment coefficients can improve the agreement between the model and
the data.
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(b) 0.9 m diameter pool with a 45 g/s release into a 1.8 m/s wind with a 5° angle upwards from horizontal

4. SUMMARY AND CONCLUSIONS

Three different models for pool formation over time are described in this work. An algebraic
engineering model overpredicted the pool radius over time; the GASP approach seemed to agree
with the experimental data, while a solution of the shallow water equations underpredicted
the experimentally observed pool radius. The GASP approach and the shallow water equations
have issues with solution stability for certain scenarios and are also slow to solve. Both of these
models need additional work to address these deficiencies.

A fast-running dispersion model that is an extension of a plume model in HyRAM+ is also
described in this work. The HyRAM+ plume model was modified to include the effects wind
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Figure 5 Experimental data
(left) compared to HyRAM+
dispersion model (right) for
two different conditions, with
entrainment coefficients
changed to ¢; = 0.9 and

¢, = 1.8. Top row contains
slices in the downwind
direction and bottom 5 frames
are the same data, but sliced
in the horizontal direction.
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has on the momentum of a plume, as well as how wind affects the entrainment of air into
the plume. The pool radius is an input to the plume model, and it was demonstrated that the
pool radius has little effect on the downwind dispersion of the plume, at least for the limited
pool radii (0.5 m versus 1 m) and low winds (< 4 mph) tested in this work. This means that the
accuracy of the pool formation is not critical to understanding the dispersion of vaporizing liquid
hydrogen spills.

The dispersion model was then exercised, using parameters and data from two different
experimental spill rates of liquid hydrogen onto concrete, to assess the accuracy of the model.
With the initial empirical coefficients for wind entrainment, the predicted mole fractions were
much higher than those observed experimentally. Increasing the parallel driven entrainment
coefficient lowered the predicted mole fractions, but also decreased the predicted buoyancy
of the simulated plumes. The agreement with the data was improved slightly, but the model
needs additional tuning.

In future work, the pooling model will be linked more closely with the dispersion model, and
additional optimization of the entrainment coefficients will be made. The optimization will be
automated and will use the entire dataset from the pooling experiments that were performed,
which includes additional variations in wind speed, spill rate, and substrate beyond what is
presented in this work. In addition to the vaporization data presented in this work, literature data
will also be used to determine the entrainment coefficients. It is possible that the entrainment
coefficients are not simple values but are a function of the experimental parameters, as is the
case for momentum and buoyancy-driven entrainment in the HyRAM+ model. This model will be
incorporated into the HyRAM+ toolkit and will be useful in assessing the safety of liquid hydrogen
systems and the characteristics of specific scenarios that involve spills of liquid hydrogen in an
open environment with a cross-wind.
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