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1 Abstract

A parametric numerical study of detonation cellustmucture is performed with a model gaseous
explosive mixture whose decomposition occurs in sugcessive exothermic steps with markedly
different characteristic times. Kinetic and eneigptrameters of both reactions are varied in sewid

range. Results present one-dimensional solutionstéady detonation and unsteady two-dimensional
solutions of Euler equations. The range of govermarameters of both exothermic steps within
which the double cellular structure is observedésntified for the considered model example. Sihce

is quite difficult to use detailed chemical kinsti;m unsteady 2D case, our results should help to
identify the mixtures and the domain of their e@lénce ratio where double detonation structure
could be observed.

2 Introduction

In some gaseous explosives containing , @ups, i.e. in gaseous nitromethane with[Q or in
mixtures of H, CH; and GHg with NO,-N,O, as an oxidizer [2,3,4], the so called “double el
detonation structure” is observed when large detomaells are completely filled by much smaller
ones. Analysis of the structure of steady planerdgions in these mixtures based on the detailed
chemical kinetics with 365 elementary reactions &i@dchemical species [4] shows that the heat
release occurs in two exothermic steps with magkdiferent characteristic times. The first vergtfa
step is mainly due to a reaction NOH =» NO + OH, its induction time is of the order of Qu§.
Depending on the composition of the mixture, thduction period of the second exothermic step can
vary from O(1us) to O(100us). The two-level detonation structure exists haveanly in some
domain of mixture equivalence ratio. Indeed, théodation of gaseous NM, pure or mixed with
oxygen, manifests a double cellular structure i@ tAnge of equivalence rat=1.3-1.75 [1]. In
mixtures of gaseous nitromethane and tetranitroameththe two-level structure was observed at
®=0.45 andD=0.84 but it does not exist in the intermediate dionof ® [4] that shows that existence
of two maxima of heat release rate inside the @gtom zone is not sufficient to ensure the appesran
of double detonation structure.
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In this work we study numerically a model mixturedergoing a two-step exothermic reaction
(A=>»B, B=>C). Varying its governing kinetic and energetic graeters we display both 1D steady
solution and corresponding cellular structure faoasj-steady 2D detonation.

The examples demonstrate the change of the qudlibe double-level structure, from "sharp" (as
in [1-3,5]) to "weak" (as in [6]) up to its compdedisappearance. Thus, these results should bd use
to identify the mixtures and their equivalence aatihere the double detonation structure could be
observed more or less easily.

3 Structure of Steady 1D Plane Detonations

The model mixture studied here is the same as wsidered before [7], namely, for simplicity we
assume that its molecular mas=.0303 kg/moley=1.25 and heat capacity=1097.7 J/(kdK) do not
change in the course of the two-step chemical imaét==>B and then B==>C. The total heat effect
of both steps i€9=4.40286 MJ/kg and at first it is assumed thatfthetion of heat released by the
first step isq;=0.5, i.e. in the "base line" set of governing paeters both reaction steps have the same
heat effectQ, =Q, =q,Q =2.20143 MJ/kg. Thus, at the initial pressurePgf0.05 bar andl,=298K

and in the case of complete reaction the detonatimuld propagate at the CJ detonation velocity
Dc;=2270.6 m/s with the CJ pressuPg,=1.423 bar and temperatule,;=4787 K. The shock front
pressure and temperature #gp=2.8 bar andT,p=2146 K (these two extreme temperatures
correspond to the final and shocked states of théure in Figure 1a). However, if the second
reaction step is so slow that it does not contehattall to the detonation propagation, then it ldbou
propagate as the "low-velocity detonation” (LVD)thwDc; vp = 1636.2 m/SPcy v =0.75 bar and
TCJ_LVD=2558 K,Pzp-Lvp=1.45 bar an(TZND_LVD=1253 K.

The reaction rate constants of both steps areesgpd a¥; = Z; pexp(-E /RT )wherei=1,2 and

Z = 2.0810" m’(skg), z, = 310° m’/(skg), E = E, = 59808.6 cal/mole (the standard values

belonging to the base line case are marked witisgarisk). Thus, the reduced activation energhef t
first step in the case of complete reaction iseghigh, i.e3, = E,/ RT,p =14.

Figure 1 shows profiles of temperature behind aclstiront of steady detonation propagating at
D¢y in the base line case and their transformationemwdy or g, are changed. The shape of
temperature profiles in the considered model casgniilar to that obtained with detailed chemical
kinetics for the mixtures studied in [1-4]. Notatlspatial coordinate is shown in a logarithmidesca
Hence, the induction length of the second digpneasured at the point where maximum value of
temperature gradient is reached (Figure 1b) islyne2d times larger than; of the first step.
Decreasing (increasing) by a factor of 2 makes the first step longer (&1hy the same factor but
does not change the second stage of the reactlm.induction period of the second step is also
inversely proportional t&,. The smaller is the fraction of hegtreleased in the first stage of the
reaction, the longer is the first induction perattl the smaller is the temperature at the beginoiing
the second reaction step, i.e. the more irregllauvlsl be the detonation structure correspondirtheo
slowest reaction step. Let us look now how thesagls modify the detonation cellular structure.

4 Detonation Cellular Structure

The detonation cellular structure was obtained migaky by solving Euler equations in 2D slab case
using the FCT technique [8] and an adaptation tecten along the longitudinaX-coordinate.
Numerical N, xN, grid (2000x 200(meshes in the standard case) consists of two pautsiform one

in the leading detonation zone with00x 200(cells with a mesh siz&éx=Ay=75um and a nonuniform
one with alsa000x 200Ccells but withAx slowly increasing from right to left, whilsy=75pum in both
parts (a channel width is 150 mm). The traces okimam pressure shown below correspond to
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detonation run distances of at least 50 tube diermethere detonation propagation becomes steady
and autonomous.

Figure 2 displays the double detonation structoirehe "base line" case described in the firs lin
of Table 1. Indeed, one can see the large detanaéills completely filled by the smaller ones. learg
cells have slightly irregular structure but fit Wile given channel with a width of 15 cm. The maku
size of large cells is however slightly below 15 since similar calculations with a 45-cm width
channel result in 3.5 large cells across the cHameight. Apparently, the small cells filling upeth
larger ones correspond to the first fast reacti@p sind the large cells are produced by the slow
second reaction step. Cell width of smaller callsvhich one can distinguish in the middle of the
larger cells (with a siz&,) is of about 5 mm, which equals to 67 mesh sibs.cellular structure for
the same case as in Figure 2 but with two timeebetsolution Ax=Ay=37.5um) is shown in Figure
3. One can see that (taken again in the middle of the large cell) i changed while more details
are distinguishable in the beginning of the largh. ¢dence the principal resolution is sufficieor f
making the further analysis of sensitivity of tredlwlar structure to its governing parameters.
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Figure 1. Effect of kinetic and energetic paran®ten profiles of temperature (left) and its gratigight)
behind a steady plane detonation wave propagatibg;a2270.6 m/s

Figure 4 shows "extreme" detonation structuresomogd observe in the considered mixture when
the second reaction step is either very slow oy fest. In the first case the second reaction dtegs
not support the detonation wave which thus progegat the LVD velocity close to 1636 m/s. The
corresponding detonation structure reminds well described by Manzhalei [9], when small cells are
induced in the beginning of each "large" cells. Te#l width corresponding to this "native" LVD
detonation is of about 300 mm. However, in the a#ds#gouble cellular structure in Figure 2 or 3 the
same reaction prints much smaller cells since Imateeous detonation velocity at the beginning of
large cells amounts to 3000 m/s and hence the agbonwave is strongly overdriven in respect to the
LVD case. In another extreme case with very lagthe total reaction heat is released just in oep st
and thus just a single regular detonation struatuabserved (Figure 4b) with of about 5 mm.

Table 1 lists the values of governing parametdrshe model in different runs and briefly
describes the corresponding detonation structluetsus consider at first the effect of variationZof
When the second reaction rate is made 2 times slihweedouble structure remains unchanged at first.
Further decrease & by 2 results in propagation of half-cell (Figura) 3n the channel. Hence, as
expected, the large detonation cells can adajietatiannel thickness After six-fold decreasg,ahe
double structure becomes quite weak and it disapmeenpletely after eight-fold decreaseZg{even
in two times larger channel) - see Figure 5b. Thas,a given channel thickness a harmonization
between the two cell networks disappears if thio rat induction periodd.,/L, becomes too small.
However, we have already seen above that the dathleture cannot exist if this ratio becomes of
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the order of 1 (Figure 4b). Indeed, only singleicture is observed after a two-fold increaseZof
hence in the considered example the double streuexists whelh,/L,ranges from=0.01 to=0.1.

When the first reaction is made faster by a fa@t@nd 4 due to an increase &fthe double
structure exists but one can hardly meaduréue to a lack of numerical resolution. A decreaisg,
erases the difference betwdenandL,and the double structure again rapidly disappeassréing to
a former estimate of the range of rdtidl,.

A decrease ofj; to 0.4 makes the double structure at first shattpean in the standard case, but at
0,=0.3 the double structure is replaced by a singkeaf Manzhalei kind (Figure 6a). An increase of
this parameter (tq,=0.6) makes the double cellular structure weakéenimre regular (Figure 6b).
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Figure 2. Detonation structure in the standard ¢alseve) and its zoom (below)
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Figure 3. The detonation structure in the samedstahcase as in Fig.2, but at two times betteruésa.
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Figure 4. Extreme detonation structures at verylisiiedt) and very largeZ, =3E10 (right).

Table 1: Governing parameters and resulting deiftmmatructure (channel thicknelds150 mm)

Z,1Z, | @/05 | Ay A, Comment on the structure
mm, | mm
1 1 5 150/ Standard case: large cells are quitgulae
0.125 1 5 - | Single structure
0.167 1 10 | 300 Weak double structure, half-celecas
0.25 1 5 300 Half-cell per channel width
0.5 1 5 150, Double structure is more regular than'standard” one
0.833 1 5 150 "Good" double structure
15 1 7.5 | 100 Double structure but weaker thandstahone
1 1.4 5 - | No double structure
1 1.2 5 100, "Good" double structure but weaker fhahe standard case
1 0.8 - 150 Sharp double structure buk; could not be measured
(insufficient resolution)
1 0.6 - - | Single Manzhalei kind structure
0 1 300 - | LVD atD=1636 m/s: very irregular single structure |of
Manzhalei kind, half-cell in the channel
100 1 5 - | Single very regular structure

It is clear that the double detonation structireutd disappear if the fraction of heat released by
first step ;) becomes too small or approaches 1. Hence thigeie parameter also has some
optimum range of values most favorable for observine double cellular detonation structures.
Apparently, here it is close to 0.5, but it is wotb remind that in our example the mixture did not

change its properties in the course of chemicaltiea

Conclusions

The numerical study of detonation structure inrttael but typical example of two-step heat release
demonstrates the change of the quality of the dolavel structure, from "sharp” to "weak" up to its
complete disappearance. It is shown that doublectsire exists when the ratio of induction zone

lengths of the first and second reaction step rarfigem =0.01 t0=0.1. The optimum ratio of heat
effects of both reaction stages seems to be atose t
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Figure 6. a) Detonation structurecat0.3 (left) and by, =0.6 (right).
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