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Abstract The first investigations concerned with a problem
of hydrogen jet ignition, during outflow from a high-pressure
vessel were carried out nearly 40 years ago by Wolanski
and Wojcicki. The research resulted from a dramatic acci-
dent in the Chorzow Chemical Plant Azoty, where the explo-
sion of a synthesis gas made up of a mixture composed of
three moles of hydrogen per mole of nitrogen, at 300°C and
30 MPa killed four people. Initial investigation had excluded
potential external ignition sources and the main aim of the
research was to determine the cause of ignition. Hydrogen
is currently considered as a potential fuel for various vehi-
cles such as cars, trucks, buses, etc. Crucial safety issues are
of potential concern, associated with the storage of hydro-
gen at a very high pressure. Indeed, the evidence obtained
nearly 40 years ago shows that sudden rupture of a high-
pressure hydrogen storage tank or other component can result
in ignition and potentially explosion. The aim of the pres-
ent research is identification of the conditions under which
hydrogen ignition occurs as a result of compression and heat-
ing of the air by the shock wave generated by discharge of
high-pressure hydrogen. Experiments have been conducted
using a facility constructed in the Combustion Laboratory
of the Institute of Heat Engineering, Warsaw University of
Technology. Tests under various configurations have been
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performed to determine critical conditions for occurrence of
high-pressure hydrogen ignition. The results show that a criti-
cal pressure exists, leading to ignition, which depends mainly
on the geometric configuration of the outflow system, such
as tube diameter, and on the presence of obstacles.
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1 Introduction

Hydrogen ignition caused by rupture of a high-pressure
installation was first investigated nearly 40 years ago by
Wolanski and Wojcicki [1-3]. That investigation followed
from a tragic accident at the Chorzow chemical plant Azoty,
where a synthesis gas consisting of a hydrogen—nitrogen
mixture, 3H2-N2, at 300°C and 30 MPa exploded, killing
four people. An initial investigation had excluded potential
external sources of the ignition, and the research aimed to
determine the real ignition source. It was found that ignition
actually occurred due to heating by the shock wave gener-
ated by the outflow of high-pressure synthesis gas. Mixing of
hydrogen with the air heated up by the shock wave preced-
ing the expanding hydrogen was found to result in ignition
of mixed hydrogen and air. Recently, there have been sev-
eral new reports on high-pressure hydrogen leaks causing
ignition, in the absence of external ignition sources.

Numerous papers focusing upon hydrogen safety and con-
cerned with high-pressure hydrogen jet ignition have been
recently published, such as Golub et al. and Mogi et al. [4-9]
who conducted experimental work, or numerical investiga-
tion [10-12].

Hydrogen is regarded as a potential fuel for various kinds
of vehicles, such as cars, including fuel cell cars, trucks,
buses, etc. High-pressure hydrogen storage and transporta-
tion entails crucial safety issues that will need to be addressed
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Fig. 1 Experimental setup
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Fig. 3 Extension tube configuration

if hydrogen is to be used as a vehicle fuel. Because of its low
density in the gas phase hydrogen needs to be stored at a very
high pressure or in a liquid state. The latter solution is much
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Table 1 Tube lengths and diameters tested
L (mm) D (mm)

10 25 32
45 X X X
65 X
75 X
95 X X

Fig. 4 View of the extension tube inside the visualization chamber

more complex and expensive, so the former one probably will
be more common. Sudden rupture of high-pressure hydrogen
storage components may result in ignition and potentially
explosion. It is anticipated that pressure in vehicle hydrogen
tanks may be of 35, 70 or even 100 MPa, which could result
in a significant hazard due to sudden discharge of hydrogen,
ignition and significant accidents.
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Fig. 5 Direct pictures of the hydrogen ignition, extension tube length 45 mm, extension tube diameter 32 mm, initial hydrogen pressure equal to

6.2 MPa. Frame rate 80,000 f/s, shutter 5.5 jus

The aim of the current research is to identify the condi-
tions under which hydrogen ignition takes place as a result of
air compression and heating by the shock wave generated by
hydrogen discharge of the hydrogen and determination of the
critical pressure needed for ignition. The critical pressure is
found to depend mainly on the geometric configuration of the
outflow system, including tube diameter, and the presence of
obstacles.

2 Experimental facility

The experimental tests were conducted on a facility built in
the Combustion Laboratory of the Institute of Heat Engineer-
ing, Warsaw University of Technology. A schematic descrip-
tion of the facility is presented in Fig. 1. Its main elements are
ahigh-pressure hydrogen container and a visualization cham-
ber. Both hydrogen container and visualization chamber are
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Fig. 6 Pressures and signal from photodiode courses. Extension tube
length 45 mm, extension tube diameter 32 mm, initial hydrogen pressure
equal to 6.2 MPa

355

Fig. 7 Geometry of the facility. Extension tube length 45 mm

equipped with pressure transducers. The visualization cham-
ber is also equipped with a photodiode sensitive to the flame.
A general view of the facility is shown in Fig. 2.

The high-pressure hydrogen container is closed by a plas-
tic diaphragm which bursts when a predetermined pressure
inside the container is reached. An extension tube can be
attached to the container. Extension tubes of various geome-
tries have been tested in experimental and numerical inves-
tigations [4-6]. The extension tube tested in the current
research consists of two parts: a first one, with diameter 10
and 10 mm long, placed immediately behind the diaphragm,
and a second one connected to the first one, with various
diameters and lengths. A scheme of the extension tube is
presented in Fig. 3. Lengths and diameters tested are listed
in Table 1. A view of the high-pressure hydrogen container
with the extension tube inside the visualization chamber is
shown in Fig. 4.
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The visualization chamber volume is separated from a
dump tank by a second plastic diaphragm. For safety rea-
sons, the initial pressure in the dump tank never exceeds
0.03 MPa absolute. The plastic diaphragm placed between
the visualization chamber and the dump tank bursts almost
instantly after hydrogen outflow, and hydrogen, air and com-
bustion products flow out from the visualization chamber.
This limits the amount of hydrogen burned in the test, reduces
the pressure rise inside the visualization chamber and low-
ers the noise generated by the shock wave and the hydrogen
explosion.

Flow and ignition of hydrogen after discharge were
recorded using a digital high-speed camera Photron Fast-
cam SAI.1. Pictures were taken either directly or using a
Schlieren system.

3 Visualization of hydrogen ignition

On the basis of the high-speed pictures and signals from
the pressure transducers and the photodiode, two modes of
the ignition process were identified. In the first mode, called
direct ignition, ignition takes place inside the extension tube
and flame propagation is observed from the tube up to the
main part of the visualization chamber. In that mode, igni-
tion and flame propagation take place shortly after the dia-
phragm that separates the high-pressure hydrogen container
from the tube bursts. In the second mode, called delayed igni-
tion mode, there is a significant delay between the burst of the
hydrogen container diaphragm and ignition and subsequent
flame propagation; ignition takes place inside the visualiza-
tion chamber or inside the tube connecting the visualization
chamber and the dump tank. Sample test results are presented
below.

In Fig. 5, direct high-speed pictures of the various phases
are presented in the case of direct ignition, using a 45 mm
long extension tube, with 32 mm diameter, and 6.2 MPa ini-
tial hydrogen pressure. Pressure transducers and photodiode
signals courses are shown in Fig. 6 and the test geometry
is shown in Fig. 7. The pressure transducers measure over-
pressure over the initial ambient pressure so that O indicates
ambient pressure. The left end of the geometry shown in
Fig. 7 indicates the location of the diaphragm separating the
visualization chamber from the dump tank.

The high-speed pictures clearly show ignition taking place
inside the tube. On the courses presented in Fig. 6, a clear
correlation is visible between arise of the signal from the pho-
todiode and the pressure rise inside the visualization cham-
ber. The diaphragm burst corresponds to a rapid decrease
in the pressure inside the hydrogen container. There is only
a short delay, <1 ms, between the diaphragm burst and the
pressure increase in the visualization chamber, correlating
with a signal from the photodiode indicating presence of a
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Fig. 8 Direct pictures of the hydrogen ignition, extension tube length 95 mm, extension tube diameter 10 mm, initial hydrogen pressure equal to

8.7 MPa. Frame rate 80,000 f/s, shutter 5.5 jus

flame. Here, ignition took place inside the tube, behind the
shock wave generated by the burst of the diaphragm and
high-pressure hydrogen release. Ignition followed mixing of
expanded hydrogen with air heated by the shock wave.
High-speed pictures presented in Fig. 8 were taken in a test
with a 95-mm extension tube length, with 10-mm diameter
and 8.7 MPa initial hydrogen pressure. Pressure transduc-
ers and photodiode signals are presented in Fig. 9. The test
geometry including ignition location is shown in Fig. 10. In

this case, ignition took place inside the visualization cham-
ber, some distance away from the end of the extension tube.
The pressure and the photodiode signals show that the delay
between diaphragm burst and pressure rise inside the visu-
alization chamber is very short, equal to 2 ms. Ignition took
place just after diaphragm bursting. This test could be con-
sidered to belong in either of the two modes, but because
of short time delay it is considered as belonging in the first
mode.

@ Springer



544

P. Oleszczak, P. Wolanski

pH2 [MPa] pv [MPa]  [V]
10 — 0.1¢

| periooion) b Bt st ot feoiborey il piteir pbostier by dtatont |

T T T T T 1 i
0.332 0.336 0.34 0.344 0.348
tls]
p H2 - hydrogen container pressure
p V - visualization chamber pressure
----- photodiode signal

Fig. 9 Pressures and signal from photodiode courses. Extension tube
length 95 mm, extension tube diameter 10 mm, initial hydrogen pressure
equal to 8.7 MPa

Fig. 10 Geometry of the facility. Extension tube length 95 mm. The
black dot indicates location of ignition

The results for a 65-mm long extension tube with 10-mm
diameter are presented in Fig. 11, for 7.4-MPa initial hydro-
gen pressure. Figure 12 presents the pressure transducers
and photodiode signals and Fig. 13 shows the geometry. The
high-speed pictures show that ignition took place some dis-
tance away from the extension tube. The process looks sim-
ilar to Fig. 8, but a significant difference between these two
cases is visible on the pressure transducers and the photo-
diode signals. In Fig. 12, there is a long delay between a
rapid decrease in the pressure inside the hydrogen container
and the increase in both the pressure inside the visualiza-
tion chamber and the photodiode signal. Moreover, pressure
decreases inside the visualization chamber after bursting of
the hydrogen container diaphragm, which was caused by
bursting of the diaphragm that separates the visualization
chamber volume from the dump tank. The initial absolute
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pressure inside the dump tank was lower than 0.03 MPa and
the outflow caused a pressure decrease in the visualization
chamber, below the initial value. Ignition took place 15 ms
after the hydrogen container diaphragm burst and was proba-
bly caused by the additional turbulization generated by burst-
ing of the second diaphragm that separates the visualization
chamber from the dump tank.

The pressure wave generated by hydrogen outflow com-
presses and heats up the air in the extension tube. As a result,
chemical reactions between hot air and hydrogen are ini-
tiated. However, these reactions did not result in ignition
and the flame propagation, probably because hydrogen and
hot-air mixing was slow in this case. Burst of the diaphragm
separating the visualization chamber from the dump tank
generated a strong turbulent flow, resulting in mixing addi-
tional fresh air and hydrogen with the mixture already react-
ing, that was produced earlier inside the tube, which followed
the shock moving into the visualization chamber that mecha-
nism caused enhanced the reaction rate, resulting in ignition
and flame propagation.

The results are affected by how bursting of the hydro-
gen container diaphragm takes place. Indeed, the diaphragm
bursts in a slightly different way in each individual exper-
iment, generating more or less turbulized high-pressure
hydrogen outflow. Whenever mixing inside the tube is much
less intense, no ignition takes place inside the tube, but only
very limited reaction initiation.

The next set of pictures, presented in Fig. 14, shows results
for a 45-mm extension tube length, a 25-mm diameter and
4.8 MPa hydrogen pressure. The pressure transducers and the
photodiode signals are presented in Fig. 15, and the geometry
is illustrated in Fig. 16.

In this test, ignition took place inside a tube connecting the
visualization chamber with the dump tank. The high-speed
pictures show a flame propagating from the side of the dump
tank back towards the visualization chamber. The ignition
delay, of 200 ms, was quite long, as seen on the graphs in
Fig. 15, where ignition is indicated by the rapid increase in
the visualization chamber pressure and the rise of the signal
from the photodiode.

After bursting of the hydrogen container diaphragm, the
pressure inside the visualization chamber increases slowly,
caused by the hydrogen flowing out from the container to the
visualization chamber.

Before ignition occurs, rapid decrease of the visualization
chamber pressure is caused by bursting of the diaphragm
that separates the visualization chamber from the dump tank.
Ignition took place shortly after bursting, under the same
mechanism as in the previous case. Comparison of the pres-
sure rise after ignition with the previous cases shows that
a longer delay results in a much higher maximum pressure
inside the visualization chamber. This is because more hydro-
gen accumulates inside the visualization chamber.
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T= 100 ps
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Fig. 11 Direct pictures of the hydrogen ignition, extension tube length 65 mm, extension tube diameter 10 mm, initial hydrogen pressure equal to

7.4 MPa. Frame rate 80,000 f/s, shutter 5.5 jus

Important observations are

— avery long ignition delay time from the beginning of the
hydrogen outflow,

— arelatively low initial hydrogen pressure causing ignition,
for this extension tube geometry, in comparison with the
results obtained by other researchers [4-6].

This suggests that even at a relatively low pressure, a rup-
ture in a hydrogen installation can result in ignition, due to

complex processes, including multiple shock reflections and
intensive mixing.

4 Influence of extension tube geometry on critical value
of hydrogen pressure and risk of ignition

A map of the results obtained with the 10-mm extension
tube diameter for various lengths is presented in Fig. 17.
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Fig. 12 Pressures and signal from photodiode courses. Extension tube
length 65 mm, extension tube diameter 10 mm, initial hydrogen pressure
equal to 7.4 MPa

Fig. 13 Geometry of the facility. Extension tube length 65 mm. Black
dot indicates location of ignition

A longer tube results in higher repeatability of ignition and
in a decrease in the critical pressure required for ignition.
For initial hydrogen pressure from 7 to 12 MPa and a 75-mm
tube, almost all tests resulted in the ignition. For initial hydro-
gen pressure in a range between 9 and 13 MPa, and a 45-mm
length, only about 50% of the tests resulted in ignition.

The minimum hydrogen pressure required for ignition as
a function of the extension tube length, for a 10-mm diam-
eter, is presented in Fig. 18. Changing the length from 65
to 75 mm resulted in a significant decrease in the critical
hydrogen pressure, but above and below these values the
tube length has almost no influence on the critical pressure.
For two modes presented in Fig. 18, graphs show the criti-
cal pressure for direct ignition in the tube and for both direct
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ignition and delayed ignition. Delayed ignition was observed
for a slightly lower initial hydrogen pressure. The difference
between these two lines depends on the extension tube length,
and is in the range of 1.5-11.5%. When compared with the
results by Golub et al. [4] and Mogi et al. [6], the current
experiments result in lower critical hydrogen pressure for
given extension tube lengths.

Maps of the results for various diameters and a 45 and
95-mm long extension tube are presented in Figs. 19 and
20, respectively. In Fig. 19, for a 45-mm length, the tube
diameter has a strong influence on ignition repeatability, but
only a small influence on the critical hydrogen pressure.
Ignition repeatability decreases significantly as the diameter
increases. The critical hydrogen pressure decreases slightly
with diameter increase. Thus, in this geometry, the change
in the diameter for length of the tube equal to 45 mm has
almost no influence on the critical hydrogen pressure lead-
ing to ignition.

The results with the extension tube length 95 mm and
2 diameters, 10 and 25 mm, differ from those for 45-mm
length. In Fig. 20, for 10-mm diameter, most experiments
with hydrogen pressure in range 7—12 MPa resulted in igni-
tion, while for 25-mm diameter, only 2 out of 20 experiments
resulted in ignition. In both cases, those were delayed igni-
tions. These results were quite unexpected and further tests
should be performed.

For a 10-mm extension tube diameter, ignition repeatabil-
ity as a function of tube length and hydrogen pressure was
investigated, dividing the initial hydrogen pressures into sub-
ranges: 5— 7, 7-9, 9-11, 11-13, and 13-15 MPa. Each sub-
range is identified by its average pressure value: for example,
8 MPa indicates the sub-range 7-9 MPa. Only sub-ranges
for which at least three initial hydrogen pressure values were
tested, which included in the results below. The percentage
of direct and delayed ignition cases was calculated for every
sub-range. Percentages of the tests resulting in ignition as
a function of extension tube length and hydrogen pressure
are presented in Fig. 21. One graph presents the percentage
of the tests that resulted in direct ignition and the other one
presents the percentage of the tests that resulted in either
direct or delayed ignition. Figure 22 indicates the number
of tests conducted for different extension tube lengths and
different hydrogen pressures.

Only a limited number of tests were performed; ultimately
more tests will be required. This analysis performed as a
result of an observation made, that ignition, both direct (in
the tube) and delayed and was more repeatable for the 75-mm
long extension tube than for a 100-mm long tube. Another
interesting observation was that ignition proved to be more
repeatable for a 45-mm length than for 65 mm. These results
can be seen in Fig. 21. The first case considered the 75-mm
tube and the initial tests were confirmed that ignition is very
repeatable for that length.
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T=75ps

T=25ps

T=100 ps

T=50 ps

T=6.74 ms

Fig. 14 Direct pictures of the hydrogen ignition, extension tube length 45 mm, extension tube diameter 25 mm, initial hydrogen pressure equal to

4.8 MPa. Frame rate 80,000 f/s, shutter 5.5 jus

The ignition process is affected by precisely how the dia-
phragm isolating high-pressure hydrogen breaks. The burst-
ing process generates more or less intense turbulence, which
has a strong influence on mixing of hydrogen with the air
compressed and heated up by the shock wave. Some geom-
etries appear to be less affected by that process, in which
case ignition is more independent from the way the dia-
phragm bursts. This result differs from the literature [4-6],
which states that in a longer tube, ignition is more probable at

lower hydrogen pressure. This discrepancy will require fur-
ther research, conducted with several tubes and with various
types of diaphragm.

5 Summary

The results of experimental research on ignition subse-
quent to high-pressure hydrogen outflow are presented,
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Fig. 15 Pressures and signal from photodiode courses. Extension tube
length 45 mm, extension tube diameter 25 mm, initial hydrogen pressure

equal to 4.8 MPa

Fig. 16 Geometry of the facility. Extension tube length 45 mm

including high-speed direct pictures leading to the follow-

ing conclusions

e Hydrogen ignition takes place behind the contact sur-
face that follows the shock wave generated by hydrogen
outflow from a high-pressure vessel. Ignition due to mix-
ing of the air heated by the shock wave with expanded
hydrogen. Ignition is affected by the bursting process of
the diaphragm that isolates the high-pressure hydrogen

container.

e Ignition can take place inside the tube directly after
bursting of the hydrogen container diaphragm, or, if the
high-pressure hydrogen outflow takes place in a confined
space, it can be significantly delayed. In a latter case, the

delay time can reach hundreds of milliseconds.
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The extension tube geometry has a significantly effect
on the ignition process. For a tube with 10-mm diame-
ter, a longer length results in a lower minimal pressure
required for ignition.

The influence of the extension tube length on ignition
repeatability is not monotonic. The results for a 10-mm
extension tube diameter suggest that some geometries
favor ignition.
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e The influence of the extension tube diameter depends
upon its length.

e Fora45-mm extension tube length, the effect of changing
diameter from 10 to 32 mm on critical hydrogen pres-
sure is insignificant, but ignition repeatability is strongly
affected.

e Forthe 95-mm extension tube length, diameter has a very
strong influence on the ignition process. For a 25-mm

Py [MPa]

Direct and delayed ignitions
Fig. 21 Percentage of the tests resulted in the hydrogen ignition as

a function of the extension tube length and initial hydrogen pressure.
Tube diameter equal to 10 mm

diameter, ignition repeatability is much lower than for a
10-mm diameter.

The ignition process shows a stochastic behavior. It
appears to depend strongly on the random processes
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Fig. 22 Number of tests as a function of pressure range and length of
the extension tube. Tube diameter 10 mm

associated with diaphragm bursting. This issue requires fur-
ther research.

Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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