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1 Abstract

In the present work, the detonation structure ghhactivation energy mixture, which is charactetize
by its irregular structure, is investigated numafic The process of transverse wave and tripl@tpoi
collision at the end of the both, first and sectiatf of detonation cell cycle is then examined by a
very high-resolution simulation of 600 cells peiflraaction zone length. Consequently, the oridin o
large unburnt gas pockets behind the front is deétexd. During the reflection in the first-half cedls

the triple point collides with the upper wall, ttransverse shock interacts with the unreacted pocke
and after reflection of the triple point, the traese wave collides with the wall. In the secont-ha
cell, the triple point and the transverse wavelid®Isimultaneously with the wall. In second hadfic

the detonation structure after reflection is siAdlech configuration, but the strong transverse wave
switches from primary triple point before colliside a new one after reflection. In the first hedii,
however, the structure is Double-Mach configuraton does not change before and after reflection.
Upon reflection in both first- and second-half,| @ile to the detachment of the jet flow and shear
layer, the reaction zone decoupled from the shAfier some time a new jet, forms and the reaction
zone sticks to the shock front again. The tongke-linreacted gas pocket detaches from the front,
during the reflection process at the end of thst firalf-cell. The simultaneous interaction of tipl
point and transverse wave with the wall at the ehdhe first half-cell produces high-pressurized
region at the boundary, which results in formatioh large vortices via Richtmyer-Meshkov
instability. Thus, in the second half-cell, whehe tshock strength decreases substantially, the heat
resealed via ignition of this pocket due to largetices helps the self-sustenance propagation of
detonation wave.

2 Introduction

Previous experimental research has established thigatself-sustaining gaseous detonations are
unstable and have a three-dimensional non-stedtljacestructure [1]. The leading wrinkled shock
consists of alternate weak incident shocks, stroMgeh stems and transverse waves that are interact
at so-called triple points. Two types of detonatisinucture, weak and strong, are observed in
experiments [1]. In the weak structure, the trarswevave is relatively weak and un-reactive. In the
strong structure, a portion of transverse waveectosthe triple point is so strong that may actas
detonation itself. The collision and reflection pess of a triple point with the channel wall or #eo
triple point that occurs in a small region and ayvehort time scale, cannot be captured in
experiments. Therefore, numerical simulations aezlito properly study the structure configuration i
such process (e.g. Lefebvre and Oran [2], Sharpan@ Hu et al. [4]). In summary, these numerical
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simulations, determined the structure configuratibthe end of the first half of the detonation ael
low activation energy mixture, which characterizsdits regular structuréhey concluded that, the
single-Mach configuration that appears after thdéiston, is changed quickly to a double-Mach
configuration. At the first half of a cell, the @hg Mach stem sweeps across the channel, at the
decaying portion of the cell, a weak incident wéwens the leading shock. Therefore, it seems that
the structure configuration during the collisiorogesses, at the end of the first half-cell diffieosn

that at the end of the decaying portion of the ogitle. Besides, experimental and numerical
observations indicate the existence of two differgmpes of structure in mixtures with different
activation energies. Irregular structure with tixésence of un-reacted gas pockets behind the,front
for high activation energy mixtures; and regulaltutar structure with no noticeable un-reacted gas
behind the front observed for low activation energixtures [5]. Unburnt pockets are one of the
important phenomena that have been observed betkperiments and in numerical simulations [5-9].
These investigations pointed out that in high @&tion energy mixtures turbulent mixing, produced by
Richtmyer-Meshkov instability (RMI) as well as KalvHelmholtz (KHI) play profound role in the
the consumption of unburnt pockets. Neverthelégsptigin of the formation of unreacted pockets, as
well as, the burning mechanism of these unreacbettqis and their role in ignition and propagation
mechanism of detonations, are not still well resdlMn the present study, using a very high-reswiut
numerical simulation, i) the structure configuratiof unstable detonations are studied during the
collision and reflection processes of triple pa@nt transverse wave with the channel walls, aetite

of the first as well as the second half of detaratell. ii) The origin and the mechanism by which
unburned pockets form behind the front, are inges#id. iii) The role of RMI and KHI, and the
transverse waves in consumption of these pocketslarified.

3 Computational Issues

Two-dimensional reactive Euler equations with aykrstep Arrhenius kinetics model are integrated
to simulate the propagation of gaseous detonatiores 2D channel. The details of the governing
equations, nondimensionalizing, and the numeriaathods were discussed in depth in [9]. The half
reaction length (hrl) of the steady structure offZNetonation is considered as the length scale. The
simulations are performed for mixture with thermoypical properties, activation energyRT,=20,
specific heat ratig=1.2, and heat release Q/fRb50. The computational domain is considered such
that half a cell (one mode) is formed in the chanvidth. All the computations are performed on a
Beowulf cluster with six nodes. Each node contaiosk speed of 3.0 GHz and 1GByte of memory.
Typical computation for 600 computational cells pdrtakes about five weeks of the parallel system.

4 Detonation structure

In order to study the details of the structure wfumstable detonation, contours of pressure, densit
and reaction progress variable of a mixture witflRE,=20 are shown in Figs. 1a to 1c. An extensive
description of the structure is given by Mahmoudid Mazaheri in reference [7]. However, the main
features of the structure are introduced brieflyehén Fig. 1a the primary triple point (49ins the
primary Mach stem (AM)the primary incident wavéAN) and the primary transverse wagl).
Secondary triple points B, C, D, which have theindransverse waves Bb, Cc and Dd, respectively,
are clearly visible in Fig. 1a [10]. A jet flow thes developed due to RMI is shown in Fig. 1b.s)a i
shear layer which separates the burned gases ittsd¢get flow with the gases that have passed
through the segment BN of the incident shock. PBdsprimary shear layer, and BS, CS and DS are
the shear layers corresponding to the secondale points B, C and D, respectively. VS is the shea
layer associated with the large vortex close tougeer wall. Al is the main transverse wave and the
kinks e, | and g divide the primary transverse veanéo different segments. The straight lines Aé an
eg are weak and non-reactive section of the trasewgaves. The line gj is the reactive segmerti®f t
transverse wave. jl is the rare segment of thesuense wave. It is seen that the detonation streictu
exhibits a double-Mach configuration of strong tymhere a secondary triple point g exists along the
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primary transverswave. Based on F. 1c, the reaction progress variable behind the segiM&nbof
Mach stem is abo p~ 0.91 which ishighel thanthe reaction progress varia behind the section D(
(B= 0.63 of the Mach stemUnreacted gas pocket (1) behind the sho®D, is surrounded by she
layers VS and DEThe unburned pocke2), with alower value ofp than pocket (1 is formec behind
the stronger segment AD of Mach stem. Two unbupzkets (3) and (4) contain the partly buri
gasses that have passed through the two portioBsamdl BN of the incident wave, respective
Therefore, in irregular stcture detonation, most portions of the reactant remain as unbuiges
pockets downstream of the m front.
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Figure 1. Detailed structure of detonation for mixturehmE,/RT,;==20,Q/RT,=50 ancy=1.2.

5 Collision with lower wall at the end of second ha-cell

In this section the collision and reflection prases of triple points with thchanneiwall at the end o
the decaying portion of the detonation cell is stigated. The contours of pressure and rea
progressvariableare shown in Fi( 2. Referring again tFig. lait is seen thi the primary triple poin
A move:downward and is about to collide with the triplamd. After a while, triple point A catche
up with the secondary triple point B amovesdownward as combined triple point ., Figs. 2aand
2b. Also, Fig.2b shows that the shear layers associated ese two triplepoints combine to eac
other and create a new shear layer corresponditrgple point AB.The triple point B is produced di
to interaction of the lower jet flow with the fronBince the position of the jet is fixed, hences
position  the triple point B isnot changedn the structure, therefor, theinteraction of triple point #
with B is not similar to collision of two triple poir, which move toward each other. Hence, s
collision results in asmallpressurized regic. Shown in Fig.2c and 2dare the structure of t
detonation when the triple point AB collides withe lower wall. The shear layer corresponding
triple point AB merges with the shear layer of the jetwfland create a single “detached shear la
which is shown in Fig.2d. Due to interaction (the AB and the transverse waves with the w
produces hig-pressurized regic atlower boundary whichproduces a region whose pressurp=72.
Interesting to note is that, before the collisitme incident shock propagates like an oblique sl
(Fig. 2b), while a¢ Fig. 2dshows, the incident shock propagates as a normal wawehé&more, the
jet flow detaches from the shock front and consstly, the reaction rate behind the incident w.
decreases dramatically. Thus, in comparison to 2a, wherethe length of reaction zone is abi
L1~0.11, the reaction zone length behind the normatlent wave increases in Fi2d (L1~0.33).
Referring igain to Figs. 2c and 2d, sin thecollision occurs inside the hot and burned geof the jet
flow, henceit does not affect the reaction rate of the unbgases outside the jet flow. Besides, b
on Fig. 2d, as the triple point collides with the wall, thet flow detaches from the front and 1
behindit. Thus the turbulent mixing of hot and cold gases atdowvall behind the incident wa
decreases. Consequently, the length of the reactime behind his wave increase The high
pressurized regic at lower boundary creates compression w. The interaction of thes
compression waves with the normal incidwaveforces it toaccelerat relative to the other portic
of the shock and propagatesanoblique wave, Fig2e. Due to this acceleratii, a kink (K)is create
at lower part of the shock front, close to the loweundary. This kink is a triple point, which higs
own transverse wave @), whose strength iabout S=(91 (Strength is defineas S=R'F, where R
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and F, are the pressure across the transverse, [11]). Therefor, it is concluded that, before a ni
triple point reflects off the bottom wall, a tript@int create in the structure near the bottom bount
whose transverse wave is of str-type (i.e. S=0.3E. Thus, this triple point (K) as asa primary
triple poin, after reflection. After some time, a new tripleint (L) is formec at thebottom boundar
below the triple point K. The triple point (L) issecondary triple poir andits transverse wave is
weal-type. Apair of forward and backward j create at lower wal. The backward jet moves in
the hot gases inside the detached jet flow, sorisemed quickly. The forward jet, however, mo
toward the shock front and interact with the Matens produces a new kink (L), Fi2f.
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Figure2. Detonation structure during the collision procedth the lower wall, end of the second kcell.

An additional shock wave (gtis clearly visible along the transverse wave corredpanto triple
point k. Indicatincthat the structure after reflection is like a d@-Mach configuration of stror-type
The conclusion of the above study is that, at theé ef the detonation ce, the structure is like
double Mach configuratic, which interacs with the wal. After reflection, a weak triple point appei
in the front and the structt is changed 1 a single Mach configuration. However, before
formatior of this weak triple pointa strong triple poir appears in the structure, near the wall, wt
transverse wave is of strc-type. Shown in Fis. 2g and Zhare the detonation structure when 1
main triple point (K) moves further away from thally The secondary triple points g, D and L
clearly visible in Fig2g. Besides, the forward jet flow produced by | is now much larger than th
at earlier time, Fi. 2f. Hence, the reaction rate behind the Mach stemea&ses and consequently
reaction zone length behind it decreasurthermore, the weak incident shock continuousiguéfs
gases with very long ignition delay time. This d@nseen from the incasing size of unburned lay
in Fig. 2h, which separates the burned gases inside the uypp#ow from that processed by t
incident shock. The gases passed through the micati®ck accumulate in a tone-like shape, as ce
be seen in Fic2h.

6 Collision with upper wall at the end offirst half-cell

Figures3a to 3hshow the dete of the structure ofa detonation during the collision and reflecti
processes catriple point anda transverse wave with tkchannelwall at the end of the first half «
detonation cell. The contours of density and reacgirogress variable are shown in 3. Before the
collision, thetriple pointA caches up with the secondary triple pD and travels as combined trif
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point AD upward, Fig.3a The tongu-like pocketwith B~0.97 is seen in Fig.3b thai is in its
maximum siz, which extends far back into the hot gas behind the 1 The primary shear layer (p
and the shear layer corresponding to the uppdiojet(jsu), surround this pock Two weak localize«
high-pressure regiol createinside this pock:«. The interaction of reactive section of the trarse
wave with jsu, cates the firsthigh-pressure regic. The first interaction creates treflected shocl
waves R1 and F. Theinteraction of shock R1 with ps generates the s#high-pressurize regior
inside the pocket. However, Fi3b shows that the reaction progress variable dotslter at the
interaction pointsp~0.95 Besides, theshigh-pressured regicdo not change the pocket morpholc
As Fig. 3c shows, when the combined triple point AD collides with thygper wall rapid pressure ris
occurs at upper boundary, labeledT.P collisior in Fig. 3c. This collision produces a region who
pressure ip=70. Although, at collision point, the pressure progii@t upper wall is the same as 1
at lower wal (i.e. p=70) , howevel comparison c Fig. 3c with Fig2c shows that, the hi¢-pressure
region produced at upper wall is much smaller thzat at lower wall. By this time, the prims
transverse wave engages with the unburned gas fpankedoes not reach the upper wall. Beon
Fig. 3d, the reaction zone length behind the front at upyedt is L,~0.08 which is two timelonge!
than that at earlier time, Fi3b (L4=0.04). This indicates that, the shear layer is dplem from the
front. As the triple point reflects off the I, due to interaction cthereactive section of the transve
wave with the wallanother strong pressure rec occurs at upper w: (labeled by T.W collisio in
Fig. 3e) , and produces a region with pressip=~65. As illustrated in Fig.3f, the tongueshape
unburned pocket isolates from the main front atiddether behind the front. This pocket is triarat
with a notch at its verte. After reflection, the new primary triple point (And its associated she
layer (s) and transverse wave ) are formed, Figs3g and 8. Besides, the hi-pressure regio
produces a j flow, whichinteracs with the new Mach ste andproduces thinew kink ©), Fig. 3g.
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Figure 3. Collision and reflectioiprocesses with the upper wall at the end of tis Hfialtcell.
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The secondary triple point (g) and the shock way, that areseen along the new transverse wi
indicate: that the structure is like a dou-Mach configuratio. According to Fig.3h, the upper jet
flow recedes from the front, resulting in low reantrate behind the new Mach stem, close to
upper wall. Consequently, the reaction zone leigttease to L;=0.2. Thus, in comparison to Fi3f,
the reaction zone length two times loner. Hencebefore the reflection ca new triple point off the
wall, the reaction zone becomes detached from Hueks front. When the new triple point (£
propagates more toward trlower wall, a structure like Fig. 1 appe: The new jet grow
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progressively, hence, the reaction zone lengthnoetiie Mach stem decrease. Thus, it is concluded
that the genesis of the large tongue-like unreagtedpockets is behind the Mach stem not incident
wave. The conclusion of this section is that, iflision and reflection process with upper wall la¢ t
end of the first half of detonation cell, when thiple point collides with the wall, the transversave
engages with the tongue-like pocket and does ramthréhe upper wall. While, at the end of the first
half-cell, the triple point and the transverse wangeract simultaneously with lower wall. Theredpr

in collision with lower wall, the structure configaion is double-Mach before the collision and
single-Mach after reflection. However, before thenfation of weak triple point, a strong-type double
Mach configuration forms near the wall. While, éflection processes with upper wall, the structsire

of strong-type double Mach configuration and doesainange before and after collision. The Large-
scale vortex produced by RMI drags the capsulenoéacted gas into it and facilitates the burning of
the unreacted pocket. The secondary instabilityyikéHdelmholtz instability develops along the large
vortex boundary, which causes vortex roll-up in kseales. Ultimately, a turbulent mixing zone
develops between hot and cold gases. The presaritsrshow that, such turbulent zone leads to the
consumption of the pocket during the second hak otll cycle. Hence, the energy released via the
consumption of the tongue-shape pocket within #mosd half of the cell, where the shock strength
has decreased, support the lead shock and helgslffgistenance propagation of the detonation.

7 Summary

The present work, based on a high-resolution nuwakgimulation of the Euler equations, has
depicted the detonation structure evolution dutimg period of collision and reflection processes of
triple points with the wall at the end of bothsfirand second- half detonation cell-cycle. The@iori
and consumption mechanism of large un-reacted gaisith the front are studied.
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