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TA?
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A fire, burning sufficiently rapidly for the

M
-

0 4 _ burning mass to rise into the air as a cloud or ball.

o = 1 Fire . . S
The combustion of material emerging with

- £ !
i @ 2| _ significant momentum from an orifice.
L. = I Fire ball : :

?‘ I The combustion of a flammable vapour and air

c : mixture in which flame passes through that

g 14 Jet flame mixture at less than sonic velocity, such that
= ; I / negligible damaging overpressure is generated.

I -
(@) I Flash fire The abrupt burning of superheated gases in a fire
'G : —"| caused when oxygen rapidly enters a hot, oxygen-
o E 1 Backdraft | depleted environment. It is typically seen as a blast of
— X : smoke and/or flame out of an opening of a building.
Q £ 1V i
apor cloud explosion (VCE)

() I

ﬁ E I \ The explosion resulting from an ignition of a
|

Gas exp|05ionpremixed cloud of flammable vapour, gas or spray
with air, in which flames accelerate to sufficiently
high velocities to produce significant overpressure.




N (1FF?) - Hindenburg

1937/5/6, 36 Dead, 245m long, 20000 m3 Hydrogen
Manchester Township, New Jersey (USA)
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R~ The Free Encyclopedia
= Hydrogen Safety ¥p 6 languages v
Article Talk Read Edit View history Tools W

From Wikipedia, the free encyclopedia

Hydrogen safety covers the safe production, handling and use of hydrogen,
particularly hydrogen gas fuel and liquid hydrogen. Hydrogen possesses the
NFPA 704's highest rating of four on the flammability scale because it is
flammable when mixed even in small amounts with ordinary air. Ignition can
occur at a volumetric ratio of hydrogen to air as low as 4% due to the oxygen in
the air and the simplicity and chemical properties of the reaction. However,
hydrogen has no rating for innate hazard for reactivity or toxicity. The storage
and use of hydrogen poses unique challenges due to its ease of leaking as a
gaseous fuel, low-energy ignition, wide range of combustible fuel-air mixtures,

buoyancy, and its ability to embrittle metals that must be accounted for to
ensure safe operation.[']
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'‘Combustion Physics', Chung K. Law,
Cambridge University Press (2010)

Rankine-Hugoniot Solution

Conservation

I
Uy Up
Mass Pully = pPplip = f ® b - | | - Py
T, T,
Momentum  Pully + Pu = Pty + Db @) |=|
Energy hu + ; 3 — hb + %HE @ Wave structure
where [ is the constant mass flux through the wave,
where v = 1/p is the specific volume.
1 1 Rayleigh line
@&@ (Pb - pu) = —(pu”u)z (g — ,O_) = —fzfvb — vu)

©OI=<0) hy —h, = “wmﬁ(i——j{)=—éf2@y—wx%+mﬁ
'Ob pu

k2 hy—hy = E(Ub +v,)(pp — Pu)  Hugoniot line

* Rankine-Hugoniot Solution
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Figure 7.1.2. Schematic identifying the Rankine-Hugoniot solutions.

Weak deflagration
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WTIE, P LIBFLETREELLALS, SEATFIIBEDIRELLT

HRT S,
(/) BE 23.0%0.5°C

(0) #@ExEH 101. 320. TkPa

(s\) #EtiREE 0. 15g/ke il

!_h PRIEFRSAITE . 2D DA ik

EN 1839 (B), Bomb Method

- Closed spherical vessel
- Volume 14 dm?
- Mixture preparation: pa

- Ignition source: fusing (exploding) wire
- Criterion: pressure rise of = 5%

rtial pressure
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EN 1839 (T), Tube Method
- Open vessel
- Glass cylinder (D=80 mm, L=300 mm)
- Mixture preparation: Partial pressure
and purging of the glass tube
- Ignition source: High voltage spark
- Criterion: Flame detachment (visually) BAMMDHPXLY
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Mixture was filled in a tent of thin plastic sheet

(almost unconfined condition) > t

Pressure sensor
(side-on)
Large Scale Experiments

More than 1 m3 in the volume of mixture

Measurements : Blast overpressure (side-on)
Flame front behavior
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Scaling Models
TNT equivalency model
TNO multi-energy model
Modified Baker model
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- 10° i
TNT equivalency model HaS i
Using 1
: R o empirical
Scaled distance |Z = lE % re]atlonshlp
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TNO multi-energy model =
(Modified Baker model) 2 10 \
) 8
Sachs-scaled distance Lé : N
_ R 2 2 »
R e —1/3 '§ 1083 \\\
(E/R) Z N
Sachs-scaled overpressure 2 B
}_):i s T 65 \4'
F, Sachs-scaled distance
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Pentlite (Detonation)

Black Powder (Deflagration)
DME (Detonation)

DME (Deflagration)

City Gas (Deflagration)

1.E+03

>p OMR OO

© i
& 1E+02 Hydrogen (Deflagration)
IEI — TNT equivalency model
S5 1E+01 [
[0))
& Explosion
2 1E+6Q_| p :
3 efficiency
@)
1.E-01 n=1
1.E-02 - - -
1 E+00 Overestimation for gaseous Deflagration
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Scaled distance 7 = 73
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The blast overpressure at the position R from the
explosion point is equated by the theory of acoustics;

. p . pressure
:| t: time
-7

p . density
¢ : volumetric expansion ratio
O : volumetric rate of combustion

e

Pressure sensor
(side-on)

ERQrNEE Y- o

dQ} d (4 )
— —
at | __ dt\ 3
Laminar flame & =
propaga_a__’gg_g__spherically

» (t) 5 % 22 (8 B 1) Szl‘

Yo,
J I 2Eg(g —l)rqu

S': burning velocity
& : volumetric expansion ratio
r, + flame radius at quenching
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Large scale experiment (9.4m3, Hydrogen 30.2%, Deflagration)
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Known flame front instabilities

- Diffusive-thermal instability
preferential diffusion enhances the inst.

- Body-force instability
when body-force is acted to flame front

- Hydrodynamic instability
induced by the expansion of gas at flame

Hydrodynamic instability: Self similar (Fractal manner)

, Onset of wrinkling Fractal surface
Laminar flame K e .
r* : critical radius

propagates spherically N

\
r<r* \ r=r* r>r* '

A

/
[AL — 4727”2} i
[AC=47Z7” AT=47Z7’*2(F

— £
Flame surface area v

Similar
transformation

Self similar growth

4 _ . )
D : Fractal dimension

D =7/3 : from experimental data (Y. A. Gostintsev, 1988)
and direct numerical simulation (Liberman, 2004)
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With turbulent model
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o Experiment (Hydrogen, Deflagration) — Experiment

— Turbulent model

4000 — Laminar model

1.00

Flame radius [m]
Overpressure [Pa]

Time [¢] Time [ms)
. ,dS
p(t)zg(g_l){zrgs o E}
Laminar flame propagation Self-similar growth model
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Acceleration exponent « :
Slope on log-log plots of r~¢diagram

a = constant >1
Self-similar growth

Acceleration °
roct

Y,

a =1 Laminar flame propagation
Flame speed is constant

Flame radius, log( r)

>

Time, log( t)
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Scale
(flame size) <400 <1700 >1700 Much larger
Peclet number

Diffusive-
thermal e e e
instability Le <1

Hydrodynamic ﬁ O O Suppressed ?
instability Self-similar
manner

Hydrogen Diameter ~ 1m
Methane Diameter ~2.5m

KA — )L Cl&Hydrodynamic instabilityh' £ & H




FZEAZERIh D K K DRI

s T

4
h RIEICK D #

£
EAER AEMODEA LRI

FVEEY (B)
AER

ENE (RE)
T T
A

MBEICESENER
@ RBEHE S TR =

BHEIZCKDHEN
FRICKSHIT
EBITKELV-
O, BEITEE
MHEEiELEO
(B)DFRET S

Flickd
EhEL
it S R I A

~BaRBIRFFICRE T DIEEME (PREERIGHEL) ~

Baker studied the blast waves from bursting sphere vessels in which
pressures were larger than ambient pressure (W.E.Baker, 1977).

D, :Pressure
¥4 :Specific

/ ps:Side on pressure of blast wave

heat ratio — Atmosphere
a,:Sound speed Do:Pressure
Vy:Volume \ Yo:Specific heat ratio

aqy:Sound speed

—
(1 = Dao/a)(®s/po —1) [t

} {2y012v0 + (Yo + D(ps/po — 1)]}1/2

p1 =Ds|1

The pressure of blast wave decreased as propagating away. The decrease curve is
correspond to that of high explosive using energy E = % Vo
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Calculation
Baker’s model -
(without combustion reaction)

Peak overpressure / kPa
(@)}

4 i
O Hydrogen 5walls
2 ® Hydrogen 1wall i
E‘ﬁﬁ&%\ - ® Methane

200 300 400 500 600 700
Bursting pressure / kPa

» | 0
jjxk%% 0 100\

In the case of Hydrogen, combustion effect enhance the peak overpressure.
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Ventm = D& Z &1 FiE (NFPAGS (2013) D 151)

Low Inertia Vent Closures (Vent ®1EM: 13550, 23D Pra 7 0.1bar LA F)
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Velocity slip must cause change of
particle number density

Gas velocity

s
=4

20 X

Particle velocity

Combustion zone

Gas movement
s

Particle movement
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Flammability lean limit

Lean limit Lean limit

Fuel gas | Equivalence Dust Equivalence
ratio ratio
Methane 0.50 Adipic acid 0.28
Ethane 0.52 Lactose 0.22
Ethylene 0.40 Poly-ethylene 0.17
Benzene 0.49 Sulfur 0.10
Methanol 0.46 Aluminum 0.29
Ethanol 0.49 Iron 0.35

1| — Smaller

R RITE D EFRMLFRE D BERE /&<
5%, LA DRI FIE R (T ABE T BRI
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J.H. Sun, R. Dobashi, T. Hirano, Combustion

and Flame, 134, pp.381-387 (2003).
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Gas velocity

TSZ S ’ Flame front
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Particle velocity: Gas flame: £ =% |
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to gas velocity

Radiative heat transfer
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