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Abstract: Hydrogen is widely regarded as a key element of prospective energy solutions for alleviat-
ing environmental emission problems. However, hydrogen is classified as a high-risk gas because
of its wide explosive range, high overpressure, low ignition energy, and fast flame propagation
speed compared with those of hydrocarbon-based gases. In addition, deflagration can develop into
detonation in ventilation or explosion guide tunnels if explosion overpressure occurs, leading to the
explosion of all combustible gases. However, quantitative evidence of an increase in the explosion
overpressure of ventilation tunnels is unavailable because the explosive characteristics of hydrogen
gas are insufficiently understood. Therefore, this study investigated an explosion chamber with
the shape of a ventilation pipe in a ship compartment. The effect of tunnel length on explosion
overpressure was examined experimentally. For quantitative verification, the size of the hydrogen gas
explosion overpressure was analyzed and compared with experimental values of hydrocarbon-based
combustible gases (butane and LPG (propane 98%)). The experimental database can be used for
explosion risk analyses of ships when designing ventilation holes and piping systems and developing
new safety guidelines for hydrogen carriers and hydrogen-fueled ships.

Keywords: hydrogen gas; explosion load profile; ventilation tunnels; overpressure; ratio of length;
risk analysis

1. Introduction

Serious global challenges, such as global warming and air pollution, result from
the use of fossil fuels, which account for more than 85% of energy sources. Currently,
hydrogen is widely regarded as a key element in prospective energy solutions for alleviating
environmental emission problems. Hydrogen is receiving increasing attention as a clean
energy source to replace fossil fuels. Water is the only byproduct of hydrogen combustion;
not even air pollutants are produced. Hydrogen also has a high heat of combustion; thus, it
is an efficient energy source with a heating value approximately three times higher than that
of petroleum. Therefore, hydrogen is the most attractive future energy source for storing
and propulsion energy in the shipping industry. Notably, hydrogen is the lightest among
existing gases. Moreover, it is colorless, odorless, tasteless, and nontoxic, it is flammable at
room temperature, and it has a wide explosive range (4-75%). For explosion and fire risk,
hydrogen has an approximately 15 times lower minimum ignition energy (0.011 mJ) than
that of other combustible gases (propane: 0.25 mJ, butane: 0.25 mJ, methane: 0.28 m]).

The low ignition energy and lighter nature of hydrogen make the gas difficult to
ignite when diffused into the atmosphere unless it is in an enclosed space. However, when
hydrogen gas leakage occurs in a confined, limited space, an ignition source will cause the
gas to burn easily regardless of its low ignition energy, which can lead to fire and explosion.
Hydrogen explosion is more dangerous than that of other hydrocarbon gases.

In ships and offshore installations, owing to the complex arrangement, ventilation
holes and fans must be installed in places where hydrogen and combustible gases are

J. Mar. Sci. Eng. 2022, 10, 532. https:/ /doi.org/10.3390/jmse10040532

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10040532
https://doi.org/10.3390/jmse10040532
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-9501-4696
https://orcid.org/0000-0002-2578-2569
https://doi.org/10.3390/jmse10040532
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10040532?type=check_update&version=2

J. Mar. Sci. Eng. 2022, 10, 532

2 of 24

handled to ensure safety against various gas leaks. In such places, an air conditioning
system is installed to periodically circulate internal/external air, and ventilation holes are
generally manufactured and installed in cylindrical and rectangular shapes. In handling
hydrogen and combustible gases, structural safety must be ensured in each vent to avoid
fire and explosion accidents caused by ignition sources.

Hydrogen and hydrocarbon-based combustible gases differ in their explosion prop-
agation processes and explosion characteristics. Several studies have been conducted
on the ignition energy, explosion limit, and explosion overpressure of these gases, using
experimental methods such as ventilation tunnels, as summarized below.

Wihner et al. [1] statistically analyzed the minimum ignition energies (MIEs) of hydro-
gen, ethene, and propane through logistic regression based on existing MIE test results and
new measurements. The authors also discussed the conditions required for the approach.
The behavior of hydrogen at a high pressure and temperature has also been intensively
investigated experimentally [2-7]. Li et al. [8] conducted an experiment in a semi-sealed
pipe to investigate the effect of obstacle location and gasoline vapor concentration on
gasoline—air fuel explosion. Internal overpressure, external overpressure, flame propaga-
tion, and changes in the flame-overpressure coupling relationship were analyzed. Bauwens
et al. [9] compared the results of explosion experiments for hydrogen mixtures and propane
and methane mixtures in an enclosed room (4.6 x 4.6 x 3.0 m/64 m®). The hydrogen mix-
ture concentration was 18% vol., and the propane and methane air mixture was tested
at stoichiometric concentrations. Mukhim et al. [10] developed a method to predict the
overpressure of an outdoor hydrogen explosion caused by a vapor cloud explosion, and
Qi et al. [11] tested an emission explosion of 29 batches in a 12 m? concrete chamber filled
with a methane—-air mixture. The effect of methane concentration and discharge pressure
on the occurrence of overpressure inside the chamber was investigated.

Li et al. [12] analyzed changes in overpressure due to the explosion of a methane-air
mixture in urban manhole structures. The authors found that the closer the methane
concentration was to the stoichiometric ratio, the farther the ignition location was from the
manhole head; additionally, the greater the weight of the manhole cover, the greater the
maximum overpressure of the blast wave caused by the explosion. Based on the experi-
mental results, recommendations were made for manhole explosion risk management.

Cao et al. [13] reported an exhaust explosion experiment involving a hydrogen—air
mixture in a 2 m long cylindrical tube under the influence of hydrogen concentration and
exhaust burst pressure. An analysis of the relationship between flame propagation and
external overpressure showed that the internal maximum overpressure first increased and
then decreased with increasing hydrogen concentration. The external maximum overpres-
sure showed an inverse correlation with the internal maximum overpressure. Zhu et al. [14]
investigated the blast overpressure for methane-air mixtures in a straight large-scale tunnel
using the CFD code (FLACS), and verified the effect of volume concentration with an
experimental study. Liu et al. [15] established a generation model for the overpressure peak
value through numerical analysis and experiments; the authors also used radio waves to
evaluate the distribution of overpressure inside and outside the building. Meng et al. [16]
performed an experiment to investigate the response of structural members to the explo-
sion load of a tunnel through leakage inside a natural gas pipe in a metropolitan area. Li
et al. [17] conducted an explosion test on a premixed methane-air mixture for a large tube
with dimensions 0.8 m x 0.8 m x 30 m. Wang et al. [18] conducted experiments on the
duct exhaust deflagration of a hydrogen-methane—-air mixture in a cylindrical vessel with
relief ducts. The equivalence ratios (¢) ranged from 0.6 to 1.8; the flame was extinguished
through interior and exterior ventilation configurations, and the pressure increased. In
particular, various experiments have been conducted on flame speed and propagation
characteristics by mixing various contents of gases related to dimethyl ether (DME) [19,20]
and by varying the equivalence ratio [21,22]. The studies have used closed spaces and
chambers as well as pipe shapes in relation to combustion characteristics. Wang et al. [23]
mainly focused on the effect of hydrogen concentration and film thickness on detonation
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emission in small obstructed rectangular vessels. The authors found through the pressure
history that the maximum overpressure increased as the hydrogen concentration was raised
from 11.8% to 23.7%.

Sato et al. [24] tested hydrogen deflagration of homogeneous hydrogen concentration
carried out in three types of a scale model. They found that the deflagrations of hydrogen
inside a tube generated a much higher pressure than in a free field. This suggests that the
hazard of released hydrogen could be reduced through ventilation.

Although many such studies have been conducted, comparative studies on hydrogen
and hydrocarbon-based combustible gases have mainly focused on hydrogen and methane—
air mixtures. These studies have helped develop the experimental methodologies for
identifying the ignition energy, explosion limit, and explosion overpressure of gases, which
are the principal parameters of LNG and LPG risks in chemical industries and households.

According to previous literature review of ventilation, tunnel studies indicate a domi-
nance of experimental methods. Studies have been conducted on explosion safety related
to transportation in gas and oil pipelines [25], which are more economical to operate than
hydrogen pipelines. In addition, some companies are investigating the safe transport of
hythane, a hydrogen-methane mixture, through natural gas pipelines.

However, the purpose of the current study was to analyze experimental results and
accordingly establish an experimental database for the development of safety standards
for hydrogen-fuel-powered ships and high-purity hydrogen carriers. In particular, estab-
lishing safety standards regarding hydrogen leakage is vital. In previous studies, the LNG
and hydrogen characteristics have been compared according to the existing International
Maritime Organization’s (IMO) International Code of Safety for Ship Using Gases or Other
Low-flashpoint Fuels (IGF), and International Code of the Construction and Equipment of
Ships Carrying Liquefied Gases in Bulk, LNG codes (IGC), and safety standards reflecting
the hydrogen characteristics have been developed. When ship compartments for hydrogen
supply and storage leak, fire and explosion can be prevented through forced and natural ex-
haust using the existing rectangular and cylindrical exhaust ports. The retention of gaseous
hydrogen leaked from exhaust ports can cause an internal explosion. Therefore, this study
was conducted to confirm the internal explosion characteristics of exhaust ports. In particu-
lar, as the IMO’s current IGF was developed for LNG-powered ships and transport ships,
the internal and external overpressure characteristics of hydrogen were compared with
those of hydrocarbons in terms of their direct explosion characteristics.

Additionally, it is necessary to identify the effect of explosion load characteristics
in varying ventilation tunnel geometrics for designing the systems for hydrogen ship
compartments. Thus, this study considered the cylindrical shapes of possible ventilation
openings for ships and offshore plants. To investigate the effect of the tunnel length through
which the explosion wave is transmitted during an explosion, experiments were conducted
to determine the explosion characteristics and maximum pressure. The results of this
study provide a quantities load profile database for risk-based design and guidelines for
hydrogen treatments.

2. Hydrogen Explosion Test in Tunnels
2.1. General Gas Explosion Load Characteristics

The explosive properties of combustible materials vary depending on the phase, heat
capacity, vapor pressure, and physical and chemical properties of the material (such as heat
of combustion). A chemical explosion is a combustion reaction that occurs when flammable
materials or combustibles undergo oxidation and decomposition reactions induced by
explosives. Explosions can be divided into deflagration, in which the propagation speed
of the flame is slower than the speed of sound, and detonation, in which the propagation
speed of the flame is faster than the speed of sound.

Eckhoff [26] reported a detonation with a generated pressure more than 10 times
that of deflagration. Therefore, general risk-based designs should be prioritized to avoid
detonation accidents in target structures.
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Explosion can be defined chemically as a rapid increase in the reaction rate of a system,
and physically as a rapid expansion of energy or matter under certain conditions. In general,
an explosion in an enclosed or partially enclosed space, such as that inside a ship, occurs
when combustible gas leaks and encounters an ignition source at a certain concentration,
causing structural damage.

Figure 1 illustrates the idealized pressure—time relationship when an explosion occurs
from combustible gas. After the explosion of a general combustible gas, the pressure
momentarily reaches the maximum overpressure at a point a certain distance away from
the ignition source. As the overpressure is attenuated over time, it first reaches the region
of negative pressure and then returns to the atmospheric pressure state. In the case of
detonation, the impulse in the overpressure region is much larger than that in the negative
pressure region, which distinguishes it from deflagration where the impulse generated in
the overpressure region is similar to that generated in the negative pressure region [27].

»

_________ <+— Peak pressure

Pressure

Positive impulse

Negative impulse

v .
T T Time
Rising Duration
time

Figure 1. An idealized pressure model of gas explosion.

2.2. Method of Explosion Test and Apparatus
2.2.1. Target Explosion Chamber and Tunnel

For the target structure in this study, experiments were conducted on cylinder- and square-
type, which are representative shapes of internal ventilation holes of components that han-
dle various gases in ships and offshore plants. For the experiments, cylinder (¢ = 0.594 m,
L=0538m,V =0.149 m?) and square (L =0.538 m, W =0.526 m, H = 0.526 m, V = 0.149 md)-
type explosion chambers of the same volume were manufactured for investigation of effect of
shape of explosion chamber and tunnel, as shown in Figure 2. Both explosion chambers were
made of S5275 steel 10 and 4 mm thick, respectively, to prevent deformation on the side. S5275
(yield strength 275 MPa, tensile strength ranging 410-550 MPa) widely used steel for buildings,
bridges, ships, and vehicles structures.

The explosion chambers were installed as shown in Figure 2a,b. To observe the effect
of tunnel length on explosion characteristics, the experimental setups consisted of a short
explosion chamber with a length of approximately 0.5 m (Lg), which was connected to a
series of 1-3 ventilation tunnels with a length of approximately 1.0 m (L) each.

Figure 3a,b shows the cylinder- and square-type ventilation tunnel components, re-
spectively, of which the ventilation tunnels were constructed. The square-type explosion
chamber was manufactured with the same volume (0.149 m?) as that of the cylindrical
explosion chamber, and a 10 mm polyacrylic window was installed to make the flame
propagation visible from the side (Figure 3b).
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Figure 2. Schematic representation of the test facility; (a) explosion chamber (left: square-type,
right: cylinder-type), (b) Test facility.

As the explosion load profile is a key parameter for expressing explosion character-
istics, precise measurements are required during tests. In this study, a pressure sensor
(113B27, 100 psi, PCB PIEZOTRONICS [28]) for measuring fast-rising pressure was used.

The detailed specifications of the pressure sensor are shown in Table 1. Owing to the
difference in the specific densities of hydrogen and hydrocarbon-based gases, gas may
be concentrated in the upper or lower parts of the explosion chamber. The chamber was
installed as shown in Figure 4b to create a uniform-concentration explosive atmosphere
inside it. When the gas was injected into the explosion chamber, a mass flow meter (MFM;
TSM-D230/30 lpm, MFC Korea) was used to continuously supply the desired flow rate.
The ignition source used more than 100 J of energy at the maximum voltage of 15 kV.
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Explosion Ventilation Ventilation Ventilation
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&
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Figure 3. Photographs of a chamber and tunnel connected in cylinder- (a) and square-

(b) types tunnel installation.

Table 1. Specifications of the pressure sensor.

Manufacturing Company PCB PIEZOTRONICS
Model 113B27 (High frequency ICP® pressure sensor)

Measurement Range (for =5 V output) 100 psi
Useful Over range (for +10 V output) 200 psi

Sensitivity (£15%) 50 mV /psi
Maximum Pressure 1 kpsi
Resolution 1 mpsi

Resonant Frequency >500 kHz

Rise Time <1.0 sec.

Low Frequency Response (—5%) 0.5Hz

Non-Linearity <1.0% FS
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Square type 0.28 m?
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Pressure jig
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Oxygen
concentration
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Hydrogen
concentration
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D 80 mm
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(@)

Figure 4. Outside pressure sensor jig, ignition plug, concentration sensors, and a mixing fan;
(a) Outside pressure sensor installation jig, (b) Installation equipment inside the chamber.

Pressure sensors were installed inside and outside the explosion chamber to measure
the explosion pressure, as shown in Figure 5. The inside pressure sensor was located at
the center of the opposite side of the explosion chamber opening surface, and the outside
pressure sensor was located at the same height as the inside pressure sensor. The outside
pressure sensor aimed to measure the external discharge reflected pressure, which was
located in the center of a steel plate with a diameter of 80 mm, as shown in Figure 4a. The
experiment was to confirm the characteristics of the internal and external pressure during
the explosion of the interior of the exhaust port. This can be used for structural design
reflecting the explosion characteristics of the exhaust port. In addition, it is to secure an
experimental DB that is helpful in estimating the length of an appropriate exhaust port by
analyzing the external pressure characteristics of the end of the exhaust port according to
the length effect. Therefore, analysis was performed by measuring the sensor inside and
outside the explosion.

Cylinder type 0.28 m?

O Location of pressure sensor

Closed side Plastic sheet (opening side)

(a) (b)
Figure 5. Location of sensors; (a) section view, (b) plane view.

2.2.2. Explosion Test

To distinguish and compare the hydrogen explosion characteristics from those of
hydrocarbon-based gases (butane and LPG (propane 98%)), we investigated and analyzed
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the effects of the length and shape of the ventilation tunnel. Each gas was tested based on
the concentration that formed the maximum explosive overpressure. Gas concentrations
for the test condition were controlled at 4.5-5.0% of butane, 4.2-4.5% of LPG (propane 98%),
and 45-50% of hydrogen, based on a preliminary test, as shown in Figure 6.

3 —
Explosion chamber type
@®— Cylinder type - 4 - Square type
.’5
£a - e
]
A NS
g p -
B pr
g )//O i
) , ®
%1 %
L] ’
= /
1 4
e ___--1
L
T T T T T T T
10 20 30 40 50 60

Hydrogen concentration (%)

Figure 6. Maximum overpressure concentration by hydrogen (cylinder-, square-type).

The experimental scenarios selected are described in Table 2. Additionally, the ex-
perimental test procedure was developed for safety and to obtain a valuable database, as
illustrated in Figure 7. Step 1 was the preparatory work before the explosion experiment.
The explosion chamber, densitometer, spark plug, and pressure sensor were installed inside
the chamber, and power was applied to check the signal of each device. Step 2 was the
process of preparing the explosion environment inside the explosion chamber. To form
a gas cloud, a plastic sheet was wrapped around the explosion chamber, and gas was
injected to confirm the explosion target concentration. In Step 3, safety was verified in
the environment around the explosion, and data logs and images were obtained. All
preparations were verified, and the spark plug was ignited. Step 4 was the post-explosion
process to check the pressure data storage status, check the safety of the explosion chamber
and equipment, turn off the power, and end the explosion test. Step 5 was the case in which
no explosion occurred: the power of all devices was cut off, the exhaust port was opened,
and the trapped gas was discharged to the atmosphere.

Table 2. Explosion experiment scenarios.

Explosion Chamber Type L/Ly v

2 0,
Gas Type (Cylinder and Square) (Length Ratio) (m3) Concentration (%)
Only chamber 0 0.15
LPG Chamber + Tunnel 1 2 0.45 4045
(propane 98%) Chamber + Tunnel 2 4 0.75 o
Chamber + Tunnel 3 6 1.05
Only chamber 0 0.15
Chamber + Tunnel 1 2 0.45
Butane Chamber + Tunnel 2 4 0.75 45-50
Chamber + Tunnel 3 6 1.05
Only chamber 0 0.15
Chamber + Tunnel 1 2 0.45
Hydrogen Chamber + Tunnel 2 4 0.75 45.0-50.0
Chamber + Tunnel 3 6 1.05
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Figure 7. Flow chart of explosion test.

3. Results and Discussion
3.1. Explosion Test of Cylinder-Type Chamber

The explosion test of the cylinder-type chamber was performed at least three times for
each scenario. More than 36 explosion experiments were performed. Figure 8 summarizes
the data on internal pressure in each scenario.

Gas type: Butane Gas type: LPG (propane 98%)
— w/o tunnel —— w/tunnel1l — w/tunnel2 — w/ tunnel 3 | — w/o tunnel w/tunnel 1T — w/tunnel 2 — w/ tunnel 3

Overpressure (psi)
Overpressute (psi)

Time (sec) Time (sec)
(a) (b)
80 —
Gas type: Hydrogen
4 — w/otunnel —— w/tunnell —— w/tunnel 2 — w/ tunnel 3
60 - 60.01, 60.32 psi —

Overpressure (psi)

Time (sec)

(©)

Figure 8. Time-pressure profiles inside the chamber (cylinder-type) with and without tunnels;
(a) Butane, (b) LPG (propane 98%), (c) Hydrogen.
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Figure 8 illustrates the time—pressure relationship measured inside the explosion
chamber, as an average of three tests performed under the same conditions, for butane,
LPG (propane 98%), and hydrogen. In the Figure 9, L/Lj represents the ratio of the
length of the ventilation tunnel (L = 1.0, 2.0, 3.0 m) to the length of the explosion chamber
(Lo = 0.5 m). For each gas, the average value of the maximum overpressure inside the cham-
ber for the explosion chamber and tunnel combination was obtained. For the hydrocarbon-
based gases (LPG (propane 98%) and butane), the pressure values at length ratios of 0 and
2.0 of the explosion chamber and tunnel (L/Ly) were similar. When the length ratio was
4.0, the pressure rose to its highest value; when the length ratio was 6.0, the pressure was
smaller than that of the length ratio of 0. Similarly, in the case of hydrogen, the pressure rose
as the length ratio increased to 4.0, then decreased until a length ratio of 6.0. Quantitatively,
the maximum overpressure of hydrogen gas was more strongly influenced by the length
ratio of the ventilation tunnel than were those of hydrocarbon-based gases.

80 —
Gas type

4 —— LPG (propane 98%) —#l— Butane ©®— Hydrogen

59.14 (4.08 bar) axn

57.09

=
(=]
|

4291
4226

42.59 294 bar) F

Max. overpressure (psi)
g
1

12.27 (0.85 bar)
7.67 (0.53 bar)

=]
=]
|

6.99 (0.48 bar)

462(032bar) ) 50 (.17 par)

250 0.17 bar) 7 gg (9,13 bar)
1.72 (0.12 bar)

165012 bary P17
0.67 (0.05 bar) o

L/L,

Figure 9. Maximum overpressure inside the cylinder-type chamber.

Figure 10 illustrates the ratio of the maximum external explosion overpressure to the
maximum overpressure (P/Py, %) for each combination of the explosion chamber and
tunnel for each gas. For all gases, the internal maximum overpressure was higher than
the external maximum overpressure. For the hydrocarbon-based gases, the pressure ratios
were all similar irrespective of the explosion chamber—tunnel length ratio; however, for
hydrogen gas, the pressure ratio increased considerably when the ventilation tunnel was
installed (i.e., it was much greater for length ratios L/Lg = 2, 4, 6 than for L/Lj = 0).

80 —

Gas type
—>»— LPG (propane 98%) —#— Butane —@® — Hydrogen

32

9.7
60 — 59.7

40 -
28.0

- 303
- 265

20— 162 140 14.8 /////X

- 148

(P/Py) x 100 (100%)
1
.
.
I
2
F—

L/L,

Figure 10. Pressure ratio (P/Py, %) in the cylinder-type chamber.
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Figure 11 shows the shape of the plastic sheet after all explosion tests, as captured
by a high-speed camera. When ignition occurred after gas injection, the plastic sheet
expanded because of the increase in gas pressure inside the explosion chamber, and the
explosion pressure was transmitted to the atmosphere because of the plastic sheet rupture.
In this process, the hydrocarbon-based and hydrogen gases exhibited different plastic sheet
rupture shapes; thus, the difference in pressure measured from the outside was confirmed.

4 Hydrogen |

Figure 11. Explosion process in the cylinder-type chamber.

As shown in Figure 12, when the hydrocarbon gases expanded and ruptured the
plastic sheet, the explosion pressure was transmitted to the outside through the center of
the plastic sheet. However, when the hydrogen gas expanded and ruptured the plastic
sheet, the explosive pressure was transmitted to the outside through the front surface of the
plastic sheet. Without a ventilation tunnel, the pressure was spread throughout the area at
the same time as the ruptured plastic sheet expanded because of the explosion overpressure
of hydrogen and the high heating value (temperature). In contrast, with a ventilation
tunnel, the explosive overpressure that dispersed into the atmosphere was transmitted
along the tunnel, which was a result of the high pressure as measured by the external
pressure sensor. However, for the hydrocarbon-based gases, the ruptured plastic sheet
expanded during explosion, and the explosion overpressure was intensively discharged
through the central portion of the ruptured plastic sheet.

LPG (propane 98%), Butane

Figure 12. Explosive shape of plastic sheet (hydrocarbon versus hydrogen).
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Figure 13a displays the plastic sheet rupture shape and area in the case without a
tunnel. After the explosion test in the case with a tunnel, the plastic sheet ruptured because
it was melted by the heat inside the chamber. As shown in Figure 13b, hydrocarbon-based
combustible gases (LPG (propane 98%) and butane) exhibited an average rupture area of
607 and 234 cm?, respectively, and hydrogen exhibited an average rupture area of 1073 cm?.

Butane test] |58 LPG (propane 98) testl Hydrogen testl

w/o tunnel

w/ tunnel 1

w/ tunnel 2

w/ tunnel 3

(b)

Figure 13. Plastic sheet rupture shapes during the explosion test with and without tunnels; (a) Plastic
sheet rupture shapes without tunnels, (b) Plastic sheet rupture shape with tunnels.

Therefore, higher internal and external pressures were obtained for hydrogen than
for the hydrocarbon-based combustible gases through the rupture area. A similar level of
explosion overpressure was measured without a tunnel because of the explosion process
and rupture shape of the plastic sheet. The thickness of the plastic sheet was also a major
factor in the explosion test.

Table 3 presents the width of the rupture shape for each gas in the absence of a tunnel. On
average, the rupture was two to four times wider for hydrogen than for the hydrocarbon gases.
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Rising time (msec)

250

Table 3. Plastic sheet rupture shape areas for the cylinder-type chamber without tunnels.

Gas Type Area (cm?) Average Area (cm?)

234
Butane 384 302
288
607
LPG (propane 98%) 759 663

622
1073

Hydrogen 1274 1108
977

Figure 14a,b illustrates the rising time and duration against maximum overpressure,
which are important characteristics indicating the behavior of the explosion load profile
for each gas. The rising time is the time from the occurrence of overpressure until the
maximum overpressure is reached. As the rising time is related to the load speed, it affects
the strain rate of the structure subjected to the explosive load. The duration is a variable
that affects the extent of impact generated by the explosive load. To ensure test usability
and repeatability, the tests were performed three times for each case, and the average values
of the rising time and duration were obtained. The rising time and duration increased
in the order: hydrogen < LPG (propane 98%) < butane regardless of whether or not a
ventilation tunnel was in place. For LPG (propane 98%) and hydrogen the rising time
and duration were not strongly influenced by the length ratio of the explosion chamber
and tunnel, whereas for butane these values increased as the length ratio of the explosion
chamber and tunnel increased.
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Figure 14. Average of rising time (a) and duration (b) in the cylinder-type chamber.

Impulse is defined as the energy generated by an explosion, unlike the overpressure,
which is defined in terms of load. Impulse is an important design parameter for structures
under impact loads. From the time-pressure relationship graph, impulse can be calculated
by integrating pressure with respect to time. Czujko [29] expressed this calculation in the

following formula:
Duration times
I = / P(t)dt, (1)
0

where [ is the impulse, P(t) is the pressure as a function of time; the impulse increases as
P(t) increases with duration and time.
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Figure 15 illustrates the average value of the impulse for three identical experiments.
Hydrogen tended to a higher value than those of the hydrocarbon-based gases. Depending
on the length ratio of the explosion chamber and tunnel, both groups of gases exhibited
a high amount of impulse at a length ratio of 4.0, and the highest explosive overpressure
was measured for all gases at this length ratio. The hydrocarbon-based gases had a longer
duration than that of hydrogen gas. The reduction in the impulse of all gases at a length
ratio of 6.0 was due to the reduction in the maximum explosion overpressure.

40 —
Gas type
4 —¢— LPG (propane 98%) —M— Butane ©®— Hydrogen
Hydvogen: 31.06

30 -~ i Bn‘:lun:}: 30,99
)
Y
«w -
-
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= 920 -
v
=
=1
j=¥ .
E

5.97
10 =1 561
169
P Hydrogen: 3.64
Propane: 3.28
Butane: 2,82
0 | T 1 T T T |
0 2 4 6

L/L,

Figure 15. Average of impulse in the cylinder-type.

These results demonstrated that hydrogen had shorter rising time and duration than
those of hydrocarbon-based gases, and it exhibited a higher impulse because the maximum
overpressure was higher than that of hydrocarbon-based gases. Therefore, an important
aspect of hydrogen gas in designing structures is that it has a short rising time and duration
but exerts an instantaneous impact on the structure because of a high explosive overpres-
sure. Conversely, hydrocarbon-based combustible gases have long rising time and duration
but sustained impact due to the relatively low explosion overpressure.

3.2. Explosion Test of Square-Type Chamber

The explosion experiment in the square-type chamber was performed at least three
times for all but one scenario. In the case of a length ratio of 6, the experiment was
performed only once because of the breakage of the external observation window and
the deformation of the additional iron plate. Overall, 36 experiments were performed.
Figure 16 summarizes the data on the internal pressure-time relationship in each scenario.

Figure 17 illustrates the maximum explosion overpressure inside the square-type
explosion chamber. Expectedly, the maximum overpressure of all gases increased as the
length ratio of the explosion chamber and tunnel increased. However, the increase in
hydrogen overpressure was larger than that of the hydrocarbon-based gases. The square-
type chamber transmitted the pressure from the inside of the explosion chamber to the area
and corners, and the reflected pressures were weighted together and discharged into the
atmosphere through the chamber and tunnel. This is in contrast to the cylindrical chamber,
in which the pressure was transmitted along the curved surface of the wall. Therefore, the
reflected pressure was greater in the square-type chamber.
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Figure 16. Time-pressure profiles inside the square-type chamber with and without tunnels;
(a)Butane, (b) LPG (propane 98%), (c¢) Hydrogen.
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Figure 17. Maximum overpressure in the square-type chamber.
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Figure 18 illustrates the pressure ratio between the external maximum and internal
maximum overpressures. The hydrocarbon-based gases differed only slightly in the pres-
sure ratio depending on the length ratio of the explosion chamber and the tunnel, and
the external maximum overpressure was lower than the internal maximum overpressure.
However, in the case of hydrogen, when the length ratio of the explosion chamber and
the tunnel was 2, the pressure ratio increased considerably to over 70%, before decreasing
when the length ratio was increased further.

100 = -
Gas type
7 —%— LPG (propane 98%) —M— Butane = —® — Hydrogen
80 — 81.04

- 70.7
£ 60 /- Law
= p
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S i .
»
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Figure 18. Pressure ratio in the square-type chamber.

Figure 19 illustrates the shape of the plastic sheet after the explosion test for all
explosion tests, as captured by a high-speed camera. A similar explosion process to that of
the cylinder-type chamber was observed.

Figure 19. Explosion process in the square-type chamber.

The rupture shape of the plastic sheet was observed after the explosion test in the
square-type chamber. As shown in Figure 20a, rupture areas of 531, 458, and 896 cm? for
butane, LPG (propane 98%), and hydrogen, respectively, were observed. This observation
was judged to result from the same cause as that of the cylinder-type explosion test.
Figure 20b illustrates the rupture shape of the plastic sheet after the tunnel test, which
was similar to that of the cylindrical explosion test. Figure 20c shows that the observation
window installed on the side was broken to check the explosion progress.
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Butane testl LPG (propane 98%) testl Hydrogen testl

(a)

w/ tunnel 2

w/ tunnel 3

L/L0=2

Figure 20. Plastic sheet rupture shapes during the explosion test with and without tunnels and broken
observation window; (a) Plastic sheet rupture shape after explosion test without tunnel, (b) Plastic
sheet rupture shape after explosion test without tunnel, and (c) Breakage of observation window
after test.
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Rising time (msec)

To visualize the explosion progress, the 10 mm thick polycarbonate window installed
along the tunnels was damaged as it could not withstand the explosion pressure. When
the experiment was conducted using a steel plate of the same thickness, the steel plate was
also deformed. In the case of the square-type, the explosion pressure was transmitted from
the explosion chamber along each side of the tunnel, and the pressure waves on each side
were reflected to form an increased total pressure, as shown in Figure 20c.

Table 4 presents the width of the rupture shape for each gas in the absence of a tunnel. On
average, the rupture was 1.5 to 2 times larger for hydrogen than for the hydrocarbon gases.

Table 4. Plastic sheet rupture shape areas for the square-type chamber without tunnels.

Gas Type Area (cm?) Average Area (cm?)

531
Butane 481 498
481

458
LPG (propane 98%) 535 587
768

896
Hydrogen 1092 1062
1196

Figure 21a,b illustrates the average values of the rising time and duration time for
three identical explosion experiments.

- 200 —
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11.66
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(a) (b)
Figure 21. Average rising time (a) and duration (b) in the square-type chamber.

Butane had the longest rising time and duration, followed by LPG (propane 98%),
and hydrogen, in decreasing order. A structure that can act as a tunnel in the process of
explosion and flame propagation induces turbulence and accelerates the flame propagation
speed. Therefore, the flame propagation speed increased as the tunnel length increased,
and the maximum overpressure increased as well.

Figure 22 illustrates the average value of the impulse for three identical experiments.
For all gases, as the length ratio of the explosion chamber and tunnel increased, the impulse
also increased. The impulse was closely related to the duration and maximum overpressure.
Butane, which had a relatively long rising time and duration, exhibited a larger impact
than that of hydrogen, which had a significantly higher maximum overpressure.
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Figure 22. Average impulse in the square-type chamber.

Table 5 summarizes the average values of the maximum overpressure, rising time,
duration, and impulse for all experiments performed in this study.

Table 5. Summary of explosion characteristics obtained experimentally (LPG (propane 98%); C4Hjg:
butane; Hy: hydrogen).

Length Ratio
Cylinder-Type 0 2 4 6
LPG CsH;y H; LPG CiH;p H» LPG CiH;p H LPG CiH;p H
Average Inside 250 172 4.62 2.50 188 4258 | 1227 7.67 59.14 | 1.65 0.67 699

overpressure (psi)

Outside  0.37 0.28 1.29 1.57 026 2341 1.73 1.14  28.62 0.35 0.07 4.17

Pressure ratio (%)

14.82 1628 28.05 | 12.65 14.01 5497 | 1413 14.86 48.39 | 2097 1095 59.75

Rising time (inside) (msec)

5099 13447 1315 | 67.78 10937 1649 | 58.64 148.61 17.62 | 47.44 22986 14.11

Duration (inside) (msec)

61.41 15446 1471 | 87.11 12494 1899 | 7401 180.22 21.70 | 56.72  264.05 20.09

Impulse (inside) (bar-sec)

3.61 5.97 1.69 4.75 577 2122 | 26.01 3099 31.06 | 3.28 2.82 3.65

Square-Type

Length Ratio
0 2 4 6
LPG CiH;p H; LPG CiH;y H LPG CH;p H LPG CH;p H

Maximum

Inside 1298 9.77 2094 | 12.88 10.68 34.88 | 14.66 1509 59.74 | 2691 20.06 67.69

overpressure (psi)

Outside  1.31 0.92 4.98 0.97 122 24.67 1.96 1.46 8.34 1.02 1.05 11.65

Pressure ratio (%)

1011 941 23.78 7.51 11.39 7074 | 1339 9.67 1396 | 3.78 5.25 17.21

Rising time (inside) (msec)

4199 12389 11.66 | 55.05 11828 1552 | 59.16 141.72 16.65 | 80.75 164.47 16.54

Duration (inside) (msec)

53.86 136.72 1435 | 7494 138.34 1835 | 79.69 14837 21.29 | 9276 174.61 20.53

Impulse (inside) (bar-sec)

1722 2646 7.07 | 2255 2992 1931 | 2899 40.82 3544 | 47.11 5499 40.57

3.3. Discussion
3.3.1. Overpressure

In the case of cylinder type, the internal overpressure was observed for both hydro-
carbon and hydrogen gases increases up to 4.0 of the length ratio, and in the case of 6.0 of
length ratio, the internal overpressure tends to decrease in all gases (Figure 9).

The internal overpressure is a sensitive characteristic for hydrogen gas. In the case
of up to length ratio 4.0, the overpressures were increased about 8 times and more than
12 times compared to length ratio 0.0, depending on the tunnel length ratio. It can be
explained by observing the rise time of hydrogen gas explosion load profiles. As shown
in Figure 14a, hydrogen gas has a considerably faster reaction rate by explosion than
hydrocarbon-based gas, and the rise time is longer than 3 or 4 m sec, resulting in an increase
in internal explosion overpressure. Furthermore, it is possible to explain that the specific
tunnel length affects the pressure rise in the explosion chamber due to the kinematic
shape up to 4.0 of the tunnel length ratio. In addition, it is estimated that the low internal
explosion overpressure for all gases at tunnel length ratio 6.0 has similar characteristics to
the transmission of the explosion overpressure to the atmosphere as if there is no tunnel at
length ratio 6.0 or more.
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In the case of square shape, it can be confirmed that the internal explosion overpressure
continues to rise with respect to the tunnel length ratio. As the tunnel length ratio increases,
it is analogized that the maximum overpressure is increased by increasing the flame
propagation speed due to the turbulence generated inside the tunnel. The different tendency
overpressure compared to the cylindrical shape was observed in the test results due to
the geometrical shape of the explosion chamber and the tunnel. The internal explosion
overpressures measured larger than for the cylinder tunnel, which can be explained by the
internal pressure causing transfer to the side of the rectangular shape tunnel (Figure 20c).

3.3.2. Explosion Chamber Type

The explosion chamber geometry (cylindrical and square) was analyzed. As butane
and LPG (propane 98%) showed similar trends, the LPG (propane 98%) case was analyzed.
The cylindrical and square explosion chambers showed distinct characteristics.

As shown in Figure 23a, the average overpressure of the square explosion chamber was
12.98 psi, which was more than five times that of the cylindrical explosion chamber (2.49 psi).
The formation of different explosion overpressures in explosion chambers with different
shapes but the same volume (V = 0.149 m?) and cross-sectional area (A = 0.28 m?) can be
attributed to chamber shape, because the flows inside the cylindrical and square explosion
chambers had the same geometrical cross-sectional area. The cylindrical explosion chamber
was ignited at the center and explosion overpressure occurred in all internal areas.

During the discharge process, the explosion overpressure proceeded smoothly along the
inner side of the curved surface of the cylindrical chamber, whereas in the square explosion
chamber, the explosion overpressure proceeded along the inner side of corners and flat
surfaces. The explosion overpressure in the square chamber was greater than that in the
cylindrical chamber, because the overpressure was reflected and superimposed on the inner
surface of the square chamber, promoting turbulence formation. In addition, as shown in
Figure 23a,b, the two types of explosion chambers had the same cross-sectional area (As_c
and Ac_c = 0.006 m?) and volume (Vs_c and Vc_t = 0.003 m®) but dissimilar lengths. The
square chamber had lengths of 263 and 372 mm from the center to the edge and corner,
respectively, whereas the cylindrical chamber had a uniform radius of 297 mm. Thus, the
explosion pressure increased owing to the flame propagation speed and turbulence caused by
the difference in lengths from the center to the inner surface and corners.

Hydrogen also exhibited explosion characteristics. It formed a higher explosive over-
pressure than hydrocarbon gases. Figure 24b shows the explosion overpressure for hydrogen.
The average explosion overpressure of the square explosion chamber was 20.9 psi, which
was 4.5 times that of the cylindrical explosion chamber (4.6 psi). In addition, during the
experiment, the observation window on the side of the square chamber was damaged owing
to the geometry-induced increase in the explosion overpressure, as the surface of the square
explosion chamber was at right angles to the internal environment.

Furthermore, although reproducibility was assured by conducting three repeated
experiments for each scenario, deviation is likely to have occurred due to uncertainty about
environmental variables (temperature, humidity, etc.).
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Figure 23. Comparison of explosion overpressure for explosion chamber geometry; (a) LPG (propane
98%), (b) Hydrogen.
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Figure 24. Differences in geometrical cross-sectional area region and plane section length be-
tween the cylindrical and square chambers; (a) Cross-section area comparison, (b) Plane-section
length comparison.

3.3.3. Effect of Tunnel Length

The effect of tunnel length for cylinder-type tunnel and hydrocarbon-based gases
produced similar overpressures values (Figure 10) at the internal and external measure-
ment points. However, it was confirmed that for hydrogen gas the external explosion
overpressure was high similar to the way the internal pressure increased. When ignition
and explosion occurred, the explosion overpressure discharged to the outside was also
large due to a faster reaction than hydrocarbon-based gas.

The square shape showed a different trend from the cylindrical shape. It was observed
that the hydrocarbon-based gas showed a similar value for various tunnel length ratios,
while hydrogen showed a maximum value at a tunnel length ratio of 2.0 and decreased
for greater length ratios (Figure 18). This is analogized to be the main result of the square
geometric shape. At length ratio 2.0, the explosion overpressure inside the explosion
chamber and tunnel is concentrated to one point outside, but as the length of the tunnel



J. Mar. Sci. Eng. 2022, 10, 532

22 of 24

increased, the explosion overpressure discharged to the outside was dispersed into the
atmosphere. Furthermore, it can be explained that the reason for decreasing internal
overpressure was due to breakage and deformation of the side observation window and the
steel plate, which occurred during the experiment. This also reduced the external explosion
overpressure (Figure 20c).

3.3.4. Rising and Duration Times

Overall, hydrocarbon-based gas has longer rise and duration times than hydrogen gas.
Hydrogen has a relatively shorter rise and duration time than hydrocarbon-based gases,
but can cause instantaneous deformation of structures due to large explosive overpressure.
This is one of the critical parameters for the structural design point of view.

In addition, rise and duration times are the unique characteristics of each gas, so it is
judged that special attention is required when handling hydrogen gas.

3.3.5. Impulse

The damage potential of an explosion wave depends on both the overpressure and
impulse. The impulse characteristic is an important parameter of hydrogen gas explosion
for structural safety design, which is defined as the area under the positive phase of the
pressure versus time curve (Figure 1).

The impulse of all gases was measured to be largest at a length ratio of 4.0 for the
cylinder type. Hydrocarbon-based gases are observed a similar impulse values except at
a tunnel length ratio of 4.0. However, the impulse of hydrogen gas was increased to 4.0
of the length ratio and decreased at 6.0. It can be explained that internal overpressure
was measured at a high value for a length ratio up 4.0; therefore, this overpressure closely
affects the increasing impulse value. Additionally, this is judged to be the characteristic of
the hydrogen gas and the effect of cylindrical shape due to blast wave velocity.

In the case of the square shape, different impulse values were observed when com-
pared with the cylinder shape. It can be seen that the amount of impulse continues to
increase as the tunnel length ratio increases, as shown in Figure 22. This is judged to be
caused by a characteristic of the square-shaped explosion tunnel. This can be explained by
observing that all gases are delivered to the high-pressure side and edge on the wall of the
square tunnel, owing to the unequal rectangular section shape and the induced stagnation
area when compared with a cylinder shape. Therefore, the occurrence of highly internal
overpressure led to damage along the edge of tunnel structures, as shown in Figure 20c.

According to the experimental results of the square type, the current maximum length
ratio was observed up to 6.0 for the continuous increase in terms of impulse and overpres-
sure. It seems to be a limited length ratio of the present test tunnels.

If the tunnel length is 6 or more, it would be expected to increase and then decrease
similar to the cylindrical shape. Therefore, further experimental and numerical study is
necessary for the future and should be carried out.

The impulse for hydrocarbon-based gas is observed to be higher than for hydro-
gen gas. Although the internal overpressure is higher than hydrogen, the duration
time is relatively long, thus a higher impulse load was calculated. This phenomenon
should be considered when determining the design explosion load, such as for altered
and/or refurbished facilities, when converting from hydrocarbon gas to hydrogen gas, or
vice versa.

4. Conclusions and Remarks

To investigate the explosion characteristics of hydrogen, which has attracted attention
as a clean energy in the shipbuilding field, two types of explosion chambers (cylinder-
and square-type) and ventilation tunnels were manufactured to conduct experiments. The
following conclusions were drawn by comparing the experimental results for hydrogen,
butane, and LPG (propane 98%):
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References

(1) The rupture shape varied depending on the type of combustible gas. This yielded
different results from general experimental techniques because of the variable area on
which the pressure was applied.

(2) Hydrogen produced a shorter rising time and duration than the hydrocarbon-based
gases considered; however, the explosive overpressure was higher than that of the
hydrocarbon-based gases.

(38) According to the conventional view, in a tunnel in which the explosion overpressure
can move following an explosion in the explosion chamber, the explosion overpres-
sure tends to increase as the tunnel length-explosion chamber length ratio increases.
However, in the case of the cylindrical shape in this study, the pressure inside the
explosion chamber was highest at a 4.0 length ratio, but the lowest explosion over-
pressure was observed at a length ratio of 6.0. For the square-type explosion chamber,
as the length ratio increased, the internal explosion overpressure tended to increase.
Butane, which had a relatively long duration, showed the highest impact. For a tunnel
structure in which shock waves and flames can propagate after an explosion-induced
structural rupture, the maximum overpressure and impact of the explosion increase,
and the rising time and duration tend to be maintained or decreased as a function of
explosion safety based on the design parameters of tunnel geometry.

(4) To utilize hydrogen as a fuel for ships, it is necessary to consider a safety design
based on hydrogen explosion load profiles to prevent structural damage, loss of
property, and threat to human life. These experimental results are especially useful for
developing new hydrogen fuel ship codes and design guidance against the existing
IGF and IGC.

(5) This study aimed to confirm the characteristics of internal and external pressures
during explosions in cylindrical and square exhaust vents. The results can serve as a
reference for structural designs of validation tunnels and surrounding ship structures
considering the explosion characteristics of exhaust ports. The study also aimed to
establish an experimental database to guide the estimation of the length of validation
tunnels through analysis of the effects of tunnel length on the pressure characteristics
at the end of the tunnels. Using CFD and experimental investigations, future research
should investigate the explosion-proof characteristics of the fire-extinguishing area to
develop measures to reduce explosion-induced damage.
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