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ABSTRACT .

The propagation of gaseous explosions under premixed
conditions is governed by both molecular heat and mass
transport, and the interaction of the flame front with the
turbulent expansion flow generated by the combustion
process itself. The molecular transport controls the flame
stability and its sensitivity to flame stretching and
quenching. Therefore it determines the response of a
flame front to flow vorticity, resulting in either flame
acceleration or turbulent quenching. The present paper

reports on experimental investigations of transport phe- -

nomena during flame propagation with highly blocking
flow obstacles by means of non-intrusive, optical tech-
niques. It is shown, that turbulent flame quenching proc-
esses lead to an acceleration of free radicals behind the
obstacle. The mixture of these radicals with the unburned
gas leads to an enhanced chemical reaction and an in-
crease of the turbulent burning velocity.

A comparison of two different fuels (hydrogen and
methane) is presented, strongly differing in molecular
behavior due to their different Lewis numbers. The ex-
periments have been performed in two explosion tubes of
different scale (PuFlaG facility: & 80 mm and L.VIEW
facility: 0.7x0.7 m) in order to address scaling effects.
Blocking ratios between 95% and 99.7% have been
investigated.

A high-speed video-camera operated at repetition rates
of up to 9000 images/sec is used to record the self-
fluorescence of the flame and to visualize the flame
propagation. The path of the hot gas is recorded via
Schlieren photography with the high-speed video-
camera. The OH-radicals in the cross section of the flame
are visualized with laser induced predissociation fluores-
cence with an exposure time of several nano-seconds.
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INTRODUCTION

Due to a possible failure of any gas infrastructures at
industrial or civil sites, gaseous fuel, such as hydrogen or
natural gas could be released. In combination with the
ambient air, a highly explosive mixture can be formed,
which endangers the building integrity. The ignition of
relatively small amounts of fuel in air, having a low
laminar burning velocity, will start out as a slow defla-
gration. However, due to the heat release of this exo-
thermal reaction, a highly turbulent expansion flow is
created inside confined geometries, which superimposes
with the flame itself.

It has been shown by various authors (Beauvais 1994,
Ardey et al. 1995,1997; Phylaktou et al. 1991) that the
interaction of chemical kinetics and heat and mass trans-
fer processes due to turbuient mixing in combination
with momentum exchange processes can significantly
accelerate flames to limits, where the damage of a build-
ing structure is to be expected. The influence of obstacles
inside the structure on the flame acceleration, the turbu-
lent burning velocity, and the resulting pressure loads
have been investigated in detail by /Ardey, Durst, May-
inger/.

However, it will be shown, that at highly blocking ob-
stacles (> 95%) the flame acceleration can not only be
explained by the increase of turbulence, when the ex-
pansion flow passes the obstacle.

EXPERIMENTS AT THE L.VIEW FACILITY

First experiments in the scope of this work on jet igni-
tion were performed in Pisa at the L.VIEW facility. The
apparatus consists of a rectangular test section with the
inner dimensions of 677 x 677 x 3200 mm, which is
divided into two chambers. The first chamber has a
length of 1050 mm and is separated from the second
chamber by a wall with a central round orifice with a



diameter of 10 cm, resulting in a blocking ratio of
BR =98.3 %. The second chamber has a weak rupture
disk to the ambient with the dimensions of 300 x 300
mm. Two axial fans inside the dividing wall ensure a
homogeneous fuel-air mixture of the same equivalence
ratio in both chambers before ignition, which is moni-
tored by 6 hydrogen concentration sensors.

mirror

top view

front view

Figure 1: Selected frames of a 6 vol.-% CHy in CHy-air

flame at the L.VIEW facility with an obstacle with a
blocking ratio of BR = 98.3% .

The conventional instrumentation consists of 7 high-
speed piezo-capacitive pressure transducer and 7 thermo-
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couples. To visualize the flame propagation, a video
camera with a frame rate of 25 Hz is used. The combus-
tion is recorded simultaneously through the front win-
dows and, reflected by a 45° mirror, also through the top
windows. To enhance the contrast, aerosols of a NaCl
solution are added, which are stimulated to emit light by
the high combustion temperature. The flow velocity is
measured inertialess and non-intrusively for the horizon-
tal component parallel to the main flow and the vertical
component at three different positions (#1-#3 in figure 1)
with a two component LDV system.

In figure 1 selected frames of a lean methane-air flame
(6 vol.-% CH4 in CHg-air @ = 0.63), which was ignited
at the lower right corner, are shown. Three remarkable
peculiarities can be observed during the combustion
process:

1. 800ms after ignition the flame reaches the orifice for
the first time. Due to the high penetration velocity of the
gas through the orifice (in this case 140 m/s, measured
with LDV), a sudden ignition in the second chamber
would be expected. However, another 400ms are needed
before the. first spots of ignition can be observed in the
second chamber. _

2. The ignition in the second chamber does not occur in
the vicinity of the orifice as it would be expected. In fact
several spots of ignition can be detected separately from
each other.

3. Once the second chamber is ignited, a high combus-
tion rate is observed. -

Caused by the high pressure release in the second
chamber not only a flow through the broken rupture disk
(figure 1, frame 1280 very left), but also back into the
first chamber occurs. This leads to a very fast final com-
bustion of the unburned gas in the first chamber, result-
ing in the highest pressure of the whole process.

Due to the relatively low repetition rate of the camera
used at these tests it is not possible to resolve the ignition
process in the second chamber at higher methane concen-
trations or with hydrogen as fuel. A concentration of
6 vol.-% methane is in fact the leanest mixture where
ignition in the second chamber could be observed. With
5.9 vol.-% CH4 in CHy-air the flame behaviour in the

first chamber is very similar to the example shown in
figure 1, though no ignition takes place in the second
chamber.

EXPERIMENTS AT THE PUFLAG FACILITY

Due to the relatively big dimensions of L.VIEW it is
difficult to apply sophisticated optical measurement
techniques to analyse the processes in this facility. There-
fore, small scale tests have been performed at the PuFlaG
apparatus, which is very good equipped with optical
measurement techniques. The inner area of the optical

test section is 6539 mm2. An obstacle with a central
orifice of varying diameters causes blocking ratios be-
tween 95% and 99.7%. The total gas volume is about 25
liters in front of the obstacle and about 36 liters behind
the obstacle. Four quartz windows provide a proper
optical access from all directions for optical measurement
techniques. Four high-speed piezo-capacitive pressure
transducers are used to record the pressure history during
the combustion process.



The gas propagation through the orifice is recorded by
means of Schlieren records. The images are recorded
with a high-speed video-camera, driven at frame rates of
up to 9000 frames/sec. With the Schlieren technique the
density gradient of the gas is visualized, therefore the
flame itself cannot be distinguished from the hot exhaust
gas. For that reason, the self fluorescence of the OH-
respectively the CH-bands is recorded, to determine the
flame itself. The light is amplified by a combination of
two intensifiers in front of the high-speed camera.

Nevertheless, both methods deliver integral images
through the whole depth of the chamber, so any structure
in the depth cannot be clearly resolved.

Therefore, thin layers of the flame are visualized with
the laser-induced predissociation-fluorescence (LIPF).
OH radicals are excited within a lightsheet with a thick-
ness of less than 1 mm. By using an excimer laser run
with KrF, emitting light with a wavelength of 248 nm,

the excitation of the OH-radicals A2£*,V =3 « X2[LV
= 0 appears. A special optic allows to tune the laser for
the P1(8) excitation of the OH-radical. The pulse dura-
tion of the laser is 17 ns, the lifetime of the OH radicals

in the excited state ranges between 10710 and 1075 sec
(Eckbreth 1988). The fluorescence appears frequency
shifted (A2Z",V=3 — X2[1,V=2) at a wavelength of 295
— 304 nm. Additional fluorescence signals as well as
Rayleigh scattering is tuned out by means of a filter.

Most of the PuFlaG tests presented in this paper were
performed with a gas mixture of either 12 vol.-% H3 in
Hj-air (& = 0.41) or 9.5 vol.-% CHy in CHy-air (® = 1).
Both mixtures have approximately the same laminar
burning velocity of 0.4 m/s. The . minimum ignition
energy is about 0.45 mJ for the stoichiometric methane-
air mixture and about 0.08 mJ for the ® = 0.41 hydro-
gen-air mixture (Lewis et al. 1951).

0.0 ms

orifice

Figure 2: Selected frames of the self fluorescence of the
Sflame; left: 12 vol.-%, right: 12.2 vol.-% Hj in Hj-air
flame at the PuFlaG facility with a blocking ratio of
BR =99.7%.

Corresponding to the L.VIEW tests, a limiting orifice
diameter for each fuel and each concentration can be
determined, where the flame is not quenched completely
and ignition in the second chamber occures first. For the
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12 vol.-% hydrogen flame, the limiting orifice diameter
at this geometrical configuration was found to be 5 mm
(BR=99.7%) for total flame quenching. In figure 2,
selected images of a 12 vol.-% Hp flame compared to a
12.2 vol.-% Hj flame are shown. Both flames have ap-

proximately the same velocity in front of the orifice
(approx. 3.3 m/s) but as the richer flame reignites after a
certain time (2 ms after the flame reaches the orifice
first), the leaner mixture is quenched completely. As it
has been measured at the L.VIEW facility, the ignition of
the second chamber does not appear in the vicinity of the
obstacle but approximately 20 orifice diameters behind
the obstacle.

0.0ms

- orifice

Figure 3: Selected frames of the self fluorescence of the
flame; left: 9.4 vol.-%,; right: 9.5 vol.-% CHy in CH4-air
flame at the PuFlaG facility with a blocking ratio of
BR =95.2%.

For the methane air mixture the limiting orifice diame-
ter was found to be 20 mm (BR = 95.2%), as shown in
figure 3. A stoichiometric mixture leads to a combustion
process behind the orifice, a mixture of 0.1 vol.-% less
than that does not ignite inside the second chamber.

A more detailed analysis of the beginning of the com-
bustion in the second chamber, taken with the Schlieren
technique, points out, that also with hydrogen as fuel,
several spots of ignition can occur, as shown exemplarily
in figure 4 at 1.2 ms. In this example a 16 mm orifice
(BR = 97%) has been used, therefore the location of the
ignition-is much closer to the orifice as it has been in the
test with the 5 mm orifice.

The above mentioned reverse flow of the hot gas into
the first chamber, followed by an enhanced reactivity
occurs also in the tests with the 16 mm orifice with hy-
drogen after 2.4 ms (figure 4).

The gas propagation velocities through the orifice can
be determined by measuring the location of the gas jet
and the time passed between two frames of the high-
speed records. In figure 5, these velocities are plotted for
different hydrogen- and methane-air mixtures for ‘the
tests with the 16 mm orifice. The maximum velocities for
both mixtures can be observed immediately behind the
orifice. Further downstream, the gas expands to the walls
yielding to a decrease of the axial propagation velocity.
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Figure 4: Selected Schlieren images; left: 12 vol.-% H)
in Hy-air; right: 9.5 vol.-% CH4 in CHy4-air; BR = 97%

Although the laminar burning velocity of both mixtures
is approximately the same, the hydrogen- and the meth-
ane-air flame show a completely different behaviour.
Since from the beginning of ignition the flame interferes
with its own generated pressure waves, the hydrogen
flame starts to wrinkle and to form cusps. This does not
happen with the methane flame. Two transport processes
are basically responsible for this different stability behav-
jor. As soon as a positive curvature to the unburned
mixture is generated, the enlargement of the preheating
zone leads to an increasing heat loss of the reaction zone
by thermal diffusion. In addition to that, the larger area to
the unburned gas enables more molecules of the deficient
reactant (fuel in the lean case) to be transported into the
reaction zone by mass diffusion. Corresponding negative

208

200

curved sections contain accordingly less molecules of the
deficient reactant and are therefore locally quenched.
These effects can be described by the dimensionless
Lewis number, which is the ratio of the thermal diffusion
a= l/(pcp) and the mass diffusion D. The Lewis number

for lean hydrogen air flames is approximately 0.3 — 0.5.
For stoichiometric methane flames a Lewis number of
about unity can be assumed. At lean hydrogen concen-
trations, positively curved flame sections - caused by
acoustic interactions or a turbulent flow - tend to grow.
Contrarily, methane flames tend to smooth any interfer-
ence (Ardey et al. 1995, Goix et al. 1993, Mayinger
1996).
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Figure 5: Propagation velocities during the combustion
of various fuel-air mixtures through an orifice;
BR = 97%

This effect becomes even more evident at the corre-
sponding LIPF measurements of both mixtures. Al-
though, due to the low repetition rate of the LIPF system,
only one frame can be exposed per flame, the flame
propagation can be reconstructed by evaluating several
single shots taken at different flame positions (figure 6).
About 1 cm in front of the orifice, both flames are highly
influenced by the flow through the orifice. With methane
this effect leads to a forced positive curved but still very
smooth flame, with less reactivity, due to the enhanced
heat transport. In contrast to that, the reactivity of the
hydrogen flame at the positive curvatures increases.

As soon as the hydrogen flame itself reaches the ori-
fice, a free jet penetrates into the second chamber (figure
7). Due to the high penetration velocity of up to almost
200 m/s, this jet has a very straight, parallel orientation
for a length of two to three orifice diameters. The radicals
in this area can be considered to be quenched since any
combustion would lead to a propagation direction per-
pendicular to the jet surface, which has not been ob-
served. The reignition of the flame can be determined
due to the sudden increase of the radical concentration,
most of the times simultaneously at several different
positions. The superposition of the free jet and the in-
crease volume of the burned gas leads to a formation of a
complex turbulent structure and macro scale eddies in the
shear layer of the jet, which can be regarded as one rea-
son for the fast combustion in this area.
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Figure 6: OH-radical distribution in front of the orifice
at different times taken with LIPF; left: 12 vol.-% H> in

H)-air; right: 9.5 vol.-% CHy in CH g-air; BR = 97%
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Figure 7: OH-radical distribution through the orifice;
left: 12 vol.-% Hj in Hy-air; right: 9.5 vol.-% CHy in
CHy-air; BR = 97%

As the limiting orifice diameter for the stoichiometric
methane air mixture was shown to be 20 mm, no ignition
of this mixture occurs using the 16 mm orifice. In figure
7 (right side) a quite similar parallel radical free jet,
compared to the hydrogen flame, penetrates into the
second chamber, being accelerated up to the order of

magnitude of sonic speed. After about 10 sec, the paral-
lel jet breaks up but no ignition in the second chamber
takes place, due to the high minimum ignition energy,
necessary for methane—air mixtures.
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COMPARISON WITH CHEMKIN-II CALCULA-
TIONS

Calculations with the Chemkin-II code from Sandia
National Laboratories were performed, to get information
about the time scale of the reaction process, the ignition
delay, and the life time of important radicals. This
chemical kinetics code considers four elements (H, C, N
and O), 51 species and 235 chemical reactions. In figure
8 the normalised species concentrations for the zero-
dimensional adiabatic calculation of a 12 vol.-% hydro-
gen-air flame is plotted. The initial temperature of 950K
is approximately the minimum ignition temperature for
this mixtures.

After a certain ignition delay the radical concentration
increases and decreases again before the temperature
reaches its adiabatic maximum. But as long as the proc-
ess is not cooled down, the OH, O, and H radicals are in
a thermal equilibrium with the generated H»O and left Oy

molecules. Therefore, the detected OH radicals in figure
7 between the orifice and the spots of ignition not neces-
sarily indicate a reacting zone. In this case they indicate
the path of the compressed hot exhaust gas.

Similar calculations of a stoichiometric methane-air
mixture have been performed. Before the temperature
trace has its point of infection, any reactions containing
C-atoms (except CO and CO») are completed. The O, H
and OH radicals show a similar behaviour compared to
the calculations with hydrogen as fuel.
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Figure 8: Chemkin calculations of a 12 vol.-% H) in Hg-
air mixture; initial temperature T = 950 K

The previous presented tests at the L.VIEW and the
PuFlaG facilities have shown, that burned gas is blown
through the orifice for a long time (up to 800 ms in figure
1), before ignition in the second chamber occurs. Hence,
some of the radicals transported into the second chamber
are mixed with unburned gas before an ignition occurs.
In figure 9 the time-series of a similar calculation as in
figure 8 is plotted,. where the initial unburned gas is
mixed with 10 vol.-% burned gas (H,0, N3, O;) together
with the OH-, HO,-, O-, Hy0,-, and H-radicals. This
yields to a decrease of the ignition delay, which explains
the high reactivity of the gas mixture in the second
chamber. In the case of methane the calculations with the
initial fuel-air, mixed with exhaust gas inside the second
chamber shows the same tendency. 10 vol.-% burned gas
(COy, CO, HyO, N3, Oy, OH-, HO3-, O-, HpO3-, and H-



radicals) mixed with stoichiometric methane-air leads to
a decrease of the ignition delay of approximately 50%.
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Figure 9: Chemkin calculations of 12 vol.-% Hj in H>-

air mixed with 10vol-% of the burned gas from the
calculation of figure 8, initial temperature T = 950 K

CONCLUSION

The influence of highly blocking obstacles on free
propagating methane- and lean hydrogen-air flames has
been investigated. It has been shown, that flame quench-
ing effects, due to the high acceleration of the gas, lead to
an accumulation of free radicals behind the obstacle. The
mixing of these radicals with the unburned gas leads to a
highly explosive mixture, which endangers building
integrity. .

The mechanism of hot-jet ignition, taking place at more
sensitive mixtures can directly lead to a detonation of the
fuel-air mixture. For a successful numerical simulation of

these processes a more detailed quantification of these

processes has to be made.

ACKNOWLEDGEMENT

It is gratefully acknowledged, that the work presented
in this paper has been supported by the European Com-
mission and by the Carl-von-Linde Foundation, Ger-
many.

LITERATURE
(Symposium proceedings)

Ardey, N., Mayinger, F. and Durst, B. 1995,
“Influence of transport phenomena on the structure of
lean premixed hydrogen air flames®, 1995 ANS Winter
Meeting, Thermal Hydraulics of Severe Accidents, San
Francisco 1995, In: American Nuclear Society Transac-
tions vol. 73, TANSAO 73 1-522 (1995), ISSN: 0003-
018X

(Symposium proceedings)

Ardey, N. and Mayinger, F. 1997, “Highly turbulent
hydrogen flames / explosions in partially obstructed
confinements“, Proc. of the lst. Trabzon Intl. Energy
and Environment Symp., pp. 679-692, Karadeniz
Techn. Univ., Trabzon, Turkey, July 29-31, 1996 and
in Proc. Of the 8th Canadian Hydrogen Workshop,
Canadian Hydrogen Association, Toronto 27-29 June,
1997

300

(PhD Thesis)

Beauvais, R., 1994, “Brennverhalten vorgemischter,
turbulenter Wasserstoff-Luft-Flammen in einem Explo-
sionsrohr, PHD-thesis, TU Miinchen

(Journal article)

Borghi, R., 1984, “On the structure of turbulent pre-
mixed flames“, Recent advances in aeronautical science,
Eds.: C. Bruno, C. Casci, Pergamon Press

(Symposium proceedings)

Carcassi, M., Fineschi, F. and Lanza, S., 1994,
“Flame propagation in-hydrogen-air mixtures in partially
confined environments“, Proceedings Vol. 2nd of the
International Conference on "New Trends in Nuclear
System Thermohydraulics”, Pisa, Italy, May 30th - June
2nd 1994

(Journal article)

Carnascialli, F., Lee, J.H.S., Knystautas, R., 1991,
“Turbulent jet initiation of detonation”, Combustion and
Flame Vol. 84, pp170-180

(Symposium proceedings)

Durst, B., Ardey, N. and Mayinger, F., 1996,
“Interaction of turbulent deflagrations with representa-
tive flow obstacles, OECD/NEA/CSNI Workshop on
the Implementation of Hydrogen Mitigation Techniques,
Winnipeg, Manitoba, 1996 May 13-15, report no.
AECL-11762, NEA/CSNI/R(96)8, pp. 433-447

(Book)

Eckbreth, A.C., 1988, “Laser diagnostics for com-
bustion temperature and species“ Abacus Press, Tun-
bridge Wells, UK

(Journal article)

Goix, P.J., Shepherd, J., 1993, “Lewis number ef-
fects on turbulent premixed flame structure“, Combus-
tion Science and Technology, Vol. 91, pp. 191-206

(Journal article)

Jordan, M., Tauscher, R., Mayinger, F., 1997, “New
Challenges in Thermo-Fluiddynamic Research“ Interna-
tional Journal of Heat and Technology, Vol. 15, pp. 43-
55, ISSN: 0392-8764

(Journal article)

Koroll, G.W., Kumar, R.K. and Bowles E.M., 1994
“Burning velocities of hydrogen-air mixtures“, Com-
bustion and Flame 94, pp. 330-340

(Book)
Lewis, B., von Elbe, G., 1951, “Combustion, Flame
and Explosions of Gases“, Academic Press inc.

(Symposium proceedings)

Mayinger, F., 1996, “Transport phenomena in highly
turbulent flames“, Sixth australasian heat and mass
transfer conference, 9.-12. December 1996

(Journal article)

- Moen, 1.0., 1993, “Transition to detonation in fuel-
air explosive clouds“, Journal of Hazardous Materials,
Vol. 33, pp. 159-192

(Journal article)

Phylaktou, H., Andrews, G.E., 1991, “The Acceleration
of Flame Propagation in a Tube by an Obstacle”, Com-
bustion and Flame 85, pp 363-379



	
	
	
	
	
	

