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, Blue and Green

Fysikaliska Egenskaper Vatgas H2

Brown,

Molecular Weight

2,01594 g/mol

Relative density (air =1)

0,069

Density gas NTP

0,085 kg/m3

Density Liquid

70,78 kg/m3

Boiling point

-253°C or 20K

Energy density

120-142 MJ/kg

Ignition Temperature hot surface in air

580 °C

Minimum Ignition energy

0,011 -0,017 mJ

LEL (Lower Explosion Limit) 4,0%vol
UEL (Higer Explosion Limit) 75%uvol
Stoichometric concentration in air 29.5%vol
Expansion ratio liquid/ambient 845
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Phase Diagram

Hydrogen phase diagram * The curve between the critical point and the triple
point shows the hydrogen boiling point with
I A changes in pressure.

35 compressable . .
% 2 liquid * It also shows the saturation pressure with changes
S 55 |solid R in temperature.
v phase | phase
2 20
£ 15 || Critical point * At the critical point there is no change of state when
10 pressure is increased or if heat is added.
5 |
] i us pl . . .
R bt o o * The triple point of a substance is the temperature
-275 -250 -225 -200 -175

i e - and pressure at which the three phases (gas, liquid,
T . and solid) of that substance coexist in
thermodynamic equilibrium

Gexcon.com


https://www.engineeringtoolbox.com/gas-critical-temperature-pressure-d_161.html
https://www.engineeringtoolbox.com/triple-point-d_1926.html

GEXCON
Hydrogen leaks

Hydrogen has a low density causing it to disperse upwards and
generate flammable gas layers against the ceiling

Mole Fraction (-)
0.30
0.29
0.28
0.26
0.25
0.24
0.23
0.22
0.20
0.19
0.18
0.17
0.16

0.15
0.13
0.12
0.11
0.10
0.09
0.07
0.06
0.05
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Characteristics
Auto-ignition temperature (hot surfaces) Minimum ignition energy (electric spark)
« Acetone 1.t5m

» The lowest temperature of a hot surface at which a mixture
of fuel and air can ignite Methane 0.28 mJ
. Hydrogen 580 OC ® Butane 0.26 mJ
* Methane 537°C « Ethylene 0.07 mJ
« P 493 °C
. A;Tc?:: 535 00 - Acetylene 0.017 mJ
* Ethanol 363 °C + Hydrogen 0.011-0.017 mJ
* Petrol ca 250 °C : :
. Diesel ca 220 °C « Carbon disulphide 0.009 -0.015 mJ

Ignition sources

 Electrostatics
* Frictional heat and sparks
» Spontaneous ignition

Gexcon.com 5 >
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Comparison Energy density MJ/L and MJ/kg

Selected Energy Densities &

90 ! T !

[
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[
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o

; L j ; v ; ; ;

P e s Ry, o NI, e T
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l\;‘lagnesium Polystyrene Lithium Borohydride
Iron L '®  ePolyethylene ® : : :
40_0_
Zinc - o Fat Metabolism®Diesel

. Polyester . o °®Gasoline

; Kerosene 5 5 5 : 5
S0 L W B W TR IR A e T e B T Nk ek P e B B )

Sugar Metabalism . B:ftanol ® LPG Butahe
B ® Gasohol E85 e LPG Propane
®Glucose @ Ethanol ! 5 %

5 Lithium e Liquid Natural Gas : : : ;

20 Hydrazined.B't“mmous“

AR Q Methanol

10_._.._......_________!.;’fi.qgi.q_‘ﬁrf‘?n_’?n.i.a...__';.__Na_tu_ra.l.Gas..LZid_bar).......______._...;._....._____.._......__ : quuldH:'drogen

e Zinc-Air Battery Hydroger?n G.as (700 bar)

0

@ Lithium lon Battery ; Natural Gas; Hydrogen Gas
0 20 40 60 80 100 120 140 160 =
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Explosive part of cloud
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Explaining the LEL and UEL with CH4 as example

Methane - LEL: 5% by volume in Air / UEL: 17% by volume in Air

2.5%
by Volume éél—’
0% | 5% 17% 100%

by Volume by Volume — hrr Volume by Volume

| Non-Explosive (too lean) | Explnswa Range | Non-Explosive (too rich) |

|-ll— 0% of LEL b‘i D\‘ >|
0% 2.5% Methane 100%
LEL = 50% LEL LEL

Visual example to show where on the scale % of LEL is measured

Gexcon.com
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Fire triangle and explosion pentagon

Oxidant Ignition source
Oxidant Ignition source

Mixture Confinement

Fuel Fuel

FIRE TRIANGLE EXPLOSION PENTAGON
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General course of events involving release
of flammable gas or liquid

- Ho Ignition I

Imue!:ﬁate Fire
™  lgnition
Do darmage
Felease of (Gas
| andfor Ligpmd |~
Diarnage to
Formation of . Personnel
Combustible and Ivlaterial
] Fuel-fir
Zlond .
(Prerized) Mo |
Fire
s and
BLEVE
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Definition explosion

GEXCON

“An explosion is a chemical process which causes a very fast and
considerable pressure increase”

1. Deflagration
2. Detonation

Gexcon.com

FPeak Pressure

Fositive

Impulse Megative

Impulse

e o
Duration

Pressure

&

Rarefaction ¢J
wave
P« 0.4 Py,
x=0 X~ L2 x=L Distance
e

Detonation

Wave
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Effect of temperature on explosion limits hydrogen

500 -

400 |

(7))
o
o

Temperature in °C
r
o
o

100 |

D 1 ] 1 ] 1 ] ! ] ! /[
N

| ! | 1 ! |
60 70 80 90 100
Mole fraction of hydrogen in %
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Effect of pressure on explosion limits hydrogen

150 .
S 100} .
£ |
@
;:—J N
&8 |
E L
©
- S0
o] T S B R

1 | 1 | ! | N 1 | 1 |
6 o 70 72 74 76 78 80
Mole fraction of hydrogen in %
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Minimum ignition energy (electric spark)

Wwesr—t1—"" 77T T 7 7T T T T 1

il
I III

Minimum Ignition Energy [mJ]
=
|

Rose and Priede

0.01 i | L i 1 pe T | L | i I 1 |
0 10 20 30 40 50 &0 70

Hydrogen Concentration [a]

Gexcon.com

Acetone

Methane

Butane

Ethylene
Acetylene
Hydrogen

Carbon disulphide

GEXCON

1.15m)J

0.28 mJ

0.26 mJ

0.07 mJ

0.017 mJ
0.011-0.017 mJ
0.009 - 0.015 mJ

14 pp
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Auto-ignition temperature (hot surfaces)

The lowest temperature of a hot surface
at which a mixture of fuel and air can ignite

I:> Hydrogen 580 °C

Methane 537 °C
Propane 493 °C
Acetone 535 °C
Ethanol 363 °C
Petrol ca 250 °C

Diesel ca 220 °C

Gexcon.com > >
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Chemical reaction

Simplified equation:

2H,+0,+3.76N, ——> 2H,0+3.76N, + heat

In reality: =57 reactions, 268 species equations

Product composition depends on mixture, temperature, pressure

Gexcon.com 16 P
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Combustion at constant pressure and volume

Combustion at

constant volume
/ Burnt

Combustion at gas cloud
constant pressure

\

P/P,=8

Unburnt
gas cloud
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Closed vessel explosion: maximum explosion pressure

10

—e— 1 bar(a)
—a— 5bar(a)
---a--- 10 bar(a)
—-4-= 30 bar(a)

pex" Po
(@)}
T

D ] | . ] ] | . | ] ] . ] ] | ] | . ] ]
0 10 20 30 40 50 60 70 80 90 100
Mole fraction of hydrogen in %

ICHS 4] 12.5.2005
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Flame propagation and acceleration mechanisms

* Laminar combustion

* Flame instabilities

* Explosion generated turbulence dominated flame propagation
* Deflagration-Detonation-Transition (DDT), Detonation

e Detonation

Gexcon.com > >
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Laminar flame propagation

* Slow process (dominated by diffusion)

* Typical velocities (burning velocities) for HC: 0.5 m/s

* Velocity for Hydrogen: 3,25 m/s

* Expansion velocity for HC: total velocity becomes: 3-4 m/s
* Expansion velocity for Hydrogen: 24 m/s

» Total Velocity for Hydrogen: 3,25 + 24 = 27,25 m/s

:...
S, + S

u g

>
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Laminar combustion

- Typical laminar burning velocities
methane: 0.40 m/s
propane: 0.46 m/s
ethylene: 0.75 m/s
acetylene: 1.55 m/s

——> - hydrogen: 3.25 m/s

Expansion ratio typically 7-10 (a=n,T,/n,T,)

Gexcon.com > >
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Intrinsic flame instabilities: DDT?

lgnition of optimal hydrogen-air mixture
in 20m diameter balloon (Fh-ICT, 1982)
resulted in max. 60 mbar overpressure

Gexcon.com 22 pp
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Turbulent combustion

* Turbulence causes an increase of burning velocities due
to mixing of combustion products and reactants and
due to an increase of the flame surface area

* Flame speeds (expansion + combustion) can vary from
5-600 m/s

* Flame Speed for Hydrogen (expansion + combustion)
can vary from 27-600 m/s

Gexcon.com 23 »p»
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Explosion generated turbulence

Positive feedback mechanism of explosion generated flow and combustion

——

—
—> Increased
>
0 0 O E—

Combustion ——— Expansion 7

Flow
interaction

T Turbulence <
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Explosion generated turbulence

Positive feedback mechanism of explosion generated flow and combustion
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High congestion inside module
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12 vol.% hydrogen, high congestion
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15 vol.% hydrogen, high congestion




GEXCON

istories

ime h

a) Test 71: 12 vol.%

SF =50 Hz

b) Test 72: 15 vol.%

1
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ISON pressure

Compar
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-0.05F
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0.7
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Ignition sources

* Electrostatics
* Frictional heat and sparks

* Spontaneous ignition
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Electrostatic sparks

* Discharge occurs between two electrically conducting materials

* "All” available energy is discharged

* Yield sparks having high energy-content

* Energy can be calculated from capacitance and potential difference
(E =% CV?), in practice max 1]

e Can be avoided by grounding and bonding of equipment to same electrical
potential

Gexcon .com 31 »»
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Different electrostatic discharges

* Electrostatic sparks
e Coronadischarge
* Brush discharge

Corona discharge Brush discharge
* Occur when sharp/pointed conducting materials approach . Usually occurs when rounded conducting materials
charged non-conducting materials approach charged non-conducting materials
* Low energy-content - Only a limited part of the available energy is discharged
» Can lead to ignition of very ignition-sensitive gases like . Energy-content <4 mJ
ASEtylerneand IyuegEn - Can ignite hydrogen, hydrocarbon gases and vapours

* NOT able to ignite methane/propane

Gexcon.com > >



Electrostatic discharges

Summary

Gexcon.com

Type of discharge Incendivity
Hydrogen Solvents, hydrocarbon
MIE = 0.017 mJ gases
MIE > 0.025 mJ
Electrostatic spark + +
Brush discharge + +
Corona discharge + _

GEXCON
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		Type of discharge

		Incendivity



		

		Hydrogen


MIE = 0.017 mJ

		Solvents, hydrocarbon gases


MIE > 0.025 mJ



		Electrostatic spark

		+

		+



		Brush discharge

		+

		+



		Corona discharge

		+

		-






Theoretical spark energy

Gexcon.com

E =7 CV?

C = capacitance and V = voltage

1/2 CV2 (mJ) at

Object Capamta(r;clzze) various voltages

10 kV 20 kV 30 kV
Single screw 1 0.05 0.2 0.45
Flange (100 mm nominal size) 10 0.5 2 4.5
Shovel 20 1 4 9
Small container (bucket, 50 litres 10-100 0.5-5 2-20 4.5-45
drum)
Funnel 10-100 0.5-5 2-20 4.5-45
Drum (~200 litres) 100-300 5-15 20-60 45-135
Person 100-300 5-15 20-60 45-135
Major plant items (large containers, 100-1000 5-50 20-200 45-450
reaction vessels)
Road tanker 1000 50 200 450

GEXCON
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		Object

		Capacitance (pF)

		1/2 CV2 (mJ) at


various voltages



		

		

		10 kV

		20 kV

		30 kV



		Single screw

		1

		0.05

		0.2

		0.45



		Flange (100 mm nominal size)

		10

		0.5

		2

		4.5



		Shovel

		20

		1

		4

		9



		Small container (bucket, 50 litres drum)

		10-100

		0.5-5

		2-20

		4.5-45



		Funnel

		10-100

		0.5-5

		2-20

		4.5-45



		Drum (~200 litres)

		100-300

		5-15

		20-60

		45-135



		Person

		100-300

		5-15

		20-60

		45-135



		Major plant items (large containers, reaction vessels)

		100-1000

		5-50

		20-200

		45-450



		Road tanker

		1000

		50

		200

		450
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Incendivity single impact sparks (steel-steel) J=Nm

3

100

(5]

3

=
=

&

HWW=190Nm
BW=10Nm

Ziindwahrscheinlichkeit in [%]
&

67
0 T LR o 8 W

Acetylen Wasserstoff Ethylen Propan Methan Legende: Brenngas [Name]
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Spontaneous ignition: Experiments by HSL
(Hooker et al., 2011)

ID =18.3 mm
Length > 300 mm

Gexcon.com 36 PP
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Conditions resulting in ignition/no ignition

Cavity pressure against burst pressure

“%"‘188 T4 1 1 1 1 ¥ % v Y U YT i
8 gol @
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L N S SR N e S SR B S B N
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(7)) 50_ _____ ;_____;,___@:_____:_____'.____1_____|_____t____J_____|___—-ll————i_____;
-t 40 4 - - i____fi___L____i _____ i____L____:____JQ___L____:____J____L____:
Q_ [ . [ [ [ [ [ [ [ [ [ [ [
s, B0 g i g e g teaecnglog e s nndnae ke
b —t ___-__!_____L___@ - I_ f@_l!___:_____l____J____|_____|____4____J_____|
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O o ]

0 50 100 150 200 250 300 350 400 450 500 550 600 650

Burst pressure (bar)
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Findings

e With no brass fitting's part (B) & (C) to restrict or reflect the flow,
there was no ignition up to 831 bar(g)

* The lowest disc burst pressure at which an ignition was obtained
was 35.5 bar(g)

> >
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Condition Test 1 Test 2
[ J
PI R r C Fuel 776225 | NG
pe Rupture Cases I
Initial Pressure (barg) 71.4 70.5
° The pipe“ne Atmospheric Pressure (mbar) | 997 1023
_ Relative Humidity (%) 88 88
: Diameter of 150mm and Ambient Temperature (C) 3.4 3.5
* Gauge pressure of 70 bar Wind Direction 31847 | 246 +16
. . . . Wind Speed @2.9m (m/s 14403 |4.8+0.3
* The pipe was failed catastrophically by removing a 1.67m nesp @2.5m (m's) — —
. . . . . Wind Speed @4.7m (m/s) 1.2+04 |51+04
section using shaped high explosive charges, allowing gas Wind Speed @84m s (20503 56503
to discharge from both ends of the severed pipe Wind Speed @10.m (m/s) | 2.1403 |57 03
e TWO tests Pad North=0° g IR Camera
e Test 1: 75% natural gas & 25% hydrogen mixture E}w Ty e
Pipeline Test 2 1 N
e Test 2: natural gas S
9?;""‘.,- ‘:: "' I . :p‘: -1_9_:»’ R15 at 135m
fugel  Hpnr e e
”‘%éu\ b e =y
92 A ars mfa"'";
s Tansdwer T ":‘:‘_- - ?:&:s'wmm
© Radiometer \ Camera tower
@ IR Camera

B Video Camera

\
i
\
4
v
E‘.ﬁ”“”
-Camera tower > >
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Pipe Rupture cases comparison

Temperature_3[ Temperature_3[

—T 2500. —T 2500.
I 2300. I 2300.

| 2100. | 2100.
1900. 1900.
1700. 1700.
1500. 1500.

Run: 010101 Run: 020102
Var: Temperature_3D (isosurface)

Var: Temperature_3D (isosurface)

Time: 0.000 5 (0) Time: 0.000 5 (0)
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Burning velocities for methan
and hydrogen mixtures

3 -
.
2.5 1
w
o
=
o
° 1.5 1
=
o
L
£ 1
=
m
0.5
L
Laminar-burning velocities of hydrogen—air and o
hydrogen—methane—air mixtures: An experimental study 0 20 40 60 80 100
M. Ilbas®*, A.P. Crayford®, I. Yilmaz?, P.J. Bowen®, N. Syred" % Hydrogen
aDeparrgrem of Mechanical Engineering, Erciyes University. 38039 Kayseri, Turkey
School of Engineering. Cardiy Universini, €24 OYE: Cardif, UK Fig. 16. Burning velocities for different percentage of hydrogen,
Received 15 November 2005
Available online 14 February 2006 @ = II:'
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Conclusions

* Light gas: reducing likelihood of generating large gas clouds in the open
(unless liquified)

* Wide explosive range

* High reaction rate

» Easy to ignite by electrostatic sparks/discharges
* Relatively easy to ignite by mechancial sparks

* Less easy to ignite by hot surfaces

* «Spontaneous ignition» only possible in case of presence of obstructions
in vicinity of leak position

Gexcon.com 42 »»
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