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ABSTRACT

This paper presents a comparison between two numerical approaches for the modelling of vented
hydrogen deflagrations: computation fluid dynamics (CFD) simulations and empirical engineering
models (EMs). The study is a part of the project ‘Improving hydrogen safety for energy applications
through pre-normative research on vented deflagrations’ (HySEA). Data from experiments conducted
as part of the HySEA project are used to evaluate the CFD results and predictions from EMs. The HySEA
project focusses on vented hydrogen deflagrations in containers and smaller enclosures with internal
congestion representative of hydrogen applications in industry. The CFD tool FLACSHydrogen is used
to simulate vented hydrogen deflagrations in 20-foot ISO containers with various obstacle
configurations, and EMs for vented deflagrations are applied to the same scenarios. For the Phase 1
tests, both EM and FLACS-Hydrogen predict the maximum overpressure variation for the various
configurations considered with reasonable accuracy. In general, both the EMs and the CFD tools tend to
overpredict the maximum overpressures measured in the experiments. The HySEA project receives
funding from the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) under grant agreement No.
671461.

1. INTRODUCTION

Fires and explosions represent a significant hazard for hydrogen installations, and specific measures are
generally required for reducing the risk to a tolerable level [1]. Explosion venting is a frequently used
measure for reducing the consequences of hydrogen deflagrations in confined systems. However, the
empirical correlations for designing venting devices that are provided in international standards, such as
EN 14994 [5] and NFPA 68 [6], are derived from experiments performed with empty vessels and often
at smaller spatial scales than the actual industrial applications. This limits their applicability with respect
to industrial scenarios. The main objective of the project “Improving Hydrogen Safety for Energy
Applications through pre-normative research on vented deflagrations” (HySEA) is to provide
recommendations for how the predictive capabilities of EMs in international standards for vented
hydrogen deflagrations can be improved. Details of the HySEA project can be found in the project
website: www.hysea.eu. The HySEA project includes systematic efforts to validate and improve EMs
(WP1), experimental campaigns to study vented hydrogen deflagrations in various configurations and
spatial scales (WP2), and computational fluid dynamics (CFD) and finite element (FE) modelling to
improve and validate commercial as well as open-source software tools (WP3).

The main objective of this paper is to compare the predictive capabilities of EMs and the CFD tool
FLACS-Hydrogen with respect to estimating the maximum reduced explosion pressure Pred, max in vented
hydrogen deflagrations, with particular emphasis on enclosures for industrial applications. Hence, the
assessment of numerical models is limited to the experimental results from Phase 1 of the experimental
campaign in 20-foot ISO containers in the HySEA project [2-4]. The CFD predictions are obtained using
the commercial CFD tool FLACS-Hydrogen from Gexcon. The engineering models considered in this
study include the international standards EN 14994 [5] and NFPA 68 [6-7], and formulations proposed
by Molkov [8], Molkov and Bragin [9] (referred to as ‘Molkov 2013”) and Bauwens et al. [10-12].

Section 2 describes the experimental campaign, the CFD tool FLACS-Hydrogen and the EMs used.
Section 3 compares results from CFD simulations and predictions from EMs for the experiments
conducted during Phase 1 of the HySEA 20-foot container tests. Finally, Section 4 concludes the study
with discussion on the performance of the numerical models and outlook for further work.

2. EXPERIMENTS AND MODELLING
2.1. Experiments

The HySEA project includes an experimental campaign with vented hydrogen deflagrations in 20-foot
ISO containers. This paper uses results from Phase 1, that focused on homogeneous hydrogen-air
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mixtures [2-4]. The second experimental campaign will involve inhomogeneous mixtures generated by
steady-state or transient releases, with or without initial turbulence in the enclosure.

Phase 1 of the experimental campaign in 20-foot ISO containers focused on vented explosions in
homogeneous hydrogen-air mixtures. The test program included 34 experiments: 14 tests with
deflagrations vented through the doors of the containers and 20 tests vented through openings in the
roof. The parameters investigated include mixture composition, vent area, effect of obstacles inside the
enclosure, and variation of the static opening pressure and weight of the vent covers. Tables 1 and 2
summarise the test configurations for experiments with venting through the container doors and venting
through the roof of the container, respectively. Figure 1 (a) illustrates the nomenclature used for
describing the experimental configurations. Tests vented through the container doors used ignition
position A, and tests vented through the roof used position B. Two obstacles, either a bottle basket (B)
or a pipe rack (P) could be fixed in locations 1, 2 or 3. A steel frame was placed on the floor of the
container to protect the instrumentation and support the obstacles. Figure 1 (b) illustrates a configuration
with the pipe rack obstacle in position 1 (P1) and the bottle basket obstacle in position 3 (B3), referred
to as configuration P1B3. The experimental campaign is described in detail elsewhere [2-4].

>
=
>
L 2
>
=

(b)

Figure 1: Nomenclature and example of geometry configurations for container experiments.

2.2. FLACS-Hydrogen

This study includes two versions of the CFD tool FLACS-Hydrogen for simulating vented hydrogen
deflagrations: the standard commercial version FLACS v10.6 and an in-house R&D version that will be
referred to as FLACS-beta. The CFD solver in FLACS is a 3D finite volume solver based on a
singleblock structured Cartesian mesh, fully compressible, using the SIMPLE pressure correction
algorithm. The Flacs solver includes a first order backward Euler temporal scheme with time-stepping
controlled by Courant numbers based on local velocity (CFLV) and the speed of sound (CFLC), second
order blended Kappa scheme for spatial discretisation with weighting between second order upwind and
second order central difference, second order diffusion scheme, standard k-/ turbulence model [13] with
additional turbulence generation terms for sub-grid scale objects, combustion model based on the
flamelet approach, with a turbulent burning velocity correlation proposed by Bray [14] and the beta
flame model [15]. FLACS belongs to the porosity/distributed resistance (PDR) family of CFD solvers
[16-17], and empirical approximation of selected model components enables a significant increase in
computational speeds for simulations that involve large-scale complex geometries. In addition to
FLACS v10.6, this study includes results obtained with an in-house R&D version of FLACS that uses
the kskL turbulence model from Menter et al. [18] in conjunction with the turbulent burning velocity
correlation proposed by Bradley ef al. [19], and systematic parametric optimisation [20].

Extensive verification, calibration and validation of FLACS, for a wide range of release, dispersion, fire
and explosion scenarios, including scenarios involving vented hydrogen deflagrations, makes
FLACSHydrogen particularly relevant for the HySEA project.

2.3. Engineering models

Engineering models are usually based on empirical correlations, and the range of applicability is limited
by the available experimental data. The two most widely used EMs for design of venting devices are
NFPA 68 [6-7] and EN 14994 [5]. However, neither is considered suitable for hydrogen applications
[21-22]. NFPA 68 [7] accounts for the presence of internal obstacles inside the container through a
parameter representing the surface area of the obstacles. The correlations in EN 14994 do not account
for internal obstacles, but is more flexible with respect to type of venting device. The EN 14994 model
predictions in this study were obtained from the compact enclosures correlation which applies the gas
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explosion constant K. The model is limited to Kg < 550 bar m s™!, which allows for estimates of the
effect of changes in the hydrogen concentration for lean mixtures of hydrogen in air.

Several other empirical correlations have been proposed [e.g. 21-22]. In addition to NFPA 68 and EN
14994, this study considers the EMs proposed by Molkov [8], Molkov and Bragin [9] (generally referred
to as ‘Molkov 2013*) and FM-Global [10-12]. Both the FM-Global correlations and Molkov 2013
consider various physical properties, and have been calibrated with relatively extensive experimental
datasets [9].

3. RESULTS

The CFD and engineering model predictions are compared with experimental results obtained from
Phase 1 of the experimental campaign with 20-foor ISO containers in the HySEA project. The maximum
reduced overpressure is the most frequently used variable for vented deflagration studies, and Pred, max
will therefore be used as the main assessment criteria when evaluating the numerical models. The CFD
simulations provide 3D pressure data that facilitate a more comprehensive comparison with the
experimental results. The EMs will typically only provide estimates for Preq, max for the vented enclosure.
3.1. Experiments with venting through the doors

Table 1 summarises the test conditions and results for the first 14 tests of the Phase 1 experiments, with
venting through the container doors. Figure 2 shows a typical geometry model from FLACS. Except
from test 09, where the doors were initially closed and locked, the doors were fully open and the vent
opening was covered with a 0.2 mm 99 % polyethylene film, specific weight 0.185 kg m, held in place
by wooden boards and clamps [2-4]. Figure 3 presents scatter plots with model predictions vs.
experimental data. The green dotted lines indicate = 30 % error bars, and the blue dotted lines indicate
FAC2 (factor-two) error bars according to the relation:
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Figure 3: Scatter plot of max. overpressures for the experiments with venting through the door.
(---: £30%; ---: FAC2)

Most of EMs show reasonable agreement with the experiments, and capture the effect of varying
hydrogen concentration. There is a general tendency towards over-prediction. The predictions obtained
with EN 14994 are sensitive to changes in the hydrogen concentration, and the model does not account
for the effect of internal congestion. Overall, the FM-Global model [10-12] and the Molkov 2013 bestfit
correlation [9] are on best agreement with these experiments. The results obtained with the two FLACS
versions show similar trends, but tend to over-predict Preqamax for fuel concentrations exceeding about 20

vol.% hydrogen in air.

Figure 4 summarizes the results for two configurations: bottle basket in inner position (B1) and pipe
rack in inner position (P1).
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Figure 4: Variation of Preq, max With hydrogen concentration for tests with venting through the doors.
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As observed in the scatter plots (Figure 3), the EN 14994 predictions show minimal variation in the
overpressure with increasing hydrogen concentration. The 2007 edition of NFPA 68 is also insensitive
to variations in hydrogen concentration. The other EMs show agreeable trend, but tend to over-predict
Pred, max. The 2013 edition of NFPA 68 did not converge for 21 vol.% hydrogen.

Both the FLACS versions overpredict Pred, max for the more reactive mixtures (21 and 24 vol.%), and are
more sensitive to changes in hydrogen concentration. The EMs as well as FLACS perform best for the
tests with 15 vol. % hydrogen. Some EMs do not account for the effect of internal congestion. The
Molkov 2013 correlation [9] accounts for the presence of obstacles inside the container through a flame
wrinkling enhancement factor. However, this factor does not vary with changes to the geometry. The
2013 edition of NFPA 68 [7] accounts for the effects of internal obstacles by considering the surface
area of the obstacles. For these specific tests, the values of Prd, max do not vary significantly between
configurations B1 and P1, although there is a tendency towards higher overpressures for tests with the
pipe rack and more reactive mixtures [2-4]. In fact, the test with P1 and 24 vol.% hydrogen was not
performed in Phase 1 because it was not clear whether the container would survive the test.

3.2. Experiments with venting through the roof

Table 2 summarises the test conditions and results for the 20 tests from the Phase 1 experimental
campaign in 20-foot containers with venting through the container roof. Figure 5 shows a typical
geometry model from FLACS. The eight vent openings, each with dimension 1 m % 1 m, could be fitted
with a blind flange (to reduce the effective vent area), commercial vent panels from Fike (single-sheet
bulged rupture panels with static activation pressure 0.1 bar), or 0.2 mm 99 % polyethylene film (specific
weight 0.185 kg m?, and perforated along the edges). The container doors were closed in these tests.

Figure 5: Geometry model for tests with venting through the container roof.

Figure 6 presents the scatter plots with model predictions vs. experimental data for the tests with venting
through the roof. The Molkov 2013 and EN 14994 correlations are not applicable to test 34, with
hydrogen concentration 42 vol.%). The estimates from FM-Global, Molkov-2011 and the 2013 edition
of NFPA 68 tend to overpredict Pred, max, Whereas Molkov 2013 ‘best fit’ under-predicts. The Molkov
2013 ‘conservative’ model is in good agreement with experimental data. EN 14994 and the Molkov
2013 ‘conservative’ correlation are in best agreement with the experiments for the tests with venting
through the roof configuration. The results obtained with FLACS-Hydrogen v10.6 overpredict Pred, max
for the tests with venting through the roof, whereas the results obtained with the in-house beta version
are in better agreement with the experimental results.

Figure 7, Figure 8 and Figure 9 plot Prd, mex as function of vent size for different congestion
configurations and hydrogen concentrations.
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Figure 6: Scatter plot of max. overpressures for the experiments with venting through the roof.

Figure 7 show the Preq, max predictions as function of vent area, for tests with frame only (FO), 21 vol.%
hydrogen and vent openings covered by either perforated plastic film (a) or commercial vent panels (b).
The EMs predict a monotonic decrease in Preq, max With increasing vent area. The experiments are less
conclusive — the slight increase in Pred, max When the vent area increases from 6 m? to 8 m?, for the tests
with plastic film, is within the experimental uncertainty [2-4]. Both versions of FLACS-Hydrogen
predict a monotonic decrease in the overpressure for the tests with plastic fil, and a maximum for 6 the
m? vent with commercial vent panels. FLACS beta version predictions are less sensitive to changes in
the vent size than the standard version. Among the EMs, the Molkov 2013 ‘best fit’ correlation show the
closest agreement with the experiments. For CFD tools and EMs, the predictions tend to of 8 m?, the
EM and CFD predictions show the best agreement with the experimental Pred, max.

Figure 8 show Pr.q max predictions as function of vent area, for tests with the pipe rack obstacle in centre
position (P2), 21 vol.% hydrogen and vent openings covered by either perforated plastic film (a) or
commercial vent panels (b). Both versions of FLACS-hydrogen capture the observed trend in Pred, max.
The EMs predict a monotonic decrease in the overpressures with increasing vent area, and the
predictions by the Molkov 2013 best-fit correlation are in best agreement with the experimental results.

Figure 9 show the Preq, max predictions as function of vent area, for tests with the pipe rack obstacle in
centre position (P2), 24 vol.% hydrogen and vent openings covered by either perforated plastic film (a)
or commercial vent panels (b). All the EMs capture the trend observed in the experiments. FLACS v10.6
over-predict the observed values for Pred, max Significantly for the larger vent areas. Further analysis is
required for understanding these results. The predictions by the beta version of FLACS are in better
agreement with experimental results.

As a general observation, the results for vented explosion pressures obtained with CFD tools are very
sensitive to modest variations in initial and boundary conditions. This observation is consistent with the
results from the first HySEA blind-prediction study [23].
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Figure 8: Pred, max for pipe rack in centre position (P2), 21 vol.% hydrogen in air, and
venting through the roof.
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Figure 9: Pred, max for pipe rack in centre position (P2), 24 vol.% hydrogen in air, and
venting through the roof.
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4. DISCUSSION AND OUTLOOK

It is common practice in industry to install electrolysers, refuelling stations, fuel cell backup systems
and other equipment for hydrogen energy applications in containers or smaller enclosures. Fires and
explosions represent a significant hazard for hydrogen installations, and specific measures are
generally required for reducing the risk to a tolerable level [24]. Explosion venting is a frequently
used measure for reducing the consequences of hydrogen deflagrations in confined systems. This
paper compares the performance of selected engineering models (EMs) and two versions of the
computational fluid dynamics (CFD) simulator FLACS-Hydrogen, with respect to predicting the
maximum reduced explosion pressure Pred, max fOr a set of vented hydrogen deflagration experiments
performed in 20-foot ISO containers [2-4].

The EMs are typically empirical correlations derived from experimental data, and hence much less
computationally expensive than the CFD tools. However, their range of applicability is limited by
the physical conditions covered by the experiments used to derive the empirical correlations. For
instance, the 2007 edition og NFPA 68 [6] and EN 14994 [5] do not account for the effect of
congestion, EN 14994 assumes a static activation pressure for the vent panels of 0.1 bar and can only
be applied to fuel-air mixtures with explosion constant K¢ less than 550 bar m s, most EMs do not
account for the effect of initial turbulence and inhomogeneous mixtures, etc. The models from FM
Global and Molkov consider a larger range of physical effects, compared to EN 14994, and seem to
produce more consistent results. The trade-off is the complexity of the calculations, which can be an
important factor for correlations intended for use in international standards.

The Molkov 2013 best-fit correlation shows good agreement with the experiments, both the venting
through the door and venting through the roof. The EMs considered are less sensitive to the effect of
variations in congestion inside the container, and would not capture the increase in Pred, max from tests
13 (0.28 bar) to test 14 (0.94 bar) without further assumptions (e.g. a reduction in the effective vent
area due to the presence of the bottle basket near the vent opening). Overall, the Molkov 2013 model
[9] seems to produce the most consistent results. The best-fit version of this model shows good
agreement with the experimental observations for venting through the doors, and under-predicts the
Preq, max for venting through the roof. The conservative correlation from the Molkov 2013 model
provides reasonable predictions for all the scenarios studied.

For the tests with venting through the doors, both versions of the FLACS solver predict similar trends.
For the tests with venting through the roof, the predictions by the beta version are more consistent,
compared with the standard version. Overall, the results from CFD simulations of vented hydrogen
deflagrations appear to be overly sensitive to modest variation in the initial and boundary conditions,
and further work is required to improve the predictive capabilities. This observation is consistent with
the results from the first HySEA blind-prediction study [23]. Systematic parameter optimization
represents a promising option for improving the performance of CFD tools and other models that include
numerous empirical variables [20]. Nevertheless, the potential for detailed geometry modelling and
more realistic simulation of relevant physical phenomena, including turbulent reacting flow, suggest that
CFD simulations will remain an important tool for estimating the consequences of vented explosions.

Phase 2 of the experimental campaign in 20-foot ISO containers in the HySEA project will consider
vented deflagrations with inhomogeneous gas clouds. This will increase the complexity of the
modelling. However, it is important to determine whether an explosion in a cloud with a significant
concentration gradient can produce significantly higher overpressures, compared to an explosion in a
lean but homogeneous hydrogen-air mixture (for the same total mass of fuel).

One of the objectives of the HySEA project is to develop a modelling framework of hierarchical
complexity, ranging from the empirical correlations used in engineering models to advanced CFD and
finite element (FE) tools. The results presented in this paper represent an important step towards the
envisaged modelling framework. Further work in the HySEA project will focus expanding the validation
matrix for EMs as well as CFD tools, and providing best practices guidelines for users of the models.
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