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ABSTRACT

Safety of the hydrogen refueling station under a postulated accident (e.g. leakage) is of
great importance in hydrogen energy. The predictive CFD tool GASFLOW-MPI is utilized to
simulate the full-scale hydrogen refueling station deflagration experiments with premixed
H,-air cloud and high-pressure H, jet. The overpressures are predicted for an ignition be-
tween two dispensers in the premixed trial and a spark in the engine bay in the jet trial,
which agree with the experimental data and validate the GASFLOW-MPI as well. Five
turbulent burning velocity models are involved to investigate the explosion of the pre-
mixed H,—air cloud. The Zimont correlation is recommended for the combustion simula-
tion of engineering full-scale H, refueling station. The turbulent flame speed is predicted
after an ignition resulting in 50—200 m/s, and the flame acceleration happens due to the
turbulence effect by obstacles. The developments of the pressure, temperature and H,
concentration of premixed H,-air deflagration, indicate the pressure wave propagates with
the reflections on obstacles, and the flammable H, cloud is enlarged by the push of com-
bustion product.

Moreover, the standard k — ¢ and DES model are adopted on the jet dispersion analysis.
The local flow variables show some differences, but the global properties of average
hydrogen concentration, the shape and size of the burnable cloud are similar, which in-
dicates the hydrogen dispersion transient computed by k — ¢ turbulence model provides a
reliable basis for estimating the combustion process. The evolutions of the jet resulting
burnable H,-air mixture in the domain in terms of H, velocity field, concentration and mass
are evaluated. The velocity field in jet trial explains that the momentum dominates
hydrogen dispersion and result in a corresponding hydrogen concentration, however a
large zone with high turbulence forms after combustion. The analysis of H, dispersed in
the engine bay shows the growth and decay of the hydrogen concentration above some
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specified value of interest (4 and 10 vol% H,). Most dispersed H, cloud is burnable, and half
of the mass distributed in the cloud above 10 vol% may accelerate the flame to sonic. The
comparison of the overpressure in k — ¢ and DES turbulence models with real and ideal gas

release sources, shows in general no significant difference. The hydrogen release jet with
higher turbulence generates the hydrogen cloud that can result in a large overpressure.

Introduction

A potential solution to reduce greenhouse gas emissions is to
use vehicles powered by hydrogen produced from renewable
energy [17], like solar power. We call it solar hydrogen in our
present project. Widespread adoption of these vehicles would
require plenty of hydrogen refueling stations. Hydrogen has
been safely managed burnable gas for many years, but in the
environment of a hydrogen refueling station, the normal
safety understanding would be inappropriate. In the refueling
station, the public is allowed to handle high-pressure (40/
70 MPa) hydrogen during the refueling process. Therefore, the
hazards of the hydrogen use in hydrogen refueling stations
should be noticeable. The hydrogen explosion accident
happened in Norway gave us the importance of hydrogen
safety [13]. It is essential to understand the hazards caused by
an accidental hydrogen leakage and develop the appropriate
tools (codes) to predict the consequence of accidents.

The predictive tools for hydrogen safety engineering, such
as computational fluid dynamics (CFD) codes CFX, FLUENT,
OpenFOAM and GASFLOW-MPI etc., are essential for the
design of safe hydrogen applications [11]. GASFLOW-MPI is
the advanced parallel version of the GASFLOW sequential
code with many newly developed and validated models and
features. GASFLOW-MPI has been well verified and validated
by many international benchmarks on shock wave, premixed/
nonpremixed turbulent combustion, detonation in tubes etc.,
which reveals the reliability in predicting all speed flow-fields
associated with hydrogen safety coupling heat and mass
transfer [28,31].

Nevertheless, there is still room for the further validation
of GASFLOW-MPI utilizing in the real scale and open zone of
hydrogen refueling station, and the investigation of the suit-
able physical models for the simulations, e.g. the turbulence
model and combustion model for the simulation of hydrogen
dispersion and explosion, even the model of high-pressure
hydrogen release. Accordingly, the implemented combustion
models and turbulence models in GASFLOW-MPI should be
assessed in the simulation of the accidental hydrogen explo-
sion in a full-scale refueling station, and demonstrate further
the credibility and the performance level of the code, and
consequently figure out the effects of the combustion and
turbulence models.

Turbulent burning velocity correlations are wildly used in
the CFD simulation of combustion of premixed burnable gas
(including hydrogen). E.g. Zimont correlation has been devel-
oped based on a theory of premixed combustion with high
Reynolds number [34]. The correlation depends on the

physico-chemical properties of the combustible mixtures and
turbulence parameters. The constant in the model is around
0.5 for Hy-air mixtures recommended by zimont's validation
work. Zimont correlation was implemented in CFD tools, such
as CFX, GASFLOW-MPI, FLUENT, OpenFOAM and validated
against hydrogen deflagration experiments [6,7,15,27]. These
CFD calculations coupling Zimont correlation with minor
adjustment of the scaling factor agree well with the experi-
mental data, which reveals it is reliable to model the turbulent
burning velocity. However, Zimont model evaluates flame
propagation of completely developed turbulent flames.
Laminar flame propagation and transition from laminar
flames to turbulent flames are not accounted for. The further
summary of the literature study of five turbulent burning ve-
locity models, i.e. Zimont and Mesheriakov, Zur Loye and
Bracco, Peters, Schmid, Zimont models, and two turbulence
models,i.e.k ¢and Detached Eddy Simulation (DES) models,
are presented in Section 2 Mathematical model.

With respect to the large scale hydrogen explosion experi-
ments for validation, Sandia National Laboratories [19] carried
out a series of large scale experiments on flame acceleration
(FA) and deflagration to detonation transition (DDT) for H,-air
mixture in a rectangular channel with obstacles, indicated that
the presence of the obstacles greatly increased the flame speed
and the potential of DDT [23]. Conducted the explosion ex-
periments of high-pressure hydrogen (40 MPa) leakage in a
hydrogen refueling station, which indicated that explosion
overpressure was strongly dependent on the turbulent flow of
leakage. Tanaka et al. [24] studied homogeneous H,-air mix-
tures explosions in a full-scale hydrogen refueling station
model experimentally, which shown the hydrogen concen-
tration dominate the flame speed and overpressure Shirvill et
al. [20,21] carried out experiment series of the deflagration of
H,-air premixed cloud and high-pressure H, jet in a full-scale
refueling station, and investigated the explosion over-
pressure evolutions. These previous experiments provide
useful insights and database to develop and validate the CFD
codes applying for the hydrogen refueling stations. After the
literature review, we find the Shirvill's full-scale experiments
published relatively complete experimental data covering wide
range, which are quite useful for our current investigations.

The objectives of the present paper are therefore to:

- validate the GASFLOW-MPI modelling using the H, defla-
gration experiments of premixed cloud and high-pressure
jetin a full-scale refueling station.

- investigate flame development and propagation, the high-
pressure H, release and dispersion with the effects of
combustion models and turbulence models.



The paper is structured as follows: the key physical models
involved in the present simulations and analyses are pre-
sented in the mathematical model section; the GASFLOW-MPI
modelling section describes the introduction of the experi-
ments used for the validation, and the role of GASFLOW-MPI
modelling in hydrogen deflagration analyses, including the
applied mesh, initial and boundary conditions. Followed by
the description of numerical model, the simulation results
and discussions are presented, including the code validation,
the investigation on combustion model, turbulence model on
flame propagation and the high-pressure H, release, disper-
sion and combustion. The summary and conclusions are then
presented in the last section.

Mathematical model

GASFLOW-MPI is a parallel finite-volume CFD code that
adopts the Implicit Eulerian - Arbitrary
Lagrangian Eulerian (ICE'd-ALE) solution algorithm [28—30].
GASFLOW-MPI is applicable to all speed flows from incom-
pressible to supersonic flow regimes, which is allowed to
simulate major hydrogen safety related phenomena, such as
release, turbulent dispersion, deflagration and detonation. In
this section, we will only concentrate on the combustion
models and the RANS/DES based turbulence models.

Continuous

e Combustion model

In order to model the flame front propagation, the trans-
port equation of the density-weighted mean reaction progress
variable, £, is solved [29]:

a%(pE) +Ve- (pfu)=Vv- Kﬂau +SM—CZ> VE} + 05 e

where p is the density, u is the velocity, tis the time, «, is the
thermal diffusivity of the unburned mixture, g, is the turbu-
lent dynamic viscosity, Sc is the turbulent Schmidt number.
For hydrogen fueled mixtures, the mean combustion progress
variable, £, is usually written as:

YHZ (X, t)
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where x the position vector, Y represents the local mass
fraction of the species. Yy, unpurnt @0d Y, purmt are the hydrogen
mass fraction in the zones of unburnt reactants and fully
burnt products, respectively. Obviously, the progress variable,
¢ =1 in the burnt mixture and ¢ = 0 in the unburnt mixture.
The key of this modelling approach is the method of solv-
ing the source term, pS;. Actually GASFLOW-MPI provides
various concepts to model this source term with their own
specific assumptions, e.g. the Arrhenius rate model neglecting
the turbulence effect, and the eddy dissipation model
assuming the combustion occurs at small scale where the fuel
and oxidizer mix on the molecular scale with sufficiently high
temperature [10]. The method based on progress variable
gradient would be better for the present problem — deflagra-
tion in the full-scale hydrogen refueling station, in order to

evaluate the correlations additionally. The source term of the
mean reaction progress can be modelled as:

pS; = pySt|VE| 3)

where p, is the density of unburnt mixture, and St is the tur-
bulent flame speed. The key of implementing this approach is
to find a suitable correlation of S;. GASFLOW-MPI currently
provides several correlations for turbulent flame speed, as
show in Table 1. Dozens of correlations as shown in reference
[4] could be tested in calculation, if the already implemented
correlations are not sufficient.

The parameters in the turbulent flame speed model are
listed as follows:

- Laminar flame speed S,

The laminar flame speed S; is a physical-chemical property
of the mixture and thermodynamic conditions (pressure and
temperature) upon mixture ignition. Here, the correlation
from Refs. [1,2] considering the effect of diluent is used for the
H,-air-H,0 mixture:

Sirg = (14447 +1.07¢  0.29)(1 ¢)* ©)

where ¢ denotes the equivalence ratio, ¢ is the diluents (e.g.
steam, He, CO, etc.) volume fraction, and Sy s laminar flame
speed at the reference pressure P, = 103125 Pa and temper-
ature T, = 298 K.

The compression of unburned gas ahead of the flame may
increase the pressure and temperature. Taking the effects of
compression into account, the thermo-dynamic correlation of
the laminar flame speed S, can be expressed [12] with the
exponents of hydrogen:

p, %2 /T, \ (1524+0.0260)
_ Pu 1
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where P, and T, are the pressure and temperature of the un-
burned mixture respectively. The thermal diffusivity of the
unburned gas is modified in terms of pressure and tempera-
ture as well:

B P\’ /Tu\
oy =y o <m) (Tu,o> (12)

where Py, T,o and «,o are the initial pressure, temperature
and thermal diffusivity of the unburned mixture, respectively.

- Turbulence dependent parameters

The integral turbulent velocity fluctuation u; = /3, where

the « is the turbulent kinetic energy.
Damkohler number, Da, is defined as the ratio of the tur-
bulent integral time scale 7; to the chemical time scale 7.:

Da= (12)

Tc

where the turbulent integral time scale, 7, = %, where the in-
t

tegral length scale I; is associated with the turbulence; and the
chemical time scale is defined as 7. = where « is the

£
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Table 1 — Correlations of turbulent flame speed.
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thermal diffusivity of gas. The flame thickness, I is therefore
defined as:

=g (13)

e Turbulence model

Since the numerical simulations are based on the solution
of fully compressible Navier-Stokes equations, and the com-
bustion model is dependent on the turbulent kinetic energy «
and the turbulent dissipation rate e. The combustion model in
GASFLOW-MPI has been coupled with RANS-based turbulence
k e model and Detached Eddy Simulation (DES) model. The
well-known k¢ model [9] is a two equation model that gives
a general description of turbulence by means of two transport
equations in terms of the transported variables « and ¢ :
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where u is the dynamic viscosity, and u, is the turbulent vis-
cosity that can be written as:

C pKl/Z
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The turbulence generation due to the viscous forces, P,, is
calculated as:

2 2
P, = §p:<V ‘u §,ut(V-u)2 + pVue {Vu + (Vu)T] (17)

The turbulence production term due to the buoyancy, P,
is computed as:

Po= gy (18)
ap

where the constant coefficient, o1, is 0.7 and g is the gravita-

tional acceleration.

DES turbulence model used in the present simulation is a
hybrid RANS/LES turbulence model. Compared with the pure
RANS model, the DES model could capture more detailed
turbulent information in the small-scale region. Meanwhile,
for the large-scale region, the DES model could use relatively
coarse mesh, where the RANS model is adaptively employed
to reduce the computational cost. Different from the original

standard k ¢ model, the turbulence length scale in DES tur-
bulence model coupled in the two turbulence transport

equations is the minimum between the standard k ¢ model
and the LES model [35], as shown following:

32
lt =min (CMT7 CDESAmux> (19)

where A, is the maximum of the filter cut-off scale, which is
obtained from the box filter over grid cells in %, y, z three co-
ordinates. When the mesh size is fine enough, the LES model
is employed, so that the detailed turbulent fluctuation
behavior could be captured. For the large mesh size region, the
DES model is equivalent to the standard k ¢ model. The
values of the constant coefficients in the k ¢ model and DES
model are listed in the nomenclature.

e High-pressure H, release model

The hydrogen release is important for simulating the high-
pressure hydrogen leakage in a refueling station. The release
rate was modelled in GASFLOW-MPI by assuming a choked
flow (or sonic release) from the high-pressure H, storage
through an orifice when the ambient pressure is much smaller
(at least 0.5266 times) than the pressure in storage, or
modelled by a subcritical flow. For an ideal gas, the release
rate is of the form:

YP1P1 7’)’+1 " pr 77+1
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where m is the mass flow rate through the orifice/hole with
cross-section area A and user estimated discharge coefficient
Cq4, normally 0.9—-0.97. The ratio of specific heats at constant
pressure and constant volume, y = g‘—': = 1.41. The relevant
static pressures on either side of the orifice/hole, with p; and
p1 corresponding to the high pressure and gas density, with p,
and p, corresponding to the low pressure and gas density,
respectively, are specified.

Concerning the high-pressure release to the ambient
pressure 1 bar, the mass release rate can be modelled as
choked flow of quite long duration (tens of seconds), which

lasts until the ratio of the storage pressure over the ambient

m=AC,

(20)



pressure equals 1.9. Substituting the ideal gas low and solving
the first order ordinary differential equation as below:

RS

has

i) = ACu p(0p (25) = v (21)
m(t) = moexp ( Cd%t YRy, T (%) o ) (22)

where my is the initial release mass flow rate with the initial
pressure and density in a high-pressure hydrogen storage
tank, V is the volume of the storage tank. Ry, is the gas con-
stant for hydrogen, 4124.24 J/(kg-K), T is the temperature. The
ideal gas release mass flow rate over time decreases expo-
nentially that is consistent with the result in Ref. [5].

GASFLOW-MPI modelling
Experiment layout

As we discussed in the introductory section, the full-scale ex-
periments with premixed hydrogen-air cloud and high-
pressure jet conducted by Health and Safety Laboratory, UK
[20,21], are selected to be simulated in present work. The ex-
periments were offered as a standard benchmark of explosion
in a realistic refueling station. The experimental rig (4.2 m
high, 0.6 m wide and 5.4 m long) consisted of a dummy vehicle,
two dispenser units and a concrete confining wall. Two dis-
pensers were made of steel standing on the concrete pad. The
vehicle and dispenser were made of steel plates with thickness
8 mm. The engine bay of the vehicle was open from the bottom
to allow it to be filled with a hydrogen—air mixture. The pres-
sure sensors and ignition position for premixed and jet trials,
as described in the Supplementary Data Fig. S1. The pressure
monitor points of both trials are quite similar. The transducers
were mounted on the dispenser and on the confining wall at
different heights, under the vehicle, and across and along the
vehicle as well. The pressure recorded are used in the com-
parison with simulated pressure dynamics.

Actually, there are 4 tests with different ignition locations
in the premixed trial, and 3 tests with different jet duration in
the jet trial. In the present simulation, we selected one test
with more experimental data published of each trial. The
initial and boundary conditions of the typical test in premixed
trial and jet trial respectively are: In the premixed trial, the
total volume of the hydrogen—air mixture was 70.16 m® (2.5 m
high, 0.6 m wide and 5.4 m long frame excluding the volume of
sealed dispensers and mock-up vehicle) with the mass of
hydrogen ignited 1.847 kg and 31.4 vol% H, contained in the
plastic film frame. The gas mixture temperature at the igni-
tion moment was 302 K, and relative humidity 42.1%. The
ignition source was located between the dispensers 1.3 m
from the confining wall and 1.25 m above the ground. In the jet
trial, the hydrogen leakage released vertically downwards
1.2 m above the ground. The release nozzle was connected to
the hydrogen storage cylinder with a 12 m long, 15 mm inner
diameter flexible hose. Time of spark started after release is

0.7 s. The initial vessel density and mass flow rate were
26.69 kg/m> and 1.02 kg/s, while the density and mass flow
rate at the moment of ignition were 24.37 kg/m> and 0.913 kg/s
with pressure 35.53 MPa and temperature 286.8 K in the vessel.
The hydrogen mass release at ignition time was 0.675 kg.
However, two kinds of mass fraction of the hydrogen release
(ideal gas and real gas) are involved in present calculation. We
take the ideal gas release as the injection boundary, mean-
while compare the case of real gas release in the discussion
section (More experiment details can be seen in Refs. [11,21].

GASFLOW-MPI modelling set-up

The geometry model is drawn by the AutoCAD exporting as a
*.stl file, which can be pre-processed via the tool Pyscan to
convert to cartesian structured mesh, as shown in Fig. 1. The
mesh domain size is 34.4 m (x-direction) X 44.8 m (y-direction)
X 22.4 m (z-direction) with the cell resolution 144 x 123 x 76 =
1,3 million. The core of the calculation part (namely, the zone
of the experiment) meshes as cubic cells with the cell length
Ax = 10 cm. A coarse mesh with Ax = 20 cm is also applied for
the mesh resolution dependency. The mesh size of the mock-
up refueling station is acceptable by many CFD activities in
Refs. [11,26]. In the present study the coarse mesh is applied in
the premixed trial, while the fine mesh is used in the jet trial
due to the high turbulence of the jet. Each boundary of both
mesh has several ‘stretched’ additional meshes for dissipating
the pressure wave reflection.

A non-slip boundary condition is applied to the walls of all
the components of the facility. The standard k ¢ turbulence
model coupling wall functions and Zimont turbulent flame
model are adopted. The pressure iteration convergence
tolerance is 107°. Regarding problem time (< 2 s) and space
discretization, the well-known second order accuracy Van
Leer scheme has been employed for the discretization of the
convective terms. An automatic time step increase/decrease
mechanism has been applied with a 107> s as initial time step.
The time step has been restricted by a maximum permitted
time step of 10~* s, which corresponds to a maximum Cou-
rant—Friedrichs—Lewy (CFL) number of 0.25. The CFL number
can be relaxed to nearly 1. The value 0.25 in present calcula-
tion is recommended mainly for accuracy.

The geometry slightly differs from these two trials. In the
jet trial, the dispensers are slightly displaced towards the
vehicle. Meanwhile, the ‘engine bay’ section is hollow and
only open at the bottom face (see the corresponding hollow
space inside the walls around the ‘engine bay’ in Fig. 1) while
the ‘passenger’ section is closed on all side walls. The ignition
in the simulation is initiated as a high temperature cell
(1800 K) within a short time duration (10" s).

Result and discussion

Simulations with conditions in a matrix (2 turbulence models
X 5 turbulent flame speed correlations) are conducted. The
following validation part addresses the simulated predictions
compared with experimental data by the best models
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Fig. 1 — Mesh (Ax = 10 cm, x-y plane at elevation 0.5 m) and view of GASFLOW-MPI modelling.

identified. The discussion part presents the propagation of
premixed flame and the high-pressure jet dispersion and
combustion.

Results comparing with experimental data
e Premixed trial

The experimental data [20,21] provided overpressure dy-
namics for the comparison. The comparison as far as possible
between the simulated pressure evolutions and the experi-
mental data extracted by digitizing the published results at
each transducer (i.e. KD1, K2, K3, K4, K5, K6, KW7, K10, KW12,
KW13, KW14, H15, H16, there are no other published data) is
given in Fig. 2 with the corresponding subfigures respectively.

The smoothed overpressure traces, no matter for trans-
ducers under the vehicle or close to the confined wall and
dispensers, are predicted well in general, as shown in Fig. 2.
The pressure increases moderately and the peak (or two peaks
in some locations K2, K3, K4 under the vehicle) of over-
pressure occurs after the ignition. The positive impulse lasts
20—40 ms, then the impulse goes to negative. The compari-
sons show good predictions generally. The monitor points
mounted on the wall (e.g. KW7) have larger deviation since the
comparing calculation results is extracted from the first cell
layer that is 20 cm far away from the wall.

From Fig. 2, the maximum explosion overpressures are
relatively larger and earlier under the vehicle than the other
place due to the congestion and the resulting flame accelera-
tion. Furthermore, the maximum overpressures of the sensors
across and along the vehicle is illustrated in Fig. 3. The hori-
zontal maximum overpressures across the vehicle decrease
over the distance, also the vertical maximum overpressures
along the vehicle decrease over the distance from both sides of
the vehicle center. The calculation results are comparable
with the experimental data.

o Jet trial

The high-pressure hydrogen mass release in this trial is
0.675 kg before the sparking. However, the experiment didn't
indicate the mass flow rate over time. Two kinds of mass
fraction of the hydrogen release (ideal gas and real gas) are
involved in present calculation. We have confirmed that the
initial mass flow rate (mp = 1.01kg/s) in the experiment is
consistent to the result calculated via Eq. (20). Therefore, we
take the ideal gas release as the injection boundary, mean-
while compare the case of real gas release in the later dis-
cussion section.

Similar to the premixed trial, the experimental data of jet
trial from Ref. [20] offers the overpressure dynamics at
different locations. The comparisons between the predictions
and experimental data at each pressure transducer (i.e. S1, S2,
S3, S4, S5, S7, S9, S10, S14, the other transducers’ data are not
published or in the very far field with very low overpressure)
are given respectively in Fig. 4 subfigures. The sensors 1, 2 and
3 are under the vehicle where the sensor 3 being right under
the sparkinglocation. The sensors 4, 5, 7 and 9 are mounted on
the wall and dispenser at various elevations while the sensors
10, 14 are located in the near field outside the vehicle.

Different from the premixed case, as shown in Fig. 4, the
pressure increases rapidly and reaches the peak very soon
after the ignition since the turbulence kinetic energy has
already been set up due to the high turbulent combustion
velocity caused by the high-pressure jet release before
sparking. The positive impulse lasts a short period and then
goes to negative. It can be seen in Fig. 4 that the predictions
have captured the trend of the measured overpressure de-
velopments well, however, the discrepancies in the com-
parison are still obvious. The jet trial involves many
complicated phenomena such as jet release, dispersion and
the wind effect etc., which could cause uncertainties in
simulations.
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Fig. 4 — Overpressure evolution of each sensor in jet trial.

The comparison between the predictions and measure-
ments of maximum overpressure are summarized in
Supplementary Data Tab. S1. Similar to the premixed case,
the maximum overpressures decays over the distance across
and along the vehicle. The differences between the predicted
and measured overpressures are significant (Relative
Error = 20—-90%). The peaks of the overpressures under the
vehicle are higher than outside vehicle due to the higher
hydrogen concentration and flame acceleration in the
confinement.

The above comparisons of both premixed and jet trials on
overpressure evolutions and maximum overpressures gener-
ally are consistent with the experimental data, even though
there are some reasonable deviations at some specific sensor
locations. As a short summary, the physical phenomena
contributing to overpressure dynamics and maximum over-
pressures in both trials in principle are modelled well by
GASFLOW-MPI with the current modelling set-up. Namely,
the presently used mesh (Ax =10 cm for real scale case),
combustion model (Zimont model) and turbulence model
(standard k ¢ model) are acceptable for the further analysis
of the full-scale hydrogen refueling station.

Discussion
e Flame propagation

GASFLOW-MPI provides the combustion module to model
the dynamics of turbulent flame propagation. Here, in order

to obtain the flame front propagation, the transport equation
of the density-weighted mean reaction progress variable
coupling the turbulent flow model is solved. For the possible
combustion regimes of slow laminar deflagration, fast tur-
bulent deflagration, and fully developed detonation, the
typical flame speeds and resulting unreflected overpressures
roughly vary from 2 to 2000 m/s, and from 0.01 to 10 bar of
magnitude [3]. The prediction of the combustion regime is
actually strongly influenced by the turbulent burning veloc-
ity, which is dominated by the turbulent fluctuation u; and
the Damkohler number Da, etc., like expressing as a dimen-

i e
sionless form g _f<SL,Da, )

With five different turbulent flame speed correlations, as
shown in Table 1 respectively, the flame speed and the
resulting overpressures are computed in present simulations.
We take the comparisons of each representative overpressure
under the vehicle, close to the wall, across and along the
vehicle in the premixed trial as examples to present the
sensitivity analysis on turbulent flame speed. Fig. 5 indicates
the predictions with these five turbulent burning velocity
correlations enclose the experimental data and have similar
trends. The comparisons of the other locations' overpressure
are quite similar to those representatives qualitatively (as
seen in Supplementary Data Fig. S2). The predictions by Peters'
and Schmid's models are higher, while those by Zimont's and
Zur Loye's models are closer and the one by the Zimont and
Mesheriakov's model is lower than the experimental data. The
applied empirical correlations have their own limitations (e.g.



60

e Exp.
50 { == Cal. Zimont, 2000
—_ - Cal. Peters, 1999
& 40{ — cal. Zur Loye and Bracco, 1987
= —— Cal. Zimont and Mesheriakov, 1988
¥ 304 = Cal. Schmid and Woodruff, 1998
o 20
2
o 10
>
o]
N i
M
-10
-20 1
0 20 40 60 80 100
Time (ms)
60
e Exp.
50 { == Cal. Zimont, 2000
> —— Cal. Peters, 1999
& 40 { = Cal. Zur Loye and Bracco, 1987
‘w’ = Cal. Zimont and Mesheriakov, 1988
5 30 { = Cal. Schmid and Woodruff, 1998
"
0
v 20
o
]
Y 10
]
o
= 0
24
-10
-20
(o] 20 40 60 80 100

Time (ms)

K5 Overpressure (kPa)

KW13 Overpressure (kPa)

60

Exp.
Cal. Zimont, 2000
Cal. Peters, 1999
Cal. Zur Loye and Bracco, 1987
Cal. Zimont and Mesheriakov, 1988
Cal. Schmid and Woodruff, 1998

50

30

20

10

0 20 40 60 80 100
Time (ms)

Exp.

Cal. Zimont, 2000

Cal. Peters, 1999

Cal. Zur Loye and Bracco, 1987
Cal. Zimont and Mesheriakov, 1988
. Schmid and Woodruff, 1998

50

&
K

30

20

10

0 20 40 60 80 100
Time (ms)

Fig. 5 — Overpressures in premixed trial with different turbulent burning velocity correlations: K4 under vehicle, K5 across

vehicle, K10 along vehicle, KW13 on the wall.

the range of Reynolds numbers) and turbulence-dependent,
e.g. the Zimont [34] model has a large exponent of turbu-
lence fluctuation and is valid at high Re and Da numbers. Ac-
cording to the present results, the Zimont model is acceptable
for the current conditions — engineering full-scale H, refueling
station, which is also the default turbulent flame speed cor-
relation (if the reaction progress variable combustion concept
is triggered) in GASFLOW-MPIL.

The left subfigure in Fig. 6 shows the temperature dy-
namics (simulated with Zimont [34] correlation and k e tur-
bulence model) at different locations in the burnable cloud of
the premixed trial. The locations are gradually getting farther
away from the spark. Each temperature increases very sharply
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at some point of time, since the flame front has propagated
there. As a result, the average flame velocity can be approxi-
mated by the known flame propagation distance and the time
duration. There is a large temperature gradient at the flame
front, since it is an intuitive consequence of the hydrogen
combustion. The temperature in the unburnt zone is the room
temperature, while it is over 1000 K in the burnt zone. Let's
choose 1000 K artificially as a temperature reference to find
the time duration between each two neighboring points. The
estimated average flame speed across the vehicle is shown in
the right subfigure of Fig. 6. It is very clear that the flame ve-
locity near the ignition is quite low but increases rapidly over
the distance, and decreases after reaching the peak. The flame
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Fig. 6 — Temperature across the vehicle at various distances apart the ignition location (left), the estimated average flame

speed across the vehicle (right).



acceleration is due to the obstacle of the mock-up vehicle
enhancing the effect of turbulence. The importance of the
turbulent burning velocity model is confirmed again here.
Using fixed burning velocity, such as some calculations in
Ref. [11], is not accurate enough, however, if the maximum
burning velocity is adopted as the fixed value, with respect to
the safety the conservative consequence will be obtained.
Fig. 7 (upper row) illustrates the sequenced snapshots
corresponding to the pressure field of premixed H,-air
deflagration (simulated with Zimont correlation and k ¢
turbulence model). The pressure fields at 30 ms, 60 ms, 90 ms
after ignition, indicate the pressure wave propagation in the
space with the reflections from the obstacles, namely the two
dispensers, mock-up vehicle and the walls. Fig. 7 (middle and
lower row) illustrates temperature field and volume fraction
of H, development respectively at the same time. The range
of the color bars are fixed in [1, 1.1] bar of pressure, [0, 2500] K
of temperature, and [0, 32] % of H, volume fraction. From
these figures, we find that: 1, the temperature and H, volume
fraction propagation are consistent with the subsonic flame
speed we discussed above, however the pressure wave
propagates faster. 2, the boundary of the temperature front
where the temperature gradient varies rapidly, almost
overlaps the H, volume fraction front which indicates the
flame front propagation. 3, the flammable H, cloud at the
beginning is the premixed H, zone, however, its size in-
creases during the H, combustion, since the combustion

product pushes the unburned high concentration H, away
into the lean/non H, space. 4, it doesn't always have a deto-
nation in a premixed cloud with high concentration of
hydrogen (32 vol%) if the cloud is (almost) stagnant or initial
turbulence is not high enough.

e High-pressure jet release, dispersion and combustion

High-pressure hydrogen leak from a tank is quite often
discussed as a postulated accident in a hydrogen refueling
station. In our previous work [3], GASFLOW-MPI was used to
investigate a similar scenario involves supersonic hydrogen
release and turbulent dispersion from a pressurized reservoir
into a room, followed by an accidental ignition of the resulting
H,-air cloud. In the present jet trial, the supersonic jet at the
release location is expected. We apply the pre-expended
method (e.g. isentropic expansion) for the high-pressure
hydrogen release, namely the release mass flow rate, as
shown in Supplementary Data Fig. S3, is considered as the
source of the current calculation. The release mass flow rate
of ideal gas is obtained from the choked flow Eq. (22). Mean-
while, the mass flow rate of real gas that is digitized from the
published results [26], as well as the corresponding tempera-
ture and pressure can be seen in Supplementary Data Fig. S3.

The blowdown lasts dozens of seconds, however, the mass
flow rate decays exponentially. Therefore, the main difference
of mass release exists during the first 20 s with the deviation of

1.0e+05

Pressure field, Pa

Volume fraction of H,

Fig. 7 — Pressure and temperature fields, and H, volume fraction of the slice crossing the ignition position at the time of

30 ms, 60 ms, 90 ms after ignition.



about 20%. As we know, the ideal gas mass release ignores the
volume taken up by the ideal gas molecules and the attracting
or repelling force between gas molecules (van der Waals
force), which leads to the increase of the mass flow rate
comparing with real gas. The real gas state equations for
hydrogen based on Leachman's NIST model and a modified
van der Waals model are implemented in GASFLOW [25], and
are planted to convert it in the parallel computing version
GASFLOW-MPL

Fig. 8 demonstrates the evolutions of hydrogen concen-
tration and velocity magnitude field of jet trial with the
standard k ¢ turbulence model, Zimont turbulence burning
velocity correlation and ideal gas release injection. During the
H, dispersion after release but before combustion, the
hydrogen concentration in the zone around the release
location increases to the requirement of burnable cloud. The
mixtures become quite reactive quickly. The turbulent flow
disperses the hydrogen continuously into the air, especially
into the left side ahead the vehicle. The H, concentration
becomes lean rapidly due to the combustion in the burned
zone ahead the engine bay, thereafter, the continuous H,
injection leads to the H, rich again. Concerning the velocity
field, we plot the velocity magnitude in both H, dispersion

8
g

Velocity Magnitude

and combustion periods in the range [0, 1000] cm/s (select the
range is to get a good image contrast). It can be seen in the
Supplementary Data Fig. S4 that the velocity around and
downward the jet is as large as a supersonic flow. The Froude
number, which illustrates the ratio of momentum to buoy-
ancy forces Fr = W [16,18], is easily getting over 1000

downwards the nozzle (which means the momentum domi-
nates the hydrogen dispersion) and over 10 (which means
both the momentum and buoyancy influence the dispersion)
in the most experimental area due to the high jet velocity. In
the dispersion phase, the H, distribution is consistent with
the velocity field. The velocity increases rapidly and imme-
diately following combustion, so that a large zone with high
turbulence forms.

GASFLOW-MPI can evaluate the risk of the combustion
sub-regimes in case of an accidental ignition in the H,-air
cloud. The global hydrogen concentration and mass over time
with different threshold in a user specified computational
sub-domain of interest (so-called room), can be computed by
summing over all cells. Fig. 9 (left) depicts two curves of the
average hydrogen concentration in room - ‘engine bay’ and
the local hydrogen concentration at ignitor position. The

Velocity magnitude

Fig. 8 — Development of hydrogen volume fraction (top subfigures) and velocity field (magnitude, bottom subfigures) of jet

trial with the standard k

¢ turbulence model, Zimont turbulence burning velocity correlation and ideal gas release

injection: from the left to right column at 0.2 s, 0.5 s (H, dispersion), 0.9 s (H, combustion) respectively on the y-z slice of
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room engine bay, as seen in Fig. 1, refers to the ignition zone
half-closed by the walls (only the bottom is open). It can be
seen that the evolutions are separated into two phases - the
H, dispersion and combustion. During the dispersion phase,
the H, volume fraction increases gradually over time since
the turbulence mixing with hydrogen continuously dilutes
the air in the engine bay. Meanwhile, the H, concentration
decreases quickly during the combustion phase even though
the H, release is continuous. Actually, the ignition is triggered
at the time of 0.7 s, the H, concentration at the spark position
is however not sufficient to produce a propagating flame. The
hydrogen concentration is too lean and outside the

flammability range at this moment, however 0.1-0.2 s later
the H, is burnable.

The hydrogen masses in the engine bay give additional
insight during H, dispersion and combustion, as shown in
Fig. 9 (right). The hydrogen mass is plotted over time that is
above four given specific concentration thresholds. The black
curve indicates the growth and decay of the total H, mass in
the defined room, while the green curve shows the H, mass
with the concentration above 4 vol% for instances, and so on.
The green curve depicts the above 80% H, mass disperses in
the burnable H, cloud above 4 vol% and the purple curve in-
dicates about half H, mass distributes in the cloud above
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DES model

Fig. 10 — Shape and size of burnable H, cloud at different time 0.1 s, 0.4 s, 0.7 s: top, standard k
model.
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Fig. 12 — Temperature distribution (vertical slice crossing the jet nozzle), contour (T = 1000 K) and the photo frame [21] after

ignition ~ 80 ms

10 vol%, which may lead to a fast deflagration. The volume of
burnable hydrogen-air mixture above the specified level (4, 8,
and 10 vol% H,) of hydrogen concentration is shown in
Supplementary Data Fig. S5 as well, which indicates the
similar evolutions of burnable volumes during the dispersion
and combustion in the room engine bay.

For the sake of investigating the turbulence model effect on
the dispersion process, the simulations are repeated with the
standard k ¢ and Detached Eddy Simulation (DES) models by
GASFLOW-MPI. Comparison shows some differences of local
flow variables, as the hydrogen volume fraction in room en-
gine bay shown in Fig. 9 (left), but the global properties of
average hydrogen concentration, as well as the shape and
volume of the burnable cloud (H, 4—75 vol%) are similar, as
seen in Fig. 10. The minor difference in the comparison in-
dicates the transient hydrogen dispersion depicted with both
turbulence model can provide a reliable evaluation. The
diffusion with DES model is slightly more intensive than with
the k-¢ model since the mesh causes a relative high turbulence
length, thus further leads to a high turbulence viscosity.
Furthermore, Fig. 10 illustrates the high-pressure jet with a
small amount H, release still can generate a comparable
hydrogen cloud size and result in a larger overpressure
comparing with the consequence of premixed trial.

In order to evaluate the combustion further, two turbu-
lence models together with two hydrogen release modes
(ideal and real gas), are involved to analyze the overpressure.
Numerical simulations are carried out with the real/ideal gas
release with the same sparking timing and duration. For the
purpose of brevity, the simulation results for representative
pressure gauges S2 (under the mock-up vehicle), S4 (moun-
ted on the confining wall), S9 (mounted on the dispenser),
and S14 (outside the vehicle) are presented in Fig. 11. In
general, these are no significant difference in the compari-
sons of overpressure. These three calculations have similar
trend keeping accordance with the experimental data.
Comparing the case of ideal gas with k ¢ model, the case of
real gas has smaller peak overpressure and slightly delay,
because the injection mass flow rate is smaller, as seen in
Supplementary Data Fig. S3. The difference could be larger
when the injection last longer, resulting in a larger release
mass difference. The case of DES model has smaller over-
pressure, though in some local space the hydrogen concen-
tration is high, like in the room engine bay. There is no
universal conclusion that indicates which model is more
suitable for the present problem.

The fireball of the jet trial appeared very bright in the left
side ahead the engine bay, as seen in Fig. 12. The fireball size

captured by the camera in experiment is compared with the
calculated temperature contour at 1000 K and the temperature
distribution slice crossing the jet nozzle vertically after the
ignition about 80 ms, i.e. at the moment when the maximum
overpressure occurs. The fireball occurring on the left side of
the vehicle is consistent with the previous analysis on the
hydrogen dispersion and distribution (see the description of
Figs. 8 and 10).

Conclusions

CFD tool GASFLOW-MPI is utilized to simulate the hydrogen
deflagration experiments and investigate the physical models.
The conclusions are summarized as follows:

GASFLOW-MPI is validated against the full-scale hydrogen
refueling station deflagration experiments of H-air premixed
cloud and high-pressure H, jet. The calculated overpressures
and the maximum overpressures over the distance across and
along the vehicle in the premixed trial agree well with the
experimental data, while predictions of the jet trial are com-
parable with the experimental data.

Turbulent burning velocity correlations are investigated in
the explosion of the premixed H,—air cloud. The comparison
shows Zimont correlation is recommended for the premixed
combustion simulation of engineering full-scale H, refueling
station. The turbulent flame speed is estimated around
50—200 m/s, increases rapidly and then decreases over the
distance. The flame acceleration happens due to the turbu-
lence enhanced by obstacles. The flammable H, cloud is
enlarged by the push of combustion product.

Standard k ¢ and DES turbulence models are adopted in
the analysis of the jet dispersion. The global properties of
average hydrogen concentration, the shape and size of the
burnable cloud are similar. The hydrogen dispersion transient
computed with both turbulence models can provide a reliable
basis for estimating the combustion process. Overpressure
comparison between k ¢ and DES turbulence models with
real and ideal gas sources shows no significant difference. The
overpressures magnitudes are lower in the case of real gas due
to the lower mass release.

Momentum dominates the hydrogen dispersion during the
jet H, release, and a large zone with high turbulence forms
after combustion. The growth and decay of the hydrogen
dispersed in the engine bay shows most of H, is burnable and
half of the mass distributes in the 10 vol% cloud, which in-
dicates the flame could accelerate to sonic velocities or even a
transition to detonation.



Concerning further model developments in GASFLOW-
MPI, e.g. the liquid H, release in H, refueling station, it is
interesting to find a suitable engineering approach that can
model the liquid H, release as the compressed hydrogen is
processed in the code.
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Nomenclature

A orifice/hole with cross section area m?

Cbrs constant coefficient, 0.65

Ca discharge coefficient, 0.9—-0.97

Ca constant coefficient, 1.44

Ceo constant coefficient, 1.92

Cy constant coefficient, 0.09

Da Damkohler number

d diameter of leakage nozzle/hole m

Fr Froude number

g gravity acceleration m/s?

I flame thickness m

I turbulence length scale m

m mass flow rate kg/s

Mo initial release mass flow rate kg/s

Pres reference pressure Pa

Py pressure of the unburned mixture Pa

P,o initial pressure of the unburned mixture Pa

P, turbulence generation due to the viscous forces kg/
(s m)

Pw turbulence production term due to the buoyancy kg/
(s?-m)

p pressure Pa

D1 high pressure of gas Pa

D2 low pressure of gas Pa

Ry, gas constant for hydrogen, 4124 J/(kg-K)

Sct turbulent Schmidt number

St laminar flame speed m/s

SLref reference laminar flame speed m/s

St turbulent flame speed m/s

S; source term of reaction progress variable £ equation
1/s

T temperature K

Tref reference temperature K

Tu temperature of the unburned mixture K

t time s

u velocity vector m/s

u; turbulent velocity fluctuation m/s
volume of storage tank m?

X location vector m
Y mass fraction of the species
Ax mesh cell length cm

Greek symbols

o thermal diffusivity m%s

oy thermal diffusivity of the unburned mixture m?/s

auo initial thermal diffusivity of the unburned mixture
m?%/s

y ratio of specific heats, 1.41

Amax maximum cut-off scale of grid cells in %, y, z
coordinates m

e turbulent dissipation rate m?%s®

K turbulent kinetic energy m?/s>

© dynamic viscosity Pa-s

Ut turbulent dynamic viscosity Pa-s

4 reaction progress variable

p density kg/m®

P density of the high-pressure gas kg/m*

02 density of the low-pressure gas kg/m?

Pu density of unburnt mixture kg/m?

Peo ambient density kg/m?

ap constant coefficient, 0.7

g, constant coefficient, 1.3

oy constant coefficient, 1.0

Te chemical time scale s

Tt turbulent integral time scale s

¢ equivalence ratio
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