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Reaction Mechanism of Aluminum-Particle-Air Detonation
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Both in-tube and unconfined experimental evidence showed strong dependence of micrometric aluminum-air
detonability on initial pressure and highly nonlinear behavior of abrupt deflagration-to-detonation transition,
thus indicating dependence of the aluminum reaction mechanism of the detonation waves on chemical kinetics.
On the other hand, the observed aluminum-air detonation manifested itself in a weak transverse wave struc-
ture, as revealed by the small-amplitude oscillation that rapidly degenerates behind the shock front in the
pressure histories. This suggests a functional dependence that is weaker than the nonlinear Arrhenius Kinetic
behavior for the later aluminum combustion. Hence, a surface kinetic oxidation and diffusion hybrid reaction
model with a degree of condensed detonation products was suggested, and the unsteady two-phase fluid dynam-
ics modeling showed the success of the hybrid reaction model, capable of capturing both the kinetics-limited
transient processes of detonation initiation, abrupt deflagration-to-detonation transition and detonation instability,
and the diffusion-limited combustion of aluminum in the long reaction zone, supporting the weak transverse wave

structure.

Nomenclature

equilibrium sound speed, m/s

phase-frozen sound speed, m/s

mole concentration, mol/m?

drag coefficient

detonation velocity, m/s

gas-phase diffusivity, m?/s

particle diameter, m

activation energy, J/mol

= specific internal energy, J/kg

= rate of momentum transfer between the solid and the
gas phase, N/m?

rate of mass transfer between the particles and the gas
phase, kg/m3 - s

diffusion reaction coefficient, s/m?

mass depletion flux, kg/m? - s

rate coefficient of diffusion reaction, kg - m/mol - s

. rate coefficient of kinetic reaction, kg - m/mol - s
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ko = Kkinetic reaction coefficient, kg - m/mol - s
L, = latent heats of evaporation, J/mol
L, = latent heats of melting, J/mol

Nu = Nusselt number

n, = particle number density, 1/m?

Pr = gas-phase Prandtl number

p = pressure, N/m?

O, = rate of heat transfer between the particles and the gas
phase, J/m? - s

q, = heat release of particles, J/kg

Received 19 October 2008; revision received 24 February 2009; accepted
for publication 25 February 2009. Copyright © 2009 by Defence Research
and Development Canada. Published by the American Institute of
Aeronautics and Astronautics, Inc., with permission. Copies of this paper may
be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0748-4658/09 $10.00 in
correspondence with the CCC.

*Senior Scientist, P.O. Box 4000, Station Mainfan.zhang@drdc-rddc.
gc.ca; Adjunct Professor, University of Waterloo, Department of Mechanical
Engineering, Waterloo, ON N2L 3G1, Canada.

Senior Technologist, 400-1888 Brunswick Street, P.O. Box 4000, Station
Main.

*Senior Research Engineer, 400-1888 Brunswick Street.

845

=
|

universal gas constant, J/mol - K
two-phase Reynolds number
particle radius, m
temperature, K
en = particle ignition temperature, K
particle burning time, s
flow velocity, m/s
molecular weight, g/mol
species reaction rate, kg/m? - s
distance in the shock-propagation direction, m
mass fraction of species
thermal conductivity of the gas phase, W/m - K
stoichiometric coefficient
material density, kg/m?
partial density or mass concentration, kg/m?
volume fraction
= rate of particle number production, 1/m? - s
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Subscripts

gas-phase index

index for oxidizing gases
particle-phase index
index for particle surface
= initial state
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HE detonability of fine aluminum (Al) particles suspended in air

is an important fundamental problem in understanding the
explosion limit in a metal-particle—gas flow. Experiments showed
that Al-air detonation at atmospheric conditions is only feasible for a
particle characteristic size of less than a few micrometers (and in
large tubes, 0.12-0.3 m in diameter), thus indicating a relative
insensitivity to detonation [1-3].

Al particles possess a high-melting-point oxide coating that must
be melted or cracked open before aluminum can react. Lacking
sound knowledge of the Al reaction mechanism under detonation
conditions, the droplet diffusion combustion theory has been often
applied to Al-particle—gas detonation problems [2,4]. The diffusion
theory states that the particle burning time is proportional to a power
of its initial diameter, 7, ~ df,o (n=72), as the temperature of a
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particle exceeds the oxide melting point [3]. The theory assumes
infinite kinetics and is essentially independent of temperature
and pressure. It applies according to the classic experimental
observations for combustion of large Al particles in quiescent
atmospheres [6]. Under conditions of 10'~10? atm and 1-50 um
particles, however, it has been found that the burning rate of
aluminum particles is greater than that in 1 atm air, thus resulting in a
dependence on pressure but a smaller power n between 1 and 2 [7—
11]. For the combustion of Al particles smaller than 30 pm, even
under atmospheric conditions, the diffusion theory could lead to an
overprediction of the burning rate [12—14]. The power n < 2 implies
the contribution of finite chemical kinetics and possibly convective
flow effects [5]. Because the burning-aluminum mass flux in the
particle radial direction is inversely proportional to particle radius
(yielding 7, ~ df,o) in the diffusional transport and independent
of particle radius (yielding 7, ~ d,,) in the kinetic process, the
diffusional transport rates approach infinity as particle diameter
approaches zero, whereas kinetic process rates do not increase with
decreasing particle size. Therefore, at sufficiently small particle
diameters, the use of the d? law becomes incorrect and the particle
combustion must become kinetics-dependent.

Interaction with a shock wave and subsequent flow could
furthermore change the physical properties of the Al particles and
consequently influence the ignition and reaction of particles [15-20].
Whereas in quiescent or low-speed flow, a threshold ignition
temperature was observed to be above 2100 K for 2-30 um
atomized aluminum particles at 611 bar [20], Borisov et al. [15]
reported a drop of the ignition temperature to about 1400 K for
15-20 pum Al particles, and Boiko et al. [16] showed ignition at
1260 K under appropriate Al concentration after a reflected shock.
The shock ignition temperature would be expected to be even lower
for 1-2 pum particles. A temperature of 1000-1400 K results in a
vapor pressure of 1075-10~! Pa only, thus further indicating the
questionability of diffusion-limited evaporation reaction in shocked
conditions.

Because aluminum-air detonation only occurs for a particle
characteristic size less than a few micrometers and the particles
burn under the shocked and the subsequent detonation conditions,
one would expect that the limited kinetics affects the aluminum
reaction. Application of the temperature-independent and weakly
pressure-dependent diffusion-controlled Al reaction theory seems to
prevent an appropriate description for the mechanism of the
aluminum-air detonation initiation and the deflagration-to-
detonation transition (DDT). In this paper, the importance of
exploring kinetic-dependent approaches will be addressed from
recent experimental evidence of the aluminum-—air detonation. This
includes a strong dependence of Al-air detonation on initial pressure
in tubes and highly nonlinear abrupt DDT, both in tubes and in
unconfined Al-air clouds without the influence of tube confinement.
On the other hand, the observed aluminum-air detonation exhibits a
weak transverse wave structure, as revealed by the small oscillation
amplitude in the pressure histories. Considering these experimental
observations, a hybrid model of surface kinetics-diffusion reaction is

AccV Spot Magn Det WD ——— 1m
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introduced in an attempt to understand the Al reaction mechanism in
the process of detonation initiation and DDT as well as in the
detonation structure.

II. Pressure Dependence of Al-Air Detonation

A horizontal detonation tube of 80 mm internal diameter was used
to study the pressure dependence of Al-air detonation [21]. The
tube consisted of a 9.6 m test section connected to a 3 m relieve
section by an aluminum diaphragm. The test section was equipped
with a dispersion system that provided a fairly uniform Al-particle
suspension at an elevated initial pressure. An RP-83 detonator made
by Reynolds Industries Systems, Inc., was employed for initiation
and installed at the beginning of the test section. The detonator
contained 0.08 g pentaerythritol tetranitrate (PETN) and 1.031 g
cyclotrimethylenetrinitramine (RDX) with binder and provided 6 kJ
initiation energy. The polychlorinated biphenyl (PCB) pressure
transducers were installed along the tube.

The test Al particles chosen were a nanometric grade of Al known
as Alex, supplied by Argonide Corporation and a micrometric grade
of atomized Al known as H-2 with a mean diameter of 1.6 um by
number and a mean diameter of 3.3 um by weight, supplied by
Valimet, Inc. The shape and particle-size distribution are illustrated
in scanning electron micrographs (SEMs), as shown in Fig. 1. Alex is
manufactured by an exploding-wire process and has a mean particle
diameter of approximately 100 nm. Noting that the Alex particles are
passivated with an oxide coating to a mass fraction of about 10%, the
detonation performance with Alex is expected to be less energetic
than that of pure aluminum.

The effect of initial pressure on DDT in the 100 nm Al-air
mixtures is displayed in Figs. 2 and 3 by pressure records along the
tube length at an initial Al-particle concentration of 400 g/m? - atm.
Note that a nominal particle concentration is introduced here with
a unit of grams per cubic meter and per atm to keep the same
equivalence ratio in air for various initial pressures. Owing to the
initiation source, a blast wave is developed in the early stage with a
shock velocity of 860-930 m/s. At an initial pressure p, = 1 atm,
multiple compression waves supported by energy release from the
Al-air flame appear behind the shock front during the DDT process
(Fig. 2). At a distance larger than 8 m, a local explosion takes place
and is amplified behind the shock front, leading to abrupt transition to
detonation at the end of the test section with an overdriven peak
pressure of p/p, =45.0. Thereafter, a reflected wave off the
diaphragm at the end propagates back into the test section. Note that
all the abrupt DDT processes shown in this paper complete within a
scaled distance of only a few characteristic cell size of Al-air
detonation.

When the initial pressure is increased to 1.5 atm, the abrupt
transition to detonation takes place earlier (Fig. 3). At 8.3 m, the
established overdriven detonation starts to relax toward a propa-
gation velocity of 1650 m/s and a peak pressure of p/p, =35.0
at the end of the test section. A further increase in initial pressure to
2-2.5 atm results in abrupt transition to an overdriven detonation at

Fig. 1 SEM of Al particles. Left: Alex with a mean diameter of 100 nm; middle: atomized H-2 with a mean diameter of 1.6 xm by number; right:

Silberline DF-1667 Al flakes.



ZHANG, GERRARD, AND RIPLEY 847

16— —16

I
1

14— 14
121 12
10} 100
e L 1 =
g L 4 @&
o 3
8~ -8 @
= o
5T 1 8
61— =6 O

940 42 44 46 48 500
Time, ms
Fig. 2 DDT in a 400 g/m?, 100 nm Al-air mixture at 1 atm.

6-7 m; it then relaxes toward an average propagation velocity of
1600 m/s and a corresponding peak pressure of p/p, = 26.2-31.6.

The detonation of the 100 nm Al-air mixtures manifests itself in
the form of a spinning detonation in the tube. The single-head
spinning structure is characterized by a primary oscillation period in
the pressure history shown in Fig. 4 (at 8.72 m). As the initial
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Fig. 3 DDT ina 400 g/m3 - atm, 100 nm Al-air mixture at 1.5 atm.
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Fig. 4 Pressure oscillation at 8.72 m for 400 g/m? - atm, 100 nm Al-
air mixture at 1.5-2.5 atm.

pressure increases, the primary oscillation becomes more distin-
guished, with an increase in amplitude, indicating a stronger
transverse wave. A primary oscillation period of about 140 us canbe
determined in the pressure history at p, = 2.5 atm. When multiplied
by the propagation velocity at that location, this oscillation period
results in a pitch of 0.23 m that is consistent with the smoke-foil
record presented in [21].

As the mean diameter of Al particles was increased by an order of
magnitudeto 1.6 pwm by number (H-2 atomized), at 2 atm and below,
no transition to detonation occurred within the tube length. Instead,
as indicated by the two tests at 2 atm in Fig. 5, the wave is accelerated
to a propagation velocity far below the detonation velocity and then
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Fig. 5 Shock velocity versus distance for 500 g/m? - atm, H-2 Al-air
at 2-2.5 atm.

propagates quasi-steadily at about 1100—-1200 m/s toward the end
of the tube. Such a shock-induced combustion wave has been
referred to as heterogeneous quasi-detonation and its propagation
mechanism has been discussed in [22]. Abrupt transition to a
detonation was observed only when the initial pressure was increased
to 2.5 atm, as indicated by the detailed pressure development along
the tube in Fig. 6, for which the transition of the shock velocity is
givenin Fig. 5. After the transition, the overdriven detonation relaxes
toward a stable mode with a peak pressure of p/p, = 26.0-28.4 and
a propagation velocity of 1470 m/s. Although Fig. 5 displays the
data for three experiments, an error range of the local detonation or
quasi-steady shock velocities can be estimated to be about +5% with
respect to the local mean value of experiments.

In summary, both 100 nm and 1.6 um Al-air DDT experiments
show an abrupt transition to detonation via local explosions. An
increase in initial pressure increases the detonation sensitivity of
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Fig. 6 DDT in a 500 g/m? - atm, H-2 Al-air mixture at 2.5 atm.

Al-air mixtures and reduces the detonation transition distance,
whereas an increase in particle size decreases the detonation
sensitivity. The oscillation structure of the 1.6 pwm Al-air detonation
is relatively weak, as shown in the pressure history in Fig. 7, similar
to that for the 100 nm Al-air mixture at the 1.5 atm initial pressure
(Fig. 4), thus indicating a weak transverse wave structure behind the
shock front.

The theoretical equilibrium Chapman—Jouguet (C-J) detonation
velocities and pressures are obtained using the Cheetah 2.0 code [23]
over an initial pressure range between 1 and 5 atm, as displayed in
Fig. 8. The detonation products in the equilibrium calculations
include 02, O, 03, Nz, N, N3, NO, N027 NO';, Nzo, N203, N204,
N,0s, Al, Al,, AIN, AlO, AlO,, Al,O, Al,O,, Al (liquid), Al,0O4
(liquid), Al (solid), AIN (solid), and Al,0O; (solid). The results show
that an increase in initial pressure only causes a slight increase in
equilibrium detonation velocity and pressure ratio p/ p,.

For the 100 nm Al-air detonation waves with spinning structures,
the experimental detonation velocities at 1-2.5 atm are in agreement
with the theoretical values within about 10%. The deviation from
the equilibrium calculations conducted for the pure aluminum is
expected, taking into account an oxide mass fraction of 10% for Alex
powder. The equilibrium C-J pressures lie between the peaks and
valleys of the experimental oscillatory pressure records, such as that
shown in Fig. 4. The detonation velocities for the H-2 Al-air
mixtures at 2.5 atm show a larger deficit with respect to the C-J
equilibrium velocities (Fig. 8). This might be further caused by the
heat loss to the tube wall, given the large reaction zone of the larger
Al particles. In Fig. 8, error ranges of the experimental detonation
velocities are estimated to be within £5% with respect to the mean
value at a given particle size and concentration.

III. Unconfined Al-Air Detonation

Very few experimental studies have been published for initiation
of unconfined Al-gas detonation. Tulis [24] attempted to detonate
4.54 kg flaked Al explosively dispersed in air in a 1-m-high, 3-m-
radius cylindrical cloud. The cloud was initiated near the center using
2.27 kg solid explosive; detonation was not observed and the ground
pressure decayed from 1.8 to 0.9 MPa in radius from 1.3 to 2.7 m.
Ingignoli et al. [25] detonated a rich flaked Al-oxygen cloud in a
vertical cylindrical polyethylene bag, 1 m high and 0.7 m in diameter,
initiated at the top using 150 g 2.4,6-trinitrotoluene, or TNT. The
detonationlike wave observed near the bottom of the bag had a
velocity of 1650 m/s and a peak pressure of 3.6-5.2 MPa. For the
same arrangement, only a decaying blast wave was observed,
followed by particle combustion for atomized aluminum particles.

To study the propagation of Al-air detonation without con-
finement effects, a large-scale cloud was generated through a charge
configuration arranged in an 18-m-long, 90 deg, V-shaped steel
trough line, in which a PETN cord (21.3 g/m, 6.1 mm in diameter)
was located at the bottom vertex covered by a layer of Al powder

Overpressure, MPa
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! 486 48.8 .49 49.2 49.4
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Fig. 7 Pressure oscillation at 8.72 m from Fig. 6.
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pressures: experimental detonation velocities (top, open and closed
symbols) versus C-J values and C-J pressures (bottom).

[26]. Two types of Al particles were used: 47.6 kg H-2 atomized Al
and 31.5 kg Silberline DF-1667 dedusted Al flakes, as shown in
Fig. 1. Detonation of the PETN cord dispersed the Al powder in air to
a 3-m-radius cross section and 18-m-long suspension at a given
dispersal time. This resulted in an average Al concentration of
375 g/m? for H-2 atomized Al and 250 g/m? for flakes (or an
equivalence ratio of 1.3 for H-2 Al and 0.9 for flakes based on the
local air pressure of 91 kPa). The resultant Al-air cloud was initiated
at one end using 8 kg C4 explosive located 1.5 m from the end as well
as 1 m from the ground and the steel line. Experiments using an
initiation explosive mass up to 5 kg were not able to achieve DDT
within the H-2 Al-air cloud size. The wave phenomena were
recorded using PCB pressure transducers located on the ground
along the wave-propagation direction, 3 m from the C4 explosive for
the first transducer and 2 m intervals for the rest.

Figure 9 shows an example of high-speed photographs for a DDT
experiment in a flaked Al-air cloud, and Figs. 10 and 11 display the
ground pressure histories along the propagation distance for a H-2
atomized Al and a flaked Al test, respectively. For the H-2 Al within
a 4 m ground distance from C4, the shock velocity decays to
1300 m/s. The shock velocity further decays to 1050 m/s at 9 m,
whereas Al combustion generates multiple compression waves
behind the shock front during the propagation. At 13 m, abrupt DDT
phenomena take place with a 5.5 MPa peak pressure and a pressure
history featured with oscillations, a typical phenomenon related to
the transverse waves. However, the cloud length is too short to
determine the sustainability of the detonation wave.

For flaked Al shown in Fig. 11, the shock-front velocity is
1600 m/s at 4 m from the C4 location and decays to 1380 m/s at
7 m. At 11 m, the abrupt onset of overdriven detonation occurs with a
peak pressure of 8.4 MPa. The 2 m averaged detonation velocity
reaches a maximum value of 1533 m/s and remains 1460-1500 m/s
in the remaining propagation. In the oscillating pressure histories
recorded after 11 m, a transverse wave structure is distinguishable; it
has a primary period of about 350400 s for the signal at 15 m, as
displayed in Fig. 11. When multiplied by the propagation velocity,
this oscillation period indicates a characteristic detonation size of
0.52-0.6 m. These experiments indicate that the 8 kg C4 is near the
critical charge for direct initiation of flaked Al-air detonation, but is
only marginal to directly initiate H-2 Al-air detonation. Note that
without Al particles, the air-blast overpressure from the 8 kg C4
explosion decays rapidly to 0.186, 0.046, and 0.023 MPa at 5, 10,
and 15 m, respectively.

IV. Aluminum Reaction Model

Khasainov and Veyssiere [4] applied a diffusion reaction model to
Al-gas detonations; that is,

dr 30
J, =n,nd>p,—L=—""2(1 4+ 0.276Re'2Pr'/?) ,
r PrEPEP T a0y 7 W
if T, > Ty,
else J, = 0. In Eq. (1), the particle burning time is
1, = Kdjy /Yoy 2)

where J, is the Al mass depletion rate in kg/m3/s; n,,T,.d, 1,0,
and p, are the particle number density, temperature, diameter, radius,
mass concentration and material density, respectively; Re is the
Reynolds number based on the velocity difference between the two
phases; Pr is the gas-phase Prandtl number; the parameters K, d ,,
Yoxi» and Ty, are the rate coefficient, initial particle diameter, mass
fraction of oxidizing gases, and particle ignition temperature,
respectively; and n =2 has been often used, which essentially
assumes infinite chemical kinetics.

In fact, a diffusion-limited d> law can be derived for the particle

burning time from the liquid-droplet combustion theory [5]:
t, = ppd%)()/[spD [Z"(l + ayoxi)] ~ /Opdio/g/oDaY()xi (3)

where pD, and Y,,,; represent the gas density—diffusivity product at
the particle surface and oxygen mass fraction in air, respectively. The
d* law expressed in Eq. (3) is independent of temperature and
pressure and is obtained for a particle located in a quiescent flow,
assuming infinite gas-phase reactions. It is inappropriate when used
for convective flow, elevated pressures, and small aluminum
particles, as commented in the Introduction of this paper. Thus, the
term including the Reynolds number was introduced in Eq. (1),
presumably to consider the convective flow influence. The model has
been widely used in computational fluid dynamics codes to model
the propagation of detonation, assuming an ignition temperature
(933-1350 K) much below the oxide melting point [2,4,27-29].
Apart from diffusion models, Arrhenius kinetics models have also
been applied recently to Al-gas detonations [30,31].

As observed in the experiments described in the previous sections,
Al-air detonation strongly depends on initial pressure; the abrupt
DDT, both in tubes and unconfined clouds, indicates a highly non-
linear dependence on temperature. These facts suggest a dependence
of detonation initiation and DDT on chemical kinetics. On the other
hand, Al-air detonation exhibits a weak transverse wave structure
indicated by the weak pressure oscillation behind the shock front.
This weak transverse wave structure could suggest a weaker
functional dependence than the highly nonlinear Arrhenius kinetics
for some late-time Al combustion that supports the transverse wave.
The weak transverse wave structure was also observed previously
for flaked Al-air detonation in a 0.3-m-diam, 42-m-long tube,
in contrast to the strong transverse wave structure obtained for
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Fig. 9 Detonation in unconfined flaked Al-air: Al suspension (top left), initiation (top right), detonation propagation (bottom left and right).

cornstarch-particle—air mixtures using the same tube (see Figs. 12
and 13 from [22]). This observation is consistent with the experi-
mental results reported in the current paper and further supports the
postulation of a weaker nonlinear functional dependence of some
Al reaction with a degree of condensed Al oxides in the detonation
products, whereas the reaction of cornstarch more closely follows
the Arrhenius gas-phase kinetics, due to a high-volatile content, and
results in mainly gaseous detonation products.

In accordance with these experimental facts, a kinetics-diffusion
hybrid reaction model is proposed by the authors in the form [26]

v,W
J, =—n,nd3k, = —n,ﬂrd?,ﬁk (e

k= kd(Coxi - Coxi,s) or k= k.vcoxi,s = Coxi,sk()e_E/RTx (5)
where k, and k are the mass depletion rate (equaling the mass flux) of
the particle and oxidizing gas at the particle surface in the r direction,
respectively; k; and k, are the rate coefficient for diffusion and
surface chemical reaction, respectively; and W, v, C;, and C,;
denote the molecular weight, stoichiometric coefficient, oxidizing
gas mole concentration, and its particle surface value, respectively.
T, = (T, + T,)/2is assumed to be the particle surface temperature.
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Fig. 10 Unconfined H-2 Al-air DDT.

From Eq. (5), one obtains the hybrid model by making the
diffusion and surface chemical-reaction expressions equal:
kyk,
= o Coxi
kg + kg

(6)

The diffusion rate coefficient k; can be obtained by inserting the
diffusion model (1) and (2) (a =1 is assumed for simplicity) into
Eqgs. (4) and (6):

k, = Voxiwoxi ppdp
=

—P P (14 0.276Re'/2Pr/3) @
vl’ WP 2Clolale]2,0

where Cy, is the mole concentration of total gases. Equation (5)
yields the surface reaction rate coefficient:

k, = koe E/RT: ®)

Thus, Egs. (4) and (6-8) form the hybrid reaction model, which
depends on temperature, pressure via oxidizing gas concentration,
and particle size (inherent from the diffusion rate) and does not need a
presumed particle ignition temperature. The model becomes surface-
kinetics-limited (k — k,) when k,/k; < 1, and diffusion-limited
(k — kg) when ky/k; > 1.
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Fig. 11 Unconfined flaked Al-air DDT.
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Fig. 12 Pressure profiles on a circumference atx = 24.8 m of a 0.3-m-i.d., 42-m-long tube filled with a 500 g/m? flaked aluminum-air mixture at 1 bar

[22].

Figure 14 illustrates a comparison between the diffusion, kinetic,
and resulting hybrid reaction rates from Eqgs. (6-8) as a function
of particle size and temperature, where K =4 x 10° s/m?, k,=
1200 kg - m/mol - s, and E = 71.1 kJ/mol. Without involving any
shock process or conservation equations of the two-phase-flow,
momentum equilibrium (u, = u,) and lack of particle reaction
(d, =d,,) are simply assumed to enable calculations using

Eqgs. (6-8) alone. Although the momentum-equilibrium assumption
is inappropriate for large particle sizes in general, the comparison
does elucidate some basic behavior of the model. As shown in
Fig. 14, the line for the kinetic rate is independent of particle size,
whereas the diffusion rate decreases as the initial particle size
increases. Thus, the overall hybrid reaction rate depends on particle
size between a chemical kinetics limit (d,y ~ 1 pum at T, =933 K

20 21 22 23 24

0 21 22 23 24

23 24

20 21 22 23 24
time [ms]

23 24
time [ms)

Fig. 13 Pressure profiles on a circumference at x = 24.8 m of a 0.3-m-i.d., 42-m-long tube filled with a 400 g/m?, 10 ;m cornstarch-air mixture at

1 bar [22].
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and d,y<0.1 um at 7,=1800K) and a diffusion limit
(dyp~1mm at T, =933 K and d,y ~ 10 um at 7, = 1800 K).
With an increase in temperature, the value at the point of k,/k, = 1
increases, and therefore the limits shift toward the side of smaller
particles. In general, the model predicts a more dominant reaction
by the surface kinetics at low temperatures and small particles,
whereas the diffusion reaction controls more at high temperatures
and large particles.

V. Numerical Results and Discussion

The hybrid reaction model is implemented in the Chinook code
(Martec, Ltd.), a second-order unsteady Eulerian multiphase fluid
dynamics code for which the governing equations can be found in
[32,33] and are described in the Appendix. In the multiphase fluid
dynamics model, the solid phase and gas phase have been treated as
two separate flows (different velocity and temperature) and their
mass, momentum, and energy are exchanged through the source
terms. Noting that Al,O; generally does not exist as a gas and its
latent heat of melting is very small, a single-step global reaction of
aluminum and oxygen was simply assumed to form solid Al,O;
with a heat of reaction of 838 kJ/mol. The species involved in this
global reaction are Al(s), Al(1), Al(g), O,, N,, and Al,O;(s). The Al
latent heats of melting and evaporation were 10.7 and 290 kJ/mol,
respectively. For the Al-gas detonation problem involved, the
solid flow can be assumed to be dilute and the particle material is
incompressible. The ideal-gas equation of state was employed for
the air and detonation-product gas, with the temperature-dependent
heat capacities and specific heat ratio based on NASA CEA
program temperature fitting [34]. The HLLC (Harten—Lax—van Leer

with contact correction) approximate Riemann solver was extended
to solve the fluxes for both gas and discrete solid flow [35].
In the following one-dimensional calculations, K = 4 x 10° s/m?,
ko =1200 kg-m/mol -s, and E =71.1 kJ/mol were used.
Simulations were conducted for the rich 2 um Al-air mixture at
o, =1250 g/ m? and an initial pressure of p, = 2.5 atm, the same
initial conditions as the experiment displayed in Fig. 6. To illustrate
the intrinsic mechanism for the multiphase Al-air detonation, the
source terms for wall losses were not included in the calculations,
and therefore the results remain as a theoretical description without
taking into account the deficit of detonation velocity observed in the
experiments.

Figure 15 shows one-dimensional simulation results of DDT using
a 6.13 kJ initiation energy within a 1 mm numerical cell (p = 8.56
Po» T, = 2567 K, and T, = 300 K). The results clearly show that
after an ignition delay behind the shock front, a local Al-air
explosion leads to the abrupt onset of detonation. Thereafter, the
overdriven detonation relaxes toward a detonation, with a 1758 m/s
detonation velocity and 37.58 p, peak pressure at x = 19 m (note
that the detonation is still relaxing). During the early DDT process,
k,/k; < 1 holds behind the shock front in an induction stage that
leads to local explosion, thus indicating a kinetics-limited reaction in
the induction stage (Fig. 16). As the local explosion develops, the
particle temperature rapidly increases and hence results in a rapid
decrease in induction zone and an increase in k;/k,. Once the
detonation forms, k,/k,; > 1 holds after a short kinetics induction
time behind the shock, thus showing a diffusion-limited reaction for
most of the Al mass depletion. The process is in agreement with the
experimental results shown in Fig. 6, and therefore the hybrid model
properly describes the detonation initiation and abrupt DDT.
Calculations using the diffusion model (1) and (2) showed that abrupt
DDT via autoexplosion centers cannot be obtained under the same
initial conditions; instead, there is a smooth progressive acceleration
to detonation that conflicts with the experimental observation.

Figure 17 displays the diffusion, kinetic, and resulting hybrid
reaction rates at the specific von Neumann shocked state of the C-J
detonation front (D = 1745 m/s, u, = 1396 m/s, T, = 1748 K,
u,=0, T,=300K, p, =14.66 kg/m’, and p, =29.05p0 at
po = 2.5 atm). It clearly shows that for2 pum Al particles, k, /k,; < 1
holds and the surface kinetic reaction is dominant at the von
Neumann state, thus indicating the existence of a kinetic induction
zone at the detonation front during its propagation.

Because the low activation energy and long diffusion-combustion
time result in a low induction/reaction length ratio, detonation
becomes steady after a sufficient propagation distance. Hence, a
steady one-dimensional Zeldovich—-Neumann-Déring (ZND) deto-
nation structure can be obtained by the long-time asymptotic
unsteady solution. This long-time asymptotic solution was
achieved using an incoming flow entering a 0.1 mm grid resolution
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Fig. 15 DDT pressures using the hybrid model.
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Fig. 16 The early process in Fig. 15: p/p, (solid line) and k, /k, (dotted
line).

computational domain, in which the incoming flow has the same
initial conditions as described previously, but with a flow velocity
equal to the C-J detonation velocity.

The obtained ZND detonation structure, shown in Figs. 18 and 19,
starts at the Hugoniot jump of a shock front, followed by a short
induction and long reaction zone, successively, and is terminated at
the equilibrium sonic locus in which the equilibrium C-J condition is
satisfied. In the short induction stage (see Fig. 18), although the
particles are heated through convective heat transfer from the
shocked gas, the drag compression continuously increases the gas
pressure, temperature, and Al concentrations. Significant heat release
of the particles into the gas takes place in the following reaction stage,
and the resultant gas expansion causes the pressure to decrease
toward 23 p, when the flow moves toward the sonic locus (Fig. 19).
The expansion of the high-pressure gases provides the work to
sustain the propagation of the shock front, which in turn supports the
momentum and heat transfer between the two phases and the ignition
of particles behind the shock front. Much before the sonic locus, the
two-phase velocity and temperature equilibrium (¢ = u, = u,, and
T=T,=T,) are reached, and the reaction proceeds thereafter
in a nearly phase-equilibrated flow. Hence, the C-J equilibrium
detonation solution with respect to the full equilibrium (both
chemistry and phase) sound speed a, is achieved with D — u = q,.
In contrast, a condition popularly used in the so-called two-phase
ZND detonation model in the literature [2,4], the generalized C-J
condition at the phase-frozen sound speed (D — u, = a,), failed in
this example. In fact, the phase-equilibrated flow is still subsonic
with respect to the phase-frozen sonic speed a, as the C-J equilibrium
condition is achieved.
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Fig. 17 Reaction rates versus initial particle size at the von Neumann
shocked state.

In general, the solid-particle—gas-flow ZND structure has several
significant differences from a ZND structure for homogeneous
gas detonation [33]. First, the shock-front pressure (i.e., the von
Neumann spike) in a gaseous detonation corresponds to the
maximum pressure, whereas the maximum pressure for a reactive
particles-oxidizing gas detonation wave may be found behind the
shock front at a point at which the combustion expansion balances
the drag compression (see Fig. 18, in which the von Neumann spike
equals 29.05 p,). Second, the equivalence ratio of the particle—gas
mixture behind the shock front does not remain the same as the initial
value ahead of the shock front. The velocity relaxation time lag, in
which the particles are accelerated toward the gas velocity before
burning, results in a nonuniform equivalence ratio field behind the
shock, with a shift from the initial equivalence ratio of fuel particles
to oxidizing gas toward a leaner value. This is clearly indicated in the
mass fraction of Al in the mixture behind the shock frontin Fig. 18, in
which a preshock initial Al mass fraction is 0.3 (not shown in
Fig. 18). Third, the ZND structure is also characterized by melting
and evaporation phase changes, as shown in Figs. 18 and 19. In this
example, a constant particle temperature was assumed during the
phase change from liquid Al to vapor, whereas the internal energy
was increased to overcome the threshold of a large Al latent heat of
evaporation. The melting and evaporation model can be further
improved, for instance, by introducing the Clausius—Clapeyron
equation. As the evaporation proceeds, the gas pressure and density
show a clear second peak, partially due to the rich aluminum in the
mixture.

The preceding simulations assume that the condensed Al and
Al,O;5 in the detonation products are incompressible without
contribution to gas pressure. When Al,O; was included in a gas
phase in the detonation products, the simulation showed that the
detonation velocity and peak pressure were increased to 2290 m/s
and 61 p,, respectively. This is obvious, because the work
supporting the shock propagation is done directly by the expansion
of the gaseous detonation products.

The current global Al reaction model addresses the dual features of
chemical kinetics and diffusion-limited reaction under detonation
conditions. Improvement to the hybrid model would need to further
examine other main factors that influence the Al reaction. For
instance, the assumption of the solid Al,O; products is over-
simplified and might cause the overprediction of the temperature in
Fig. 19. The achieved detonation temperature of about 5000 K
considerably exceeds the Al,O; melting point (~2300 K) and
decomposition point (~3253 K). Borisov et al. [2] and Benkiewicz
and Hayashi [28] proposed a model of endothermic decomposition
of Al,O; into gaseous aluminum suboxides as the temperature
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Fig. 18 Early phase of the 1-D two-phase ZND detonation structure.
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reaches the decomposition point, thus controlling the temperature
growth below a certain value. In reality, gaseous Al oxides such as
AlO have been experimentally found in the detonation products, and
their expansion work should be partially responsible for sustaining
the detonation propagation in the stoichiometric Al-oxygen mixture
as observed in the early experiment of Strauss [36]. Thus, the model
should be extended to include two irreversible Al reactions with the
second reaction being endothermic:

Al +4/30, = 1/2A1,0, — 838 kJ/mol )

Al + 1/20, = AlO + 91 kJ/mol (10)
Note that the two irreversible exothermic—endothermic reactions
with |g;| > |¢,| and mole decrement due to a large quantity of
condensed Al oxide may lead to a pathological detonation when the
products’ Hugoniot shifts to the left of the reactants’ Hugoniot [37].
Apart from more detailed Al reaction schemes under shock
conditions, more accurate models will also require understanding of
the morphology of the Al particles, including oxide-layer damage
behind the shock front.

To justify the qualitative physical phenomena described by the
numerical simulation, one-dimensional unsteady calculations were
conducted using two mesh resolutions of 1 and 0.1 mm. Because the
corresponding nondimensional grid resolution is approximately
1/300 and 1/3000 with respect to the reaction length of the deto-

nation zone (0.307 m using the 0.1 mm mesh), the observed
detonation phenomena are qualitatively similar. The detonation-
front peak pressure and the reaction length are 36.33 p, and 0.295 m
for the 1 mm mesh and 36.63 p, and 0.307 m for the 0.1 mm
mesh, thus indicating a grid convergence of the solution. Although
the 1 mm mesh approximately describes the main detonation
phenomena, it does not resolve the melting and the kinetic induction,
and therefore the abrupt DDT is not sufficiently resolved. Hence, the
current numerical results remain as a qualitative description of the
aluminum reaction mechanism associated with the DDT. Finer
grid resolution and systematic grid convergence studies will be
considered in the future toward more qualitative modeling in
comparison with experiments.

To further examine the suitability of the hybrid reaction model for
the Al detonation, long-time two-dimensional simulations were
performed with a 1 mm numerical cell size on a domain 1 m wide by
4.75 m long. A hot-spot region spanning the width of the domain
with a singular instability was introduced at the beginning of the
calculation to initiate the detonation and transverse wave structure.
The calculations were run for 50-70 ms, equivalent to the detonation
running 90-120 m. The same Al-air mixture initial conditions and
parameters of the hybrid reaction model as those used in the one-
dimensional computations were employed here, except for the
variation of the activation energy only.

Figure 20 presents the numerical shadowgraph from the gas-
pressure data. In these instantaneous snapshots, the transverse wave
structure is visible, and the lightest and darkest regions denote
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Distance, m
Fig. 20 Numerical shadowgraph from the pressure data of 2-D
detonation simulations: E =71.1 kJ/mol (top), E =95.5 kJ/mol
(middle) and E = 120 kJ/mol (bottom).

regions of highest gradient. As the activation energy increases,
detonation instability indicated by the cell irregularity increases,
with an increase in detonation cell width from 0.18, 0.22, to 0.28 m,
respectively. For all activation energies used in Fig. 20, the
transverse waves behind the leading shock front are generally weak
and degenerate fairly fast in the rear flow, and local pressure
oscillation histories have been found to be relatively smooth. This is
attributed to the slower diffusion-dominated combustion of the
majority of Al mass after the kinetic induction and a considerable
amount of condensed Al oxide (without direct contribution to gas
pressure) in the mole decrement detonation products. These factors
tend to reduce the rapid rate of expansion work of the detonation

60um

20pm 10pm

Fig. 21 Aluminum-particle SEM samples before and after flyer-plate
impact that generates a 13 GPa incident shock into the particles
saturated with inert liquid heptane (no oxygen): Valimet, Inc., H-30
atomized aluminum particles before (left) and after (right) a test (top)
and Silberline DF-1667 dedusted Al flakes before (left) and after (right) a
test (bottom). Courtesy of Yoshinaka et al. [38].

products required to maintain the strength of the transverse wave in
the two-phase rear flow.

The instability of micrometric Al-air detonation with a weak
transverse wave structure is in agreement with the experimental
observations presented previously. This is in contrast to the
simulation results by Benkiewicz and Hayashi [28] using the
diffusion model alone in Al-oxygen mixtures, in which a strong
transverse wave structure persists for a long period in the rear flow
behind the detonation front. In the present work, calculations using
the diffusion model alone failed to predict a change in the detonation
instability route, leading to the irregularity of the detonation cells.
Although the weak and irregular transverse wave structure has
been obtained currently by applying the hybrid reaction model to
the monosized Al-particle suspension, one would expect that
simulations using a multisized particle distribution of the tested H-2
Al, as shown in Fig. 1, may result in a more multiple-length-scale
wave structure, due to multiple time-scale reaction rates of various
particle sizes. In a recent work, Fedorov and Khmel [31] conducted
numerical calculations using two Al-particle sizes in a suspension
with an Arrhenius kinetic model that was overconstrained by an
artificial ignition temperature. They reported a persistent transverse
wave structure in the detonation rear flow for a monosuspension of
each particle size, but attenuation and degeneration of the transverse
wave structure resulted by mixing two particle sizes to a considerable
mass fraction of each. As referred to earlier in Sec. IV, whereas
the Al-air detonation displayed a weak transverse wave structure,
the cornstarch—air detonation exhibited a strong transverse wave
structure in the same tube and test conditions [22]. Because both the
Al particles and cornstarch tested had a multiple-size particle
distribution, one of the more reasonable explanations would be that
the reaction of Al particles is subject to a degree of slower diffusion-
limited reaction with a large amount of condensed Al oxide in the
mole decrement detonation products, whereas the reaction of
cornstarch mostly follows the highly nonlinear Arrhenius gas-phase
kinetics, due to a high-volatile content, and results in primarily
gaseous detonation products.

When compared with the real-world three-dimensional experi-
ments, an activation energy E = 95.5-120 kJ/mol would be
suggested by the hybrid Al reaction model, in agreement with the
experimental DDT distance and the pressure oscillation period
observed in Figs. 6 and 7.

VI. Conclusions

Experimental observations clearly indicate that the detonation of
aluminum-particle—air mixtures is affected by the magnitude of
initial pressure for a particle-size range from 100 nm to 1.6 um
(mean diameter by number). It was found in an 80-mm-diam tube
that the 100 nm Al-air detonation can be initiated at 1 atm initial
pressure, whereas the 1.6 um atomized Al-air detonation only
becomes possible when the initial pressure is increased to 2.5 atm.
The observed DDT process clearly exhibits an abrupt nature via local
explosion events. An increase in initial pressure results in an increase
in detonability and a decrease in DDT distance. The abrupt nature of
DDT is further confirmed in the large, unconfined, Al-air cloud
experiments without the tube wall restraint. In both the tube and
unconfined cloud cases, the detonation for the micrometric Al-air
manifests itself in a weak transverse wave structure, as indicated by
the small-amplitude oscillation that rapidly degenerates behind the
shock front in the pressure histories. The characteristic detonation
cell sizes obtained in the tube (~0.23 m at 2.5 atm) and for the
unconfined cloud (0.52-0.6 mnear 1 atm) indicate a nearly inversely
proportional relationship between the cell size and initial pressure.

The strong dependence of nanometric and micrometric Al-air
detonation sensitivity on initial pressure and the highly nonlinear
abrupt DDT nature suggest that the Al reaction mechanism of these
detonation waves must depend on chemical kinetics. Aluminum
combustion models based on the pressure- and temperature-inde-
pendent fuel-droplet diffusion theory alone appear to be insufficient
in describing Al-air detonation initiation, transition, and structure in
respect to unsteady dynamic behaviors. On the other hand, the weak
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transverse wave structure of the Al-air detonation indicates some
functional dependence that is weaker than the Arrhenius kinetic
behavior and is likely associated with some slower diffusion
combustion of Al mass in the later time and a large amount of
condensed Al oxide in the mole decrement detonation products. A
surface kinetic oxidation and diffusion hybrid reaction model was
therefore suggested in which the Arrhenius kinetics are mainly
correlated to the Al ignition behavior, and the late Al combustion is
more subject to the diffusion-limited reaction. The one-dimensional
and two-dimensional unsteady two-phase fluid dynamics modeling
demonstrated the success of the hybrid reaction model, capable of
capturing both the kinetics-dependent transient processes of
detonation initiation, abrupt DDT and the detonation instability, and
the diffusion-limited combustion of Al in the long reaction zone
supporting the weak transverse wave structure.

Although the current hybrid Al reaction model addresses the dual
features of chemical kinetics and diffusion-limited reaction under
detonation conditions, improvement to the model will need to further
examine other main factors that influence the Al reaction. The
exothermic global reaction model with the assumption of condensed
Al,Oj; products alone should be extended to at least two Al reactions,
with the second reaction being endothermic, which generates gas-
phase AlO that contributes to the expansion work of the gaseous
detonation products and improves the prediction of detonation
temperature. The parameters for the Al hybrid reaction model will be
further correlated with the fundamental shock ignition-delay data,
and the model will be tested in terms of describing the kinetics-
dependent processes of detonation failure and quenching.

One of the key phenomena unresolved for the Al reaction
mechanism under detonation conditions is possibly the damage to
the aluminum oxide coating due to mechanical and thermal
interaction of the particles with the shock wave. The extent to which
the bare Al is exposed through oxide-coating removal or cracking
will influence the aluminum ignition and reaction process. Recent
flyer-plate impact experiments simulating detonation in condensed
phase matter (with an incident shock pressure of 13 GPa) showed that
the atomized particles were subjected to severe surface damage and
breakup to exposed fresh bare aluminum, whereas aluminum flakes
were completely broken into nanometric particles (see Fig. 21 from
[38]). This helped to understand why aluminum reacts much faster
under high-pressure condensed detonation conditions. There
have been no direct experiments simulating the Al-gas detonation
conditions to recover and analyze the Al-particle morphology
subjected to a shock interaction. More accurate reaction models will
require understanding of the morphology of the Al particles and the
oxide-layer damage behind the shock front as well as the detailed Al
reaction schemes under shock conditions.

Appendix: Two-Phase Fluid Dynamics Equations

For the supersonic detonation flow involved, the viscosity and
conductivity in the fluid as well as particle gravities are not
considered. From the control volume analysis, the one-dimensional
conservation equations can be derived as listed next in the laboratory
coordinate frame [32,33].

Solid-phase mass:

d d
&(O—pup) + a(apui + Pp) = up']p +fp (Az)

Solid-phase energy:

piple, + ”2/2 +p,/0,)]

= (e + 12/, + uyf, + 0, (A3)

ad d
a[ap(ep + uf,/Z)] + a[a

Solid-phase number density:

on d
ail‘p + a(npup) = lI‘Ip (A4)
Fluid-phase mass:
¢, p ad
5’[ ¢ + a (¢gl0gug) = _‘Ip (AS)

Fluid-phase momentum:

ad d

Fluid-phase energy:

ad ad
E[¢gpg(eg + Mﬁ/z)] + a[¢gpgug(eg + M§/2 + pg/log)]
= - (ep + M%/z + qp)]p - Mpfp - Qp (A7)

Fluid-phase species:

(¢ngY,) +o (¢>g/0gu Y)=w, j=1,....M (AS8)
where
by +¢p =1 (A9)
0, =¢ppp (A10)
6 6
ny= ot 0% (Al1)
P ondy mp,d;
W, Vano. W,
Wo, = ,,M, WaL,0, = _]pM (A12)
i vaiWai o VAW

do, 8 ( ) = (A1) For the Al-gas detonation involved in this paper, the solid flow is
or “p dilute and the particle material can be assumed to be incompressible.
Thus, ¢, =0, p, =0, and p, = constant. The particle temperature
Solid-phase momentum: is computed from the internal energy:
e,/ Cpy for e, < ¢,y Tpm
m for cmTp,,, <e, cvapm +L,

T,=1q (e, —Ln)/cp for ¢, T, + L <e, <cpTy, +L, (A13)

T, for ¢,,Tpp + L,y <e, =< cp,,Tp,, +L,+L,

(e, — Ly, —L,)/c,, fore,>c,T,,+ Lm + L,
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The ideal-gas equation of state was employed for the air and
detonation-product gas, with the temperature-dependent heat capac-
ities and specific heat ratio based on NASA CEA temperature fitting
[34].

The rate of mass transfer J, is expressed in Egs. (4) and (6-8) in
Sec. IV. The drag f, is formally expressed by

= LJIZ’C _ _ 2 Al4
fl’_nP 4 dpg(”g ”p)|ug up|/ ( )
24 1
—— - 2/3
c, Re(l—f—GRe ) (A15)

Assuming that the radiation heat transfer and the Biot number are
small (ratio of convective heat transfer to the particle to conductive
heat transfer within the particle), a uniform temperature within the
particle is quickly established, and the rate of heat transfer Q,, to
convection can be written by

Q, =n,nd,Nuh, (T, —T,) (A16)
Nu =2 + 0.459Re%35 pr033 (A17)

Finally, the particle number conservation is simply assumed in this
problem (i.e., ¥, = 0). The preceding one-dimensional governing
equations can be straightly extended to the two-dimensional form.
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