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"\3(“ Introduction

Accidental hydrogen releases from pipe systems aome of the main
hazards that occur in the handling of pressurised ydrogen.

It was shown in many publications, that in case ad sudden hydrogen release
from a high pressure initial state into air self-ignition may occur if
downstream the rupture location an extension pipesipresent.

In experimental observations three cases are disgguished, no ignition,
Ignition with quenching of the reaction on the nozle exit (failed ignition)

and the self-ignition of the released hydrogen witla fully developed jet fire
(ignition).

For safety applications and assessment it is impamt if an ignition is
possible inside the tube and if this ignition leadsat a fully developed jet
fire in the ambient.
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The ideal shock tube theory is not able to explaiall experimentally
observed ignition events at the sudden release thrgh a thin pipe.

The theoretical temperature increase is some timéso low to ignite the
mixture in the residential time of the mixing zonenside the tube.

It is assumed that inside miniature shock tubes ottt phenomena like
boundary layer effects or reflection of shock waveare responsible for
high temperature regions behind the shock.

The goal of this work is to measure the pressure dynamic in 4 mngircular
extension tubes downstreama rupture disc in combination with a
visualisation of the radiating (reacting) zone in case of a@ntaneous
Ignition due to the sudden release of pressurized hydrogennto
atmospheric air.
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-\3(“ Experimental set up:

The miniature open end shock tube facility:

A fast needle valve (opening time < 2 ms) is the conne(
between a pressurized Btorage vessel (0.37djrand a ,
rupture disc holder. tube nozzle”

3.70 dm?

The rupture disc holder with different 4 mm cylindrical
extension tubes is built from pressure sensor ports, »><4+O—
industrial fittings and glass tubes.

Pressure sensor:
PCB dynamic tourmaline gauges (rise time 0.2 us).

tube nozzle with

Optical observation via high speed camera, rupture disc

Example of extension tube configuration.
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Experimental: Test Matrix

Range of bulk
pressure
P,/ bar

Range of rupture

disc thickness
s/ mm

Total tube
lengths

L total / mm

Position
pressure
gauge P1
Lo,/ mm

Position
pressure
gauge P2
Lp,/ mm

Position
pressure
gauge P3
Lps/ mm

—

Pro-Science

Transparent
tube parts

20 to 200

0.0t0 0.3

132

80

122

50 and 200

0.0and 0.1

1145

1093

1135

25to 200

0.061t0 0.3

645

593

635

200

0.0t0 0.3

230

68

133

30 to 200

0.0to 0.2

630

309

50 and 120

0.06t0 0.2

720

581

120 to 240

0.1

1040

24 to 160

0.06t0 0.3

210

120

0.06

633

Different extension tube configurations, release @ssures and rupture
disc properties are used in the experiments.

International Conference on Hydrogen Safety (ICHS203) September 9-11, 2013 Brussels — Belgium




Experimental Pro-Science

Aluminum rupture discs (0.06 mm up to 0.3 mm)
were used in the experiments.

Pressure vessel
leak valve

@ initial pressure Po

— - -burst pressure range

H, at 1bar rupture membrane ,‘ 1 o1 o2 o o3

burst disc / mm

Pressure history: P1 (68 mm downstream the rupture disc);

The initial flow from the leak ol o
valve first accumulates gas — no membrane

— burst pressure 35 bar (s =0,1mm)
— burst pressure 92 bar (s =0,2mm)

upstream the rupture | | = burst pressure 160 bar (s = 0.3mm)
membrane which blocks the
nozzle pipe up to the point of
the membrane rupture.
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UM Test results: —

Karlsruhe Institute of Technology P rO - S C i e n C e

Example: five experiments with the same initial coditions

Zoomed pressure history P1 (133 mm downstream rupte disc):
bulk pressure R, = 120 bar, disc rupture pressure B, = 35 bar

104

B

8 rd\
N

Y N

Nv‘
Test 1 (ignition) J v
Test 2 (ignition) , Test 1 (ignition
Test 3 (ignition) Test 2 (ignition

= = = Test 4 (no ignition) i Test 3 (ignition
Test 5 (ignition) = = Test4 (no ignition)

Test 5 (ignition)

l/\

0,0175 0,0185 0,0195 0,0205 0,0215

—X— Test 1 (ignition
—O— Test 2 (ignition
—<&— Test 3 (ignition
— & - Test 4 (no ignition)
—HB— Test 5 (ignifion)

20 22

Pressure histories: 133 mm downstream the rupture disc for 20 bar initial release pressure.
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ﬂ(“ Test results:

Pro-Science

Pressure histories: X a1 = 630 mm; P ¢ =200 bar, P ypure ~ 90 bar; ignition

In all pressure histories two

prominent points were identified: ] \

=) first shock

second
maximum

=) second maximum | o

—=— P2 (x = 349mm)
—=—P3 (x =590mm)

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
t/ps

® second maximum

The shock wave velocities @ no ignition
correspond to the flight 1 O ignition
time of the shock wave
between two gauges.

A first shock

©
I

P(second) / P(ﬁ rst)

T T T 1
800 1000 1200 1400 1600 1800 400 600 800 1000

1200 1400 1600 1800
V (first shock) [m/s]

V (first shock) [mv/s]
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Flame propagation and pressure history

g
=
o
©

Distance x

i1
i
ii

A8 18,87

ilFg 97 18,07 18,17 27 18,37 18,47 18,57 18,67 18,77 18,87
i

‘i|'.‘-‘i", 18,07 1817 18,27 18,37 1847 18,57 18,67 18,77 18,87
I t/ ms

P, =50 bar; Py wure) = 35 bar
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18] 18.4]

Flame
branch
point

Membrane particles

Py = 120 bar; By ey = 35 bar
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WU Discussion:

Calculated temperatures from experiments:

For a leading shock wave followed by a second compression, tleeperature
increase in the mixing zone can be formulated as a two stepopedure.

- _T, Ry M) M(y-DM" +2)
first shock — 2T, ¥ E T A—

P

seoond maximum

I:)fi rstshock

second maximum = TmaX:TSA,Eﬁ

Calculated values of ignition delay timesH3air):

Cantera code with Lutz mechanigtbar and 20 ° C).

Goodwin, D.G., Cantera User’s Guide, California Institute of Technologgdeaa, CA, November, 2001
Lutz, A.E., Sandia Report SAND88-8228 (1988). K.A. Bhaskaran, M.C. Gupta, T. Just, Cdrdmst21 (1973) 45-48.
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y Pro-Science

Summarized mapping of the experimental results:

ignition (this work)
failed ignition (this work)
no ignition (this work)
ignition: [5] (Grune et al 2011)
no ignition: [5] (Grune et al 2011)
flame branch point
== |gnition delay time (calculated [10])

1 A time shift of 10 us

AR S—]
I 4

A

100 1000

residential time of the shock wave in the tube / ps

Calculated ignition delay times vs. temperatures are plottédantime shift of +10 ps.

Flame branch point separates the ignition events with resultinggjétdm the cases
without a resulting jet fire (failed ignition).
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-\ﬂ(“ Discussion Pro-Science

Flow visualisation via shadow graphs in a rectangular 5 mm tube

A distance of 2 to 3 tube
diameters is necessary
for the formation of a
relatively planar leading
shock

Start up time of the shock
wave formation in a 4 mm
circular tube is expected
to be 10 us to 20 ps.
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__\ﬂ(“' Summary Pro-Science

An experimental investigation of the pressure dynam in 4 mm circular extension tubes
downstream a rupture disc in combination with the vsualisation of the reacting zone in case of a

spontaneous ignition due to the sudden release afgssurised hydrogen into atmospheric air was
presented.

An ignition due to the sudden release of pressurigehydrogen into air was observed for a H
release overpressure of 30 bar inside a 645 mm loegtension tube. In a shorter extension tube
(42 mm) the limit for an ignition was found to be 3 bar.

The flame fans out with increasing distance of th8ow in the nozzle exhaust direction. In long tubeg
a branching of the flame fan out in two directions leading shock and main contact surface) was
observed. If the point of the flame branching is reahed no jet fire on the nozzle exit takes place.

The pressure histories measured inside the extenmitubes downstream of the rupture
membrane show non ideal shock tube characteristics.

Two prominent points were identified in the pressue histories: a first leading
shock and a level of the second compression.

Temperature increase due to the first shock wave flowed by adiabatic compression,

demonstrates the possibility for a successful salinition and lies in a good agreement with
theoretical predictions of ignition delay times.
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