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1 Abstract

To study the propagation of gaseous detonatiorss dhannel with porous wall, 2-D Euler equations
with a single step Arrhenius kinetics model aregnated in the present study. Different mixturethwi
both high and low activation energy, characterizgdheir irregular and regular detonation structure
are studied. It is found that the failure mechasisyh a detonation wave, propagating in a porous
channel, are attenuation of transverse wave and digsrgence into the permeable wall. However,
mass divergence has major role in detonation failithe present results reveal that, as activation
energy increases, higher number of transverse wiavis® channel width are required to re-generate
new triple points, in order to overcome the effefctnass divergence into the porous wall and support
the self-sustenance propagation of detonation waMes results also depict that close to the porous
wall the front curvature increases. If the curvatektends to all the channel width, the wave fails
propagate. In contrast to the previous observatitims effect is seen for both regular and irregula
structures. For unstable detonations, the criticait, d/A, is found to be higher than that of stable
detonations, while previous experimental invesigyet reported that in high activation energy
mixtures the critical limit is lower. It is suggestthat this significant discrepancy manifestsetiect

of turbulent mixing in controlling the reaction eatn highly unstable detonations, which is not
considered in the present simulatidue to low grid resolution.

2 Introduction

Experiments in reactive mixtures reveal that deionafronts exhibit complicated three-dimensional
time-dependent cellular structure consist of arestde of interacting triple points, turbulent shear
layers and strong transverse shocks [1]. Theré&ras@ evidence that the shock compression cannot
ignite all the gases that pass through the shamhkt fand hydrodynamic instabilities play significant
role in detonation propagation in high activatioreeyy mixtures [2-3]. It has also been postulakted t
more insight on the detonation propagation mechangsachieved by studying the response of the
detonation wave to external perturbations nearfdlere or initiation limits [4-5]. Porous walls ma

be used as the external perturbation for studytilegstructure of detonation waves. The exact failure
mechanism of detonation waves propagating in poohasinels is not well recognized. Dupre et al.
[4] and Vasilev et al. [6] showed that porous wadluses the attenuation of transverse shocks and
consequently the failure of the detonation. Guaalet[7] in an experimental study, showed that

Correspondence to: kiumars@modares.ac.ir 1



Mazabheri, K. Detonation in porous channel

increasing the porosity of the porous wall increae transverse shocks attenuation. Radulescu and
Lee [5] used the porous wall to further elucidédie éffect of porous wall on the detonation struetur
They found that the transverse waves do not plagreml role in the propagation of detonation in
mixtures diluted with argon, which is characterizsdregular cellular structure. The mass divergence
of gas into the porous wall was suggested as tierdamechanism for such mixtures. They also
proposed the attenuation of transverse waves afiluee mechanism for mixtures with irregular
structure. Therefore, the transverse waves havefis@nt role in the propagation of detonation in
these mixtures. They also found that a channelhagdialler than a critical value causes the faiafre
detonation in medium with porous wall. The critiecdlannel width for detonations with irregular
structure was aboutXi4, where d is the channel width aks the characteristic cell size. However,
for regular cellular structure there was not a uaidgilure limit. For highly argon diluted acetyen
oxygen mixtures, the limit was abouf\dll and for H-O, mixture, the critical limit was found to be
d/A=6-8. Pintgen et al. [8] attempted to find the rofdransverse waves in structure of detonation in
different Fuel-Q mixtures. They concluded that the detonations irtures diluted by argon and
nitrogen the transverse waves do not have esseoléaih propagation of detonation in these mixsure
Unfortunately, very little numerical modeling ofetipropagation of detonation waves in channels with
porous walls has been reported. The most promioeatis done by Reddy et al. [9] who used a
relatively low grid resolution. They showed qudlitely the attenuation of detonation in channels
with porous walls. Using the same numerical moddRaddy et al., the present work aims to study the
problem of the propagation and failure of detorrati@ves in a channel with porous wall.

3 Problem description and governing equations

For simulating the flow inside the porous wallistassumed that a large number of thin circular
capillary tubes are inserted on the channel wale tubes are open in one side that is in contdht w
the channel flow, while the other side is sealdwer&fore, the entire flow can be treated as tweastr
fluid flow, with the main reactive flow inside thehannel and the capillary flow in the tubes. The
governing equations for flow inside the porous tabe given in [9-10]. The two-dimensional reactive
Euler equations with a single step Arrhenius kowetnodel and the assumption of perfect gas are
integrated to simulate the structure of gaseousnadtibn. A simple version of the “Adaptive Mesh
Refinement” of Berger and Colella [11] is utilizezluse fine meshes in the region close to the shock
The details of the governing equations and nondsaosalizing were discussed in depth in [12]. The
characteristic length scale is the length travéeda fluid particle from the leading shock to pisit
where=0.5 in a ZND structure, the so-called half-reattiength (hrl). This length scale calculated
for a mixture with Q/R§=50, E/RTy=25, andy=1.2.

4 Attenuation of detonation in low activation energ mixtures

To demonstrate the effect of porous wall on thewlaion structure in low activation energy mixtyres
a porous wall with the porosity of Dc=0.0001 isdrted at the lower boundary of a channel from
x=300 to the end, where the detonation structureois affected by the initial disturbances. The
activation energy of the mixture is considered ¢oBJRT,=15. The maximum pressure history in the
channel is shown in Fig. 1. This figure shows vegular cellular structure of the detonation intsuc
mixture before the porous section. Figure 1a isipced for the detonation propagation in a channel
with W (channel width)=10. This figure shows sigeéint difference between the cellular structure in
the porous section and in the solid wall sectidme €ells are regular in solid wall section, buggular
structure with the enlarged cells are clearly V&sin porous section. Increasing the cell widthihat
porous section is an indication of the lower chainieaction in the porous section. In addition the
detonation does not fail in the porous wall for el with W=10. Qualitatively these results are in
agreement with the results reported by Radulestari@ Guo et al. [7]. As the detonation enters the
porous wall section, the weakening of the transvevaves and triple points upon reflection on the
porous wall are evident. This effect is found kactng the light lines which represent the trackhef
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triple points. At x=320, tracing the light linesasirs that after the collision of the triples pointiwthe
porous wall the light lines are disappeared. Thensgt transverse shocks move towards the porous
wall, and the weak transverse shock traveling tdvilae solid wall. These strong and weak shocks get
reflected from the porous and solid walls respetyivas a weak and strong transverse waves,
respectively. These two reflected shocks that areimg toward the center of the channel collide with
each other and generate new triple points. Thisheilexplained further by comparing the maximum
pressure at two cross section of the channel avitheity of the porous wall and upper solid wall.
Figure 1b shows the effect of the porous wall om detonation structure in a channel with W=5,
where only one cell exists in channel width befthre porous wall section. As the detonation enters
the porous section, there is a competition betvibertriple point weakening at the porous wall and
the re-amplification of the triple point at the olefition structure. Re-amplification occurs closé¢h®
lower porous wall and far from the upper solid walhe interaction of the weakened transverse waves
and the strong transverse waves, reflected fronsalid upper wall, causes the re-amplificationhad t
triple points.
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Figure 1. Cellular structure in the channel fgiRF,=15. Porous wall is inserted from x= 300 to the.end

Thus, as the channel width decreases from W=10 #5,\the detonation fails to propagate in
W=5.Hence, W=5 may be considered as a critical mblawidth for propagation of detonation in a
channel with porous wall at lower boundary. Therefdo prevent the detonation from failure, more
than two transverse waves should be formed in adanidth. In other word, the critical channel
width limit is at least d~2 for the mixture with ERTy=15. Figure 1c illustrates that the detonation
completely fails in porous section in the channghwV=3. To further clarify the effect of the porous
wall on the structure of the detonation, the corgoaf reaction progress variable and pressure are
shown in Fig. 2 for mixture with JRT;=15 and for different channel width. Figures 22tshow that

as the channel width decreases the curvature iddtanation front at the vicinity of the porous wal
increases and extends over the whole channel width.
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Figure 2. The reaction progress and presuure calimanixture withE/RT,=15 in porous section of the channel

with different channel width. Solid lines marks thesition of the shock front

Although the transverse waves weakened upon rifteftom the porous wall, the shock front is still
strong enough to sustain the detonation propagaticchannel with W=10. As the channel width
reduces to W=5, the curvature caused by the pomalisaffects the whole detonation structure and
results in the global wave curvature, Figs. 2c 20dThe pressure contour shows that the pressure of
the shock front is about 18 for W=5, which is muctver than the pressure in channel with W=10
(p=47). Therefore, at W=5 the shock front is not sir@mough to compress the gas and prevent the
detonation attenuation. Comparison of Figs. 2b ®drshows that the reaction zone length in channel
with W=5 is larger than that in the wider chani&}. decreasing the channel width to W=3 (Figs. 2e
and 2f) the reaction zone is decoupled from thergsdton front and the detonation fails.

5 Attenuation of detonation in high activation enegy mixtures

Increasing the activation energy of the mixtureréases the irregularity of the detonation strctur
and causes more instability in the detonation fréiures 3a and 3b show the cellular structure of
detonation that produced by numerical sooted foil fwo mixtures with activation energies
EJ/RTo=26 and ERTy=24 in a channel with W=150. The porous wall insgfrom x=1500 to the end

of the channel on lower boundary. The figures rethest the cellular structure is more irregulathie
porous section than that in the solid wall sectifime cells are enlarged and the transverse wawks an
triple points are weakened after the reflectionrugh® porous wall.
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Figure 3. Detonation attenuation in a channel WWh150. porous wall inserted from x=1500 to the end
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It is clear that the detonation fails to propagat@orous wall section for JRT,=26. Figure 3a also
shows that before entering the porous section tbet finvolves about 7 cells in channel width.
Therefore, considering that the simulation is eatriout for half width of the channel (due to
symmetry), it can be concluded that for preventing failure in this case, more than 14 cells in
channel width are needed. In other word, if poreall is inserted on both upper and lower boundary
the critical channel width limit is @7 for the mixture with ERT,=26. Comparing the critical
channel width for the mixture with,RTo= 15 (dA=2), with the mixture with activation energy 26,
Fig. 3, reveals that mixtures with high activatiemergy need much more transverse wave (across the
channel) to support a self-sustained detonatiam ¢ghannel with porous wall. This is an indicatidn o
the essential role of the transverse waves in d#tom propagation in high activation energy
mixtures.To study the effect of porous wall on detonation structure in high activation energy
mixtures, the structure in three different axiabkigions of shock front are shown in Figs. 4a to 4f.
Figures 4a and 4b show the contours of reactiogrpes variable and pressure before the failure.
Maximum pressure is about 89 around the triple tpainihe vicinity of the solid upper wall. It isear
that the global curvature of the detonation coadmsost the whole channel width from Y=0 to Y=120,
and the region close to the upper wall is not aéedy the wave curvature, (Y=120 to Y=150).
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Figure 4. Shock front in three different positiam €hannel with W=150 for mixture withfRT,=26, Left and
right figures show reaction progress variable am$gure, respectively.

Therefore the influence of porous wall on the detmm wave does not affect the front wave at the
vicinity of the upper wall and the detonation does fail at this position. However, Fig. 4a showatt

the reaction zone length increases at the vicioityhe porous wall. As the detonation travels, the
wave curvature covers the whole channel width, .Fgsand 4d. Figure 4d shows that although the
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detonation does not fail in this position, but thaximum pressure of the shock is decreased to about
40 around the triple point. Eventually, as the detmn propagates more in the porous wall region
(Figs. 4e and 4f), the transverse waves are eliethahe reaction zone is decoupled from the shock
front, and the detonation is quenched. The maxinmessure in this position is about 5. Present
results reveal that, for the mixture with/ET,=26, the local wave curvature close to porous wall
section is extended to the whole channel width feefloe complete failure of the front. Qualitatively
the present results are in agreement with the axpatal results of Guo et al. [7].

6 Conclusion

In the present work, a two-dimensional numericaludation of the structure of gaseous detonations
propagating in a channel with porous wall has bperiormed. It is observed that the detonation
failure in a porous channel is mostly due to thevavaurvature, rather than the attenuation of
transverse waves. The extension of local wave turgalose to the porous wall to the whole channel
width causeshe attenuation and failure of detonation in botlh nd high activation energy mixtures.
Previous experimental observation reported thaeffext of mass divergence (wave curvature) is the
mechanism of failure only for regular structureashettions. In experiment, it was also found that for
unstable detonations the critical limit is loweramhthat in stable detonations. The significant
discrepancy between the experiments and the presenérical simulation manifests the important
role of hydrodynamic instabilities and turbulentxmg which should be considered in future
numerical investigation of detonations in high aation energy mixtures.
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