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Abstract

An empirical model for the ignition of aluminum particle clouds is developed applied to the study of
particle ignition and combustion behavior resulting from explosive blasesaThis model incorporates both
particle ignition time delay as well as cloud concentration effects on ignitioe. tdtal mass of aluminum that
burns is found to depend on the model, with shorter ignition delay times regidtimcreased burning of the
cloud. A new mass-averaged ignition parameter is defined and is edsenserve as a useful parameter to
compare cloud ignition behavior. Investigation of this variable revealshiidit peak ignition as well as time
required to attain peak ignition are sensitive to the model parametersalDveis study demonstrates that the
new ignition model developed captures effects not included in otherastinb models for the investigation of
shock-induced ignition of aluminum particle clouds.

1 Introduction

Aluminum is generally added to explosives due to its highrgyneontent, which can release additional energy by
afterburning during its explosive dispersal. However,ghsuing two-phase mixture involves the confluence and
interplay of various physical phenomena that present abeballenges to simulating the behavior. Aluminum,
when encased in a shell surrounding a booster explosivgehaermed as a Shock Dispersed Fuel (SDF) charge
[1]—has gained recent interest, with robust, adaptive nigaksimulations being carried out by Kuhl et al. [2, 3].
These studies investigated the turbulent mixing effectiérensuing fireball, and matched experimental pressure
traces and late time mean chamber pressures. Balakrishahri4 5] have also carried out simulations using a
different numerical strategy and have investigated theed&on and burning characteristics of the particles. The
Al particles were shown to cluster due to their interactiathwhe fluid mechanic structures in the mixing layer,
resulting in preferential ignition of the particles.

Despite the above detailed studies, ignition mechanismAl oieed to be revisited, particularly for Al clouds
driven by shock/blast waves. Most ignition models of Al pAes in the literature are based only on the criterion
of the particle heating up to a certain ignition temperataféer which it burns. However, the applicability of
such models for particle clouds may not capture all the catido physics involved. For instance, shock tube
experiments undertaken by Boiko et al. [7, 8] show that Atipkr ignition also depends on the mass loading of
the cloud. In addition, available ignition delay data frorperiments can also be used to model the ignition event
of Al particle clouds. To this end, a new ignition model thatdrporates these features is developed in this study
and the ignition characteristics of Al particle clouds mehéxplosions is investigated.

This paper is organized as follows: Section 2 presents theerival formulation used in the present study; Section
[3 summarizes the preliminary results and discusses thermaim conclusions drawn in this study are summarized
in Section 4.

2 Formulation

The two-phase gasdynamic conservation laws under dilutdittons as formulated by Nigmatulin [9] are consid-
ered for the current simulations. Here, both phases, vé®. aqd solid, are governed by separate continuum laws,
and they interact only through source terms that accouninfer-phase mass, momentum and energy transfer.
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These governing equations and the inter-phase interatetiors are detailed in Kuhl et al. [2, 3,10], and are not
presented here for brevity. Mixing-controlled combusti®assumed, where both the booster products as well as
the evaporated aluminum react with the ambient air to foreir ttespective products. The thermodynamics of
these reactive processes, and the associated energy t@mesature profiles are explained in [2, 11].

The new ignition model presented in this study for aluminwartiple clouds is based on the works of Korobeinikov
et al. [12] and Oran et al. [13], which were originally appliir combustion in gas-phase systems only. In this
model, an induction parametgfiz, t), is defined as follows:

0, initial;
flz,t) =<0< f <1, pre— ignition; (1)
> 1, post — ignition.

The evolution equation fof (x, t) is obtained as:

Ipsf | . _Ps —FEa
ol iV ) = e = o e (). @

wherep, is the particle cloud density,, is the average particle velocity, is the local gas temperaturg,is the
universal gas constant, ang,,(7}) is the ignition time delay of the particles, which is empatly determined
based on an Arrhenius-type model, with appropriate chdiceshe pre-exponential factord, and activation
energy,l,. The equation fot;,,, is assumed to be of the form:

1 —FEq, Kuhl—Boiko
=A uhl— Boiko —_— ], T§2000K,
tign(Tg) Kuhl=Boiko P < RTg ) I
1 -F
=Ad%exp < > , T, > 2000K, (3)
tig’ﬂ (Tq) P RTg .

whered,, is the particle diameter. The above constants are compw@sedbon re-shocked aluminum ignition
experiments performed by Boiko et al. [7, 8] for ambient gaageratures< 2000 K, and are determined to be
AKuhl—Boiko =6.25- 101 sec’! andE,, kuhi— Boiko = 60 KCal/mol for flake aluminum of size 4-t6n [14]. For
higher ambient gas temperaturés, = 22.8 KCal/mol based on Roberts et al. [15] is used. Sihdg unknown
intheT;, > 2000 K limit, different values are considered and its eftatthe results are investigated.

The species conservation equations read as:

8p g Yy
ot

+u_:lv<pgyk) :wk+6k'ds'ﬂc (ps)» (4)

wherep, is the gas densityy, is the gas velocity};, is the mass fraction of thé-th species, withk = fuel,
air, products, driver or driver products, afidrepresents the Kronecker delta, which is 1 wites fuel, and 0
otherwise. The source termy, represents the mass production/comsumption per unimehbf thek-th species,
and is evaluated assuming a mixing-controlled, infinitenasiséry reaction rate. The tera, denotes the inter-
phase mass transfer rate, and is obtained using an emjfincdion of the Reynolds number; this term is included
only whenk = fuel. For more details, refer to [2, 3]

Past studies have shown that aluminum particle cloud @mii$ also determined by its concentration/loading
[7,8,16]. For too small a particle loading, even though a pasticles may ignite, they fail to ignite the cloud, as
the particles are far apart and the energy release from timéniguparticles may not ignite other particles. Thus, a
threshold particle loading is required for sustained mgrif Al clouds, which has been measured to be 40°g/m
by [16], and~150 g/n¥ by Boiko et al. [7, 8]. In the present study, a cloud ignitionlpability function, . (ps),

is proposed [14] based on the data from [7, 8], and is compged

1
L+exp[(p — ps) /O]

He (ps) = (5)

p° = 130 g/n¥ andb = 20 are assumed, and is multiplied to the mass transfer ratg, thereby accounting for
the cloud mass loading.
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The governing equations are integrated using high-reésolutpwind methods that are higher-order generaliza-
tions of Godunov’s method with efficient Riemann solvers{19]. The Riemann solver for the solid phase
continuum is based on Collins et al. [20]. In order to resahefiner scales in the mixing layer, local Adaptive
Mesh Refinement (AMR) is used, based on [21]. The energyifizpacales that are of preponderance are resolved
using this AMR technique, and is consistent with the ILESrapph [22]. Recent studies [2, 3] have shown this
simulation strategy to be robust and efficient for the probieder study.

3 Preliminary Results and Discussion

Preliminary simulations are carried out for an SDF chargemised of 0.5 g of a spherical PETN booster charge
surrounded by a cylindrical casing of 1 g of aluminum flakethvai thickness of 4—@m [2, 3]. The charge is
placed at the center of a cubic box of volume<25x 25 cn? (15.6 liters), and free-slip boundary conditions are
applied at the walls. The base grid is>880x 80, with four levels of refinement used at early times to nesthe
finer turbulent scales, after which the number of levels aognessively reduced as the scales grow larger. This
resolution A4, = 0.2 mm) suffices for the current problem, as evidenced by emisgns to experiments presented
in recent studies [2, 3], albeit without the ignition mod&he goal here is to demonstrate the effect of the cloud
ignition model on the late time dynamics of Al combustion &mdbulent mixing in the fireball.

Adiabatic flame temperatures for Al-air combustion-¥300 K. Due to the unavailability of experimental data for
Al flakes at gas temperatures higher than 2000 K, differelniegafor A are considered in the range®*-10° along
with the Kuhl-Boiko curve-fit extended beyofig > 2000 K, and the respective gas temperature field ais&@
are presented in Fig. 1. Rayleigh-Taylor instabilities @ioserved in the fireball, as also previously reported in
explosion studies [3—6], owing to the acceleration of a fdghsity gradient interface. Mushroom-like structures
form at the tip of these Rayleigh-Taylor structures due tsstdriven Kelvin-Helmholtz instability. Fot greater
than a certain cut-off, the resulting maximum fireball tenaperes are- 4300 K, typical for Al-air combustion.
For A = 1-108, the higher ignition delay results in lower fireball temgaras, with the peak temperature for
this case is~ 4000 K, and the gas temperature in most regions of the fireball3000 K, which is typical for
the combustion of the booster products, i.e., for a hydtmmaflame. Thus, this study qualitatively shows that a
smaller value ford results in less Al burning and concomitantly lower firebathperatures.
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Figure 1: Color scale visualization of a cross-section efghs temperature field at Z8ec for different assumed
values ofA: (a) 1-10%; (b) 2.5-10%; (c) 1-10?; (d) Kuhl-Boiko. The scale denotes the gas temperature in K.

To quantify the above observation, the mass of solid Al reingi (mifl”d) with time is shown in Fig.[ 2 (a),
including also two additional cases corresponding to (igeaing the Kuhl-Boiko [14] curve-fit beyond 2000 K
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and (i) A — oo, i.e.,tjgn, =0. ForA =2.5. 10%, 90% of the Al is consumed; for smaller values of A, which
is equivalent to a larger ignition delay, the burning is édasably reduced at late times; as the particle cloud and
the fireball expand, relatively less heat is available tdanghe burning and the particles quench. Foe= 1
-108, since burning is significantly delayed, the particles di@aed to disperse, and the surrounding gases have
significantly expanded; consequently, less energy/teatpes is available to self-sustain Al burning in the cloud.
However, forA = 2.5-108, Al ignition is only partially delayed and about half the Al mass burns before being
quenched. The result with the Kuhl-Boiko curve-fit extendegiond 2000 K predicts a burning trend similar to
that with A = 1 -10°, exemplifying that the induction time delay introduced hg tgnition model has almost no
role on the burning characteristics of the particles4or- 5 -10® and for the Kuhl-Boiko cases; for these cases,
the Al burning will be limited by the availability of oxidizeand the heat transfer rate from the gas to the particles.
As expected, the Al burning trend foy,,, = 0 predicts the highest burning rates. This study demonstihee

Al ignition delay times directly impact overall burning trés. From Figl. 2 (a), the model predicts about 90% of
Al burns in the confined explosion, which is similar to pagtesxmental results [1], albeit for a different chamber
volume. These results also exemplify that the model priedfistare in the expected burning trends.
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Figure 2: Mass of (a) solid Al, (b) Al products remaining witime.

Having demonstrated that aluminum combustion is direetigted to the choice of, the dependence of the mass
of Al oxidation products#{,-.aucts) On the ignition model is presented in Fig. 2 (b). The trendsgest that less
Al products are formed fod = 1x10% and 2.5<10% as less Al evaporates. Fdr= 5x108, even though slightly
less Al products are formed by mass compared to the Kuhldaiidt;,,, =0 cases, at later times, the re-shock
effects change the mixing dynamics depending on the amdéitioat has ignited. This re-shock induced mixing
can be observed in the form of a slight kink in Fig. 2 (b) nedb A8ec.

Of particular interest in this study is to understand theppgation of the ignition kernel, i.e., the propagation of
the ignition front as the particles disperse outward. Te #rnid, the countour of is presented at 18sec for the
case with A = 110° in Fig. [3 (a). The ignition front is observed to be clustenedhape around the Rayleigh-
Taylor structures in the mixing layer, and the white circtedion from Fig.[ 3 (a) is magnified and presented
in Fig. [3 (b), showing the corrugated/twisted ignition ftoft has been recently shown in a different study that
particles cluster as they disperse due to their interaatitim the vortex rings [5]. This inevitably results in the
ignition front to also obtain a twisted shape, thereby iasneg the overall surface area of the flame front. Regions
with f ~ 0.5 are also observed, illustrating that not all regionshefparticle cloud ignite to the same intensity.
Analysis shows that there axe32 fine cells across the ignition zone in Fig. 3, so the ignitione is well resolved

by the AMR technique.

These observations are now quantified with the study of a 4aamsged ignition variable, denoted As,ss,
which we define as:

[ psfdV
fmass — Wa (6)

wheredV denotes a control volume. The variation ff..s with time for the different cases considered in
this study is presented in Fig.| 4,...s rises from zero initially, albeit at different rates for tHi#ferent cases
depending on the choice df. Around 50-6QuSec,f,.qss Peaks, with the peaks1 for higherA. For A < 5.10%,
fmass Never tends to unity, indicating that the entire Al cloud mainburn in a self-sustained fashion and only
partial burning occurs. This peak value £f..s could also be used as a measure of particle cloud ignitiath, wi
lower peaks occurring for higher ignition delay times. Theck dashed line joins the peaks, and shows that peak
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Figure 3: Color scale visualization of the cross-sectiothefignition variablef at 18 usec for the case with A =
1.10°. The white circled region from (a) is magnified and preseingth), showing the corrugated ignition front.

burning occurs earlier for the strongly burning cases; vawnehe trend shifts betweeft = 5-10° and 2.510°.
Subsequently, as the particles disperse outward and eziédively cooler regionsf,,.ss gradually decreases.
This study illustrates that both peak ignition as well astiime taken to reach peak ignition are dependent on the

choice of the ignition model.
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Figure 4. Mass-averaged ignition varialjflg,ss for the different cases considered. The legend denotesthess
of A for temperatures higher than 2000 K. The black dashed lins jbe peaks.

4 Conclusions

A new empirical model is developed based on experimental datl applied to the investigation of ignition of
aluminum particle clouds embedded in explosive blast walkzéfects not previously incorporated in some of the
existing models are included in the current developmenmtd,aae coupled to the existing adaptive, two-phase
numerical simulation strategy. With shorter ignition deimes used in the model, enhanced burning of the cloud
occurs. The ignition kernel is distorted in shape due toleraction of the particles with the vortex rings in the
mixing layer. A new mass-averaged ignition parameter inédfiand its trends are compared for the different
cases considered. Both peak ignition as well as the timdrestjto attain peak ignition are observed to depend
on the model parameters. This study demonstrates thatrfimigmodel developed here is useful to the study of

aluminum particle cloud ignition and combustion behindlegns.
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Figure 5: Vorticity (a & b), degree of dissociation (¢ & d) addgree of ionization (e & f) with the Kuhl-Boiko
curve-fit: (a), (c) & (e) at 0.096 msec; (b), (d) & (f) at 0.778ec.
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