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Abstract

Compressed hydrogen gas is considered the most convenient and robust technological solution for long-
term storage. However, several safety concerns are still under investigation. This work presents an
experimental and numerical characterization of the jet flame produced after the accidental release from
a high-pressure tank containing pure hydrogen at pressures ranging from 90 to 450 bar and release
diameters ranging from 1 to 5 mm. Results are expressed in terms of temperature history and flame
length. The complete set of measurements has been reported in the supplementary materials. Both
integral and discrete models were employed. Besides, the computational fluid dynamic was integrated
with finite reaction rate and accurate thermodynamic properties (from the ab initio approach) and
showed excellent agreement with experimental data.

Keywords: Compressed Hydrogen; Jet fire; Experimental Campaign; Computational Fluid Dynamics;
Ab initio; Flame Length.

Highlights:

Experimental characterization of hydrogen jet fires up to high-pressure storage
Comparison of experiments, empirical correlations, and computational fluid dynamics
Integration of thermodynamic properties of compressed hydrogen calculated ab initio
Estimation of the effect of boundary conditions on the flame length

Evaluation of chemical and turbulence sub-models for hydrogen jet flames
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1. Introduction

The peculiar physical and chemical properties of hydrogen require tailor-made solutions addressing
combustors, storage, and transportation systems. For storage, compressed hydrogen is currently the
most convenient and robust solution, with an operating pressure up to 1000 bar [1]. However,
uncertainties on safety issues arise when the operating pressure exceeds 350 bar, mostly due to the
scarcity of experimental data related to the accidental scenario generated by the release of hydrogen
and the subsequent ignition, i.e., jet fire. An overview of the state of the art of available data and models
is provided in the following section. Current trends and future perspectives were reported and
interpreted to individuate the most significant conditions to be investigated. Based on these findings,
the accidental release of compressed hydrogen at pressures ranging from 90 bar to 450 bar through a
nozzle whose internal diameters ranged from 1 to 5 mm was experimentally and numerically analysed
in this work.

According to the current literature [2], the high pressure may cause significant deviations from the real
behaviour and the one described by currently adopted thermo-physical correlations, thus suggesting the
implementation of properties calculated through accurate and theoretically derived approaches, such as
quantum chemistry [3]. To this aim, the ab initio approach should be mentioned since it derives from
first principles and requires universal physical constants, only. This method attempts to solve the
Schrodinger equation by identifying the most stable (i.e., lower energy) spatial configuration of the
investigated molecules and expressing partial differential equations in algebraic equations through a
linear combination of a set of basis functions. The latter step is essential for the effective implementation
of this method in computational sources. In this perspective, the appropriate selection of the level of
theory and basis sets to be used is essential to guarantee optimized results in terms of computational
time and accuracy [4] [53]. A detailed description of the available techniques for ab initio calculations
is out of the boundaries of this work. However, Readers can refer to the dedicated literature [S] [6] [7]
to find detailed descriptions of the fundamental assumptions and common practices adopted in this
field.

This work presents an integrated analysis combining experimental tests, empirical correlations, as well
as detailed numerical models considering theoretically derived physical properties. To the best of our
knowledge, this study reports the first attempt to implement the latter approach for the characterization
of jet fires. The comparison of the accuracy of different numerical approaches can be intended as an
essential step for the characterization of hydrogen storage systems using elevated pressure. The acquired
knowledge can help the development of safe solutions and procedures, bringing new elements to
support the decision-making process on hydrogen technologies.

2. Compressed hydrogen jet fire

An accidental release of compressed hydrogen through nozzles behaves as a choked flow jet if the
expansion ratio is larger than 41.2 and as sonic in the range between 4.1 and 41.2 [8]. Due to its high
reactivity, hydrogen jets are very likely to be ignited [9]. To characterize this scenario, several
experiments have been conducted over the years [ 10-20]. Economic aspects have pushed for an increase
in operative pressure, posing new challenges from a technological perspective [1] and significantly
affecting the investigated ranges from a scientific point of view (Figure 1). Similarly, the realization of
robust practices and procedures for safe design and operations have drastically changed the typical
nozzle diameter (Dn) of interest for a possible release (Figure 1). Indeed, most of the recent
measurements are focused on D < 5 mm.
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Figure 1. Qualitative representation of the trends for investigated pressure and nozzle diameter experimentally
investigated for the characterization of jet fires along the years [10-20].

Once ignited, a crucial parameter is the flame size or flame length Ls, which is defined by the reaction
(combustion) zone and, for most hydrocarbons, is coherent with the visible flame [21]. Quite often, in
the common practice, L is calculated by several correlation originally derived from the classical theory
proposed by Hawthorn et al. (1949) [10] [2]. However, this approach is only valid in the buoyancy-
controlled flow regime and sets that L¢ is proportional to Dy and some thermochemical characteristics
of the substance: the ratio between the stoichiometric coefficients of reactants and products ar, the
adiabatic flame temperature T,,4, the fluid temperature at the nozzle Ty, the mole fraction of the
unreacted fuel at the stoichiometric concentration in air Cg;, and the mass ratio of the air and the
flammable gas Mg/Mpy. Subsequently, Shevyakov and Komov (1977) [11] have demonstrated that the

. L . . . .
correlation D—f (E.) is valid either for buoyancy or momentum controlled regimes, where F. is the Froude
N
number defined in Equation 1.
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where U is the velocity of the source term, g is the gravitational acceleration, and Ly, is the characteristic
length of the phenomenon, namely the nozzle diameter in this case. Delichatsios (1993) [22] also studied
the flame length relationships ranging from buoyancy to momentum-controlled and reported a
maximum value of Lg /Dy = 210 for expanded hydrogen jets in the air. Kalghatgi et al. [12] performed
more than 70 tests with subsonic and sonic hydrogen jet flames from a nozzle with diameters ranging
between 1.08 mm and 10.1 mm. It was found that for subsonic and sonic flows Ly increases with the
mass flow rate (m) at fixed Dy, thus in contrast with the findings reported by Hawthorn et al. (1949),
which does not report any correlation with m. To this regard, Mogi et al. (2005) [13] studied subsonic,
horizontal hydrogen jet flames from nozzles with a diameter ranging from 0.1 to 4.0 mm and pressure
in the range of 0.1 to 400 bar. The work derived that the dimensionless flame length increases with the
pressure P (expressed in bar), and they confirmed the dependence of Ly on m. Later, Schefer et al.
(2006) [14] conducted a series of vertical tests that permitted to find correlations between the Ly and
the flame width (W), and between the length in the infrared (L;z) and ultraviolet regions (Lyy). In
addition, in 2007 the same research group published additional data on vertical jet flames for both
subsonic and sonic flow at pressures up to 172 [15]. Based on mass and momentum conservation, these
authors estimate the effective (notional) nozzle parameters (D,ss) considering the peculiar behaviour
of hydrogen at high pressures, assuming no viscous forces, ambient pressure, and uniform velocity
profile across the notional nozzle, sonic flow at the jet exit from the actual nozzle, and isentropic flow



relations [15]. In this relation, it is distinguished the actual nozzle exit parameters (AN) from the
effective (notional) nozzle parameters (eff), and it considers the density (p). Later, in 2008, Imamura et
al. [16] conducted a series of experiments to investigate the thermal hazards of hydrogen jet flames for
exit pressures ranging from 5 to 30 bar. In 2009, Proust et al. [17] conducted an experimental campaign
on horizontal hydrogen jet flame in a range of pressures from 10 to 900 bar and nozzle diameters from
1 to 10 mm. Temperature and mass flow rate were measured using K-Type thermocouples and a
weighting device. Experimental data were used to calculate m and other flow parameters at the exit
surface by the under-expanded jet theory [23]. The analysis concluded that experimental and theoretical
results were in remarkable agreement. In the same years, other experimental tests on horizontal
hydrogen jet fires were conducted by Studer et al. (2009) [18]. For the sake of conciseness, only the
main characteristics of the above-mentioned experiments were reported in Table 1 and Figure 2.
However, further information can be found in the current literature [24].

Table 1 Main characteristics of the experiments investigated from literature.

Pressure Nozzle Flame
Source (P) [bar] diameter length Proposed correlations
(Dn)[mm] (Ls)[m]
L 53 | Taq Mg
Hawthorn (1949) [10] <41 ~4.7 [0.6-0.7] /=== —[c 1+ Cg)—=
D Cst (JarTn st st My
Shevyakov and Komov (1977) [11] <41 [1.4-51.7] [0.3-1.7] (Lf/D) Fr
Kalghatgi et al. (1984) [12] <41 [1.1-10.1]  [0.2-1.7] Ly (i)
Mogi et al. (2005) [13] [3-1100]%  [0.4-4.0] [0.6 - 6.0] Ly /p =524 PO*; L, = 20.2 - 1053

Schefer et al. (2006) [14] [41-112]  [1.9-79]  [03-43]  Wp=02LgLs = 0.9Ls; Ly = 0.8Lyy

u
Schefer et al (2007) [15] [7-262] 5.1 [2.4 - 10.0] Do =D - }p‘w—’w
PefrlUerf

Imamura et al. (2008) [16] [2-30*  [1.0-4.0] [0.3; 1.8]
Proust et al. (2009) [17] [12-869]  [1.0-3.0] [1.3-5.8] Under e"pa“f;‘ci df;tteh;fry applied to
Studer et al. (2009)[18] [2-83]  [4.0-100]  [L7-6.9]

*spouting pressures (static pressure measured close to nozzle exit)
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Figure 2. An overview of flame length (Lf) measured at different nozzle diameters and pressures as a function of
the published year. More specifically, a) includes data published before 1985, b) data published from 1985 to
2008; and c) data published from 2009 on [10-20].

These studies represent part of the database commonly used to develop empirical correlations. In this
sense, Molkov et al. [2] published a dimensionless correlation, which includes the dependence of flame



on both nozzle diameter and mass flow rate. Based on these results, the same authors [25] have found
empirical correlations for the flame length Lyin the case of subsonic, sonic, and supersonic hydrogen
jet flames (Equation 2).

Ly = a- (i Dy)°3% i [kg s~*1; D[m] 2)

where a is a constant factor equal to 76 for the best fit and 116 for representing the upper limit curve
for the abovementioned experimental results. This equation has resulted as the most effective in
reproducing a large set of experimental data and will be adopted in the following.

Hydrogen release and the diffusive combustion phenomena characterizing the jet flame can be studied
by detailed numerical approaches [26] [27] [28]. Besides, due to the difficulties and risks associated
with the experimentation with hydrogen, simulations have become a crucial tool for studying complex
scenarios [29] [30] [31]. A certain number of numerical studies on hydrogen can be found in the
literature in this framework. As an example, fundamental investigations on hydrogen atmospheric
dispersion and combustion in different geometries have been approached numerically [32—34]. Several
studies have also been performed on the modelling of high-pressure hydrogen jet flames, with the
application of turbulence models including the k-epsilon, the Reynolds stress equation model, and the
Large Eddy Simulation mathematical model for turbulence [35-37].

It generally emerges that although computational tools can potentially predict different aspects of
hydrogen release scenarios with reasonable accuracy, they often demand a validation commitment,
hence further experiments [38,39]. Besides, data for large-scale, pressurized release of hydrogen and
correlated jet fires remain scarce because of safety concerns in large-scale experimental campaigns.
Indeed, most of the current hydrogen validated experiments remain limited to small volumes or scaled
trials [40].

3. Methodology

3.1. Experimental procedure

The experimental campaign reported in this work was performed in collaboration with the Italian
National Fire and Rescue Service, and it follows a former set of experiments carried out with pressurized
hydrogen [1]. The experiments consisted of horizontal releases of hydrogen, 1 m above the ground,
ignited by a methane-based burner. The adopted experimental set-up can be intended as composed of
subsections devoted to hydrogen storage, hydrogen discharge, and data collection. The storage section
consisted of 16 bottles with a volume of 50 | each and initial pressure (P) of 450 bar, filled with hydrogen
at SN purity. A 15 m pipe with a constant internal diameter (D) of 7 mm connected to nozzles of
different sizes, namely 1, 3 and 5 mm, was used as per the discharge subsection (Figure 3). The last
subsection gathered data for the wind speed and direction as well as temperature distribution and IR
images.
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Figure 3. Schematic representation of the system used to release compressed hydrogen.

The wind speed and direction were logged at the height of 3 m by an onsite mobile weather station. The
wind direction was mostly coincident with the direction of the jet (i.e., north) during the entire
campaign. An arrangement of 16 type-K thermocouples with an estimated accuracy of + 2.5 °C [21]
was realized to record the temperature distribution with a data acquisition rate of 30 samples per second.
Figure 4 reports a schematic representation of the location of thermocouples, distinguished into two
groups according to the distance from the release point.

()
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Figure 4. Schematic representation of the arrangement of thermocouples. Thermocouples named near-field are
indicated in orange, whereas in red far-field thermocouples.

Besides, the flame structure was characterized by visible and infrared (IR) digital images recorded
during the experiments. They were collected using a FLIR thermal imaging camera (model T1010) with
an accuracy of £ 2 °C in all the investigated temperature ranges. The storage video frame rate of the
images was 30 Hz. IR images are helpful to determine flame regions of high temperature since the
emission in the infrared results primarily from the vibration of H,O molecules produced in high-
temperature combustion processes [18]. More in detail, each thermal image was analyzed, considering
a frame representative of the steady-state phase. The accuracy of both the thermocouples and the
thermal imaging camera (i.e., = 2.5 °C and + 2.0 °C, respectively) do not significantly affect the



accuracy in estimating the jet flame Lg. At most, an incidence of 0.003% is expected when investigating
the flame region (i.e., for temperature higher than 800 °C). Overall, 17 tests were performed at different
nozzle diameters (Dx) and the initial storage pressure (P), as reported in Table 2.

Table 2. Experimental tests reported in the present work and main conditions. Measured environmental
temperature T = 16 + 2 °C.

Test  Nozzle diameter (Dy) [mm] Initial pressure (P) Wind velocity (u,) [m s™1]
[bar]
#1 365 1.0
#2 1 360 0.5
#3 350 0.5
#4 450 2.0
#5 420 2.0
#6 380 2.0
#1 3 340 1.0
#8 300 2.0
#9 270 0.0
#10 240 1.0
#11 220 0.5
#12 340 0.0
#13 270 2.0
#14 5 240 0.5
#15 125 2.0
#16 120 2.0
#17 90 1.5

For the sake of this work, the flame length Ly was assumed as the maximum horizontal distance from
the nozzle at which a temperature of 600 K is registered, in accordance with the current literature [41].

Since the adopted approach investigates transient phenomena, a typical trend characterized by an initial
pseudo-steady state followed by decay is expected. Hence, attention was posed to identifying the rising
and the steady-state phases of the investigated scenario. The steady-state has been considered as the
phase where the temperature variation rate (d7/df) was lower or equal to 5% of the maximum value of
the temperature variation (d7/dt)ma [42].

To evaluate the fluid dynamic data at the outlet, the isothermal turbulent choked gas steady jet theory
was applied [43], as suggested by Vianello et al. [1]. A turbulent gas jet propagates from the stagnant
condition inside the containment to the zone where a different pressure generates the fuel release. It is
worth noting that the gas velocity is chocked. Hence, if the upstream pressure increases, the mass flow
rate increases due to the density rise, not due to the velocity rise [55]. Then, the initial momentum is
lost, and the flow becomes predominantly governed by other agents, such as buoyancy and wind. Hence,
after an initial and horizontal phase, the flame develops vertically. The retrieved m was used to apply
the empirical correlation expressed by Eq. 2 (a = 76) and consequently to obtain the empirical length
flame. Moreover, the value of m was used to estimate the power Q (Equation 3) produced by the
hydrogen jet fire, considering the hydrogen heat combustion Ah, equal to 119.96 kJ kg =1 [44]:

Q = m - Ah, )

Finally, the maximum distance at which the threshold temperature for a third-degree burn (i.e., 300 °C)
is reached (X300°c) Was calculated for the sake of completeness [2].



3.2. Modelling approach

Numerical evaluations were performed using either integral models [45] or computational fluid
dynamics (CFD) [46]. The former includes the SHELL jet fire calculation method [47] [48] to estimate
the shape and power of the flame. The adopted equation is typically included in commercial codes for
the consequence assessment, whereas the latter uses the licensed software ANSY'S Fluent. In both cases,
several tests were performed to consider each atmospheric condition registered during the experimental
campaign. For the CFD case, the numerical domain was characterized by length (L) and height (H) of
12 m and 5.5 m, respectively. The extension of the domain was chosen by analyzing the thermal images
and defining the full development of the hydrogen jet fire. Regarding the employed mesh, it was decided
to divide the domain to facilitate a more accurate concentration of the mesh elements in the areas where
a higher momentum was expected. Based on grid sensitivity analysis, a total of 511949 nodes and
510787 elements were selected as optimized parameters. Hence, this setup was used for the following
analyses (Figure 5).

Air inlet 0,000 5,000 10,000 (m)
| SEaaaa— S|

2,500 7,500

Figure 5. Representation of the numerical domain (left) and the mesh grid (right) adopted for the computational
fluid dynamic analyses. The percentages of elements allocated for the main sections are reported. Please consider
that they account for ~99% of the total number of elements.

The outflow conditions were applied to the upper (E, open-air) and right (A, outlet) sides of the domain
while to the lower part (B, ground) was applied the wall. An inlet velocity was imposed to the left side
(D, air inlet), except for the C portion (fuel inlet), where the mass flow inlet was calculated based on
the investigated pressure. Indeed, in C, an initial gauge pressure (i.e., the static pressure [49]) was
defined following the experimental test to be mimicked. Additional information on the adopted sub-
models can be retrieved in the supplementary materials. Two different strategies were tested to evaluate
the thermodynamic properties of the involved species: the use of empirical-based coefficients and the
implementation of theoretically derived coefficients. The former implements the existing database
present in the adopted CFD software, whereas the latter (referred to as CFD model + QM from now on)
uses a combination of coefficients deriving from ab initio calculations. More specifically, data reported
in the literature for nitrogen, oxygen, and low-temperature interval for hydrogen [50] were integrated
with water and high-temperature parameters for hydrogen [51], where the CBS-QB3 level of theory
and G3//B3LYP method were adopted, respectively. An elevated accuracy is attributed to both
approaches [52]. The abovementioned coefficients refer to NASA polynomials expressed in a compact
form in Equations 4-6 for the evaluation of heat capacity (c,), enthalpy (H), and entropy (S) as a function
of gaseous temperature (7).

G=R-XHa T @
= o[ g ()

S=R- [al ‘In(T) + a, + X} (a”TlTl)] (6)



where R stands for the ideal gas constant and a; for the i-th coefficient. The thermodynamic databases
provide two values per coefficient a; to distinguish low-temperature (e.g. for T < 1000 K) and high-
temperature (e.g. for T > 1000 K) ranges, following the approach commonly used [53].

4. Results and discussion

4.1. Experimental results

For a matter of brevity, only a reduced number of data was discussed and reported in this section. The
complete set of measurements has been reported in the supplementary materials. To provide insight on
the flame structure and involved phenomena, a focus on Test #5, identified as a base case for this study,
was provided at first.

Figure 6 shows the IR image related to Test #5 (initial pressure of 420 bar and nozzle diameter 3 mm)
at the steady-state condition. The IR image of all other tests reported in Table 1 can be found in the
supplementary materials (Figures S17-S32). Four different temperature zones were distinguished
(intense red, light red, orange, and yellow) corresponding to the temperature ranges T > 1400 °C,
800 °C < T < 1400 °C, 600 °C < T < 800 °C, and T <400 °C. Cool combustion products can also be
seen outside the jet shape (white colour).

Figure 6. IR image measured for Test #5 at steady state. Four zones are distinguished: T > 1400 °C (dark red),
800 °C < T < 1400 °C (red), 600 °C < T < 800 °C (orange), and T < 400 °C (yellow).

As expected, the momentum forces prevail on the buoyancy ones in the first region, followed by a
buoyancy-regulated flame once the density of the plumes is significantly decreased by the occurrence
of combustion phenomena. The geometry of the second region can be fairly described by assuming a
tilt angle of ~ 7/6 to the releasing direction (i.e., horizontal axis). In this perspective, the evaluation of
the length of the first region is essential to properly describe the frustum of the flame. It should be noted
that this parameter increases with a larger nozzle for any given pressure. This trend can be attributed to
the enhanced volume to external surface ratio of the core area due to an increase in the nozzle diameter.
Indeed, the assumed modification in the geometry of the flame positively influences the power
generation and has a detrimental effect on heat transfer ruling, thus modifying the spatial evolution of
the density of the gaseous mixture within the core. The length of the momentum-dominated region is
weakly affected by the initial pressure if the tests based on a nozzle of 5 mm are neglected. Indeed, it
can be fairly considered equal to 5 m for Test #5 and any tests conducted in this work with a nozzle



diameter of 3 mm and 3 m for tests using a nozzle diameter of 1 mm. Conversely, the effect of pressure
observed for tests using a nozzle diameter of 5 mm is relevant once the initial value is lower than 200
bar (i.e., Tests #15 - 17). An explanation for this behaviour may stand behind possible mass transfer
limitations and reduced turbulence, limiting the availability of reactants and mixing efficiency, thus
slowing the combustion rates.

Figure 7 shows the experimental temperature measured during Test #5 at different locations by the
thermocouples.

1600
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Figure 7. Measured temperature history at different locations for Test #5 (initial pressure 420 bar and nozzle
diameter 3 mm). a): near field; b): far-field.

Following the typical jet fire description, which is still valid for hydrogen, the measured temperature is
characterized by an initial temperature rise, followed by a profile stabilization at the maximum
temperature. Hence decay is observed after the flow was stopped due to the residual pressure. Similar
trends can be observed for any thermocouple and any test, as reported in Figures S1-S16 of the
supplementary materials.

Measured temperatures collected in this work during different tests as a function of distance X from the
releasing point were compared with data from the literature in Figure 8. To make the obtained results
compared with data from the literature [54] [16] [55], the results were normalized to the corresponding
flame length Lg. For the sake of clarity, among the newly collected data only the ones corresponding at
X/Lrequal to 1 and X3 -c/Lrwere reported in Figure 8.
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Figure 8. Maximum temperature as a function of distance from the nozzle (X) normalized by the flame length Ly,

as obtained for 3 mm nozzle diameter (a) and 5 mm nozzle diameter (b). Black squares represent experimental
data from the current literature and, more specifically, by Barlow & Carter (1996) [54], Imamura et al., (2008)
[16], LaChance, (2010) [55].

The experimental data collected in this work comply with the trends observed in the literature: either
the pressure or the nozzle size may significantly affect the extension of flame. The IR images reported



in supplementary materials show a flame core area in which peaks in temperature are expected in the
proximity of 0.5+ L¢. In this zone, the maximum temperature range measurable in our campaign (i.e.,
higher than 1400°C) was recorded; thus, peaks of ~ 2000 °C cannot be excluded. This temperature and
the relative positions agree with several experimental data reported in the cited literature. For example,
for a 1 mm nozzle diameter, the IR images at different initial pressure (Figures S17-S19) show that the
dark red zone is not present, and the red zone reaches 2 m in length for any pressure investigated in this
work. Conversely, the sizes of the other zones significantly change with the initial pressure and constant
nozzle diameter. On the other hand, the dark red zone can be detected in the case of larger diameters.

The effect of the diameter on the temperature field was observed by comparing the temperature history
for Tests #3, #7, and #12, which have similar initial pressure (i.e., ~350 bar) and different nozzle
diameter (e.g., 1, 3, and 5 mm) (Figure 9).
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Figure 9. Measured temperature history at different locations in the near field group of thermocouples for Test
#3 (a), Test #7 (b), and Test #12 (c).

An overall general increase in the temperatures is registered between 1 mm and the other diameters,
reaching a variation up to 850 °C. On the other hand, no particular differences were observed between
Test #7 (3 mm) and Test #12 (5 mm) for the spatial distribution of the temperature. In the case of 1 mm,
the maximum temperature was registered by thermocouple Al which in the other tests was always
recorded lower temperature in the other cases. These discrepancies can be mainly attributed to the
different initial conditions, resulting in lower momentum at the releasing point. Hence, the nozzle
diameter significantly affects the length of the buoyancy area and the flame shape.

The effects of the initial pressure for a given nozzle diameter on measured temperature were analysed
by comparing results obtained in conditions described as Tests #4, #8, and 11#, hence with a diameter
of 3 mm (Figure 10). Similarly, the obtained estimations under the corresponding initial conditions are
reported in Figure S33, where satisfactorily prediction quality can be observed as well as trends in line
with the ones discussed in previous sections.
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Figure 10. Measured temperature history at different locations in the near field group of thermocouples for Test
#11(a), Test #8 (b), and Test #4 (c).

The characterization of flame structure can be performed by integrating the presented data with the
maximum temperatures registered in time and space. For the sake of completeness, two regions were
distinguished at this stage: near-field and far-field. Table 3 reports the experimental data collected in
this work for the maximum temperatures recorded in the near and far-field by any thermocouples
located in the combustion zone and the duration of the rising phase (zz) for all the conducted tests.
Besides the maximum distance at which the temperature reaches 300 °C (X3 <c) is added.

Table 3. Maximum temperature measured in the near-field (Tyeqy) and far-field (Tfq,), flame length (Ly), and
duration of the rising phase (t). Also, the maximum distance at which the temperature reaches 300 °C (X3¢9°c)
is reported. *Steady-state not reached. **Temperature reached only in the proximity of the flame.

Test Tnear [OC] Tfar [OC] Lf [m] tR [S] X300°C [m]
#1 250 190 2.4 5.8 Hok
#2 285 185 2.8 9.0 ok
#3 370 290 2.5 * 3.0
#4 1400 900 6.2 4.5 8.5
#5 1215 780 5.8 6.1 8.5
#6 1250 720 5.2 6.2 8.3
#7 960 750 5.0 7.5 7.5
#8 1230 550 4.8 6.5 7.1
#9 980 680 4.7 8.9 7.1
#10 1100 400 4.8 13.9 6.0
#11 750 470 4.6 * 6.0
#12 1220 1050 5.8 5.0 10.0
#13 1260 650 6.7 3.5 10.0
#14 1260 700 5.3 3.5 7.1
#15 950 500 3.9 8.2 5.6
#16 900 550 3.7 0.8 54
#17 915 290 3.6 7.4 5.1

It is worth mentioning that, regardless of the investigated initial conditions, the maximum temperatures
were recorded by thermocouples A3 and A4 in the near-field and by C5 in the far-field, showing the
time evolution of the frustum of the flame.



For the 1 mm nozzle diameter (Tests #1= #3), the flame core was characterized by temperatures within
250 °C and 370 °C, which is the maximum temperature recorded in the near field, at 2.0 m from the
nozzle. Hence, it can be concluded that these conditions cannot generate second cascading events
involving storage tanks since the radiation flux resulting from the maximum recorded temperature,
calculated following the Boltzmann equation, is significantly lower than the typical threshold values
[56]. Conversely, second cascading events can be triggered by a release from a nozzle of 3 mm and 5
mm also in the region referred to as far-field. For the 3 mm nozzle diameter (Tests #4 + #11), a
maximum temperature of 1400 °C was observed, with temperatures ranging between 750 °C and 1400
°C within the flame core. Eventually, for the 5 mm nozzle diameter (Tests #12 =+ #17), a maximum
temperature of 1260 °C and a range between 900 °C - 1260 °C were reported. Besides, at far field, Test
12 is the only case where temperatures larger than 1000 °C were recorded although longer flames were
observed under other experimental conditions. The reported data are in line with the trends discussed
for the length of the momentum-dominated region, where the combination of parameters most affected
by gaseous pressure (e.g., available reactants and mixing efficiency) and nozzle diameter (e.g., the
surface to volume ratio) ruled the interactions between heat transferred and generated power.

4.2. Numerical results

A plot of the results obtained utilizing the CFD approach mimicking the conditions indicated as Test
#5 is reported in Figure 11. Similarly, numerical results obtained at different pressures are reported in
Figure S33.
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Figure 11. Estimated temperature distribution within the flame zone in conditions referred to as Test #5, as
calculated by ANSYS Fluent.

Regardless of the investigated nozzle diameter, jets are characterized by source Froude number (Fry =
us/[(gDs)°> - (ps/pair)]) and Reynolds number (Re = ug * Ds * pgir/tair)) higher than 50 and 1x10°,
respectively. The combination of these values implies the existence of a pure momentum turbulent
condition having inertia controlled transition region under the classification proposed by Delichatsios
(1993) [57]. Besides, a lift-off distance can also be assessed based on the temperature distribution. For
these reasons, the temperature profiles resulting from the numerical investigation performed in this
work for the Test #5 (420 bar; 3 mm) is reported in Figure 12 as a function of the height from ground
H and the downwind distance.
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Figure 12. Estimated temperature as a function of distance from the nozzle (X) normalized by the flame length Ly
(equal to 5.3 m), as obtained for 3 mm nozzle diameter. Please consider that subscripts reported in the legend
refer to the height from the ground.

The maximum temperature achieved under the releasing point height is significantly limited, being
lower than 600 °C, because of the physical properties of unburned and burned gases investigated in this
work. If estimations at 1.0 m (i.e., the releasing height) and 1.5 m are considered, the maximum
temperature is reached at X/L,~ 0.5, in compliance with indications provided in the section dedicated
to experimental data. Besides, two peaks characterized by comparable temperatures can be observed at
any curves reporting data at 1 m < H < 5 m, indicating that the fuel-rich pocket is crossed by the
horizontal lines in this region. It is worth noting that second peaks reach higher temperatures in any
curves because of the buoyancy effect and different thermal properties between substrates and air
surrounding the flame. The distance between these peaks indicates that the abovementioned pocket has
a maximum thickness slightly smaller than the flame length. Hence, a significant amount of hydrogen
can be expected up to H=5m.

The reported conclusion is corroborated by the maximum hydrogen content to the distance from the
releasing point (H> max), as estimated at different levels from the ground (/) (Table 4).

Table 4. Maximum hydrogen content to the distance from the releasing point (H, ) at different levels from the
ground (H), as estimated by ANSYS Fluent for Test #5.

H [m] 0.50 1.00 1.50 2.00 3.00 5.00 7.00

Hy max [%mol] 0.11 97.12 20.48 14.87 8.05 0.89 0.10

4.3. Comparison of adopted approaches

The mass flow rate, the heat power produced by the hydrogen jet fire [44], and the flame length resulting
from the empirical model (Eq. 2) considering the best fit (o = 76) and the upper limit (o = 116) can be
retrieved in the supplementary materials (Table S2). In the same table, the total energy produced by the
jet fire considering the total duration of the combustion phase is also reported.

For the sake of comparison, two different datasets were included for the ANSYS Fluent route: the
thermodynamic coefficients included within the libraries (CFD model) and the thermodynamic
coefficients resulting from quantum mechanical calculations (CFD model & QM). The 3 mm nozzle
diameter was taken as a reference due to the larger availability of experimental results. It is worth noting
that similar trends can be observed between experimental and numerical data once the maximum values
at any distance X to height H for the latter case are considered. In this perspective, 300 °C and ambient
temperatures can be observed at * /Lf ~28and ¥ /Lf > 3, respectively. On the contrary, if only the

estimations resulting at /' = / m are considered, both threshold temperatures are reached at * / Ly < 1.5,



with obvious implications for the safety analysis. The comparison of the flame length deriving from
different approaches considered in this work is provided in Figure 13.
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Figure 13. Comparison of the length flame (Ly between measured values within the experimental campaign
performed in this work and estimated values resulting by different methods, for the case of 3 mm nozzle diameter
at a different initial pressure. Please consider that the calculated term rvefers to Equation 2, the CFD model refers

to the case with standard thermodynamic coefficients, whereas the CFD model & QM refers to the case with ab
initio derived properties; the Integral model refers to models reported in the literature [45].

The comparison between experimental and numerical results for the temperature distribution and flame
length indicates that the adopted sub-models allow for fair estimations of large-scale scenarios, as well.
Indeed, the numerical approach accurately describes the flame pattern, as demonstrated by similar flame
patterns. More specifically, either initial jet expansion toward a height lower than the releasing point or
lift-off distance is well captured by CFD. On the other hand, the tendency to over-predict the
temperature should be noted. This discrepancy can be partially attributed to the lack of further
distinctions in measured temperature above 1400 °C, or it may indicate an excess in generated heat,
possibly due to the considered rates for the overall (apparent) reactions. Indeed, for the numerical case,
the maximum temperatures approach the adiabatic flame temperatures due to the assumptions of the
employed model for the evaluation of heat transfer phenomena. An almost linear trend between initial
pressure and flame length can be observed for the estimation deriving from integral models. In this case,
the length of flame is assumed as the maximum distance from the nozzle where the maximum heat
radiation and temperature are reached, following the approach used for the definition of the
experimental Lg. In contrast with the other approaches included in this work, the CFD model with
default thermochemistry shows more than a linear trend with pressure. Furthermore, estimations
deriving from integral models and CFD with default thermochemistry are significantly conservative on
the safe side under any conditions considered. On the other hand, predictions determined by the CFD
model with QM and the empirical approach are more accurate, demonstrating the effect of
thermodynamic properties on one side and the validity of empirical correlations on the other side.
Regardless of the implemented database for thermodynamic data, the positions indicated by the flame
length correspond to the farthest with a non-negligible concentration of hydrogen in the direction
perpendicular to the nozzle, thus representing an alternative criterion for evaluating the flame length in
the case of CFD investigations.

5. Conclusions

This work presents an experimental and numerical investigation of the behaviour of hydrogen release
from a high-pressure reservoir in the presence of an ignition source. The analysed scenario (i.e., jet fire)
was characterized in terms of temperature evolution with time and space (distance from the releasing



point) and the terms of flame length. The effects of initial pressure and nozzle diameter on the measured
properties were discussed given physical-chemical phenomena possibly characterizing the investigated
scenario. The measured flame length was lower than 7.0 m for all the investigated pressures (90 — 450
bar) and release diameter (1 — 5 mm). An empirical correlation from the literature (Eq. 2) developed by
a data fitting approach can fairly reproduce the newly collected data. However, standard numerical
models tend to over-predict the flame length. Conversely, numerical results have demonstrated that
CFD codes can accurately reproduce jet fire scenarios only if thermodynamic properties deriving from
accurate ab initio calculations are implemented. Eventually, the CFD approach allowed for the
estimation of flame structure within the area surrounding the releasing point.
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