NUMERICAL STUDY OF SPONTANEOUSIGNITION OF
PRESSURIZED HYDROGEN RELEASE THROUGH A LENGTH OF
TUBE WITH LOCAL CONTRACTION

B.P. Xu and J.X. Wen’
Centrefor Fireand Explosion Studies, Faculty of Engineering, Kingston Univer sity
Friars Avenue, London, SW15 3DW, UK
* Correspondance: j.wen@kingston.ac.uk

ABSTRACT

Numerical investigations have been conducted oneffect of the internal geometry of a local
contraction on the spontaneous ignition of pregsdrhydrogen release through a length of tube using
a 5"order WENO scheme. A mixture-averaged multi-congmrapproach was used for accurate
calculation of molecular transport. The auto-igmitiand combustion chemistry were accounted for
using a 21-step kinetic scheme. It is found that ititernal geometry of a local contraction can
significantly facilitate the occurrence of spontang ignition by producing elevated flammable
mixture and enhancing turbulent mixing from shookniation, reflection and interaction. The first
ignition kernel is observed upstream the contractib then quickly propagates along the contact
interface and transits to a partially premixed #atdue to the enhanced turbulent mixing. The pértial
premixed flames are highly distorted and overlappéti each other. Flame thickening is observed
due to the merge of thin flames. The numerical iptEths suggested that sustained flames could
develop for release pressure as low as 25 barthearelease pressure of 18 bar, spontaneous ignitio
was predicted but the flame was soon quenchedoie &xtent this finding is consistent with Dryer’s
experimental observation in that the minimum redepeessure for the release through a tube with
internal geometries is only 20.4bar.
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1. INTRODUCTION

As a possible next-generation energy carrier, gsafesport and utilization of compressed hydrogen is
of particular importance. A potential hazard oflssystem is high pressure hydrogen jet originating
from either a pressure relief valve or a small kiiacthe piping of a storage vessel. Such jetsoéten
ejected in the presence of obstacles, either inmpingurfaces or turbulence inducing structures and
inevitably their behaviour (including spontaneogisiion and flame propagation if ignited) is strong
subject to the influence of these surrounding aeta In some accidental scenarios, pressurized
hydrogen releases were found to have ignited wheretwas no clearly identifiable ignition source
[1]. The ignition can potentially lead to jet firampid flame acceleration and explosions in catdin
areas. In a recent review by the Health and Sdfaboratory [2] on the properties and hazards of
some alternative fuels, it was highlighted that s&arch is required to determine the mechanisms of
apparently spontaneous hydrogen ignition whenaikdefrom highly pressurised containment and to
guantify the risk of ignition occurringThe presence of obstacles/walls is also expecteaffént
spontaneous ignition and further complicates thaedging physics.

Although several ignition mechanisms have beenutetsid and examined in the literat{te3], there

still lacks clear understanding about the ignitlachanisms. Among the postulated mechanisms, the
reverse Joule-Thomson effect has been ruled ouewdiffusion ignition has been demonstrated by
both experiments [3-5] and numerical simulationd.4$ which suggested that the mechanism of the
spontaneous ignition is due to shock-induced diffusgnition. As compressed hydrogen is abruptly
released into atmospheric environment, a strongksh@ve forms and propagates into ambient air
raising its temperature and pressure; meanwhilrefaction wave moves back into the compressed
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hydrogen reducing its temperature and pressure. shiuek-heated air mixes with the cooling
decompressed hydrogen at the contact region. lfetinperature of the combustible mixture within the
flammability limit exceeds the auto-ignition tematire, spontaneous ignition will occur after an
ignition delay time.

Most previous experimental studies [3-5] focusedpbenomenological observations of pressurized
releases through a length of tube. According tgelexperimental observations, release pressure and
length of release tube are two important factaiescéihg the occurrence of the spontaneous ignition.
higher release pressure would facilitate the oetwe of ignition by producing a higher temperature
of the oxidizer, while a longer tube would proviéonger mixing time to make ignition more readily
happen. Dryer et al. [3] also emphasized the inapae of the internal geometry downstream of the
burst disk and the multi-dimensional shock fornradioeflections/interactions resulting from the
rupture process of the burst disk, and postulabed both factors were responsible for significant
mixing occurring at contact surface. In Dryer's ewmental observation the minimum release
pressure to induce an ignition for a release thmoagtube with internal geometries is as low as
20.4bar.

Numerical investigations have also been attemmietdth direct releases [6-8] and releases thraugh
length of tube [9-14]. These studies successfulddisted the occurrence of the spontaneous ignition
and demonstrated the capability of numerical sitiwia to investigate this complex phenomenon for
which previous experimental studies could only ptevqualitative results. Xu et al. [7] numerically
investigated the effect of pressure boundary rgptate on spontaneous ignition of direct releases
using an Iris model to mimic the actual rupturegass. The Iris model is used to simulate the finite
opening time of the pressure boundary. It assutrepitessure boundary, which is mimicked by a thin
diaphragm, ruptures linearly from the centre atnétef pre-determined raté was evident that the
rupture process of the pressure boundary coultd@abnsidered as to be infinitely fast due to gy v
fast flow characteristic time scale. A finite ruggutime would result in a much lower temperature of
the shock-heated air compared to an infinitely fapture and hence greatly reduce the likelihood of
the spontaneous ignition of a direct release. Meently, Wen et al. [10] carried out a detailed
numerical study of compressed hydrogen releasesighra length of tube taking into account the
finite rupture time. It was found that the finitepture process plays an important role in the
spontaneous ignition. The finite rate rupture psscproduces higher-than-ideal shock velocity and
significant turbulent mixing at contact region aptbvides additional heating to the combustible
mixture via shock reflections and interactionswvits revealed that ignition is firstly initiatedkaghly
distorted contact region by strong turbulence irduby the rupture process inside the tube and
gradually evolves into a partially premixed flamersy the contact region. Critical amount of shock-
heated air and well developed partially premixeaimiés are two major factors providing potential
energy to overcome the strong under-expansionviiig spouting from the tube exit.

All the aforementioned previous numerical studiesevconcerned with releases through a length of
tube with constant cross-section. Inspired by Dsyédindings of the importance of the internal
geometry downstream of the burst disk, numericatystof spontaneous ignition in compressed
hydrogen release through a length of tube withcalloontraction is conducted to investigate theaff

of the internal geometry using our previously deped numerical model [10]. The local contraction
is a good example of internal geometries sinceiit wduce a contracting flow followed by an
expanding flow from which would strong shock refien, interaction and focusing will develop.

2.NUMERICAL METHODS

Numerical study of the spontaneous ignition in coesped hydrogen release is of particular challenge
because of the substantial scale difference betwig&msion and advection and the reactive flow
accompanied by strong shock waves. Diffusion actgescontact region is a much slower process
than the fast characteristic flow time. To explicitesolve physical diffusion at the contact region
high-order numerical schemes along with fine gedotution are required to prevent it from being
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smeared by numerical diffusion. For applicationsliing rich shock structures, high-order WENO
shock-capturing schemes are more efficient thandaer total variation diminishing (TVD) schemes
and can help to reduce numerical diffusion [15thalgh second-order TVD schemes were widely
used in previous numerical studies of the hydrogpontaneous ignition [6,9,13,14], preliminary
numerical tests have shown that numerical diffusegsulting from second-order schemes artificially
enhances the mixing at contact region and overigiiethe likelihood of spontaneous ignition.

Considering the substantial scale difference batveiusion and advection, an arbitrary Lagrangian
and Eulerian (ALE) method [16] was adopted to treatvective terms separately from diffusion
terms in the transport equations. Each computdtiima step is divided into two phases in the ALE
method, i.e. a Lagrangian phase and a rezone plmae Lagrangian phase, a second-order Crank-
Nicolson scheme is used for the diffusion terms #mel terms associated with pressure wave
propagation, a 3rd-order TVD Runge—Kutta method [$7used in the rezone phase to solve the
convection terms. The coupled semi-implicit equagion the Lagrangian phase are solved by a
SIMPLE type algorithm with individual equations gedl by a conjugate residual method [18]. For
spatial differencing, a 5th-order upwind WENO sclkditb]is used for the convection terms and the
second-order central differencing scheme is usedlfthe other terms.

A mixture-averaged multi-component approach [12ds used for the calculation of molecular
transport with consideration of thermal diffusiorhieh is important for non-premixed hydrogen
combustion. For autoignition chemistry, Saxena Wflliams’ detailed chemistry scheme [2@hich
involves 21 elementary steps among eight reacthemical species was used. The scheme was
previously validated against a wide range of pnessup to 33 bar. It also gave due consideration to
third body reactions and the reaction-rate presdependent “fall-off” behaviour. To deal with the
stiffness problem of the chemistry, the chemicatekic equations were solved by a variable-
coefficient ODE solver [21]. More detailed desdaptof the numerical models and validations can be
found in Wen et al. [11].

Figure. 1. Schematic of the release tube with looatraction.

3. PROBLEM DESCRIPTIONS

Table 1 Computational details

Parameters Values
Rupture time (us) 5
Release pressure (bar) 50, 25, 18
Initial Temperature (K) 293
Diameter of tube (mm) 3
Length of tube (mm) 60
Contraction ratio 0.6
Thickness of film(mm) 0.1
Minimum grid spacing (Lm) 15

It was revealed in our previous study [11] thatrgpneous ignition first occurs inside release tubes

and gradually evolves into a partially pre-mixeghfle before jetting out of tube exits. Therefore, th

present study is limited to the flow inside theeesde tube. The computational domain is composed of

a cylindrical high-pressure vessel of large diamatel a release tube with a local contraction shown

in Figure 1. The pressurized cylinder was set upeaaufficiently large to ensure that pressure drop
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during simulations does not exceed 3% of the infiessure. The release tube has a diameter D of 3
mm and a length L of 6 cm. The contraction ratidixed to be 0.6 in this study. The distance of the
local contraction to the rupture plane is choserd dgnes of the tube diameter, which ensures the
incident shock to reach a nearly constant shoakcityl before it transmits into the contraction gmtt

if the finite opening time of the pressure boundarytaken into account. The width of the local
contraction is set to be the tube diameter. In pmewvious study [11] it was found that the rupture
process of the initial pressure boundary is crualhe spontaneous ignition. An Iris model [22] is
used to simulate the rupture process of the predsoundary. It assumes that the pressure boundary,
which is mimicked by a thin diaphragm with a thieks of 0.1 mm placed at the left plane of the
release tube in the simulations, ruptures linefndyn the centre at a finite pre-determined rate as
simulations start. It was revealed [11] that altjiouthe shock velocity finally stabilizes at
approximately the same value after the ruptureaitferent rupture times, the longer the ruptureetim
the slower the increase rate of the shock velo@ityobtain a fast increase rate of the shock vloci

in this study the rupture time, which is the tinoe & full bore opening of the thin diaphragm, iefl

as 5 us. Three release pressures of 50 bar, 28&agr, which are not sufficiently high to produce
spontaneous ignition for a tube of a constant esession, are considered in this study. Accordmg t
Dryer’s findings, a release pressure of only 18 wauld not produce spontaneous ignition for any
internal geometries.
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Figure 2. The predicted contours of Logarithm afgsure (bar) and axial velocity( S) listed in the

left column, temperature (K) and hydrogen masdifsadisted in the right column at a time interedl

1 ps starting from 13 ps for the case of 50 baed®ure and temperature are shown in the upper half
of each frame; while axial velocity and mass fractare shown in the lower half of each frame.)

All the simulations were started from still condits with the tube filled with ambient air and the
pressurized cylinder region with pure pressurizgdrbgen separated by a thin diaphragm with a
thickness of 0.1 mm. All the solid surfaces (e.@llsy were assumed to be non-slip and adiabatic.
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Non-uniform grids were applied to the regions aégzurized cylinder and uniform grids to the tube
region. Since flame is first initiated at the tluontact region, a very fine grid resolution is reed
there to resolve the species profiles in the ighil@me. According to our previous study [11] ajlf
mesh size is sufficient to resolve the speciesilpgohence used in this study. The non-uniformgrid
were clustered around the two ends of the tubetladrid sizes range from 15 pm ~150 pum inside
the region of pressurized cylinder. The total gr@nts are then approximately two millions in the
current simulations. The key parameters of the cgetprelease scenarios are summarized in Table 1.

o o o - - N N N w w S
o EN ©® [N @ o ES o [N] o o
A |
TOR = e
e — . = T A e R B B B e e e e e e L B e S e e ]
o o = — N 1N » w b & o o o
(a)o [ =} [ o n o [¥3 o [¥3 o 93 o
-
b N . |
w : F > 7
L ——e o — Y R e e e e e B e e
e =4 = - N 0 » @ ER & w S A
(b)o wn o W o W o [ <} w =} 9 o

(S
(S
0'9=

(AL
06

. | i -O.i
i

€

4
9'17-_

S
Y

C
00
S o
0’1
1
07
S

0'¢
S

0

0‘9-

i

S S — - o N T & i IS v S o
(e)e DY o n o > ) o S o ) o >
Ppa—— 3 :

ST ST AT T Ay o o e A - O o
M= & ° ‘u. > o = O > o > O o
[ - \ \ \ \ \ \ \ L
- =~ ES o N o @ - = - N
8 g 8 8 8 8 8 ) ) 3 ]

o o o o o

Figure 3. The predicted contours of Logarithm afgsure (bar) and axial velocityn(/ s) at a time
interval of 4 ps starting from 22 ps for the cakBbar. (Pressure is shown in the upper haltache
frame; while axial velocity is shown in the lowealhof each frame.)

4. RESULTSAND ANALYSIS

It was revealed in our previous study [11] thatuaviinear incident shock is quickly generated and
reflected from the tube wall. The reflected shookwerges at the axis of symmetry creating shock
focusing. The repeating processes of shock refiecnd focusing create an intermittent flow pattern
of circular and central flows causing a tongue-gldapontact region (see Figure 2(a)). Following
rupture, the shock velocity reflecting the strengttthe incident shock gradually reaches maximum
and then slowly decreases. For the current releasditions, the maximum shock velocity reaches
approximately at a distance 5 times the tube dian@wnstream the rupture plane, i.e. the location
of the local contraction. Figure 2 shows a closesfithe flow development at the local contraction
using the predicted contours of pressure, axiaoigl, temperature, and hydrogen mass fraction for
the case of 50 bar. The incident shock reachesahiaction at roughly t=13 ps (Figure 2(a)) aral th
flow behind it shows a turbulent behaviour dueh® intermittent flow. The outer part of the incitden
shock is reflected from the left vertical wall bitcontraction while the central part of it is samtted
into the contraction tube. A curvilinear reflectgtbck is generated at t=14 ps (Figure 2(b)) regedin
towards the rupture plane. Behind the reflectedclshithe incident flow is quickly decelerated
accompanied by an elevated temperature. The auesailireflected shock converges and reflects from
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the axis of symmetry creating a high-speed jet fiogide the contraction section at t=15 us (Figure
2(c)). The tip of the contact region is narrowed penetrates towards the planar transmitted shock.

As the transmitted shock leaves from the contractirtion, it diffracts into a curvilinear shockiealn

will be reflected from the tube wall at t=16 psgiie 2(d)). The reflected shock converges at tlige ax
creating another high speed jet. As the reflectetls interacts with the leading shock, an annular
Mach stem develops along the tube wall at t=18Higu¢e 2(f)) in the form of a von Neumann Mach
reflection [22]. The shock reflections, focusingdaimteractions create a highly turbulent flow
significantly distorting the contact region and anbing its mixing. The fast turbulent mixing ledds
the creation of a partially premixed layer betwbgdrogen and shock-heated air. An ignition kergel i
firstly observed at t=14 ps (Figure 2(b)) at theteat region near the left edge of the contraction
section where temperature of the flammable mixisifgighest and then tends to propagate along the
interface. At t=15 ps (Figure 2(c)) another igniticernel emerges at the tube wall behind the reftec
shock. Two flames evolving from the ignition keraeé connected to be a partially premixed flame at
t=17 ps (Figure 2(e)). It is also evident that las frontal part of the frame convects out of the
contraction tube local flame extinction occurs ttuéhe strong flow divergence (Figure 2(f-g)).

Figure 3 shows the predicted contours of pressudeaaial velocity at a time interval of 4 ps stagti
from 22 us for the case of 50 bar. As the leadhmark wave propagates downstream the contraction
section, a strong Mach disk gradually forms atltfwation of x=2 cm (see Figure 3(a)). Ahead of the
Mach disk the flow is abruptly decelerated to béssmic and the pressure is recovered, while an
annular supersonic flow develops along the tubé. Wwaide the annular flow local shocklets form due
to the supersonic flow creating an intermittentMlpattern and the annular flow gradually touches th
axis. It is also evident from Figure 3(e-f) tha¢ tinnular flow also induces a reverse flow at theet
axis downstream the Mach disk. Due to the flow tgwment, significant turbulence is created
downstream the contraction.

0000
1000
2000

} €000
+00°0
S00°0
9000 | |
2000 —
8000
600'0
0100

=)
W

99

(H3

09

vo || ¢z

Figure 4. The predicted contours of OH mass fractiod hydrogen mass fraction at a time interval of
4 us starting from 22 us for the case of 50 baH (@ass fraction is shown in the upper half of each
frame; while mass fraction is shown in the lowdf bheach frame.)



Figure 4 shows the predicted contours of OH maastibm and hydrogen mass fraction at a time
interval of 4 us starting from 22 ps for the caEBMbar. As the contact region convects downstream
the contraction, it is highly distorted by the tukdnt flow and its front tip penetrates into theck:
heated air. Meanwhile significant amount of flamteaimixture quickly forms due to the turbulent
enhanced mixing. At the front of the mixing regidow hydrogen concentration mixing “islands”
surrounded by shock-heated air are observed. Agthdbe ignition kernels are initiated at the thin
contact region, partially premixed flames quickgvdlop due to the fast turbulent enhanced mixing.
The flames located close to the low flammabilityiti due to high mixing temperature are quickly
extended. Majority of the flames are located atftbat mixing regions overlapping with each other.
Flame thickening is observed due to the mergeinfftames. Apart from the front flames, flames are
also observed at the tube wall and the recirculaane behind the backward-facing step.

Figures 5 and 6 respectively show scattered plotsrmoperature and OH radical mass fraction versus

mixture fraction at every computational cell centfer the case of 50 bar. The mixture fracture is
defined by

_ WHZ _Yoz +Y02,inf

f @)
WHZ,inf + YOz,inf

where the mass ratio of oxygen to hydrogen at lstoicetryp =38, Yy, andY, are mass fractions of
hydrogen and oxygen respectively,, . =0.23andY, ;. =1.0are mass fractions at infinity. The

stoichiometric mixture fraction is therefofg =0.028, while for pure air and pure hydrogen the

mixture fraction is equal to 0.0 and 1.0 respetyivAt t=12 us, the incident shock is just about to
reach the contraction. Temperature dependence gtunmifraction shows large scatter indicating
multi-dimensional turbulent behaviour of the rekeafow. The minimum temperature is 145K
occurring atf=1.0 due to the cooling effect from the initial fdiiction waves, while the maximum
temperature is 1641K occurring fa0.0 for shock-heated air inside the boundary layemperature
increases with a decreasing mixture fraction duthéoheat exchange between shock-heated air and
hydrogen via mixing. The maximum temperature at #teichiometric mixture fraction is
approximately 1000K at which the ignition inductime is in the order of 100 ps [10] prohibiting

(a) t=12us (b) t=84p (c) t=16us
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Figure 5. Scattered plots of temperature versusum@xraction for the case of 50 bar at different
instance.

ignition to occur inside the tube. At t=14 us, theident shock reflects from the left vertical wall
further raising temperature behind the reflectemckhAt this instance, the maximum temperature of
the unburned mixture at the stoichiometric mixtineetion is roughly 1500K at which the ignition
induction time is only in the order of 1 ps quickhducing an ignition. The scatter of OH mass
fraction at t=14 ps is sparse indicting the initgition taking place at a small kernel. The igmit
kernel has a significant thickness in the mixtueetion space spanning frane0.0 tof =0.08 and the
reaction rate peaks at a mixture fractir0.025 called most reactive mixture fraction slight
deviating from the stoichiometric mixture fractibp=0.028. After the ignition, the ignition kernels
are quickly extended along the interface, whichevédent from the increasingly dense scattered
distribution of OH mass fraction. Temperature defsgte on mixture fraction shows large scatter
from t=16 ps to t=32 ps during the flame spreadihgs evident from Figure 5(f) that most of
temperature scatter points cluster around equiibrivalues indicating that the flames almost spread
over all the interfaces between hydrogen and sheeited air. At t=42 ps, OH radical mass fraction
still show large scatter owing to the differentdbiow conditions resulting from the highly turleumi
flow.
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Figure 7 shows the maximum temperature versusseléme. For the cases of 50 bar release, the
maximum temperature jumps to 1046K at t=0.2 ug #fie rupture due to the shock heating and then
drops to 624K at t=2.3 ps due to the flow divergerifter t=2.3 us it quickly increases again due to
the shock reflection. Two spikes at t=6.6 pus ar®l|& are caused by shock focusing. For the case
with a constant cross-section, it finally stabitize value of 1653K from t=13 ps and no ignition
occurs. For the case with a local contractionuis to 2522K at t=13 ps due to the strong shock
reflection from the left vertical plane. After theflection, it decreases to 2377K at t=13.7 pstaed
jumps to 3000K due to the ignition at t=14 ps. Aftiee ignition, it fluctuates but still remains at
very high value. The spikes appearing after thédi@gnare caused by shock reflections and focusing.
For the cases of 25 bar and 18 bar, as the incglmuk reaches the left vertical wall, it increatses
1796K at t=15.5 ps and 1519K at t=16.6 us respalgtiesulting in ignitions at t=16.3 ps for the eas
of 25 bar and at t=17.7 ps for the case of 18 bds revealed that both temperature behind the
reflected shock from the vertical wall and the tgmi time decrease with release pressure. Forgbe ¢

of 25 bar, the maximum temperature stays well al#8@0K after the ignition indicating that the
flames are sustained in the tube. While for the @dsl8 bar the ignited flame is finally quenchéd a
t=26 us and several spikes afterwards are als@daushock focusing. To some extent this finding is
consistent with Dryer’'s experimental observatiorthat the minimum release pressure for the release
through a tube with internal geometries is only4d@r [3].
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5. SUMMARY

The effect of a local contraction in the releasbetion the spontaneous ignition of pressurized
hydrogen release has been investigated. As thdentishock reaches the local contraction, a strong
curvilinear reflected shock is generated recedowatds the rupture plane. Swept by the reflected
shock, the temperature of the flammable mixturehat contact region is elevated and reaches a
maximum upstream the contraction where the firgttign kernel is initiated. The ignition kernels
tend to quickly propagate along the contact interfand establish a partially premixed flame. The
ignition kernel has a significant thickness in thixture fraction space and the most reactive mextur
fraction slightly deviates from that of the stoigimetric value.

The flow development at the contraction is very pbioated due to shock formation, reflection and
interaction. The curvilinear reflected shock frame teft vertical wall converges and reflects frdme t
axis of symmetry creating a high-speed jet flowdaghe contraction. As the transmitted shock leave
the contraction, it diffracts into a curvilinearastk which is reflected from the tube wall. The eetkd
shock converges at the axis creating another pgled jet. As the leading shock wave propagates
downstream the contraction section, a strong Mask gradually forms inside the under-expanded
flow after the contraction while an annular supairsdlow develops along the tube wall. In addition
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to the repeating shock reflections between tubé aral the axis, these complex flow developments
create a highly turbulent flow significantly disiolg the contact region and enhancing its mixing.
Although the ignition kernels are initiated at thn contact region, partially premixed flames dalyc
develop due to the fast turbulent enhanced mixiig partially premixed flames are highly distorted
by the turbulent flow and overlapped with each ntiiéame thickening was also observed due to the
merge of thin flames.

According to the present study, the internal geoynett a local contraction can significantly faclie

the occurrence of spontaneous ignition by produateyated flammable mixture and turbulent
enhanced mixing. Accordingly, sustained flames meglicted for the release pressure as low as 25
bar, while quenched flames are predicted for thease pressure of 18 bar. To some extent this
finding is consistent with Dryer's experimental ebgtion in that the minimum release pressure for
the release through a tube with internal geomeisiemly 20.4bar [3]. These findings have practical
applications for hydrogen safety as in practicerahare often various fixtures inside the tubes.
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