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Abstract: Cryogenic compressed hydrogen (CcH2) technology combines the advantages of high
pressure and low temperature to achieve high hydrogen storage density without liquefying the
hydrogen, which has broad application prospects. However, the safety concerns related to cryogenic
hydrogen need to be carefully addressed beforehand. In the present work, cryogenic hydrogen
jet flames are experimentally investigated for various release pressures and initial temperatures.
The flame length and thermal radiation flux were measured for horizontally releasing with nozzle
diameters of 0.5-2 mm, temperatures ranging from 93 to 298 K, and initial pressures of 2-10 MPa.
The results show that the flame length is dependent on the nozzle diameter, stagnation pressure
and temperature. At a given pressure, the flame length, size and total radiant power increase with
decreasing temperature, which is attributed to the lower jet flow velocity and higher density of
low-temperature hydrogen. The normalized flame length L;/D is correlated with the pressure ratio
and temperature ratio. The correlation can be used to predict the flame length at various hydrogen
pressures and temperatures. The normalized flame length of the cryogenic hydrogen jet flame is
greater than that of the room-temperature hydrogen jet flame. The radiative heat flux of the flame
can be predicted by the mass flow rate of the jet flow.

Keywords: cryogenic hydrogen; jet flames; flame length; thermal radiation

1. Introduction

Hydrogen is a clean energy carrier with a wide range of sources and a high calorific
value of combustion. Safe and efficient hydrogen storage and transport technology is
the key to realizing hydrogen energy from technology validation to market rollout [1].
Cryogenic compressed hydrogen (CcH2) technology combines the advantages of high
pressure and low temperature to achieve high hydrogen storage densities without the
need to liquefy the hydrogen, offering promising applications. To develop norms and
standards for the management of cryogenic hydrogen storage and transport, it is important
to understand the accidental hydrogen release and dispersion characteristics as well as the
flame properties for a range of realistic scenarios and environmental conditions.

The behavior of hydrogen leakage, as well as the characteristics of hydrogen ignition
and flames, have been extensively studied. Hydrogen leaks can be classified into large-scale
leaks and small-scale leaks. Compared to large-scale leaks caused by catastrophic tank
ruptures, small-scale leaks, which occur due to loose bolts or damaged sealing materials,
are more common. Similarly, small leaks are normally precursors to larger ones [2]. Xu
et al. [3] conducted an in-depth analysis of a comprehensive hydrogen accident database
that was compiled by the University of Houston. Their study revealed that out of the
676 recorded hydrogen-related incidents, a significant 59.98% did not have any identifiable
external sources that could have initiated the ignition. This is because hydrogen has the
lowest minimum ignition energy among all combustible gases; therefore, hydrogen leaking
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through pinholes, narrow gaps, or ruptured pipelines is likely to be ignited by sources such
as static electricity.

Since Hawthorne began his pioneering research on expanding hydrogen flames [4], a
large amount of previous work has focused on hydrogen jet flames at room temperature.
In the presence of a point source of ignition or in the case of spontaneous combustion, a jet
fire is likely to start when hydrogen leaks and forms a jet [5]. For the same hydrogen flow
rate, the flame length from a circular leakage hole presents the most hazardous scenario
compared to a slit nozzle. Therefore, the flame length from a circular leakage hole is used
to assess safety [6]. Theoretically, Golovichev and Yasakov [7] predicted the ratio of the
maximum flame length to the nozzle diameter L/D = 220 with respect to the hydrogen jet.
Previous studies have investigated the flame length over the entire operating range from
natural convection (plume) to forced convection (jet) and derived a calculation formula
for the basic flame length [3,8,9]. Mogi et al. [6] studied a horizontal hydrogen jet flame
with a pressure of 0.01-40 MPa and a nozzle diameter of 0.1-4 mm, and they developed
an empirical correlation between the jet flame size and the release pressure and nozzle
diameter. Liang Gong et al. [10] investigated the effects of barrier wall distance and release
temperature on the flame width and temperature distribution of hydrogen jet flames.
Takeno et al. [11] established a jet flame radiation flux calculation method suitable for
high pressure ranges and wide nozzle diameter ranges. Molkov et al. [12] summarized
the reports of previous experimental studies on hydrogen jet flames and developed a new
dimensionless model applicable to high-pressure hydrogen under-expanded jet flames
based on the dimensional analysis method.

At present, there have been some studies on cryogenic hydrogen jet flames, but
most studies have focused on low jet pressures with only a small amount of research on
high-pressure jet flames. Veser et al. [13] conducted experimental research on cryogenic
compressed hydrogen jets and visualized the propagation process of turbulent flames
using high-speed photography and background schlieren guidance technology. Friedrich
et al. [14] conducted experiments on the release and ignition of horizontal low-temperature
hydrogen jets (35-65 K, 0.7-3.5 MPa), studying the temperature, velocity, turbulence, and
concentration distribution of different circular nozzle diameters during release. Panda
et al. [15] measured the ignition distance and flame characteristics of hydrogen jets at
constant temperature (37-295 K) and constant pressure (maximum 0.6 MPa). The results
showed that the maximum ignition distance of the cryogenic hydrogen jet flame was
larger, and the normalized flame length was found to be proportional to the jet Reynolds
number. Gong et al. [16] developed a prediction equation for flame length and width
for low-temperature conditions (140-300 K, 0.15-0.35 MPa) based on room-temperature
flame data. Ba et al. [17] also developed a correlation model for predicting the trajectory
temperature and radial temperature distribution of a CcH2 jet flame based on experimental
data from Panda et al. [15]. Hall et al. [18] conducted low-temperature hydrogen leakage
ignition experiments, observed flame reignition and secondary explosions, and predicted
the safe distances for stable jet fires, initial deflagration, and secondary explosions based
on the minimum calorific value of thermal radiation harm to the human body. Kobayashi
etal. [19] developed a correlation equation for the length of cryogenic compressed hydrogen
flames under the condition of releasing pressure up to 90 MPa. The predicted value of
this equation is about 30% higher than that of the previously proposed equation for room-
temperature hydrogen flames. The increase in the length of the cryogenic compressed
hydrogen flame will lead to an increase in radiation intensity, increasing thermal radiation
hazards. The determination of the radiation influence area of cryogenic hydrogen flames for
different operating conditions through experimental and simulation research has important
reference value for the safe distance design of hydrogen facilities.

In summary, existing research mainly focuses on high-pressure room-temperature or
low-pressure cryogenic hydrogen jets, studying the leakage and ignition characteristics.
There is a lack of experimental research on the jet flames and thermal radiation behaviors
of cryogenic compressed hydrogen, and currently, only a few experimental results can



Fire 2024, 7, 406

30f12

be referred to. In this work, the characteristics of cryogenic compressed hydrogen jet
flames are investigated, and predictive models for flame length and thermal radiation
are developed.

2. Experimental System

The experimental system consists of two parts: a gas cooling and releasing system, and
an ignition and measurement system. The gas cooling and releasing system mainly includes
gas cylinder assembly, a heat exchanger, a liquid nitrogen storage tank, a vacuum insulation
pipeline and a nozzle as well as corresponding control and monitoring instruments. In the
experiment, helium gas was first used to blow the heat exchanger and vacuum insulation
pipeline to ensure that there was no residual air inside the pipeline. Subsequently, liquid
nitrogen was used to precool the heat exchanger and pipelines, and hydrogen gas was
introduced into the coiled heat exchanger soaked in liquid nitrogen for cooling. Finally,
hydrogen continued to cool in a buffer tank soaked in liquid nitrogen (24.8 L), further
maintaining the temperature of hydrogen cooling and maintaining pressure stability. The
pressure and temperature inside the buffer tank and at the nozzle outlet were measured
by pressure sensors (PTS330G.30M.N41.3.A.120, Shanghai Gekun Electronic Technology
Co., Ltd., Shanghai, China) and temperature sensors (KZWK/P-191, BNP-WZP-02-12M-A-
PT100, Taizhou Nuowei Mechanical and Electrical Equipment Co., Ltd., Taizhou, China),
using solenoid valves to ensure a constant pressure release at the nozzle exit. The entire
low-temperature heat exchanger is designed with a vacuum layer on the outside, and the
outlet pipeline is wrapped with insulation cotton to reduce the heat exchange between
low-temperature hydrogen and the atmosphere and improve heat transfer efficiency, as
shown in Figure 1.

H:

jet outlet

\ insulated pipe

Pressure Reducing
Valve

He
LN,

LN, Circulating Cooler

Figure 1. Hydrogen cooling and releasing system.

The cooled high-pressure hydrogen gas was horizontally released through a circular
nozzle made of 316 L steel and ignited by an electric spark igniter. The igniter started before
the start of the jet and immediately went out after the jet was ignited. The ignition head
was placed 0.4 m away from the nozzle exit along the jet centerline. The mass flow rate
at the jet outlet was calculated based on the pressure and temperature inside the buffer
tank, using the real gas isentropic expanding equations. The minimum flow rate of the
experiment was 0.25 g/s (0.5 mm, 298 K, 2 MPa), and the maximum flow rate was 38.92
g/s (2 mm, 93 K, 10 MPa). The experiment was conducted in the early morning or evening
when there was no wind. The humidity range in the data recorded during the experiment
was 61-72%.

Due to the correlation between infrared flame length, visible flame length, and ultravi-
olet flame length, this study used infrared flame length to characterize flame length. The
flame shape was recorded by the infrared camera FLIR T320 arranged on one side of the
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flame. The storage rate of flame infrared images was 50 fps. The flame length for each
flame image is the horizontal distance from the tip of the flame to the nozzle. After the
flame stabilized, 200 flame images were taken, and their average was calculated to obtain
the flame lengths.

The flame thermal radiation was measured by the TS-34C thermal radiometer of
Dongfang Dingfeng Technology (Beijing, China). This thermal radiation meter has a range
of 200 kw/m?, a maximum temperature of 300 °C and a response time of 50 ms. The
thermal radiometer was located on the same horizontal plane as the nozzle exit with a
radial distance of 3 m from the center point of the flame axis. Table 1 shows the distance
from the center of the flame to the nozzle outlet, which is half of the flame length measured
in the experiment. The camera and thermal radiometer arrangement is shown in Figure 2.

radiation ]

N <&
jet flame

\

infrared camera E] /q.\
\‘\
Figure 2. Thermal radiometer and camera arrangement.

Table 1. Position of the radiometer.

Release Release Axial Release Release Axial
Pressure Temperature Distance Pressure Temperature Distance
(MPa) (K) (m) (MPa) (K) (m)
2 298 0.57 2 93 1.16
4 298 0.81 4 93 1.60
6 298 0.90 6 93 2.05
8 298 1.01 8 93 2.34
10 298 1.12 10 93 2.56
2 183 0.80 2 93 0.84
4 183 1.15 4 93 1.23
6 183 1.49 6 93 1.60
8 183 1.69 8 93 1.78
10 183 1.84 10 93 1.99
2 153 0.89 2 93 0.60
4 153 1.24 4 93 0.85
6 153 1.72 6 93 1.08
8 153 1.92 8 93 1.25
10 153 2.00 10 93 1.36
2 123 1.04 2 93 0.29
4 123 1.43 4 93 0.44
6 123 1.85 6 93 0.59
8 123 2.07 8 93 0.67
10 123 2.20 10 93 0.71

3. Results and Discussion
3.1. Flame Length

The jet flame length is a key parameter for assessing the risk of hydrogen jet flame and
determining the safety distance of hydrogen production equipment. The measured flame
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images and flame lengths of cryogenic hydrogen jets for various temperatures and initial
pressures are shown in Figure 3.

—l— T=298K,D=2mm|
| F@—T=183,D=2mm
2T |—#—T=153K,D=2mm A
—¥— T=123K,D=2mm|
+ | 0= T=93K.D=2mm

P, (MPa)

Figure 3. Flame images and flame lengths for various temperatures and initial pressures.

In the experiments, a nozzle with a diameter of 2.0 mm was used. The experimental
results showed that the flame length showed an increasing trend as the initial pressure
increased and the initial temperature decreased. The flame length is about 5.11 m with an
initial pressure of 10 MPa and an initial temperature of 93 K. When the initial temperature
is 298 K, the flame length is about 2.23 m, which is less than half of the flame length for
cryogenic conditions.

The jet flame lengths for various nozzle diameters and initial pressures are shown in
Figure 4 with the initial temperature of 93 K. The flame length increases with the increase
in nozzle diameter. When the initial pressure is 10 MPa, the flame length is 1.43 m with
a nozzle diameter of 0.5 mm, 2.72 m with a nozzle diameter of 1 mm, and 3.98 m with a
nozzle diameter of 1.5 mm.

6

—l— T=93K,D=2mm
—@— T=93K,D=1.5mm
—&— T=93K,D=1mm
—¥— T=93K,D=0.5mm

0 L 1 1 L 1
2 4 6 8 10

P, (MPa)

Figure 4. Flame lengths for various nozzle diameters and initial pressures.

The mass flow rate of released cryogenic hydrogen for various initial temperatures,
pressures and nozzle diameters is shown in Figure 5. The hydrogen density is higher at
higher pressure and lower temperature. As the hydrogen release pressure increases and the
release temperature decreases, the mass flow rate at the leak outlet increases significantly.
The mass flow at the nozzle outlet was calculated from the recorded pressure drop and
volume in the tank. The hydrogen volume in the outlet pipe was ignored. The minimum
mass flow rate is 0.445 g/s (298 K, 0.5 mm, 2 MPa), and the maximum mass flow rate is
46.3 g/s (93 K, 2 mm, 10 MPa), as shown in Figure 5.
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Figure 5. Hydrogen mass flow rate for various initial temperatures, pressures and nozzle diameters.

After a leakage of cryogenic hydrogen, a larger mass flow rate leads to a longer flame.
This would increase the potential safety risk, and this report is consistent with previous
results in the literature [6]. The cryogenic hydrogen jet flame length (Ly) and mass flow
rate (1) can be expressed as power functions [19]. The experimental data were fitted as
shown below:

Ly =19.133m"*® 1)

As shown in Figure 6, there is no significant correlation between the flame length and
nozzle diameter for cryogenic hydrogen jet flames with mass flow rate as the variable,
which is in agreement with the results of Mogi and Horiguchi [6]. The experimental
results are inconsistent with Kalghatgi’s [20] conclusion that the flame length increases
with increasing leak diameter at a constant mass flow rate.

W T=298K,D=2mm
s fitting line
e Mogi 2009
[ === Imamura 2008

Ly (m)

=93K,D=1.5mm
P T=93K,D=1mm
@ T=93K,D=0.5mm|

= fitting line

e K Obayashi 2020

10° 1(;—’ 10! 10 1(:\ |(;f 10!
m (kg/s) m (kg/s)

Figure 6. The relationship between flame length and mass flow rate (left: room temperature; right:

cryogenic) [6,19,21].

Under room-temperature conditions, the flame lengths measured in this study showed
a slower increase in flame length compared to the flame lengths measured by Mogi et al. [6]
and Imamura et al. [21]. This is due to the fact that a horizontal cryogenic hydrogen jet
flame was produced in this study. The larger the mass flow rate, the more the flame is
affected by buoyancy and the flame tail rises significantly. The data are in good agreement
with the experimental work of Kobayashi et al. [19].

According to previous studies [21,22], the dimensionless cryogenic hydrogen flame
length (Ly) is a function of the product of the release pressure ratio and the release tempera-
ture ratio. Similarly, a predictive model is proposed to describe the dimensionless flame
length of a cryogenic hydrogen jet:

Lf/D =0 (PO/Pr)CZ(Tr/TO)C3 2
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where Ly is the hydrogen flame length, D is the nozzle diameter, Py is the release pressure
and P, is atmospheric pressure. T} is the room temperature and T) is the release temperature.
Respectively, c1, ¢, and c3 are constant coefficients.

For room temperature (Ty = T; = 298 K), the model can be expressed as

Lf/D =1 X (Po/Py)Cz (3)

The correlation between the length of the hydrogen jet flame and the release pressure
at room temperature can be expressed as

Lf/D =181 x (Py/P,)"*” (@)

For the condition of low initial temperature (93, 123, 153, and 183 K), the following
correlation can be obtained by data fitting:

Lf/D — 181(PO/Pr)0.395(Tr/TO)O.7O7 (5)

The experimental results are fitted as shown in Figure 7.

3000

1200

2500
1000

2000

(a] Q
= = 1500 |
g =

W T=298K,D=2mm| 1000 f
400 | — fitting line
e Mogi 2009
e |mamura 2008 500 b

200 F

1 1 1 1 1 0 " L " L " L
0 20 40 60 80 100 120 ) 1 6 8 10 12 14
Py /P, By | BT, 1T,)07O

Figure 7. Flame length as a function of release pressure and temperature and the ratio of atmospheric
pressure to temperature [6,21].

Instead of calculating the flame length from the exit parameter, molkov [23] proposes
a dimensionless flame length calculation method. The derived dimensionless flame lengths
used for correlation can be re-expressed in terms of Reynolds and Froude numbers as

3
A % — SFL ReFy (©)
101' N prCN

where p; is the hydrogen outlet density, and the Reynolds and Frontier numbers are
defined as

Re_Pr'f‘ul @)
1
0y

Fr = D-g (8)

The local speed of sound for cryogenic hydrogen is defined as

_ |7 Rm-Tn
N T ®

which is in the following conservative equation:

3
L¢/D = 1403X%1% X = ﬂ(ﬂ) < 0.0001 (10)
Or Cn
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3
Ls/D =230, 0.0001 < X = ﬂ(%) <007 (11)
or LN
3
Ls/D = 805X%Y , X = Pty oor (12)

POr N

There are three distinct parts in the dimensionless correlation, the conventional buoy-
ancy controlled jet, the momentum controlled (expanding jet) and the under-expanding jet.

Here, the hydrogen is at the actual exit at the speed of sound, U; = Cy;, The room-
temperature condition is shown in Figure 8. The fitted equation is

01 0.47
Ly/D =493( 1) (13)

1400 F | M@ T=298K.D=2mm
fitting line

1200 F

1000 f

(L,/D)

800 F u

600 |

/P,
Figure 8. The flame length as a function of the ratio of the release density to atmospheric density and
for room-temperature hydrogen.
The low-temperature condition is shown in Figure 9. The fitted equation is
01 0.47
Lf/D = 654(—) (14)

T

4000

[] 183K.D=2mm

: 153K, D=2mm

=123K,.D=2mm
T=93K,.D=2mm

5 T=93K.D=1.5mm|
1 T=93K.D=Imm

P T=93K.D=0.5mm)|

fitting line

T:
3 3 T
3000 T

2000

(z,/D)

1000

1 10

P/ p,
Figure 9. The flame length as a function of the ratio of the release density to atmospheric density and

for cryogenic hydrogen.

For momentum-controlled highly under-expanded jet flames, the dimensionless length
of the jet flame is significantly higher for cryogenic conditions than for room-temperature
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conditions with coefficients that are slightly lower than those of Molkov’s [23] length
prediction model for under-expanded jet flames.

3.2. Thermal Radiation

Cryogenic hydrogen produces higher thermal radiant energy during combustion pro-
cesses. Due to the transparency of the hydrogen flame, its thermal radiation characteristics
are different from those of conventional hydrocarbon fuels. The results show that the
thermal radiation of hydrogen flame is mainly determined by the infrared radiation of
water vapor, while the combustion of cryogenic hydrogen reduces the radiation efficiency
of its flame. However, the radiation levels are still high. It is of great significance to measure
the thermal radiation of flames and study the influence range of its thermal effect.

The thermal radiation data are averaged over about 20 s after the cryogenic hydro-
gen flame has stabilized. The variation in thermal radiation with pressure for various
temperatures and nozzle diameters is shown in Figures 10 and 11.

3000 b —i— T=298K,D=2mm
—@— T=183K,D=2mm
—&— T=153K,D=2mm

2500 | —¥— T=123K,D=2mm
—— T=93K,D=2mm
2000 |
E
2 1500
Ql
1000 |

500 |

P, (MPa)

Figure 10. Heat radiation for various temperatures.

3000 f [~ T=93K,D=2mm
—@— T=93K,D=1.5mm
—dh— T=93K,D=Imm

2500 —— T=93K,D=0.5mm

2000

1500

0 (W/m?

1000

500

|3+
oo
(=]

P, (MPa)

Figure 11. Heat radiation for various nozzle diameters.

As the temperature of the hydrogen gas decreases or the pressure increases, there
is a significant increase in the intensity of thermal radiation from the hydrogen jet flame.
An increase in the leakage aperture also enhances the thermal radiation intensity of the
hydrogen jet flame. Increasing the pressure of the hydrogen or decreasing the temperature
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of the hydrogen enhances the bulk density of the hydrogen while increasing the mass
flow rate of the leakage. This means that more mass of hydrogen is burning, so both
the flame length and the thermal radiation increase. Within certain limits, an increase in
flame length is usually accompanied by an enlargement of the combustion zone, which
increases the total heat release rate and leads to higher thermal radiation. Thermal radiation
originates mainly from the hot gases in the flame and the products of combustion (e.g.,
water vapor). The longer the flame, the larger the high-temperature region and the higher
the heat radiation. The correlation between thermal radiation and mass flow rate, as shown
in Figure 12, can be expressed as

Q = 126155m!? (15)

10*

B T=298K,D=2mm
2 T=183K,D=2mm
T=153K,D=2mm
WV T=123K,D=2mm
®

T=93K,D=2mm
T=93K,D=1.5mm
T=93K,D=1mm
T=93K,D=0.5mm
fitting line

Q (W/m?)

107 107 1072 107!
m (kg/s)

Figure 12. Heat radiation for various mass flow rates.

The intensity of thermal radiation shows a significant power relationship with the
mass flow rate of the cryogenic hydrogen outlet.

4. Conclusions

The prediction of the size and radiation heat flux of cryogenic compressed hydrogen
jet flames is crucial for assessing the safety risks of the cryogenic hydrogen system. This
study conducted experimental measurements on cryogenic compressed hydrogen jet flames
for various release conditions, including different leakage nozzle diameters (0.5 to 2 mm),
initial release pressures (2 to 10 MPa), and initial temperatures (93 to 298 K). Due to the
large mass flow rate at higher release pressure and lower release temperature, the length
of the cryogenic compressed hydrogen jet flame increases with the increase in release
pressure and the decrease in release temperature. The length of the cryogenic hydrogen
jet flame has been correlated with the mass flow rate. An empirical correlation between
the normalized flame length L;/D and the jet temperature ratio T,/ T has been developed,
which can be used to quickly predict the length of cryogenic compressed hydrogen jet
flames. The predictive ability of the normalized flame length correlation established in this
study exceeds that of experimental correlations based on the Froude number and Reynolds
number in the literature. In addition, an empirical correlation has been developed for
predicting the radiation heat flux of cryogenic compressed hydrogen jet flames.
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