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1 Introduction

This paper reports an experimental study of detonation deflagratioiitimaria a square channel. The
gas mixtures used were hydrogen and air with varying concentratiorescidnnel had one obstacle
with adjustable blockage ratio. A jet was formed behind the obstacle as thedigrarded and pushed
the reactants ahead of itself. After the flame propagated through the lebistdetonated in some

experiments. A sketch of the setup is given in figure 1. This study investigatee the detonation

started. We also report which hydrogen concentrations and blocké#gs that resulted in DDT.
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Figure 1: A sketch of the experimental setup. The principle of the flameagain is drawn with
dotted lines (1 to 3) as it burn from left to right. The detonation (4) is dravth avthick line.

2 Background and motivation

Urtiew and Oppenhein [1] showed in 1966 the transition from deflagratigietonation in a channel.
They showed that DDT could occur at the turbulent flame brush, behprdaursor shock wave or at
the contact surface behind a shock wave. Oppenheim also introdwectatitti’'an explosion within the
explosion’, as pointed out by Le€[2]. Meyet. al.[3] showed that an explosion could occur in a layer
of unburned mixture behind the leading edge of a turbulent flame.[lem|&igul out that a detonation
could originate from the explosion, but there must be an amplification mechéisveen the reaction
zone and the shock wave. Oran al.[4] showed that DDT could occur in a funnel of unburned mixture
between two flames, and also noted the gradient mechanism as a detoneglopeie from a hot spot.

Knystautast. al.[5] investigated how a jet of hot combustion products could initiate a detonattoey
pointed out three requirements for DDT by turbulent mixing mechanism. T$tadithe generation of
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large scale energetic turbulent eddies, while sufficient small scale édgliesmote mixing is the second
criteria. The last requirement is the generation of induction time gradientgnktaal. [6] did large
scale version of similar experiments. They showed that DDT occurree abphwall as a deflagration
propagated out of a steel tube into a plastic bag. Thomas and JonesdZiigated jet initiation of
detonation as a deflagration followed a shock wave and emerged feoma shock tube into a steel
vessel. They wrote that in their experiments there were high reaction eaissaby the intense shear
in the flame front. This lead to a transition to detonation via a hot spot as it gegkio a induction
time gradient. Thomas and Jones stated that it was more likely that the small@daedf reaction
front thickness) turbulence caused the DDT than an larger exterdgl ed

Vaagsaethef [8] investigated numerically the onset of a detonation in dacipipe with one obstacle
(i.e. orifice plate). The simulation showed that there was a transition froragiafion to detonation
after the flame passed the obstacle. DDT occurred between the flame guipkthall where the shear
stress and local burning rates were high. Knudsén [9] showed imgrally that DDT could occur
as a deflagration propagate through an obstacle. This experimentalsnoidtivated by the work of
Vaagsaether and Knudsen but also the experiment reported byéflaanWe will investigate the onset
of a detonation as a deflagration propagate through a single obstaclenaliméocus is to report DDT
and events that lead up to the onset of detonation. The method of investigatigh speed film and
pressure records. The experimental results are compared to similaricainrsenulations to better the
understanding.

3 Experimental setup

The experimental setup wassa00mm long 100 by 100mm? square channel. The channel was closed
in one end and open to the atmosphere in the other. The channel side wall$ravesparent so the
flame could be filmed, while the top and bottom walls were smooth, painted steelbdacte was
placed1000mm from the closed end, and it wadsnm thick and had a variable blockage ratio. In the
experiments it ranged frolR = 0.5 to BR = 0.9. The obstacle opening was a rectangular slit in
the middle of the channel. A sketch of the experimental setup is shown in fljuFee gas mixtures
used in the experiments were hydrogen and air, and the concentratited fvam 15% hydrogen to
35%. Atthe closed end of the channell @V spark was used to ignite the mixture. Three Kistler 603b
pressure transducers were pla@édmm, 600mm and1000mm behind the obstacle. The experiments
were filmed with a Photron SA1 high speed camera recordis§@t0 fps. This was done to capture
the slow deflagration and the fast detonation.

4 Results and discussion

The gas mixtures were ignited at the closed end, and the flame propagafédtthester of the ex-
periment before reaching the obstacle. Details of this propagation wasigated earlier by the au-
thors [10]. As the flame propagated it changed shape several timestabietd as a convex (towards
the reactants) flame. As the flame reached the obstacle it was concavestdteed to as tulip shaped.
Although the referred work only presented results from stoichiometricdggh-air, the same flame be-
haviour was seen for lean and rich flames as well. The following experihrestdts investigated DDT
after a tulip flame propagated through the obstacle.

DDT was observed in several experiments, with different concentrationblockage ratio. Figuid 2
summarise the experiments and show that we observed DDT when the l@oekimgvasBR = 0.75,

BR = 0.84 and BR = 0.90. The lowest observed concentration where the mixture detonated was
28% hydrogen in air. In general the distance from obstacle to DDT positioredsed with increasing
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DDT position versus Concentration and blockage ratio
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Figure 2. The distance behind the obstacle where DDT was observedrigng concentration and
blockage ratios. Experiment marked at the right side of the vertical linealidetonate.

hydrogen concentration. DDT were observed first at the top wall afitbanel in all but one experiment.
DDT was observed at the bottom wall in one experiment &% hydrogen concentration arfdlR =
0.75. The distance from obstacle to the position where DDT was observed yvhtiea similar series of
events were observed in all experiments before it detonated.

Figure[3 shows high speed film pictures from one experim&itto(H, and BR = 0.84) which was
representative for most of the experiments where the fuel-air mixture atetbhnThe figure also show
a sketch where frames from the high-speed camera are describegreBseire records of the same
experiment are shown in figuké 4, where the vertical lines correspotie itames of figurgl3. As the
flame propagated through the obstacle, seen in the first frame from thiestoptched as a result of high
horizontal flow velocity compared to the vertical burning velocity. This was tb the jet generated
through the obstacle as the flame expanded in the first meter of the setuglamieeshape was not
symmetric. There were relatively large pockets of unburned gas left indireer at the obstacle and
along the top/bottom walls. This is visible in frames 1 to 3. The next events wsees of subsequent
local explosions near or at the walls. Frame 3 and 4 shows the explosibngés not possible to
determine where along the depth axis of the photo these explosions origifiite@xplosions caused
pressure waves to propagate in the channel, see frame 4 to 6. Thessgrerwaves were recorded
at the pressure transducers, and a pressure plot is given in[figurefdame 7 there is a bright light
appearing at the top of the channel. This bright light develops into a deianahich was recorded at
pressure transducers further down the channel.

The local explosions were likely to originate from a thin layer of fuel-air migtoetween the flame and
the wall. As the flame burned towards the wall it compressed the reactaalso heated the unburned
mixture due to heat conduction and convection in the turbulent flow field. dreiseated layer could
have auto ignited or burned very fast. Some of these local explosion®diegdrobably because they
burned in pockets of fresh gas surrounded by wall and combustialugi® The exact cause could not
be determined from the experiments, but the resulting pressure wave dieetéa on the high-speed
film, and recorded at the first pressure transducer. This wavetegflat the walls and likely caused
other small local explosions, but also heated the reactants in front ofattme.fl One area of special
interest was closer to the front of the flame. There the unburned mixttwede the flame and the wall
was preheated and a gradient of reactivity was formed. As presawuesweflected at the wall where
we had these gradients, we could have had a chemical energy reldakewiplified a shock wave and
in many cases this was enough to onset a detonation. It propagatedoingttiae top wall and later
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Figure 3: Photos and sketch of the flame propagation and developmestoofation. Time difference
between frames ark/30000sec. 30% Ho in air with BR = 0.84.

developed into a detonation in the whole channel height, as we see in[figlinesits the mechanism
described by Lee [2].

Figure[4 shows a pressure plot of the same experiment as figure 3. efimallines correspond to
the frames of figurE]l3 and we see that there was a small pressure mafeasthe second frame, this
could be from a small local explosion, not visible on the high speed film. ertas also a larger
pressure increase between frame 4 and 5. This pressure wave camtbédrtop local explosion which
reflected at the bottom wall. As the detonation developed and propagataditothie bottom wall we
saw a pressure spike on the second pressure transducer. The isalirp increases from the local
explosions was visible in most of the experiments where we recorded DiETeXplosions were too
small to develop into a detonation by them self, but they contributed as a stliesl explosions that
added up and for the most reactive mixtures it lead to DDT. Some experimient®dtransit from
deflagration to detonation. In some of the cases where we did not seetlddd were indications that
the mixture auto ignited at the same place as we saw a detonation develop. $hisoweding to theory
and experiments described earlier.

Numerical investigations of similar cases as the experiments were simulated witkRarcode [[8].
Even though the experimental phenomena was three dimensional, we stilectmosimulate in two
dimensions as it was less computational expensive. The simulations shatdidette were many hot
spots that exploded between the flame and the wall. Some went off indeylgrafecsach other, while
some could have exploded as a result of a pressure wave from am egpliesion.

Many of these hot spots failed to develop into a detonation because théyoff/ém isolated islands

of reactants. Others propagated in a layer of insufficient height to initidetanation. There was a
critical hot spot size necessary for the initiation of a detonation. The disima of a hot spot was likely
related to the detonation cell size or induction tifnle [2], but in these simulationatheas heated and
compressed and subject to pressure oscillations so it was not possiefentoallocal cell size. It should
however be much smaller that the cell size of the fresh unburned andtedhaixture.
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30% Hydrogen in Air with BR=0.84
T T T T

IS
@

IS
o
T

w
@
T

W
o
T

N
@
T

N
=]
T

Pressure (Bar) + Position (dm)
P
o
T

-
o

[

L L A L
0.0262 0.0264 0.0266 0.0268 0.027 0.0272 0.0274 0.0276 0.0278 0.028
Time (s)

Figure 4: Pressure record of experiment. 38%in air with BR = 0.84. The vertical lines correspond
to the frames of figurgl 3.

In figure[3 we show simulation results of a deflagration (frame 1 and 2) aspiagated through an
obstacle. There were several hot spots visible (frame 3,4 and 5). @nspbt at the bottom wall
developed into a detonation (frame 6). It died out because there wesssiagfas ahead of the detonation.
The bottom wall detonation propagated in the thin layer of heated reactadtthe oblique shock
behind the detonation propagated fast in the hot products and reftbet apper wall (frame 6). After
this reflection at the top wall, we saw that a detonation swept along the veati€fi7) and into the fresh
mixture in front of the flame (frame 8). The detonation along the bottom waltidoave happened in
the experiments as well. In frame 5 and 6 of figure 3 there is a bright lighgdlenbottom wall. This
could be similar to the failing detonation we saw in the simulations.

5 Conclusion

Experimental investigations of DDT in hydrogen-air have been done asttbived that the distance
behind the obstacle to the position where DDT was observed varied witecwaton and blockage
ratio. The distance decreased with increased concentration and kdocktag High speed film and
pressure records showed that there were several hot spotsjadlgpaglong the top and bottom wall.
Most of the hot spots failed to propagate as a detonation, however fordsereactive fuel-air mixtures
we observed DDT from one of the hot spots. The flame propagation @msymmetric, but in most

cases we observed DDT at the top wall. Numerical simulations of similar expasgrabowed similar

behaviour before DDT. Many hot spots developed in the layer betwesitatine and the wall, but they
needed a certain size to develop into a detonation. The onset of detonasabegerved near the front
of the flame, but the hot spots and explosions that were assumed to addhepotaset took place far
behind the leading edge of the flame.
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Figure 5: Density gradient field from simulation. Similar case as figlre 3.
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