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Motivation

. Hydrogen incidents
[gnition source
Number %
Collision 2 2.5
Flame 3 3.7
Hot Surface 2 2.5
Electric 2 2.5
Friction Spark 2 2.5
Non identified 70 86.3
Non-ignition 0 0
Total 81 100.0

Frequency of occurrence of ignition sources (G.R. Astbury, S.J.

Hawksworth , 2005).
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State of problem

Gas escape from reservoirs and
pipelines can lead to the ignition of
hydrogen followed by the explosion of
fuel-air mixture

This problem is of current importance today because of hydrogen
energy development compelled to ensure storage safety of high-
pressure reservoirs.

BELFAST, 30 July — 8 August 2007
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Industry 1s developing

high pressure composite hydrogen tank

that stores hydrogen at 10,000 ps1
(700 Bar)!!!!

QUANTUM Technologies WorldWide, Inc

BELFAST, 30 July — 8 August 2007



Tohool

LJJ HYDROGEN SAFETY

Explosive questions:

» What is impulse hydrogen jet structure when
there is a leak in the tank or during a safety-valve
operation?

» Can the cold hydrogen jet ignite by itself or not?

BELFAST, 30 July — 8 August 2007



Necessary and sufficient condition

for ignition of combustible mixture
is:

The temperature have to be higher
than 1gnition temperature
during the time longer than 1gnition
time.

BELFAST, 30 July — 8 August 2007
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Background of the diffusion ignition

The phenomenon of diffusion 1gnition has been
postulated by Wolanski and Wojcicki (1973),
who demonstrated that i1gnition occurred when
high pressure hydrogen was admitted to shock
tube filled with air or oxygen. They found that
ignition could be achieved even 1f the
temperature was below the autoignition
temperature of the hydrogen and occurs as a
result of sharp temperature jump of the
combustible mixture created by diffusion on
the contact surface of hydrogen with oxidizer
heated by the primary shock wave.

BELFAST, 30 July — 8 August 2007
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Over the last century, there have been reports of
high pressure hydrogen leaks 1gniting for no
apparent reasons

Several 1gnition mechanisms have been proposed:
* Reverse Joule-Thomson effect

 Electrostatic charge generation

 Diffusion 1gnition

* Sudden adiabatic compression

« Hot surface 1ignition

Astbury G.R., & Hawksworth S.J. (2005).

BELFAST, 30 July — 8 August 2007
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Hydrogen impulse jet self-
ignition in semi-confined
space

BELFAST, 30 July — 8 August 2007
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Experlmental setup photo

1 — Detonation/shock tube

2 — Receiver/vacuum chamber

3 — IAB-451 schlieren device

4 — High-speed photo-registration camera

BELFAST, 30 July — 8 August 2007
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Schlieren photographs of the impulse jet

SW

(b)

In front of the discharging gas the starting shock wave [ is propagating, generating
the movement of the ambient gas and heating it.

BELFAST, 30 July — 8 August 2007
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Ursiis

Streak record and schlieren
photographs of impulse jet
formation

BELFAST, 30 July — 8 August 2007
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Interferogramms  illustrating
the development of a pulsed
nitrogen jet emitted from a
sonic nozzle with an input
pressure of 34 Dbar into
atmosphere: (1) contact
surface; (2) starting shock
wave; (3) secondary shock
wave; (/) isentropic expansion
core; (BI, B2, B3) vortex
rings. Patterns (a), (b), and (c)
refer to the moments of time
40, 64, and 98 pus after
discharge start.

BELFAST, 30 July — 8 August 2007
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Sketch of the Impulse Jet Structure
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The contact surface 1 separates the gas heated by the shock wave from expanding
gas from the nozzle.
The contact surface is strongly turbulent which favours mixing of expanding cold
gas and hot gas behind the primary shock wave.

BELFAST, 30 July — 8 August 2007
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Numerical simulation an impulse jet

In order to detect regions of mixing of
discharged cold hydrogen and hot air behind
the starting shock wave the numerical
simulation of non-steady-state flow of 1deal
gas was carried out.

BELFAST, 30 July — 8 August 2007
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The numerical modeling of flow investigated was carried out
by means of Euler equations solution using second order of
approximation Steger-Worming scheme. Two components
dynamics and mixing were considered.

BELFAST, 30 July — 8 August 2007
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Dens1ty ﬁeld 1n the impulse sonic jet

H"\ﬂ *
_-.-.- il

The numerical results (right) are compared with the
experimental ones(left) (Ma=1, n=18, t = 50us)

BELFAST, 30 July — 8 August 2007
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Density of ambient gas — oxygen (top) and discharging gas —
hydrogen (bottom) at the time of 1.5 non-dimensional units.

The 1nitial conditions are: pressure ratio — 200,
temperature ratio — 1, specific heat ratios of both gases — 1.4

BELFAST, 30 July — 8 August 2007
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Temperature distribution at the time of 1.5 non-dimensional
units

The 1nitial conditions are: pressure ratio — 200,
temperature ratio — 1, specific heat ratios of both gases — 1.4

BELFAST, 30 July — 8 August 2007
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/R,
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------- Calculation
i Xy , experiment
" ry , experiment

- == Self-similar solution

Experimental and calculated trajectory of starting shock wave, contact
surface and secondary shock wave. (Ma=1, n=18)).

BELFAST, 30 July — 8 August 2007
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Numerical simulation of hydrogen self-
ignition

Calculations of the self-ignition of a hydrogen jet were based
on a physicochemical model involving the gasdynamic
transport of a viscous gas, the kinetics of hydrogen oxidation,
the multicomponent diffusion, and heat exchange. The
system of equations describing the chemical kinetics included
nine equations. For the solution of combustion gasdynamics
tasks the method was modified that provided carrying out of
stable calculations of second-order accuracy with respect to
spatial coordinates. The system of chemical Kinetics
equations was solved using the Gear’s method. The
developed algorithm was implemented using FORTRAN-90.

BELFAST, 30 July — 8 August 2007
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System of equations is given by:
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Ot or oz r
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ot oz or or oz r
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Where viscous tension tensor components are given by:
ou, 2 (aur L ouy +urj

—2 _Z
L
u. 2 (Ou, Ou u
Gy =2UL———— L z 4 1
PP “r 3“(& 0z r)
ou, 2 (Ou, Ou, urj
C,, = —— + +
“ MEiz 3“((’% 0z r
G, =G :u(a;rz+a;rj
r(p_G(pz:O

u, u, — velocity components, p — gas mixture density,

n;:m; . .
¢; =——1 —mass concentration of 1-th component

P (m. — molar mass, n. —molar density)

BELFAST, 30 July — 8 August 2007
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Mixture specific energy and pressure were calculated
by the correlations for multicomponent mixtures

E, € - total and intrinsic specific energies correspondingly,
h. — specific enthalpy of 1-th component formation,

p — pressure,

Cy = 2.CyiC;

i — mixture specific heat capacity.

BELFAST, 30 July — 8 August 2007
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Transfer coefficients were determined according to Kinetic gas
theory and empirical correlations (Warnatz, Maas & Dibble, 2001)

-1
1 :% Yo + [Zaij , where a; = % molar part of 1-th component
i i M n
' 5 . mmkT . .
M= i‘;) — viscosity coefficient of 1-th component,

52 ~ reduced collisions integral, depending
on reduced temperature 7= k% %

and calculated for Lenard-Johnes potential
(¢* - constant in Lenard-Johnes potential),

m; —mass of 1-th component molecule, . — molecule size.

Warnatz J., Maas U., & Dibble R.W. (2001). Combustion. Physical and Chemical

Fundamentals, modelling and simulations, experiments, pollutant formation.
Berlin:Springer.

BELFAST, 30 July — 8 August 2007
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Heat conductivity coefficient is determined in a similar manner to p

-1
. 1iCopi .
kot > oK; +[Zj , where «; = ;)rp - — i-th component heat
2| i conductivity coefficient .
i-th component diffusion coefficient in multicomponent mixture

is defined as
1 — Ci

D; = , where
Zoi/ D
1#]
b 3 J27[kTmimj/(mi+m]) 1 b diffus; Ffic
i =g m;ﬂ‘m (T;) P 1nary diftusion coetrticient.

In this equation .
* T % * %k
Tl] =— Gl] :O,S(Gi +G]) € =+/€;E:
8ij

1’1 . . . ~
Qﬂ ' analogue of collision integral Q%2

BELFAST, 30 July — 8 August 2007
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de _y -
(d—in — variation of m-th chemical component part at the
chem expense of chemical reactions described by the kinetic
equations system in general form

K
d(cit =F,(c{,.-sC, 1), M= 1 ..M, Fm:kzl(Bmk _amk)wk(CaT)

Wi =k (DITe®k —kyy (T
k = K ( )HlCi bk ( )ch
i= j

according the chosen scheme of chemical reactions.

ZalkA z B]kB kzl,...,K ,
=1 j=1

where K — number of equations describing chemical reactions,
aik 1 Bjk — stoichiometric coefficients of k—th reaction.
Speeds of direct and reverse reactions ko (T) u K, (T)

ar.e correlatec.i Wlth the det.alled k(T) = ATN exp (_%)
equivalence principle and given by RT

BELFAST, 30 July — 8 August 2007
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Initial conditions

Simulation of mixing and combustion of
hydrogen jet, discharging from the reservoir at
initial temperature T = 300 K, pressure P =
150-400 bar, hole diameter d = 1-4 mm and
hot air behind the starting shock wave was

considered. Computational grids with a cell
size of 0.04-0.1 mm

BELFAST, 30 July — 8 August 2007
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2500

Temperature distribution
along the jet

2000
1500 -
1000 -

500 -

1 1 L 1 1 1 1 1 1
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Z,m

The temperature in the hot
zone 1ncreases due to
generation of heat in the

chemical reactions up to
2400 K

FAOONNENNY

BELFAST, 30 July — 8 August 2007
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Calculated H,O concentration distribution related to the H,O
concentration in fully combusted mixture

Z, M
0.015 ==
0.01
0.005
O | l | l | | ]
0.015 0.02
X, M

Z. , X — distance from the orifice along and normal to the flow direction. Isolines 1-4
correspond to 70, 30, 10, and 2% respectively. t= 8 us

BELFAST, 30 July — 8 August 2007
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Concentrations of species along

40 —

C, m/m3 |

30 —

20 —

10 —

the jet

Mixing region
on contact surface

H2

Isentropic
expansion

/\

0.004

Primary
shock -

P, =400 atm
B d=4 mm
i t =8us

0.008 0|012 ‘‘‘‘‘‘‘‘‘‘‘ ).016

0.020
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Maximum temperature-time distributions
Discharging and ambient gas temperatures 300 K,

4000 ==

— ignition occurs
followed by steady-

state
¥ 2000 —
|_ [l L] ]
— ignition occurs, but
o —_—e P=200 atm, d=8mm tincti . ted
d I ______ P=200atm, d=2mm extinction is expecte
= =« = - P=400 atm, d=1mm
1000 == N . ven
S~ — no ignition and no
combustion (reservoir
pressure
0 ' ! ' ! ' ! ' |
0 10 20 30 40
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Conclusions

 The possible reason of combustible gas self-ignition could be
the gas ignition on the contact surface separating discharging
gas from surrounding oxidizer heater by the primary shock
wave.

 The self-ignition in the emitted jet takes place if the initial
hydrogen pressure in the vessel on the order of 150-400 bar,
temperature of hydrogen and surrounding gas (air) 300 K and
the hole diameter 1s more than 3 mm. If, under the same initial
temperature and pressure the hole diameter is 2.6 mm or less
combustion breaks.

« The character of the observed process strongly depends on the
initial temperature of hydrogen and air: the emitted jet exhibits
self-ignition at an initial pressure of 200 bar and hole diameter 2
mm if the initial temperature of the environment is increased to

400 K.

BELFAST, 30 July — 8 August 2007
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Unsolved problem

Methods of the blast waves
attenuation during technical opening
of high pressure tank

BELFAST, 30 July — 8 August 2007
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Hydrogen self-ignition in tubes

BELFAST, 30 July — 8 August 2007
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Explosive questions:

> Is it possible the hydrogen self-ignition in tubes?

> Where and when will hydrogen self-ignition
occur?

» Is there an influence of cross-section shape of tube
on self-ignition?

BELFAST, 30 July — 8 August 2007
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Experimental investigation of self-ignition in tubes

a) 65-185 Soh . ] . |
200 . 200 . 60 X 400 mm chematic of experimenta

| PT setups. a) low pressure tube
of round cross section; b)
low pressure tube of
rectangular cross section. 1
— hydrogen bottle, 2 -
manometer, 3 — high
pressure chamber, 4 -
b) 3 S0 50 40 d@aphragm block, 5 — copper
200 , 200 , 60 [“o 'PT1 iPTz £ 400 mm diaphragm (burst disk), 6 —
ﬁ g Ill : pressure transducers (PT), 7
i , — light sensors (LS), 8 — low
KI\ Ls1\/L"s2 33’ pressure chamber; 9 -
buster chamber. X -
A / distance between diaphragm
-

and pressure transducer.

6 300

¢ 14

=
6 300

$N
¢ 14 |
w
6 10™~~f
(4, ]
>
»
N
=<}
(L]

08
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Low-pressure chamber of cylindrical cross-section

TP .i O s vvni i g

Sl

Picture of low-pressure chamber of round cross section. 1 — holder for light
sensor, 2 — connector of the low-pressure tube with the diaphragm block, 3 —
lock-nut with hole diameter of 5 mm, 4 — copper diaphragm of 10 mm in
diameter, 5 — diaphragm block, 6 — the low-pressure chamber with connector to
buster chamber, 7 — pressure transducer in holder.

BELFAST, 30 July — 8 August 2007
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Low-pressure chamber of rectangular cross-section

Picture of the low-pressure chamber of rectangular cross section (a) and its segments (b). 1 —
segments of the low-pressure chamber, 2 — diaphragm block, 3 — connector of the low-
pressure tube with the diaphragm block, 4 — copper gasket, 5 — connector of the low-pressure
tube with the buster chamber, 6 — holders of light sensor, 7 — pressure transducers in holders.

BELFAST, 30 July — 8 August 2007
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Schematic of classical single pulse shock tube operation. (From Shapiro, 1954.)

Diaphragm
7007
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Pressure Pressure ) EO
D077 7777777777777 777777 !
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~Rarefaction  Surface Shock ) 1
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@ i @ | © M =—=u| =
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—2 =1+ M, (1—1 ~M,
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= > — —— = 6(air)
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General equations of gas dynamics

u, = u
Py = prlu, . y—1) p,

B+pu =P+ p,u, Pz: y+1)p, :1+plu12 1_P2
1 1 P o r-1 P
H+—u'=H,+—u ! - : ! P

9) 9) P, VTt
H=E+RT y-1_ 5

,02:
y—1 y—1)p y+1) R

BELFAST, 30 July — 8 August 2007



L“ Second Ewrcpean Sammer Fehool
Y HYDROGEN SAFETY

P4 !

Contact ! a)
serface |
< |
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: | Ps=Pz
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= |
| i
1
|
[
|
! T2 b)
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2
S
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S| T
~ T3 1
i y

Pressure (a) and temperature (b) distribution along the tube at
moment of time t1.

BELFAST, 30 July — 8 August 2007



/{ 77 f/ er Clodioal

1% HYDROGEN SAFETY

R A2
N E==r A (/A Ve
7 77 =
p //k/; /// //
Y WAV AR

L —
7 g
4 / ///// e ~ ___./M;_
o et

A

///// ’_,_.--——"""’-F
2 ///:4-"”
=
10 1 2 Ig PyP; 3 4 5
2y,
P4:27/1M12_(7/1_1) 1_7/4_1ﬁ M _L il
A 7 +1 nt+la, 1 M,

BELFAST, 30 July — 8 August 2007



UNIVERSITY of
U] STER

C & C
Hecond {’f(i'f//ff'ffﬂ Hresmmer Clesrool

YDROGEN SAFETY

ube

Self-ignition processesb)in rectangular t
5

Hydrogen self-ignition at di%fgrent hydrogen pres

a)
5 34 atm
X=143mm 25 atm W\ [ ' “ 6 X=143mm
1= ) 1=
£ , | 3
X=93mm > e — I A
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1 /’”"’“’M " 1\
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Self-ignition length in cylindrical tubes, role of hydrogen
pressure

1 | 1 1 |
(o} 100 200 300 400 0 50 100 150 200

1 1 1 I 1 L I
0 100 200 300 400 0 50 100 150 200

X=33 mm X=90 mm

7/ — pressure signal,
8 — light signal.
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Numerical simulation self-ignition of the hydrogen
discharge into tube

R =12 mm
= d l— tr -
} Reservoir with Hz,100 mim T } Tube with air, 55 - 180 mm |

Kisie | T Diaphrang I T Anis | Out —

Calculation domain and grid example.

BELFAST, 30 July — 8 August 2007
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Temperature, K

Grid influence

1400

0.10

T(x),t=TO0us

1200
5x50 grid

1000 -

800 20x100 grid

600 -

400 -

N R O
200 | | ] | 1
0.00 0.02 0.04 0.06 0.08
Position, m

Calculated distributions of temperature along the tube for two
calculation grids at time moment of 70 ps.

It is possible to make a
conclusion about the
acceptability of calculation
with typical grids. For the
numerical results obtained
the convergence on the
grids was checked,
numerical viscosity effects
were negligible.

BELFAST, 30 July — 8 August 2007
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Self-1gnition evolution

10000000 ==
Calculated distributions of the pressure
= | on the tube wall at different time
\ moments.
8000000 —
pressure
- 4 |||| ——— t=40ps
: — s t S 50 ps
'm 5000000 = .l(l fee - = —— t=60ps
Q !1{ I — . E— - — t =70 pS
O 000000 — KR
2000000 —
0 T
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Before the time moment

“_-I m——————— of 40 pus the water
G o i 60 5 concentration 1s about
= nr zero. After 50 us the
Q.3 — . . . .
™ s, /’ﬁ‘\ ignition ~ with  the
s - t L & 7 subsequent combustion
2 I .
g | Iy / occurs. The  water
. 'i X concentration 1increases
B [ ‘ \‘ \ to the value of about
F S 0.3.
™ IR A
' . !
- :* I -.\
Q Q.04 x'm Q.0ag a1z

Calculated distributions of mass fraction of water
vapour on the tube wall at different time moments.

BELFAST, 30 July — 8 August 2007
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4000 = temperature
(25atm Mass flow=0.075ko/s)
—_— = 40 ps
- — e t= 50 pS
------ t= 60 ps
_— e = . t= ?ﬂ- us
3000 = - t=1e-D4 s
f \ :.’ "11 A At the initial hydrogen pressure 50
x . |/ L atm case after 50 ps the ignition
W ' . . .
E | 1 ] ) \ with the subsequent combustion
m ! .
5 2000 = | A0 occurs with the temperature
i . .
E syl | increasing from 1200K to 3000K.
g I J.' : I P But for the case (dashed blue
I . e e
¥l £° & oA || curve) with initial pressure of 40
bt ' F T | atm combustion is not occures.
] I [
. : I & B
II II f' I -
s = e =¥
? — 71 v 1 v 1 v 1 °* 1
L] 0.04 o.o8 X, m 012 016 02

Calculated distributions of temperature on the tube wall at
different time moments for two pairs of initial conditions
(pressure — mass flow).
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| _‘ T "1 11 Mass fraction Ha
- t=40 ps
t= 50 Hs
R ¥ Calculated

+' — 1= G0 s . ] .
2 z : 1= 70 ps distributions of
m s .
" G N mass fraction of H,
G -
- — - F50 and O, on the tube
T n - R — —— | = &0 K5 o
g ] wall at different
E i time moments.

o

u] 0 i W] .12
HZirmd

Figure demonstrates the process of ignition and subsequent combustion. One can see
that the zone of the hydrogen and oxygen mixing after a time of t=40 ps is formed. After
the ignition (=50 ps) a small quantity of hydrogen in the zone of mixing "burns down"
and the diffusion front of combustion is forming the point of the temperature maximum.
A small quantity of oxygen remains in the "zone of hydrogen".
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Modeling of real burst disk rupture

(transverse shocks and turbulent mixing)
—F 1220 m/s

-

Y A ; t=0.5pus . , t=1ps

X

—

Calculated map of velocities in cylindrical tube near the “real burst disk”(D) upon
discharge of hydrogen into the tube at different time moments. X — axial direction, Y —
radial direction.
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3000 — 7
J real burst -:!isk 03 — FaSE Bl iRk
flat burst disk flat burst disk
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o o.04 o.08 0.12 v 0.04 0.1 02
, M
Calculated distribution of temperature on the Calculated distribution of mass fraction of
tube wall upon the discharge through “real burst water vapour along the tube wall upon the
disk” and flat burst disk. discharge through “real burst disk and flat

burst disk.
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Influence of boundary layer

- -.. - temperature (with BL)

il =
— teMperature (without BL)
H20 mass fraction ’
| == == = (with BL) ' P
g.08 — .
= 2000 —
5 0 1 Taking into account the boundary
g N4 . e
£ g @0 — Jayer the ignition occurs on the
: 1 wall at hydrogen pressure less than
Q 004 — £ .
£ o ¢ 120 - the one without boundary layer.
0.02
0
0 002 0.04 0.06 0.08 0.1
X, m 0 —

Calculated distributions of temperatures and mass fraction of
water vapour on the tube wall with boundary layer and without
last one (t=45 ps).
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a0 7

The mixing of hydrogen with
/ /j air occurs on the contact
4 Y v g surface immediately after the
H2 yF / i // ) s burst. Mixture cloud drifts
&5 Iy & mo"t/, < downstream along the tube. At
/ & - the some moment ignition
o] / 7/ s occurs. Combustion region
o 7 / P involves fresh hydrogen and
k‘ﬁ“’ .~ air from both sides of the
2 T burning cloud. Combustion,
/< o /4 o : which being started as kinetic
> Alr one, acquires diffusion
character. Heat release and
flame turbulence intensify
0,00 | 004 0.08 ' hia | mixing of reagents and such
X, m burning cloud may propagate

along the tube far enough.

Calculated x-t diagram of trajectories of species in the tube
during self-ignition of discharging hydrogen. Initial pressure of
hydrogen — 80 atm.
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Comparison of experimental and numerical results

140
o0 b Decrease of hydrogen
pressure leads to the
100 F increase  of  length
& 46 | .req.ullred for the self-
© ignition. In rectangular
a° 60 r tube self-ignition occurs
o at the pressures lower
by 1.5-2 times than that
20 5 in cylindrical tube.
0 20 40 60 80 100 120 140 160

Self-ignition limits of hydrogen in the ggf’limirr?cal (5,6) and rectangular (7) tubes. X — distance from the burst disk along the
axis of the tube, P, — initial pressure in high-pressure chamber.

1 —ignition in the cylindrical tube, experiment; 2 — no ignition in the cylindrical tube, experiment;

3 —ignition in the rectangular tube, experiment; 4 — no ignition in rectangular tube, experiment;

5 — self-ignition limit in the cylindrical tube, experiment;

6 — self-ignition limit in the cylindrical tube, numerical calculation;

7 — self-ignition limit in the rectangular tube, experiment.
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Conclusions

- Hydrogen self-ignition 1n the tubes of round and rectangular cross
section 1s possible at hydrogen 1nitial pressure of 40 atm and higher.

*Experimental and numerical work has shown that increases in the
initial pressure in the high-pressure chamber decreases the distance
from the burst location to the hydrogen 1gnition point on the contact
surface.

It has been shown experimentally and numerically that at the same
cross section area the self-ignition in the narrow rectangular tube
occurred at lower pressure than that in cylindrical tube. At the
initial pressure i high pressure chamber less on 15-20 atm self-
1gnition occurs at the same distance.
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How to avoid combustible gas self-1gnition
outflowing into oxidizer medium?
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Now we are working on this.
Join us!
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