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Abstract

Recently we have used scarce available data oddtmnation cell size in suspensions of aluminum
particles in air and oxygen to adjust the kinettgmeters of our two-phase model of detonations in
these mixtures. The calculated detonation celllwidhs found by means of two-dimensional unsteady
simulations using an assumption of cylindrical syetmy of the flow in the tube. However, in reality
the detonation cells are three-dimensional. Is Work we apply the same detonation model which is
based on the continuous mechanics of two-phasesflimv 3D numerical simulations of cellular
detonation structures in aluminum particle suspe1ssin oxygen. Reasonable agreement was obtained
with the aforementioned 2D results on the detonatiell width. The range of tube diameters where
detonations in Al/O2 mixture at a given particleesiand concentration would propagate in the
spinning mode is estimated (these results makenglement to our previous analysis of spinning
detonations in Al/air mixtures). Coupling theseutes with the formerly obtained dependences of
detonation cell size on the mean patrticle diameder help to better plan the experimental studies of
detonations in aluminum suspensions.

1 Introduction

Due to the lower reactivity of suspensions of alwm particles both in air and in oxygen in
comparison with typical gaseous explosives, the aat detonation cell sizes in these two-phase
mixtures are scarce [1,2]. Hence a special caré bautaken while planning both laboratory and large
scale experiments with suspensions of aluminumigbest namely, the choice of initiation energy
must be appropriate for the average size of alumiparticles, their concentration and characteristic
dimensions of the tested mixture. Therefore, ther@ need in improving prediction ability of
detonation models for aluminum suspensions espeaialvhat concerns the characteristic detonation
cell width A. Indeed, in gaseous explosives the detonation siedl serves well as a measure of
reactivity of different mixtures and, for exampllee critical diameter of detonation transmissiandr
a tube to an unconfined space scales ith

Recently we have numerically simulated the detonatell structures in Al/@and Al/air
mixtures [3] and have adjusted the kinetic pararsetéthe model [4,5] to fit the available dataisTh
gives the following indications on the detonatial avidths: A = 40 + 10 cm in Al/air mixture at

particle apparent density=0.5 kg/nf (richness=1.6) andd, =13.5pm [1] andA = 10 + 1 cm in the
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stoichiometric Al/Q mixture ato=1.5 kg/n? (r=1) and mean particle diametdy of 8.6 um [2]. The

same model [3] was applied also to simulate, ferfitst time, the spinning detonations in the Al/ai
mixture [6]. It is worth to note that Tsuboi et pl] have studied the problem of spinning detomegio
in corn-starch suspension in But in a zone of a limited longitudinal extension.

The present work was motivated by the fact thataforementioned numerical studies [3] for
Al/air mixtures were performed in the two-dimensibicase assuming that the flow in the tube is
axisymmetric, which implies however a quite specfrm of detonation cells. Here, we apply the
same model [3] to Al/@mixture but directly in three-dimensional casee Hffect of tube diameter on
the cell structure was studied and the range of wibmeters where detonation propagates in the
spinning mode is predicted for the considered simd apparent density of aluminum particles.
Calculated detonation cell sizes compare favorabth the former estimates df obtained in 2D
calculations under the assumption of cylindricahsyetry of the flow in the tube. Thus, taking into

account that detonation cell width scales withgheticle sized, as A [0 d; [3] wheren=1.4, one can

already make better design of experiments on détnaf aluminum suspensions. More precise
predictions could be made by numerical unsteadyidiensional simulations.

2 The model and simulation results

The detonation model is based on the principlesoafinuous mechanics of multiphase flows [8] and
is exactly the same as described in [3] but isiaggiere in 3D case rather than in 2D symmetrinal o
(our model describes aluminum particle burning iy to [9]). Since spinning detonations in
suspensions of Al in air were already analyzed feef6], we consider below only stoichiometric

Al/O, mixtures witho=1.47 kg/mi and mean particle diameter =8.6 um (corresponding to the

experimental conditions of Ingignoli [2]). The ide@J detonation velocityDc; pressure, particle
velocity and density of this mixture are respedyivil692 m/s, 34.1 bar, 748 m/s and 5.24 Kg/m

The problem was solved using the flux-correctechnéue [10] coupled with a grid
adaptation along the tube axis thus ensuring tis¢ tn@merical resolution in the leading detonation
zone where basicallgx=dy=dz=0.5 mm. Total number of meshes along the tube aasN,=1000,
while N, andN, were varied proportionally to the tube diameteziagN, = N..

Detonation was initiated by means of a point egiplo at the closed left end of the tube. Up to
a detonation run distance of about 1 m, we haveidered a plane one-dimensional flow. This early
stage of the flow allows one to adjust the inidatenergy and to get a quasi-steady detonatiomeegi
within a reasonable run distance. Then, this 1Dtewi was cloned to fill up the whole section of th
3D tube which was considered in a Cartesian frameeference. Thus, at the beginning, the 3D
solution looks like a mono-dimensional one. Howewscumulation of truncation errors with time
leads to a formation of "hot spots" (i.e. tripleimis) which after some transient period result in
formation of the detonation cellular structure. Tedular structures shown below correspond to- self
sustained detonations propagating at the velocltichvis close to the ideal CJ value (no losses are
taken into account).

In small tubes with diametei<20 mm the detonation remains close to a one-diroraski
case. In larger tubes when tube circumference besaomparable with, the detonation after some
propagation distance begins to spin either in aucibckwise or clock-wise direction. The spinning
mode is observed in a domain of tube diametersimgrigpm 25 mm to 75 mm. In all spinning cases
the detonation pitch is aboud 4ue to the fact that in the case of the Cartegiad the tube
circumference always equalsl 4ather thanmd (consider as an example a tube cross-section with
N,=N~=3 and 4).

If the tube diameter exceeds 75 mm, the detongiropagates in the multi-headed mode.
Figure 1 displays the cellular structure in therf@f traces of maximum pressure on the surfacheof t
tube and on a diameter cross-section for tubesdiémeterd equal 50, 80 and 150 mm. One can see
that the cell size is of about 100 mm that reasonably agrees withfdh@er estimation. The grid
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convergence tests with two times smaller mesh ¢pils the same range of tube diameters where
spinning detonation is observed and do not chamgsize of detonation cells.

Figure 2 shows 3D maps of pressure at 4 instdrtime in the case of tube diameter
50 mm in the form of 2D distributions of pressuretwo orthogonal plane£0 andZ=0)
and isocontour surface corresponding to 60 barse Gsn note non-uniformity of the
detonation front, its progression (every |29 in the longitudinaX-direction and rotation in
the clock-wise direction.
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Figure 1. Traces of maximum pressure on the tulfaci(1, 2 and 3) and on the diameter cross-se¢liand
5) at tube diameter of 50mm (1), 80 (2 and 4) &@irhm (3 and 5)

Figure 3a displays for the 50-mm diameter tubeptiodiles of the mean gas velocity averaged

rr rr
over the tube cross-secti ., (X)| :%J- J',/UX2 +U ] +U Zdydz wheres = I J-dydzis the area of the

=r-r =r-=r
tube cross-section with a radiugonly those meshes Xtconst are taken into account here which fall
inside the circle with this radius). One can seat tafter some transient period the detonation
propagation becomes autonomous since the partifotar of the mean absolute velocity profile
behind the CJ point (where Al particles are alrehdynt) reasonably match the Taylor-Zeldovich
rarefaction wave behind a steady detonatidn0 until X=Dt/2 and then grows linearly up to the CJ
value. As expected, an abrupt change of the slbqle,rgn(x)| curve occurs when particle velocity is

close to its CJ value. From Figure 3b showing thdation of a longitudinal mesh size one can
conclude that the numerical resolution in the Iegdletonation zone is sufficiently fine.

Figure 3c displays profiles &5.6 and 5.8 ms of the presswkg,,(x) averaged over tube
cross-section along with the pressure along the axis §=0, z=0) and that along two lines on the
tube surface:yer, z=0) and (y=0, z=r). Figure 3d shows for comparison the profiles afam gas
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density averaged over the tube cross-section atdttthe same three lines. In both cases oneesan s
that strong oscillations of main flow parameterketgplace behind the detonation front over the
distance of about 8-12 tube diameters or 2-3 sjaigs (however, oscillations of mean gas density
decay noticeably slower that those of mean preksstihese oscillations along with a large difference
between the mean gas density and that at the ¢bastic lines confirms that transverse oscillasion
are induced by the front of the spinning detonatighich is in agreement with acoustic theories of
spinning detonations [11, 12, 13]. Figure 3e shbawgever that kinetic energy of transverse motion of
gas is quite small compared to that of longitudimaition. Figure 3f displays for completeness the
particle density and radius profiles along the sahsacteristic lines as above.

Stp 38408 t=4.400E-03s P(6.7E+00,-9, Stp 38654 t=4.425E-03s P(6.7E+00,-1 .9
d=8.6um;1.6kg/m3 Alf02. Diam= 50 d=8.6um;1.5kg/m3 All02. Diam= 60

Piso=60 bar E Piso=60 bar

Stp 38895 t=4.450E-03s P(6.8E+00, 2.0 Stp 39138 t=4.475E-03s P(6.8E+00, 1
d=8.6um; 1.5kg/m3 AlfO2. Diam= 50 d=8.6um;1.5kg/m3 AlIO2, Diam= 50
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Figure 2. Pressure fields in a 50-mm diameter aile4.400, 4.425, 4.450 and 4.475 ms.

Conclusions

Three-dimensional numerical study of detonatiorutal structure in the stoichiometric mixture of
aluminum particles with oxygen has shown that eeillith agrees reasonably with our former
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estimations which were based on the 2D cylindiycayfmmetric simulations. For a gi

ven aluminum

particle concentration and mean size the rangeild tiameters where detonations propagate in the
spinning mode is found. Coupling these results Withformerly obtained dependences of detonation

cell size on the mean particle size, one can bettr the experimental studies of
aluminum suspensions.
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Figure 3a. Left: profiles of mean gas phase vejddji.; b) right: longitudinal mesh size.
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Figure 3c. Left: profiles of mean pressure averageet tube cross-section (black lines), of pressioag the

central line (red), and at tube surfaceya® (magenta) and=0 (blue lines); d) right: profiles
corresponding to those of pressure.
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Figure 3e. Profiles of averaged gas energy: tatal &inetic energy of longitudinal and transversatiom; f)
profiles of particle density and radius along thme characteristic lines as above. Tube diandet®® mm.
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