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This study presents a method to simulate hydrogen jet fire using the Fire Dynamics Simulator (FDS). To avoid
modeling an actual nozzle, high-speed Lagrangian particles released from a virtual nozzle are introduced to
simulate released hydrogen. The capability of this FDS model to predict gas temperature is validated by
comparing simulation results with five existing experiments in a rectangular steel compartment with an open
end. The effects of relevant parameters prescribed in the FDS model on the gas temperature are also analyzed,
including numerical parameters (auto-ignition exclusion zone, offset, particle count, and grid) and physical
parameters (particle velocity, spray angle, and auto-ignition temperature). The results show that gas tempera-

tures near the nozzle are sensitive to these parameters. Based on the grey relational analysis, the auto-ignition
temperature is the least important parameter to predict gas temperatures, while the grid is the most signifi-
cant parameter for gas temperatures near the ceiling.

1. Introduction

Hydrogen is regarded as an important clean fuel for vehicles owing to
its high energy and zero carbon emissions. Hydrogen fuel is usually
compressed and stored in a high-pressure tank with a pressure of up to
70 MPa in a hydrogen vehicle. To guarantee the safety of the utilization
of hydrogen fuel cell vehicles (HFCVs), a thermal pressure relief device
(TPRD) is applied to the hydrogen storage vessels, aiming to clear up a
hydrogen storage vessel automatically in case of an HFCV accident.

The TPRD device is activated once the surrounding temperature rises
to about 110 °C, causing hydrogen to be released from a tank with a
small orifice. When the released hydrogen is ignited, a hydrogen jet fire
or hydrogen cloud explosion is likely to happen. The probability of a jet
fire event is almost twice as frequent compared to a cloud explosion
event as reported by Lafleur et al. [1]. A hydrogen jet fire is expected to
occur in the event of immediate ignition of the hydrogen released. A
hydrogen gas cloud explosion may happen in the case of delayed igni-
tion events, if the released hydrogen is mixed with sufficient air before
ignition, resulting in an overpressure that can damage the surrounding
facility and injure people [2,3]. These findings are showing that the
hydrogen jet fire plays a crucial role in the HFCV accident.

Hydrogen air mixtures have a low ignition energy (0.019 mJ) at
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stoichiometric conditions and a wide flammability range (4 %75 % by
volume of hydrogen) [4]. Upon ignition, hydrogen flames emit less heat
radiation than hydrocarbon flames, due to the non-soot nature of
hydrogen fuels, and the heat transfer mainly occurs as convection. In
addition, the hydrogen released from a compressed vessel in open space
diffuses rapidly due to its lower density. The hydrogen jet fire from
high-pressure vessels has long flame lengths, as well as high velocity and
flame temperature (around 1500 °C) [5]. This means that hydrogen fire
accidents could have more severe consequences than traditional fuels.
In an HFCV, the pressure of the hydrogen storage tank is more than
1.9 times the ambient pressure, so the TPRD release is choked causing
the released jet flow to be under-expanded and reach sonic velocity at
the TPRD nozzle [6]. As the jet flow expands to the ambient pressure, the
shockwaves and supersonic speed are present [7,8]. Thus, a
high-momentum hydrogen jet fire is formed, once the hydrogen is
released from a high-pressure storage vessel through a small-size nozzle
and ignited immediately [9]. This particular incident predominantly
occurs in the event of an HFCV fire caused by collision, battery fire,
strong sunlight exposure, etc [10]. When an HFCV suffers a fire incident,
the hydrogen gas is released through the triggered TPRD mounted on the
hydrogen storage tank and ignited. The flame of the hydrogen jet fire
will impinge on the floor when the TPRD is downwards, further
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exacerbating the safety issues associated with hydrogen leakage in a
vehicle. Hence, it is of great significance to study the behavior of
hydrogen jet fire to provide some guidance for the safety assessment of
HFCV fires.

The hydrogen jet fire resulting from leakage of high-pressure tanks is
determined by released conditions, such as vessel pressure, mass flow
rate, ventilation, and so on. Up to now, several tests have been per-
formed to investigate the properties of hydrogen jet fire [11-13]; how-
ever, most of them are limited by difficulties in carrying out hydrogen jet
fire tests, such as ingent costs and experimental safety. Thus, to fill gaps,
alternative techniques, like computational fluid dynamic (CFD) simu-
lation, have been applied for the investigation of the hydrogen jet fire,
most of which are reported in Table 1.

The overview of previous works given in Table 1 indicates that CFD
simulation is an efficient approach to analyzing hydrogen jet charac-
teristics, such as flame temperature, heat flux, flame length, over-
pressure, and so on. Moreover, many CFD tools can be used to study
hydrogen jets, such as ANSYS Fluent [14], OpenFoam [15], FLACS [16],
etc. For instance, the shockwave and Mach disk of the hydrogen jet fire
are capable of being simulated in ANSYS Fluent [17]. In Table 1, the
temperature, fire flame, and heat transfer of the hydrogen jet can be
predicted by CFD simulations. Furthermore, the CFD simulations allow
for flexibility in altering boundary conditions, model geometry, and
measurements, leading to a broad exploration and deeper understanding
of the fire scenario.

However, the Fire Dynamics Simulator (FDS) has not been used for
high-velocity hydrogen jet fire even though it is one of the most popular
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fire software for engineers. Possible reasons for the lack of reported
applications include its limitation to low-speed flows, which is a
consequence of the used low Mach number formulation, and the adopted
structured mesh system which makes it challenging to resolve the inflow
of hydrogen nozzles. Nevertheless, in relation to an accurate simulation
of fire propagation and the integration of the hydrogen safety analyses
with more conventional building fire safety analyses, more common
employment of FDS would be desirable, because of its specialization in
simulating fire propagation, good documentation, and relatively short
calculation time for fire simulations. Moreover, FDS is an open-source
software providing low-cost options of high-performance computing
for engineers. A user-friendly graphical user interface is commercially
available (PyroSim). Thus, the aim of this study is to develop and vali-
date the FDS model that can predict the gas temperature from a
compressive hydrogen jet fire. As part of the model development, a grey
relational analysis (GRA) is performed, highlighting the influence of
several parameters and model assumptions on simulation results.

2. Numerical methodology
2.1. Numerical model

FDS is a CFD code that solves low Mach number combustion equa-
tions on a rectilinear grid over time. The flow solver is based on the
Large Eddy Simulation (LES) method of turbulence, where the turbulent
scales greater than the mesh size are solved explicitly, and the sub-grid
scale phenomena are modeled using Deardorff eddy viscosity closure.

Table 1
Summary of some hydrogen jet simulation.
Researches Ref. Nozzle Nozzle Initial conditions Software Measurements Remark
(mm) Direction
Houf et al., 2009 [18]  5.08 Vertical Velocity (448.2 m/s) FUEGO Centerline temperature The predicted centerline temperature was
sensitive to the inlet turbulent intensity
between 5 % and 20 %.
Muthusamy et al., 3.2, Horizontal Tank pressure (200 bar) FLACS Flame temperature, The new CFD hydrogen jet fire model can
2011 [19] 6.4, Instantaneous total heat flux predict the heat flux well when the release
9.5 orifice is small.
Wang et al., 2014 5.08, Vertical, Tank pressure (104.8 FireFoam Flame length, Radiant fraction, The radiant fractions are more sensitive to
[20] 10, Horizontal bar, 32.99 bar, 59.8 bar) Flame temperature the ground surface reflection than surface
20.9 emissive power.
Keenan et al., 2017 3 Horizontal Mass flow rate (0.045 OpenFoam, Hydrogen volume fraction Based on the hydrogen volume concentration
[21] kg/s) ANSYS- along the jet centerline, OpenFoam performs
Fluent marginally better than ANSYS-Fluent.
Xiao et al., 2018 [22] 5 Vertical Mass flow rate (0.5486 GASFLOW- Convection heat transfer, Heat losses of the combustion product
g/s) MPL Thermal radiation significantly influence confined hydrogen
fires.
Hussein et al. 0.5, Vertical Mass flow rate (0.299 ANSYS- Overpressure The pressure peak in the ignited hydrogen
2018 [23] 2, kg/s, 0.107 kg/s, 0.0067  Fluent release is two orders of magnitude larger than
3.34 kg/s) that in the un-ignited release.
Rian 2019 [24] 20.9, Horizontal Mass flow rate (1 kg/s, KAMELEON Gas temperature, Thermal The new CFD model can predict incident
52.5 7.5 kg/s) -FIREEX- radiation thermal radiation well in a large-scale
KFX hydrogen jet fire.
Cirrone et al. 2 Horizontal Tank pressure (900 bar) ANSYS Radiative heat flux, Flame The predicted flame length has good
2019 [7] Fluent length agreement with the test data, and the
simulated radiative heat flux followed the
experimental result trend after 10s.
Cirrone et al. 0.75, Vertical Mass flow rate ANSYS- Flame length, Radiative heat The water vapor in the air has a large
2019 [25] 1, (0.33-0.64 g/s), Fluent flux influence on the flame thermal radiation,
1.25 Initial pressure (2-5 bar) causing a variation of up to 13 %.
Mashhadimoslem 12.75 Vertical Fuel velocity ANSYS-CFX Flame height, Incident Hydrogen jet fire has a high maximum flame
et al., 2020 [26] (252.48-254.51 m/s) radiation, Flame temperature temperature and lower incident radiation
compared with propane jet fire.
Hussein et al., 2021 0.5, 0°, 30°, Tank pressure (700 bar) ANSYS- Gas temperature The downward release of hydrogen
[27] 2, 45°, 90° Fluent contributed to a decrease in the temperature
3.34 of a hot cloud under the ceiling.
Xia et al., 2022 [28] 4.57 Vertical Mass flow rate (0.0011 ANSYS- Flame lift-off distance, Coflow The flame lift-off distance increases with the
kg/s) Fluent temperature decrease of the co-flow temperature.
Lv et al., 2023 [29] 2, Vertical Mass flow rate (0.107 FLACS Hydrogen concentration, Mass A large nozzle diameter causes a large
3, kg/s, 0.242 kg/s, 0.43 flow rate, Volume of a flame gas  envelope of the flammable gas cloud (FGG),
4 kg/s) cloud, Flame temperature and the upward release decreases the volume

of FGG outdoors.
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The wall-adapting local eddy-viscosity (WALE) model was used for the
near-wall eddy viscosity. Discretized equations were solved using
explicit, second-order, kinetic energy conserving numerics. In this study,
the simulations were performed using FDS version 6.7.9.

Combustion of gaseous hydrogen was modeled as a single-step,
mixing-controlled reaction of hydrogen and air using the Eddy Dissi-
pation Concept (EDC) method for the reaction rate. The radiation model
was the Finite Volume Method (FVM) with 104 radiation angles for the
angular discretization. A prescribed radiative fraction of the local heat
release rate equal to 0.2 was used and the grey absorption coefficients
for the water vapor were calculated as effective coefficients over a 0.1 m
path length using a narrow-band model (RADCAL). Readers are referred
to the FDS Technical Reference Guide for more details [30].

Due to the large difference between the fuel jet and room length
scales, it was not possible to resolve the fuel stream using the CFD mesh.
Instead, the hydrogen stream was modeled as a source of sub-grid scale,
Lagrangian particles carrying the necessary mass flow and momentum
[31,32]. The same approach has previously been used for modeling the
release of aviation fuel from aircraft-impacts [33] showing that the
high-speed (high-Mach number) effect is limited to the near vicinity of
the fuel injection point. This region is not explicitly simulated here. In
the region, where the mass and momentum exchange take place, gas
velocities are below the 0.3 Mach number limit, which is considered a
valid range of the solver. The governing equations and solution methods
are presented in Ref. [30], so only the special aspects related to the use
of Lagrangian particles in the hydrogen jet fire model are repeated in
this paper.

2.1.1. Nozzle injection model

Lagrangian particles can be introduced in FDS via a nozzle as liquid
droplets. The droplets are introduced into the FDS simulation on a sec-
tion of a virtual spherical surface at a prescribed distance from the
nozzle orifice. The initial spray is defined by the position and alignment
of the nozzle, the opening angle of the spray, and the internal mass flow
distribution within this angle, as well as the droplet properties, such as
velocity and size distribution. The initial speed of droplets at the virtual
surface is [34]:

Udro0 = C V APn /pdm7

where p,, is the liquid fuel density; AP, is the pressure at which the
nozzle is operating and C is a factor that accounts for friction losses in
the nozzle, here adopted as 0.95. The initial droplet position within the
spray cone is randomly selected from a Gaussian distribution [30,35]:

@

@) =exp| = B0/ 0,0)’] @
where ¢, is the opening half-angle of the spray (5°), and g is a spread
uniformity parameter, by default f= 5. The droplet diameters D are
randomly chosen from the cumulative volume distribution described by
a combination of log-normal and Rosin-Rammle distributions [30]:

L/Diex (—|:ln< D’ >:|2/262)dD/ D'<D

F.(D)= V2zJo oD P D,os < D,ps 3
1 —exp (—0.693(D/D,yos)") D >Dyos

o=2/(V2r (in2)) @

where D, o 5 represents the median volumetric droplet diameter and y is
a distribution width parameter, adopted 2.4. In this study, the initial
median droplet diameter was set to 1000 pm.

2.1.2. Lagrangian particle model
The trajectory of a Lagrangian particle is controlled by the mo-
mentum conservation equation [30,34].
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d ,
E (md7d> = —ﬂD2ﬁCd (7,1 — 7) 7,{ — 7 /8 +mgg (5)
24/Re, Re,< 1
Cy=1{ 24(0.85 4 0.15Re,*®")/Re; 1 < Rey< 1000 (6)
0.44 1000 < Rey
Req=p mﬁ’D’/u )

where Rey is the droplet Reynolds number, my represents the particle
mass; U refers to the particle velocity; D is the particle diameter; 7’
refers to the gas velocity in the vicinity of the particle; g is the gravity
vector; Cy is the drag coefficient; p is the gas density; u is the dynamic
viscosity of air. The transfer of momentum between the droplets and the
gas is depicted by a force term in the momentum equation, calculated by
summarizing the drag terms induced by all particles in a given grid cell.
In addition, the droplet temperature was calculated by solving an or-
dinary differential equation for droplet enthalpy, considering convective
and radiative heat exchange and heat absorbed by evaporation. The
evaporation rate was calculated using a mass-transfer number approach,
transferring the hydrogen from the liquid to the gas phase.

2.2. Jet fire model

2.2.1. Description of validation test

Several hydrogen release tests were conducted at the University of
South-Eastern Norway [36,37]. The experimental tests are carried out in
a steel compartment with a dimension of 11.885 m x 2.24 m x 2.285 m
(length x width x height). In this compartment, one steel wall opens
(the exit wall), and the ventilation pipe is on the opposite wall of the exit
wall, located 0.05 m from the ceiling with a 0.315 m outlet diameter.
The insulation material thickness covering the walls and ceiling is 0.07
m. A steel table is used to imitate an HFCV with a dimension of
1.965m x 0.73 m x 0.25 m (lenght x width x height). The hydrogen
nozzle is mounted under the steel table. To detect the gas temperature
under the hydrogen jet fire, thermocouples are mounted in this steel
compartment, as shown in Fig. 1.

In all figures, ‘TT’ refers to the thermocouple. Five different
hydrogen jet fire experiments are used to validate the CFD model. In
these tests, the hydrogen is released with different initial tank pressure,
ventilation, and jet duration, the parameters of these tests are shown in
Table 2.

2.2.2. Computational setup

The computational domain and the placement of the fuel nozzle and
steel table are shown in Fig. 2. The numerical domain has a dimension of
12 m x 2.24 m x 2.28 m (length x wide x height), and it was discretized
with 0.04 m resolution. The effects of the numerical parameters are
investigated in the sensitivity study.

Hydrogen gas condensates at temperatures below its boiling point of
—253 °C at ambient pressure, so the initial temperature of droplets is
prescribed as —260 °C to ensure the hydrogen is in a liquid state when
they enter the simulation. An artificial auto-ignition temperature of 250
°C was set in this FDS model to prevent the droplets from igniting
immediately after being introduced, thus preventing combustion in the
high-shear region near the nozzle. Because of the resolution constraints,
this auto-ignition temperature is lower than the true hydrogen auto-
ignition temperature, and it should be considered as a model param-
eter controlling fuel source stability and realism in the presence of
simplified physics. To enable the ignition at a desired distance from the
nozzle, a specific zone was defined where the auto-ignition temperature
is not effective (auto-ignition temperature exclusion zone).

One-dimensional heat conduction was used to calculate the heat
transfer to the steel walls at the solid boundaries. The surface layer
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Steel compartment

TT1

Fig. 1. Experimental setup showing the measurement points after [36].

Table 2
Hydrogen jet fire parameters in experiments after [36,37].
Test Air change per Initial tank Initial mass Blowdown
No. hour (1/h) pressure (bar) flow rate (g/s) duration (s)
1 6 698 7.4 500
2 10 690 7.3 500
3 10 357 4.1 500
4 6 360 4 500
5 6 357 13 367

material of the floor is the fire plate with a thickness of 70 mm. The wall
has two material layers, one is steel material with a thickness of 5 mm,
and another one is insulation material with a thickness of 70 mm. The
thermal conductivities of the fire plate, steel, and insulation material are
0.05 W/(mK), 45.8 W/(mK), and 0.05 W/(mK), respectively. For the
steel table, the exposed backing is prescribed to calculate the heat
conduction through the whole thickness of the table.

3. Model validation

The temperatures registered by nine thermocouples in five experi-
mental tests (referred to as Testl, ..., Test5) are compared with the
corresponding predictions by five related FDS models (referred to as
FDS1, FDS5). For TT2, only the results of two tests are available, due to
problems that occurred to those thermocouples in the remaining three
tests. The differences among these tests are the mass flow rate of the
nozzle caused by different nozzle diameters and hydrogen tank pressure,
as well as the volume flow rate of the ventilation. In Fig. 3, ‘TT’ refers to
the thermocouple number, and the position of these sensors can be
found in Fig. 1. Thermocouples TT1-TT4 are close to the ceiling of the
steel compartment. The comparisons demonstrate good agreement be-
tween the FDS simulation and test results. In Test5, e.g., the maximum

measured temperature for TT3 is 324.2 °C, and 328.9 °C in the related
FDS simulation, FDS5.

TTS5 is behind the steel table and close to the ground and side wall.
The measured and predicted temperature curves of TT5 are very similar.
The maximum temperature of TT5 is less than 70 °C. TT6 and TT7 are
under the steel table, the disparity between these two sensors is that TT6
is on the corner of the table and far away from the nozzle, while TT7 is
close to the nozzle resulting in TT7 being more sensitive to the
geometrical details of the hydrogen jet flame. The near-field turbulent
fluctuations and dissipation of heat in the impingement region are very
difficult to capture with a 4 cm mesh resolution. As a result, there are
large differences in the TT7 temperatures. TT8 and TT9 are in front of
the steel table, and TT8 is directly within the jet and TT9 is near the
ventilation wall. For TT8, many simulations over-predict the peak
temperature, especially Test5. For TT9, simulations of Tests 1-4 could
predict the gas temperature, while the FDS5 underestimates.

Fig. 4 shows an image of the hydrogen jet flame in Test4 and, for
comparison, a volumetric rendering of the instantaneous combustion
heat release rate in simulation FDS4. The appearance (size and location)
of the simulated flame of FDS4 is qualitatively similar to Test4,
demonstrating that the Lagrangian particles can be used for modeling
high-speed jets of low boiling-point flammable liquids, as long as the
combustion related parameters are carefully chosen — and calibrated if
necessary — to describe the details of the spray combustion, such as the
initial high-shear region.

Fig. 5 displays the measured and predicted maximum temperatures
for the five fire scenarios, with a total of 42 values extracted from Fig. 3.
Temperature differences are observed in the region close to the nozzle
and across the jet flame, registered by TT7 and TT8. In particular, TT8 in
FDS5 highly overestimated the maximum temperature (approximately
three times the experimental temperature increase). For positions
outside the immediate flame region, the predicted results show good
agreement with the test results, as shown by the fact that all other

Slice temp Part diam

°C mu-m
1693 2326
1525 2094
1356 1861
1187 1629
1018 1396
849.6 1164
680.8 931
512 698
3433 466
174.5 233
5.76 0.88

Fig. 2. FDS model of the experimental facility (top), and detailed visualization of the hydrogen jet flame (bottom), with instantaneous velocity vectors, gas tem-

perature in °C, and particle sizes in pm.
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Test2 - - - -FDS2
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FDS4

Test4 Test5 - - - - FDS5
350

TT2

3001 300
250 250
2001 200
150 150
1004 100

50 50

o0 o

= W

Temperature (°C)

TTé6

200

Time (s)

Fig. 3. Comparison of gas temperatures in FDS simulations and tests [36,37].

(1) Jet fire flame of Test4

(2) Volumetric rendering of instantaneous combustion heat release rate in simulation FDS4

Fig. 4. Comparison of the jet fire flame in the FDS simulation and test [36] under 60 s.

thermocouples lie very close to the dotted line, representing a perfect
match between the measured and predicted temperature.

4. Sensitivity study
4.1. Sensitivity study introduction

The performance of the hydrogen jet fire model relies on several
parameters, e.g., droplet position, droplet distribution, spray cone angle,
etc. However, values of different parameters in this hydrogen jet fire
model are assumed according to engineering judgment, test data, or
literature. Since these values are not sure, it is necessary to conduct a
sensitivity study on these input parameters within a reasonable range to
pre-determine the significant parameters that can influence the nu-
merical results a lot. This can provide guidance for engineers in similar
issues and avoid wasting time on unnecessary calculations on such
simulations.

In line with parameters in the Loughborough jet model [38] and FDS
user guide [31], four numerical parameters (AEZ, OF, PPS, and CELL)
and three physical parameters (PV, SA, and AIT) are selected in this
study, and values of different parameters in the base case are shown in
Table 3. Note that only one parameter value was changed in each

1101

simulation of the sensitivity study, and a total of 29 simulation cases are
investigated in the following analysis.

4.2. Simulation results

To compare the simulation results with the test data, the deviation is
introduced as Eq (8). The numerical value refers to the maximum tem-
perature (°C) of each thermocouple sensor in FDS simulations, and the
test value is the maximum temperature (°C) of each measurement point
obtained in Test4.

&= (numerical value — test value) /test value

®

Figs. 6 and 7 show the deviation between the maximum gas tem-
perature in the simulation and test on each thermocouple sensor in
different parameters. The horizontal axis indicates the position of
different gas temperature sensors along the length (longitudinal direc-
tion) of the compartment, and the position of each measurement point is
the same as in Fig. 1. For example, TT4 is close to the vent wall, TT5
nears the opening wall, and TT7 adjacents the nozzle. Owing to the test
issues of TT2, the results of TT2 are not displayed in these two figures.
The position of all sensors along the height and width of the compart-
ment are not shown in Figs. 6 and 7. Details of the position of all sensors
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Fig. 5. A comparison of predicted and measured maximum temperature for the
different fire scenarios in Tests 1-5.

can be found in section 2.2. Note that in Figs. 6 and 7, the deviation is
reported in the range (-1, 1) and values outside this range are not
exhibited.

In Fig. 6, the deviations of ceiling maximum gas temperature (TT1,
TT3, and TT4) are almost equal to 0 when AEZ values change from 0.02
m to 0.18 m. For the maximum temperature of a sensor located in front
of the hydrogen jet, TT8, AEZ is a significant parameter because de-
viations change a lot under different AEZ values. When it comes to the
OF parameter, deviations of TT1, TT6, and TT5 mostly are not changed
as the OF ranges between 0.03 m and 0.09 m, revealing that the
maximum temperatures of the sensor located behind the nozzle are not
affected by OF in a certain range. However, deviations vary a lot in TT9,
TT3, and TT5, when the value of is larger than 0.09 m. This is because
smaller OF could lead most of the hydrogen jet to ignite under the table,
while larger OF results in the hydrogen jet fire running away from the
table due to the higher impinged velocity, affecting the surrounding gas
temperature.

Deviations of TT1, TT3, and TT4 are nearly identical and close to O,
in the instance that the PPS value changes from 5000 to 25000,
demonstrating that the PPS has little influence on the ceiling gas tem-
perature. The other sensors are impacted by the PPS to some extent. For
instance, the deviations of TT8 are larger than 0.5 as PPS is prescribed as
5000, 10000, and 20000. Regarding TT6, deviations are far away to
0 when PPS is 5000, illustrating that PPS could be set comparatively
larger to some extent to predict the gas temperature behind the table and
close to the floor more accurately. With reference to the grid cells,

International Journal of Hydrogen Energy 53 (2024) 1097-1106

deviations of the measured maximum gas temperatures among all sen-
sors alter with the cell number variation, showing that mesh size plays a
crucial role in the gas temperature, especially for these sensors near the
nozzle.

In Fig. 7, deviations of most measured maximum gas temperatures
fluctuate under different PV values, such as TT9, TT8, and TT5,
expressing that the PV parameter can grave impact on the gas temper-
atures. For the ceiling gas temperature, deviations slightly fluctuate
around O under different values of SA and AIT within a certain range.
And yet deviations of TT8 change a lot with various values of physical
parameters. Again, it seems that TT8, being located only 1.67 m from the
nozzle in the longitudinal direction, is more sensitive to parameters
affecting the detailed appearance of the jet. With respect to the gas
temperature behind the nozzle, deviations of TT6 are nearly the same no
matter the variation of values in AIT and SA, while deviations of TT5
change noticeably when the SA is equal to 10°. In general, unlike PV, the
deviation of each gas temperature changed a little under different SA
and AIT, excluding TT7 and TT8. Hence, parameter PV plays a crucial
role in gas temperature compared with SA and AIT.

In general, positions of measurements should be considered when
selecting values of parameters in this model. Some guidance about
simulating the ceiling gas temperature in the jet fire model is given here.
An optimal value for AEZ:Z2 is suggested as 0.18 m, and either 0.03 m or
0.05 m is recommended for OF. For PPS, although it is available from
5000/s to 25000/s in this model, 5000/s is recommended for the
simulation due to the calculation time. Smaller mesh sizes can be
beneficial for the accuracy of the ceiling gas temperature. PV is sug-
gested to be specified as 250 m/s, 7.5° is advised to be prescribed for SA,
and AIT can be selected from the temperature range of 250 °C-450 °C.

4.3. Grey relational analysis

Grey relational analysis (GRA) is one of the efficient ways to evaluate
the influences of various parameters on some indicators [39]. GRA aims
to measure the degree of correlation among parameters and indicators
by giving a single grey relational grade (GRG) to each parameter. Hence,
GRA has been applied in many fields, e.g., energy systems [39], city
sustainability [40], manufacturing industries [41], and so on. In this
study, the GRA [42,43] exemplified below is employed to evaluate the
impact of numerical and physical parameters on the gas temperature
under hydrogen jet fires.

The first step of improved GRA is to define the reference and
comparative sequences. Herein, the gas temperature is set to the refer-
ence sequence, and numerical and physical parameters are set as the
comparative sequences. Normalizing these sequences is the next step,
based on the relationship between each comparative sequence and
reference sequence, such as target value, smaller the better or larger the
better [44] (see Eq. (9)). In this study, the reference sequence is
normalized based on the desired value.

Table 3
Parameters of the base case.
Parameter Value Description
Numerical AEZ: AIT_EXCLUSION_ZONE X1,X2,Y1,Y2,Z1,Z2 Specify a volume in which ignition may occur

parameters 3.5m,4.8 m,0.77 m,1.47 m,0 m,0.1 m (varied parameter
is Z2, the upper boundary of AEZ)
OF: OFFSET 0.07 m Distance of the droplet inflow surface from the nozzle
PPS: PARTICLES_PER_SECOND 10000 Number of droplets inserted every second
CELL 957600 cells (0.04 m x 0.04 m x 0.04 m for each cell) The total grid cells of the model
Physical PV: PARTICLE_VELOCITY 200 m/s Initial droplet velocity

parameters SA: SPRAY_ANGLE 5° Opening half-angle of the jet cone.

AIT: 250 °C Auto-ignition temperature is a cell temperature at the

AUTO_IGNITION_TEMPERATURE

beginning of the time step below which combustion does not
occur.
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Where x; (k) is the normalized data of the ith parameter on the kth level
in a comparative matrix. Herein, this comparative matrix contains 7
comparative sequences and 29 levels following the 29 simulation cases
in section 4.2 of this study. MAX x; (k) and MIN. x; (k) are the maximum
and minimum values of each sequence, respectively. OV is the desired
value, and the maximum gas temperature of each measurement ob-
tained in the test is the desired value here.

Finally, the GRG is calculated by averaging the cosine value of fuzzy
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membership and the Euclidean grey relational grade [39,43] as
expressed by Eq. (10). Then Eq. (11) is used to calculate the cosine value
of fuzzy membership and Eq. (12) is used to get the Euclidean grey
relational grade.

_ y%ij""}/%ij
Vi= Y

10$)
i, (k)y; (k) .
= - —i=1,234567: k=120 (D)
/ V Zﬁzlx,-z(k)\/ 22:1)’,'2(]()
va= 123 [welg(k)-1[]° (12)

k=1

Where. yJ (k) is the normalized data of the jth indicator on the kth level

in a reference matrix. wy is the weight coefficient obtained by the en-
tropy weight method [45]. &;(k) is the grey relational coefficient be-
tween x; (k) and y; (k) [46].

In light of the GRA method, the ranking of the calculated GRGs of
seven parameters on each indicator is shown in Fig. 8. ‘TT1 - TT9’ refers
to the maximum gas temperature obtained from 29 simulation cases in
section 4.2. As for the gas temperature near the ceiling, e.g., TT1, TT3,
and TT4, the largest GRG value appears in parameter CELL, showing that
the mesh size is the most important parameter in the FDS model. This
suggests that changing CELL could benefit the gas temperature in the
FDS model to tend to the actual temperature. The subsequent crucial
parameter in TT1, TT3, and TT4 is PV, OF, and AEZ, respectively. In
addition, AIT is the least priority parameter in TT1, TT3, and TT4, since
the GRG value of AIT is smallest compared with other parameters.

Concerning the influence of parameters on the gas temperature
behind the nozzle injection and close to the floor, the most vital
parameter in TT5 is PV with a GRG value of 0.9357, while CELL is the
most essential parameter in TT6 with a GRG value of 0.9783. The next
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vital parameter in TT5 and TT6 is CELL and PV, separately. In relation to
the gas temperature close to the nozzle and under the steel table (TT7),
the highest GRG value is equal to 0.9002 and the next greatest value is
0.8887, meaning that TT7 is mainly affected by the mesh size, followed
by the AEZ parameter.

Pertaining to TT8, the most critical parameter is OF with a GRG of
0.9442, revealing that the OF parameter is decisive to the gas temper-
ature across the jet flow and near the floor. This is due to the fact that the
OF value controls the initial hydrogen droplet’s height in the simulation,
resulting in different impingement velocities on the floor. Thus, TT8 is
more sensitive to OF corresponding to a limited height range. The other
device measuring the gas temperature in front of the nozzle and near the
floor (TT9) is predominantly affected by CELL, with PV as the second
most influential parameter. Furthermore, when referring to the least
important parameter affecting the gas temperature, it’s obvious that the
GRG of AIT is the lowest among other parameters in all indicators. As a
result, when optimizing the hydrogen jet fire model in FDS, the pre-
scribed appropriate parameters depend on which location is of interest
to investigate the gas temperature. For instance, the CELL is first chosen
for accurate gas temperature near the ceiling.

5. Conclusion

A numerical CFD model is proposed to simulate hydrogen jet fires in
FDS. The high-speed hydrogen jet is modeled by applying Lagrangian
particles that carry the necessary mass and momentum. The particles
evaporate quickly producing a gas phase jet. The FDS model has been
validated against the existing experimental work. The simulations of five
validation scenarios showed that the modeling approach provides an
accurate and efficient method for room-scale hydrogen jet fire conse-
quence analysis. However, the accuracy of the gas temperatures around
the nozzle in the FDS hydrogen jet model needs to be improved. This
lack of accuracy can partly be ascribed to FDS limitations in simulating
under-expanded flow with a high Mach number. Also, fine details of the
nozzle and thermocouple placement and other geometrical factors may
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have been modeled with less-than-necessary precision. Further valida-
tion of the Lagrangian particle description is needed with sufficiently
detailed data from the jet flame region.

A grey relational analysis on four numerical and three physical pa-
rameters was performed to obtain the GRG between each parameter of
the FDS model and the gas temperatures. Based on the GRA method,
some guidance on the gas temperature accuracy improvement is given.
The CFD gas phase resolution was found to be the dominant factor for
the gas temperatures close to the ceiling and vent and under the steel
table. As for the locations in the direct jet plume, the spray angle was
also important in addition to the particle insertion offset and particle
count. Details of the auto-ignition temperature were not important for
the prediction of gas temperature in the FDS model. All in all, the pre-
scribed appropriate parameters depend on the measurement position
when optimizing the hydrogen jet fire model in FDS.
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