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¢+ Steel embrittlement

* Lowest MW of any fuel, thus requiring the highest storage pressure
** Highest volumetric leak propensity of any fuel
* Permeation leaks

“ Smallest ignition energy of any fuel in air (0.028 mJ)

“ Lowest autoignition temperature of any fuel ignited by a heated air jet
(640 °C)

*» Widest flammability limits of any fuel in air (4 — 75% by volume)

** Highest laminar burning velocity of any fuel in air (2.91 m/s)
% Smallest quenching distance of any fuel premixed with air (0.51 mm)

“ Dimmest flames of any fuel in air
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» A small leak develops in a H, system, e.g., a H,
vehicle.

» The leak could arise from H, embrittlement, H,
permeation, Impact, equipment failure, or
iImproper repair.

» The leak ignites from static discharge or heat.

» The leak burns undetected for a long period,
damaging the containment system and providing
an ignition source for a subsegquent large
release.

Present Fire Scenario "y
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Background "y

» Swain and Swain (1992) modeled and measured
H,, CH,, and C,H, leak rates.

» Quenching and blowoff of CH, and C;Hg flames
were measured and modeled by Matta et al.
(2002) and Cheng et al. (2006).

» Khan et al. (2002) considered the effects of heat
on carbon fabric composites.

» No codes or standards exist for permissible H,
leak rates.
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» Measure quenching and blowoff limits for
H,, CH, and C;Hg on small round burners.

» Measure quenching Ilimits for leaky
compression fittings.

» Examine material degradation arising from
exposure to H, and CH, flames.
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Experimental

» Quenching and blowoff limits
“*Fuels: H,, CH,, and C;Hg
“*Diameters: 8 um — 3.2 mm
“*Leaky compression fittings

1] == [

Pinhole Burner Curved-wall Burner Tube Burner

» Materials degradation
“*Fuels: H, and CH,

‘*Materials: aluminum alloy 1100,
galvanized steel, stainless steel, SIiC

*»Test times: up to 300 hours
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Quenching Scaling 5.8

Flame length: L/d=aRe=apu,d/u
Length at quenching: L,=L /2
Equating these: mey=nL, pul(8a)
Fuel a Lq SL M Myyel
[mm] [cm/s] [g/m-S] [mg/s]
predicted

H, 0236 0.51 291  8.76e-3 0.008
CH; 0.136 2.3 37.3 1.09e-2 0.085
CsHg 0.108 1.78 429  7.95e-3 0.063
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H, Pinhole Quenching Limit "% g
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A H, flame at its
quenching limit s
shown.

« This flame Iis not
visible without aid
and required 30 s
camera exposures.

e Stand-off height Is
about 0.25 mm.

« Thermocouples were
used to identify
flaming conditions.
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Tube Burner Limits "N
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1000 . ..
Sloworf Limit  Quenching limits are
owo IMITS .
- nearly independent of
100 Q
N d.
2 10
—~ H CH CH
g — * H, has the lowest
N . Matta A guenching limit and
L 4 .
2 A iR G the highest blowoff
g 0t R limit.
Rk 40«
A 0.0056 mg/
001 k Quenching Limits /5 mo
g2 . « CH, and C;Hg; have
0.001 . . . . . similar quenching and

0 0.5 1 1.5 2 2.5 3 blowoff limits.

Tube Diameter (mm)
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0.016  Three burner types
< Pinhole burner
0.014 F A 6.35 mm curved-wall pinhole burner are ShOWﬂ.
LI 1.59 mm curved-wall pinhole burner
% 0012 L ® Tube burner ° |Fort Iarge d the
g ImIits converge.
R P « Heat losses are
T greatest for
o A GEA.QA% pinholes, least for
2 o006 | YT e tube burners.
g o o e Limits increase at
e the smallest d.
-}
o 0002 F « This plot helped
0 | | | | . . Identify the world’s
0 0.5 1 1.5 2 2.5 3 35 \weakest flame
Burner Diameter (mm) (025 W) .
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0.008
. f  H, quenching limits
n
©0.007 | generally decrease
© . for small burners
&“OO% N owing to heat
g . losses.
LL
0
S
el * Inverted limits are
c .
= ® Horizontal lowest, attributed to
- ® ~1Inverted )
S 0.004 | * + Vertical fuel preheating and
© flame anchoring.
0.003 ' ' ' L
0 0.5 1 1.5 2 2.5

Tube Diameter (mm) 12/28



JERSI Ty
S AR O

Pinhole Burner Orientation Effects’, .
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0.012
w _ [ BN : o
s UL L% s » No significant effect
Y $ . of orientation is
g 0008 F 4 . . seen.
= > T S =
i Y
,, 0.006 |-§ o
g e Choked flow is likely
> 5004 k at the smallest
S O honzontal diameter.
% < Vertical
& 0.002 |
O ] | | | ] |

0 0.5 1 1.5 2 2.5 3 3.5

Pinhole Burner Diameter (mm)
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Upstream Pressure Effects "
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 Upstream pressure
required for 8 nug/s
H, Isentropic
choked flow is
° shown.

Viscous effects are
neglected here.

20 | o « This predicts that
very small pinholes
10 | can support flames
° In high pressure H,
0 . , , . . systems.

Hole Area (um?)
w
o
| |
[ )

Pressure (bar)
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Full View of Fitting (Gas Capture Apparatus

e Leak path shown  Flow rates were measured
obtained with loose downstream of the leaks.
fittings.
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3.2 mm tube
5 mm

Hydrogen
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Leaky Fittings .8
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* Previous slide  shows
flaming leak quenching
— limits  for compression
m 3.1 mm Fitting o ] . .
06.3 mm Fiting fittings (vertical orientation).

|  H, flame is smallest here,
attributed to quenching
distance.

H, mass flow rate IS an

order of magnitude lower
than CH, or C3Hg.

idrogen  Methane  Propane « Leaks large enough to burn
produce bubbles when
soap water is applied.
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Minimum Flowrate (mg/s)
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©
=
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Minimum Flowrate (mg/s)
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Effects of Upstream Pressure S8

® *
~ \ o
/ 0.378 mg/s
0.336 mg/s
@ Hydrogen
& Methane
A Propane
0.028 mg/s
10 100

Pressure (bar)

1000
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Quenching limits
for a 6 mm
compression  fit-

ting are shown.

H, limits are the
lowest.

Limits are
Independent of
pressure.

Results should

guide future codes
and standards.
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0.4
_ e Quenching limits for 6
| e mm compression fit-
n Y. O Horizontal )
2 @ Inverted tings are shown.
2  Orientation has a
2 02 weak effect.
E e Inverted  orientation
£ has the lowest heat
= 0.1 loss rates.
0

Hydrogen Methane Propane
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Al Degradation -

Aluminum / H,

1 — hr exposure










SIC Degradation

» SIC filaments failed at 12 minutes in the H,
flame, and at 356 minutes in the CH, flame.

H, Flame | CH, Flame
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e Control specimen is shown.
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* Images following exposure to H, flame.
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» Apply iIntumescent paints.
» Apply steel wool or ceramic blankets.
» Consider novel flame detectors:

- Cable heat detectors
- UV and IR detectors
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» Stable H, flames were observed on round
burners and leaky compression fittings at flow

rates down to 4 and 28 g/s, respectively.

» Fuel mass flow rate at quenching is largely
iIndependent of burner diameter.

» H, has a lower mass flow rate at quenching
and a higher mass flow rate at blowoff than
either CH, or C5Hs.

» H, flames caused much faster corrosion than
CH, flames to aluminum and SIC fibers.

Conclusions N
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