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Effect of Channel Width on the Shock and Ignition of High-Pressure
Hydrogen Release

Chen, J. R.*, Tsai, H. Y., Ku, C. W.,Lin, Y. C.

Department of Safety, Health and Environmental Engineering, National Kaohsiung First
University af Science & Technology, Kaohsiung, 824, Taiwan.
*Corresponding author email: jre(@nifist edu tw

ABSTRACT

In this work, rectangular visualization channels with different widths were used to study the shock
wave and ignition from pressure release of hydrogen into air. The minimum pressure required for
ignition was determined for each channel. Shock wave speed was also measured from the high-speed
shadowgraph. The results found that with diminishing channel width. the minimum release pressure
reguired for ignition is also decreased which suggests that most accidental release from a thin crack
will favors spontaneous ignition. This result is in consistent with the our observation that most
accidental release from a leak of a pressure source did result in prompt ignition.

KEYWORDS: Hydrogen, autoignition shock wave.

INTRODUCTION

Numerous studies. both experimental [1-3] and numerical [4-7], have been done to elucidate the
mechanism of hydrogen autoignition following accidental pressure release. The mechanisms and
conditions of the ignition are not yet completely clear but are generally agreed to be caused by
the shock wave compression from the high pressure release which heats up the hydrogen/air
mixture in the contact surface. To achieve spontaneous ignition. it requires a proper combination
of downstream geometry (channel length and channel geometry) and failure pressure that provide
a critical level of shock heating as well as a critical volume of mixed hydrogen and air that 1s
capable of undergoing flame spreading [1]. These critical values for spontaneous ignition are
however vet to be determined completely.

Recently, Kim et al. [8] studied the shock and flow structure inside the flow channel with the aids
of double glass window. The visualization channel has a square cross-section of 10%10 mm and a
total tube length of 300 mm. Two high-speed cameras with shadowgraph and direct image
recording were taken Detailed structure of shock wave, muixing spot, ignition, and flame
propagation were revealed.

Although the work of Kim et al. [8] is valuable for better understanding of the ignition
mechanism, there remains lack of systematic studies on the conditions of ignition. There also
lacks of information on how the shock compression theory can be extended to splts in actual
incidents. As most splits or cracks m vessels are longitudinal with large aspect ratio, it 1s of
interest to study the effects of channel width on conditions of 1gnition. In particular, it would be
interested to study the release from a thin channel which resembles the most accidental release
from a crack of a vessel wall. With a diminishing channel width, the boundary layer will strongly
perturb the flow and shock wave, which in turn will affect the shock compression. mixing and
1gnition of hydrogen and air mixture.

In this work, visualization channels similar to that of Kim et al. [8] with different widths were
used to study the shock wave and ignition from pressure release of hydrogen into air. The
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minimum pressure required for 1gnition was determined for each channel. Shock wave speed was
also measured. The result found that with dimumishing channel width. the minimum release
pressure required for ignition is also decreased which suggests that most accidental release from
a thin crack will faver spontaneous ignition. This result 15 1n consistent with the our observation
that most accidental release from a leak of a pressure source did result in prompt ignition. For
example in August 10 2012, a leak and fire was developed for a hydrogen compressor in a
refinery i Kaohsiung, Taiwan [9]. The compressor output had a reported pressure about 4 MPa
while the leak was believed to develop from a pipe flange. The leak evolved mto a fire rather
than an explosion as there was no sign of explosion damage. A leak without prompt 1gnition but
was ignited remotely would produce a vapor cloud explosion that 1s distinctive compared with a
ignited flame.

EXPERIMENTAL SETUP

A rectangular visualization channel was used to study the shock, ignition and flame propagation
following the release. The channel was bounded by two pressure-resistant glasses. Four different
visualization channels were used. The cross-sectional dimensions for the visualization channel
are 15.6%32 mm. 610 mm, 4%10 mm and 3x10 mm. respectively. The lengths for the
visualization channels are the same of 140 mm. A circular bursting disk of 12.7 mm 1s used for
all tests. The disk 1s mounted 1 a disk holder by a union connector and conmected to the
visualization channel through a welded 1/2” NPT female connector as shown m Figure 1. In
order to accommodate the pressure-resistant glasses, it is necessary to have additional area
around the visualized section for supporting. The additional area 15 an annulus with width of 12.3
mm circled around the visualized section. At overlapping of flow channel and the supporting
annulus as shown by the dash line m Fig. 1(a). the channel cross-sectional dimensions were
reduced to 3.3%10 mm. 1.75x10 mm and 1x10 mm for channel size of 6x10 mm. 4x10 mm and
3%10 mm, respectively. Thus. the actual flow area went from a circular diameter of 12.7 mm, a
contraction to rectangular bounded by supporting annulus, and then slightly expanded to the
visualized section. The detailed dimensions are shown i Fig. 1(d). For the largest channel, the
flow area went into an expansion of 15.6x32 mm?’ directly; see Figure 1(c) and ().

The channel is connected to a pressure vessel with a volume of 5%107*m’. Hydrogen was supplied
from a cylinder directly or through a booster compressor that can boost the pressure to above
cylinder pressure. All tests were initiated by gradually increasing the pressure in the vessel until
the bursting disk ruptured. Bursting disk with rated pressure of 20, 30, 40, 50, 70, 100, and 150
bar were used. Pressure at upstream of bursting disk was measured to record the exact bursting
pressure. Two Phantom V711 high-speed cameras with shadowgraph and direct image recording
were taken at rate of 100,000 fps. Color video cameras were also used to record the flame outside
the channel.
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Figure 1. Combinsation of bursting disk and visualization channel. (a) Front view of the combination. (b)
Top vide of the combination. (c) Front view of entrance contraction for 3x10 mmnr’, 4x10 mnr’, 6x10 mm?’,
15.6x32 mm? from left to right, respectively. (d) Detailed dimension of channels with contraction. (d)
Detailed dimension of 15.6x32 mm’ channel.
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RESULTS
Visualization of Shock Wave and Flame

Vast video data were obtamed from the visualization of shock wave and flame inside the channel.
The observed structure 1s m general similar to those of Kim et al. [8] which visualized the
detaileds structure of the shock wave and flame for a 10%10 mm square channel. The focus here
is to highlight the difference for narrow channels. Figure 2 shows the shock wave and flame for
4x10 mm channel with release pressure of 3.50 MPa. This figure refer to a typical shock wave
and flame formation with successful ignition inside the channel. This test however failed to form
a sustained jet flame outside the channel as shown mn Figure 3.

Also showed for comparison in Figure 4 are the shock wave for the same 410 mm channel with
release pressure of 2.36 MPa and shock wave for the 6x10 mm channel with release pressure of
3.51 MPa. The later two in Fig. 4 highlight the cases for failed ignition with reduced drver
pressure or increased channel width. Both cases showed a similar mixing front as Fig. 2(a) but
with redcued intensity. The most striking feature found in Fig. 4 1s that a second shock front
emerged from the muxing front which accelerated and eventually merged with the first shock
front. It 1s not clear how the second shock front generated. It is however confirmed that all tests
without ignition in the contraction channels showed a second shock front. The tests with flame
inside the channel showed only a fast shock front followed by a slower flame front. For the
15.6%32 mm channel, only the first shock front and the mixing front were identified. Thus, the
second shock front is likely to originate from the reflection and interaction of mitial shock on the
channel contraction.

Fig. 2(b) also shows that the flame was imtiated from the contraction. In fact, all channels with
contraction showed flame initiated from the contraction. Also. all flame inside the channels
showed sinular profile as those i Fig. 2(b) which developed quickly over the cross-section area
and persisted downwind. Flamelet initiated from the channel boundary layer which was observed
1n Kim et al. [8] never appear 1n current channels with contraction. It however appears i the tests
with 15.6%32 mm channel such as Figure 5.

Shock Speed, Release Pressure, and Channel Width

Figure 6 summarizes the overall results of measured shock speed as a function of release pressure
and channel width. Data with solid symbol indicates test with ignition. The test. test with 4x10
mm channel and release pressure of 3.50 MPa, with ignition and flame observed in the
visualization section but no sustained jet flame is indicated by symbol with 50% shade. It 1s
interesting to note that the shock speed 1s a more strong function of release pressure compared
with the channel size. Reducing channel size do however reduces the shock speed as shown i
the data points in Fig. 6 near release pressure 2.4 MPa.

Figure 7 shows the comparison of mimmmum pressure with ignition and maximum pressure
without 1gnition as a function of channel width. The munimum pressure with ignition decreases
with diminishing channel width, reaching 1.9934 MPa at linuting small channel width. This
limiting value s close to the critical value of 2.27 MPa for ignition reported by Dryer et al. [1].
Drvyer et al. [1] suggested that such a low driver pressure cannot possibly explain the spontaneous
ignition observed in the expenments with the small channel length. The reduction in cross-
sectional area after the bursting disk are the main factor which results in partial reflection of the
initial transient shock through the cross sectional area constriction. The result 1s an increase in
local temperatures and pressures ahead of the progressing initial contact surface by the partial
reflection of the initial transient shock [1]. Xu and Wen [7] also drawn similar conclusions based
their numerical simulation of hydrogen release through a contraction.
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Figure 2. Visualization of shock wave and flame for 410 mm channe] with release pressure of 3.50 MPa.
(a) shock wave shadowgrach. (b) flame color video. Each frame differs by 10 us.

Figure 3. Comparison of flame emerging from the channel with a failed jet flame and a successful,
sustained jet flame. (a) a failed jet flame. 4x10 mm channel with release pressure of 3.50 MPa. (b) a
successfill. sustained jet flame, 4+ 10 mm channel with release pressure of 4.41 MPa.
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Figure 4. Visualization of shock wave of two failed 1gnition case. (3) 4x10 mm channel with release
pressure of 2.36 MPa. (b) 6x10 mm channel with release pressure of 3.51 MPa.. Each frame differs by 10 us.

1
|
-
_I

Figure 5. Flamelet mnitiated from the channel boundary laver in test with channel dimension 15.6x32 mm
and release pressure of 16.2 MPa. Each frame differs by 6.66 us.
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Figure 6. Overall results of measured shock wave speed as a function of release pressure and channel width.
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Figure 7. Comparison of minimum pressure with ignition and maxinmim pressure without ignition as a
function of channel width.

Discussions

Although the current work suffers the drawbacks of contraction between the bursting disk and the
rectangular channel. the comparison between different channel widths and release pressures did
provide some insights on the effects of channel width. Dryer et al. [1] suggests that to achieve
spontaneous ignition it requires a proper combimnation of downstream geometry and failure
pressure that provide a critical level of shock heating to cause autoignition of mixtures formed
with hydrogen. as well as a critical volume of mixed material that is capable of undergoing flame
spreading. It 15 most likely that the channel width contributes to the igmition in two folds. The
boundary layer in a narrower channel will contribute to better mixing and therefore more
flammable volume for shock heating and flame spreading for the same release pressure as the
shock speed were reduced slightly with reduced channel width as shown in Fig. 6 for the cases of
3.4, and 6 mm. In addition, the critical volume of mixed material with a smaller channel required
for undergoing flame spreading is reduced as any small flamelet formed in a large channel such
as those in Fig. 5 will easily fill the whole cross-section in a narrower channel and thus easier
flame spreading.

For release from a crack in a pressure vessel, it 1s unlikely that the flow will undergo contraction
as in the present work. However, the cracked surface is never smooth and may promote boundary
layer mixing and hence facilitate the formation of ignition kernel with the aids of driver pressure.
Furthermore the minimum release pressure required for ignition is also decreased with
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diminishing channel width, which suggests that most accidental release froms a thin crack will
favor spontaneous ignition. This result 15 in consistent with the common observation that most
accidental release from a crack of a wessel wall did result in ignition. The present studies
however indicates that ignition 15 unlikely with a storage pressure less than 1.99 MPa. This value
1s also roughly consistent with the 1-D shock theory analyzed by Drver et al [1].

CONCLUSIONS

Rectangular visualization channels with different widths were used to study the shock wave and
ignition from pressure release of hydrogen into air. The minimum pressure required for 1gnition
was determined for each channel Shock wave speed was also measured from the high-speed
shadowgraph. The results found that with diminishing channel width, the minimum release
pressure required for 1gnition 1s also decreased.

Comparison of the shock shadowgraphs between different channel widths and release pressures
also provided some msights on the effects of channel width. It is likely that the channel width
contributes to the ignition in two folds. With smaller channel, the cntical volume of mixed
material required for undergoing flame spreading 1s also reduced. On the other hand. the
boundary layer in a narrower channel will also contributes the better mixing for the same release
pressure as the shock speed were reduced slightly with reduced channel width. Thus, in most
accidental release with a thin crack spontaneous ignition 1s favored. This result i1s in consistent
with the our observation that most accidental release from a leak of a pressure source did result in
prompt ignition. The present studies also indicates that igmition i1s unlikely with a storage
pressure less than 1.99 MPa.
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Background

Silane is one the most important hazardous gas that is widely
used in semiconductor, flat panel, and photovoltaic industries.
The storage and handling of silane is regulated by the ANSI
compressed Gas Associations [0GA) G-13 Standard which is
recognized worldwide. G-13 establishes safety setback distances
by assuming worst case events. The currents distances however
are considered to be over-conservative. A series of tests was
proposad to better define silane behavior during unintentional,
large-scale release.

Over 20 releases were proposed that were focused on

determining:

= Heat conductance from flame impingement

= The effect of flame impingement and radiant heat on a
tonner filled with nitrogen from discharge of an adjacent
tonner

- Radiant heat from vertical and horizontal jets

= Owverpressure from open air vent delayed ignition

= Overpressure from obstructed ignition

The first part of the summary describes the detailed results of

the silane flame impingemeant and thermal radiation tests.

These tests included:

= 2 nitrogen releases from a ton cylinder

= 3 silane flame releases from a ton cylinder with flame
impingement onto an adjacent ton cylinder

= 2 silane flame jet releases from a ¥ tube diameter

= 5 ethylene flame jet releases from a ¥ tube diameter

= 4 silane flame jet releases from a cylinder ﬁ
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. e @ ‘

|m T4
™ T4 a1 al A al
O s £ £ £ 5 5 5
m arm aTT s [-8.+i ) [:SE o s [-§i5)
| AvenpbamifaaleWen |
[ vesreny  [ETTRINTTC rm m m T 255
[ oatonz  ETTI [ M 234 140 FT 33
[ Pesbeas QR L= Lao 147 153 1 a7
EETTTEE n= L. 1 1350 197 M 28
[ Pootens | 1 185 1 M 237
EETTTEE 451 1m 1m0 1m 1 1m




CGA G-13 Large-Scale Silane Release Tests
Part Il. Silane Vapor Cloud Explosion Overpressure Measurement

Eugene Y. Mgai*, Ron Fuhrhop?, Jeng-Renn Chen®, lenny Chao*, C. Regis Bauwens®, Crystal Mjelde®, Gary Miller®, lerry sameth?,
John Borzio®, Michael Telgenhoff®, Bruce wilson®®

1_chemically speaking LLC, 2. Praxair, 3. Mational Kachsiung First University of science and Technology, 4. FM Global,

5. REC Silicon, 6. air Products, 7. Matheson-Trigas, 8. Air Liquide, 9. Dow Corning, 10. Linde

*Corresponding author, e-mail: jre@nkfust.edu tw.

Piloted Ignition with Obstruction: Test 9/Phase 1|

Background

Silane is one the most important hazardous gas that is widely used
in semiconductor, flat panel, and photovoltaic industries. The
storage and handling of silane is regulated by the ANSI Compressed
Gas Associations (CGA) G-13 Standard which is recognized
worldwide. G-13 establishes safety setback distances by assuming
wiorst case events. The currents distances however are considered
to be over-conservative. A series of tests was proposed to better
define silane behavior during unintentional, large-scale release.

[Summar\r of Test Results

The second part of the summary describes the detailed results of
the silane release vapor explosion  and owverpressure (OP)
measurement. These tests included:

Phasa |

= 1 delayed ignition without obstruction = no OP [#7)

= 3 delayed ignition with obstruction = 2 with O (#8~10]

Phasza 1l

= 4 delayed ignition without obstruction = no OP (#1~3,19)

= 2 delayed ignition with obstruction = no OP (4, &)

= 9 piloted ignition with obstruction = strong OP [#5,7~14,)

= 4 piloted ignition without obstruction = 2 with OP [#15~18)

|[Je|a'.red Ignition with Obstruction: Test 10/Phase | |
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