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ABSTRACT

In this work, cryogenic hydrogen fires at fixed pressures and various initial temperatures were
investigated experimentally. Flame length, width, heat fluxes and temperatures in down-stream
regions were measured for the scenarios with 1.6-3 mm jet nozzle, 106 to 273 K, 2-5 barass. The results
show that the flame size is related to not only the jet nozzle diameter but also the release pressure and
initial temperature. The correlations of normalized flame length and width are proposed with the
stagnation pressure and the ratio of ambient and stagnation temperatures. Under constant pressure, the
flame size, total radiative power and radiation fraction increase with the decrease of temperature, due
to lower choked flow velocity and higher density of cryogenic hydrogen. The correlation of radiation
fraction proposed by Molina et al. at room temperature is not suitable to predict the cryogenic
hydrogen jet fires. Based on piecewise polynomial law, a new correlation of the radiative fraction is
presented as a function of global flame residence time.

1 INTRODUCTION

Compared with high-pressure gaseous storage method, cryogenic storage technology can greatly
improve the density of hydrogen which can bring great economic advantages in the future hydrogen
economy [1]. The storage requirement of cryogenic hydrogen is different from traditional industrial
flammable cryogens that are not space-constrained and can accommodate large safety separation
distances [2]. To develop specifications and standards for the management of cryogenic hydrogen
storage and transportation, a thorough understanding of the characteristics of accidental release and
dispersion, along with flame characteristics over a range of realistic scenarios and environmental
conditions, is critical necessary [3].

For hydrogen diffusion and jet flame characteristics at room temperature, a large number of scholars
have carried out experiments and simulations. Ruggles et al. [4] used high-speed Schlieren
photography to image the jet exit shock structure, and measured the instantaneous hydrogen
concentration downstream of the Mach disk by quantitative Planar Laser Rayleigh Scatter imaging. Li
et al. [5] investigated the effect of aspect ratio of rectangular slot nozzles on the decay rate of
hydrogen concentration along the jet centreline. In order to obtain the concentration and velocity
decay of high-pressure, under-expanded jet, Birch et al. [6]-[9] proposed the “pseudo-source”
approach, which can extend the correlations established for subsonic flow to supersonic flow. The
researches about hydrogen jet fire mainly focused on critical parameters that govern the deterministic
separation distance (or the hazard distance), such as flame length, width and radiant heat flux. Proust
et al. [10] carried out hydrogen jet fire experiments with pressure up to 90 MPa and obtained an
original set of data about flame characteristics. Schefer et al. [9] adopted the dimensionless Froude
number to analyse a large number of experimental data about visible flame lengths and verified that
lower-pressure engineering correlations can be extended to releases up to 413 bar (6000 psi) via
“pseudo-source” approach. Mogi et al. [11] gave up the dimensionless Froude number to characterize
the visual flame length, and directly used hydrogen pressure and nozzle diameter to characterize the
flame length, and established the correlation. Molina et al. [12] proposed the flame residence time
to analyze flame radiation fraction. The radiative fraction for a momentum dominated flame was
found to be proportional to log,o(7;). Besides, a large number of CFD simulations on hydrogen
dispersion [13]-[19] and jet fires [20]-[23] have also been carried out. The previous researches on
hydrogen leakage and combustion at room temperature provide a large amount of comparative data for
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the research of cryogenic hydrogen. Unlike room temperature, extreme cold temperatures can
condense or even freeze ambient air during spills, which can result in unique hazards that likewise
need to be understood.

Some scholars have already performed related researches about the diffusion and combustion of
cryogenic hydrogen. Giannissi et al. [24] simulated the release process of cryogenic hydrogen and
studied the effect of humidity in the atmosphere on the vapour dispersion. The computational results
showed that humidity has a great influence on the buoyancy of cryogenic hydrogen cloud, which is
different from the hydrogen leakage at room temperature. Friedrich et al. [25] performed release and
combustion experiments for cryogenic hydrogen jets with temperatures ranging from 34 to 65 K,
pressures from 7 to 35 bar and nozzle diameter 0.5 and 1 mm. The measured overpressures and sound
levels showed no hazards to exposed persons during ignition. Panda et al. [26] investigated cryogenic
under-expanded hydrogen jet fires over a range of temperature (37-295 K), pressure (2-6 baras) and
nozzle release diameters (0.75-1.25 mm). The experiment results presented that the mean mole
fraction of hydrogen at ignition is approximately 0.14 with negligible dependence on temperature and
the visible flame length preserved the linear dependence on the square root of jet Reynolds number for
cryogenic hydrogen jet fires. However, the correlation is not very consistent with some previous data
[11] at room temperature. The radiant heat flux increases as hydrogen temperature decreases.
Kobayashi et al. [27] carried out 49 sets of high-pressure cryogenic hydrogen ignition experiments.
The supplied hydrogen has a maximum range discharge pressure of 80 MPa and a temperature
adjustment range of 50-300 K. Same with Panda et al. [26], Kobayashi et al. also found that the flame
length increases with the decrease of temperature, with an increase rate over 30%.

The goal of this work is to shed light on the scientific understanding of the combustion characteristics
of cryogenic hydrogen jet fire. This paper is an extension of cryogenic hydrogen jet fire in previous
studies with small nozzle diameters (< 1.25 mm). The jet nozzle diameters range from 1.6 mm to 3
mm. The experimental system was designed for a controlled release at fixed pressure and continuously
decreasing temperatures, to study the thermo-physical properties of cryogenic hydrogen jet fires. In
the present study, low temperature (as low as 106 K) hydrogen released formed under-expanded jet
fire after ignition. The temperatures on the centreline of the jet nozzle were measured by 11 sets of K-
type thermocouples for CFD validation. In future work, the combustion properties will be
characterized using high temperature C-type thermocouple array, capable of global temperature field
measurement. The radiative heat fluxes in the direction perpendicular to the release centreline were
measured using radiometers. We developed correlations between the flow parameters and the flame
characteristics, such as flame length, width and radiant heat flux from cryogenic hydrogen jet fires.

2 EXPERIMENTAL SYSTEM

In previous experiments of hydrogen jet fire, the mass flow rates and temperatures in the nozzles are
usually used as key parameters for cryogenic hydrogen jet fires [25]-[27], while stagnation pressures
and temperatures in the reservoirs are used in the hydrogen jet experiments at room temperature [9]-
[11], [28]. The possible reason for this difference is that the pressure and temperature are easy to be
measured and controlled at room temperature, however, under cryogenic conditions, the pressure of
hydrogen deviates from the stagnation pressure after cooling process. Different experimental
apparatuses and key parameters lead to different correlation forms at room temperature and cold
temperatures. To unify the correlations at various temperatures, a stagnation chamber with 16 cm in
diameter and 29 cm in length was installed in front of the jet nozzle to monitor the stagnation pressure
and temperature of cryogenic hydrogen, similar to the experiments at room temperature. The
stagnation chamber was located just prior to the jet nozzle to maintain a low flow Mach number (less
than 1 x 10-3) [9]. At this Mach number, the measured pressures and temperatures in the stagnation
chamber were in excellent agreement with the true stagnation conditions. The sketch of the cryogenic
hydrogen release experimental system is shown in Figure 1. The opening of the pressure reducing
valve of hydrogen storage cylinders was adjusted automatically to maintain a stable pressure in the
stagnation chamber by increasing or decreasing hydrogen supply. In experiment, gaseous hydrogen
flowed into a coiled stainless-steel tubing which was dipped inside a bath of liquid nitrogen. The
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hydrogen could be cooled to about 80 K and then delivered to the stagnation chamber. A comparison
of the stagnation temperature profiles for releases through 2 mm nozzle at different pressures is shown
in Figure 2. The cooling rate in the stagnation chamber is positively related to the stagnation pressure.
The cooling process from room temperature to 110 K takes 300 s under the pressure 5 baraps, while
400 s for 4 barans. Both the pressure and temperature histories in stagnation chamber were recorded for
the duration of each case. The pressure was measured with an intelligent diffusion-silicon pressure
transmitter, while the temperature was measured using a thermal resistance. Both voltage outputs were
digitized at a 60Hz rate and stored on a Rigol digitized storage scope for post-processing.
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Figure 1. Schematic of the experimental system of cryogenic hydrogen jet fire.
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Figure 2. Temperature profiles in the stagnation chamber for cryogenic hydrogen releases through 2
mm nozzle.

The experimental operating conditions for the cryogenic under-expanded hydrogen release are
summarized in Table 1. The pressure range was 2-5 bar, the temperatures varied from 106 to 273 K,
and the jet nozzle diameters were switched between 1.6, 2 and 3 mm. The flow parameters at the jet
nozzle were calculated assuming isentropic expansion from stagnation condition to sonic choked
condition, using a real gas equation of state [9].

Table 1. Operating conditions of cryogenic hydrogen jet fire

Experimental parameters Range
Pressure (barans) 2~5
Temperature (K) 106~273
Diameter (mm) 16,2,3




The flame length and radiant heat flux are critical parameters that govern the deterministic separation
distance to prevent harm during an accident scenario [29]. In the present study, digital video images of
the cryogenic hydrogen flames were obtained to characterize the flame shape, flame length and width.
The flame images were recorded using Canon video camera and stored at a standard 50 fps video
frame rate. Multiple flame images were extracted and averaged at selected times to provide
guantitative data on the relevant flame length and width. The radiant heat fluxes were measured using
4 sets of Captec radiometers and the voltage outputs were collected by Hongge 1-7018 module.
Radiometers were placed at a radial distance, R, of 25 cm away from the jet centerline and at axial
increments, Z, of 20 cm along the flame length as shown in Figure 3. Besides, the flame temperatures
were measured using 16 sets of K-type thermocouples for future CFD validations. The thermocouples
were placed 50 cm away from the jet nozzle at axial increments of 10 cm.
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Figure 3. Schematic of the location of thermal couples and radiometers.
3 RESULTS AND DISCUSSIONS
3.1 Jet condition

To describe the real-gas behaviour of cryogenic hydrogen, the ideal gas equation of state, Abel-Nobel
equation of state (AN-EOS) and the equation of state proposed by Chen et al. [30] are compared to the
data provided by real properties database of National Institute of Standards and Technology (NIST)
[31]. The densities at temperature 100 K and 273 K with pressures ranging from 0~10 baras are
plotted in Figure 4. While the temperature is equal to 273 K, it is found that the maximum absolute
error for the density is 0.00548 kg/m® and the maximum relative error is 0.63% when using ideal gas
equation of state. However, when the hydrogen temperature drops to 100 K, the deviation of density
calculated by ideal gas equation of state reduces to 0.16%, which is the smallest in the three equations
of state. The discrepancies predicted by AN-EOS and the equation of state proposed Chen et al. are
1.97% and 2.03%, respectively. In this study, the ideal gas equation of state is adopted to describe the
behaviour of cryogenic hydrogen.
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Figure 4. Comparison of real-gas state equations, (a) T=100 K; (b) T=273 K.
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The isentropic flow is assumed for cryogenic hydrogen discharge and the parameters at the jet exit can
be expressed as [6], [7]

2 \Y/(r-1)

P=n(5) (1)
2

Ti=To 77 2
2 1/(y-1) M

pr=F (5 R, (3)

b= () @

where the subscripts 0 and j refer to the conditions in the stagnation chamber and at the jet exit,
respectively.

3.2 Flame length

Delichatsios [9], [32] defined a dimensionless flame length L* based on the flame Froude number that
measures the ratio of buoyancy-to-momentum forces in jet flame. The flame Froude number is defined
as:

Ujf53/2
" (pi/pw) (875 /Teo)g ]

Frf 1/2 (5)

where U; is the velocity at jet nozzle, f; is the mass fraction of fuel at stoichiometric conditions,
pj/ P is the ratio of jet gas density to ambient gas density, AT is the peak flame temperature rise due
to combustion, T, is the ambient temperature and d; is jet nozzle diameter. The dimensionless flame
length can be expressed as
* L fS LffS
) A LN EL— 6
@ dj(pj/Poo)l/z (6)

where L is the visible flame length. Schefer et al. [9] used a piecewise function to correlate the flame
length with the flame Froude number. For a buoyancy-dominated flame with Fry <5, L* is correlated

by the expression
. _ 13.5Fr2/5
(1+0.07Fr;2)"/*

()

and L* = 23 for the momentum-dominated hydrogen jet with Fry > 5.

In Figure 5, the dimensionless flame lengths of cryogenic hydrogen jet fires measured in this study are
compared to the flame lengths reported by different authors [9], [11], [26], [33], [34]. For the
buoyancy-dominated flames, the correlation is in good agreement with experimental data. However,
around the line L* = 23, there is a large scatter of both the cryogenic hydrogen jet fire data and those
at the room temperature, which have also been reported by Molkov et al. [35]. It is found that the
correlation based on the flame Froude number cannot be applied to high-momentum or cryogenic
hydrogen jet fire successfully.
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Figure 5. Correlation between the dimensionless flame length, L* and the flame Froude number for
the cryogenic hydrogen jet fires in this work, along with data from literature [9], [11], [26], [33], [34].

Panda et al. [26] carried out a series of cryogenic hydrogen fire experiments and developed a
correlation to express the normalized flame length, Lr/d;, as a function or the Reynolds number at the
jet nozzle. The normalized flame length is defined by the expression

Ls/d; = 0.86VRe (8)

Figure 6 shows the variation of normalized flame lengths as a function of the square root of Reynolds
number in the current study, along with the data from literature [9], [11], [26], [36]. The black solid
line in Figure 5 represents Equation (4). The data of cryogenic hydrogen flame lengths in current study
and from Panda et al. [26] are in good agreement with Equation (4), however, the experimental data at
room temperature are seriously scattered.
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Figure 6. Correlation between the dimensionless flame length, Lr/d; and the Reynolds number for the
cryogenic hydrogen jet fires in this work, along with data from literature [9], [11], [26], [36].

Mogi et al. [11] measured the visible flame length Ly and flame width W, for hydrogen jet fire with
pressures ranging from 0.1 to 45 MPa at room temperature and developed a dependence on the
stagnation pressure p, and jet nozzle diameter d;. The equations can be expressed as:

Ly/dj = 530p,%*° ©)

Wy /d; = 95p,°43 (10)



However, these equations do not demonstrate the dependence of the flame length or width on the
release temperature of hydrogen jets, which may cause a large deviation from the values at room
temperature [27]. Figure 7 presents the variation of the shape and lengths of hydrogen jet fire with
temperature under the condition of 3 mm jet nozzle and 4 baras. The flame length increases by 32.6%
from 0.92 to 1.22 m while the temperature decreases by 100 K from 273 K to 173 K. To unify the
correlations at room and low temperature, we express the normalized flame length, Lf/d;, as a
function of stagnation pressure, p, and the temperature ratio, Typpy,/Tseqq - The coefficients in
Equations (5) and (6) are not changed to ensure the availability at room temperature. Figure 8 shows
the variation of normalized flame length of the cryogenic hydrogen jet fires in the current study, along
with the data from literature [11], [26], [27]. The data follows a line with the equation of the best fit
given by

T 0.35
L/dj = 530p,** (ﬁ) (11)
where Ty, and Tgq,4 are the ambient temperature and the temperature in the stagnation chamber.
Besides, the relation between the flame length L and the maximum flame width W is plotted in
Figure 9. The flame width correlates to the flame length and is approximately equal to 0.18L,. Similar
to the correlation proposed by Mogi et al. [11], we can obtain the following equation from Equation

(5):
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Figure 7. Variation of flame shape and lengths at variable stagnation temperature for the scenario of 3
mm jet nozzle and 4 bar.

10000 . —

1000 4 ‘ .

Ly/d;

100 4 4

Mogi [11]

Kobayashi cryo H2 [27]
Panda cryo H2 [26]

10 . : Cyro H2 in current study

1 10
0.43 0.35
Pﬂ (Tntm/Tsmg)

A ><] O

Figure 8. Variation of the dimensionless flame length, Lr/d;, as a function of stagnation pressure and
temperature ratio, Tytm/Tseag in this work, along with data from literature [11], [26], [27].

7



Maximum flame width Wf (m)

O Mogi[11]
O  Cryo H2
— —
0 1 2 3 4 5 6 T 8 9 10
Flame length Lf(m)

0.0+ —=—7T— T T T T T T

Figure 9. Relations between the maximum flame width and the flame length in this work, along with
data from literature.

3.3 Radiant heat flux

Radiant heat flux of hydrogen jet fires is a key parameters for the development of hydrogen safety
codes and standards. To characterize the thermo-physical properties of cryogenic-compressed
hydrogen jet fire in this study, the radiant heat flux was measured along the flame length by four
Captec radiometers. Figure 10 shows the axial variation of the radiative heat flux measured by the
radiometers for five scenarios at different stagnation temperatures. The axial locations of the
radiometers on Z axis are normalized by the measured flame lengths, respectively, and the peak values
of radiative heat flux are observed at Z /L in the range of 0.65-0.85. It is also noticeable that, with the

decrease of stagnation temperature, the normalized height Z /Ly of peak position decreases under the
same pressure.
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Figure 10. Radiative heat fluxes along the hydrogen jet axis (jet nozzle diameter is 2 mm and the
pressure is 2 baraps).

Figure 11 shows the variation of radiant heat flux measured by each radiometer as a function of the
normalized position Z/L¢. It can be seen that all the measured radiant heat fluxes are negatively
correlated with the normalized position Z/Ls of the radiometers. According to the previous section,
the flame length increases with the decrease of hydrogen temperature, and the normalized position
Z/L¢ of each radiometer decreases correspondingly. It is found that the decrease of hydrogen
temperature could enhance the thermal radiation from the jet fire.
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radiometer for all scenarios.

The radiation fraction x,.,4 is a significant parameter to characterize the radiative properties of vertical
hydrogen jet fire. The radiation fraction for turbulent jet flame can be scaled as a function of [37]

_ Srad 4
Xrad = 5 © TrayTaq (13)
where S,..4 1S the total radiative power emitted from the flame, AH, is the release power due to
combustion, mg,; is the mass flow, a,, is the Planck-mean absorption coefficient (0.23 for hydrogen)
which can be obtained based on the RADCAL calculations reported by Molina et al. [12], T, is the
adiabatic flame temperature and t is the global flame residence time which is defined as

_ PrWsPLefs
= 3pjdj2Uj (14)
where pr, W and Ly are the flame density, width and length, f; is the mass fraction of fuel at
stoichiometric conditions, p; and U; are the density and velocity at jet nozzle, d; is the diameter of

hydrogen jet nozzle. For turbulent jet flame, the radiative power S,,4 can be expressed in terms of a
dimensionless radiant power, C*, as below

e (%) = ) _ A (15)

Srad XradMfuelAHc

where x and R are the axial and radial distance between the radiometer and the jet exit. This equation
was verified by Sivathanu et al. [38] over a range of conditions.

Figure 12 presents the variation of radiation fraction of jet fire as a function of hydrogen temperature.
It can be found that the radiation fraction increases with the decrease of hydrogen temperature. As
shown in Equation (4), the velocity at the jet exit decreases as the temperature decreases. Besides,
according to the analysis in the previous section, the flame length and width increase with the decrease
of temperature. Correspondingly, when hydrogen temperature decreases, the global residence time and
the radiant fraction increase according to Equation (13) and (14). The increased total radiative power



and radiation fraction from these cryogenic releases must be accounted for in the analysis of the safety
associated with cryogenic hydrogen infrastructure.
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Figure 12. Variation of radiation fraction as a function of hydrogen temperature.

In Figure 13, the calculated radiation fractions are plotted as a function of rfa,,Tad‘*, along with data
from literature [12], [26], [39]. Molina et al. [12] proposed a correlation as below

Xraa = 0.08510g;0(trapTaq”) — 1.16 (16)

which is shown by the yellow dash line in the plot. It can be seen that the when the value of TfapTad4

is between 1E13 and 1E14 ms - m~1 - K*, there is a large scatter of the current data and the cryogenic
data obtained by Panda et al. [26]. A correlation based on piecewise polynomial law is proposed to
predict the radiative fraction as a function of global flame residence time, given as

0.013logyo(trayTag*) — 1.56 if TrayTaq* < 1.5 x 104 ms-m™1 - K*
Xrad = (17)

0.107logyo(trayTag*) — 1.49 if Tra,Tag* > 1.5 X 104 ms -m™1 - K*
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Figure 13. Calculated radiation fractions for the cryogenic hydrogen jet fires in this work, along with
data from literature.
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