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Aluminum (Al) particle–air detonation is very complicated because it includes multi-phase combustion
phenomenon. Thus numerical simulations are often over-simplified. Here, the detonation is simulated
by solving one-dimensional equations with more realistic heat capacities that vary with the dust mixture
temperature. The effect on detonation parameters from the realistic heat capacities for the solid particles
is investigated with a hybrid combustion model. The calculated results indicate that the detonation pres-
sure, temperature and velocity vary significantly with changes in the heat capacity. Except for the veloc-
ity, these parameters are overestimated in numerical simulations when a constant heat capacity of the
pre-shock mixtures is used. Furthermore, the realistic heat capacities have a strong effect on small diam-
eter particles, but a weak effect on large diameter particles. Thus, when constant heat capacities are used,
the combustion characteristic lengths are a function of the particle diameters with a power dependence
of 1.77, whereas the power dependence decreases to 1.49 when realistic heat capacities are used. More-
over, if realistic heat capacities are applied, an ‘‘abnormal’’ strong detonation wave may appear in a dust
mixture having large diameter particles. This phenomenon is consistent with the current combustion
model, but it indicates that the value of heat released should also vary with the gas temperature in a fash-
ion similar to that of the heat capacities.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Aluminum (Al) particle detonations that release chemical reac-
tion heat from Al fast combustion have many engineering applica-
tions [1] such as solid rocket propellants [2,3] and, more recently,
potential applications in hypersonic propulsion. The Al–air mixture
detonation propagates in the same manner as gaseous detonations:
its post-shockwave combustion will produce intensive heat release,
and then sustain a strong leading shock. However, the Al particle is
usually thought to vaporize first, which make the combustion diffu-
sion-controlled [4]. This feature is similar to liquid fuel detonations,
whereas gaseous fuel detonation is controlled by kinetics. Al–air
detonation has some unique characteristics when compared to
liquid fuel detonation. First, the Al particles are usually covered
by an aluminum oxide (Al2O3) shell that affects detonation ignition.
The second characteristic is that the combustion will generate solid
Al2O3, which may further influence detonation product expansion.
These multi-phase interactions make Al combustion very compli-
cated, resulting in many unresolved problems [5,6].

For heterogeneous post-shock combustion, the chemical reac-
tion time and length scales are much longer than those for
homogeneous combustion. It is very difficult to carry out dusty
ion Institute. Published by Elsevier
detonation experiments, so there are only a few Al–air detonation
experiments that have been reported. Tulis and Selman [7] studied
Al dusty detonations for flake and spherical particles, and demon-
strated that the specific area is a very sensitive parameter. Borisov
et al. [8] examined the role of particle dimensions and noted that
the parameters velocity and the pressure depend on the minimum
particle scale. Zhang et al. [9] investigated transverse waves in
dusty detonations and calculated, using a detonation model, the
minimum tube diameter for generating detonation. Moreover,
the flame acceleration [10] and deflagration to detonation transi-
tion [11] in the Al suspended mixtures are also studied experimen-
tally. Based on experimental results, theoretical and numerical
models were developed to study Al dust detonation. A general
two-phase mixture model was proposed by Baer and Nunziato
[12] to study the deflagration-to-detonation transition in granular
explosives. Papalexandris [13,14] developed a two-phase model by
applying the classical theory of irreversible processes and the gen-
eralized concept of a low-Mach-number approximation. Federov et
al. [15,16] applied a non-equilibrium model of steady Al–oxygen
detonations to calculate parameters for one- and two-dimensional
cellular detonations. Recently, numerical simulation has become a
very useful tool in dusty detonation research. Papalexadris [17,18]
examined the structure and stability of detonations in mixtures of
gases and solid particles that could be either combustible or inert.
Benkiewicz and Hayashi [19,20] simulated one-dimensional and
Inc. All rights reserved.
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Nomenclature

C mole concentration, mol/m3

Cd drag coefficient
cp heat capacity, J/(mol K)
dp particle diameter, m
E activation energy, J/mol
ep particle internal energy, J/mol
fx rate of momentum transfer, N/m3

Ji rate of mass transfer, kg/(m3 s)
K diffusion reaction coefficient, s/m2

kd rate coefficient of diffusion reaction, kg m/(mol s)
Ks rate coefficient of kinetic reaction, kg m/(mol s)
K0 kinetic reaction coefficient,
Lb Al boiling latent heat, J/mol
Lm Al melting latent heat, J/mol
Nu Nusselt number
ni particle number density, 1/m3

Pr Prandtl number
Qd rate of heat transfer, J=ðm3 sÞ
Res two-phase Reynolds number

t time, s
T gas temperature, K
Tp particle temperature, K
u gas velocity, m/s
up particle velocity, m/s
Wi molecular weight, g/mol
x distance, m
k thermal conductivity of gas, W=ðm KÞ
l dynamic viscosity coefficient, kg/(m s)
mi stoichiometric coefficient
q gas density, kg/m3

Subscripts
g gas-phase index
oxi index for oxidizing gases
p particle-phase index
s index for particle surface
0 initial state
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two-dimensional cellular structures of Al–oxygen detonation and
discussed the influence of particle diameter. Federov et al.
[21,22] calculated both ideal and cellular detonation diffraction,
and compared the results with gaseous detonation to reveal the
special characteristics of dusty detonation. Veyssiere et al. [23]
studied Al–air and Al–oxygen detonation initiations and found that
the critical initiation energy is correlated with the cellular width.
They also found that both the induction length and the cellular
widths have an exponential relationship with particle diameters,
which provides a very useful quantitative result.

Despite research progress on Al–air detonations, not enough is
known to develop a reliable combustion model. Up to now, the dif-
fusion-controlled model [24] has been the standard choice in the
combustion simulation. However, a study on Al combustion by
Lynch et al. [25] demonstrated that the combustion of particles
with diameters less than 10 lm would be dependent on pressure
and mole fraction. If the particle diameter is of nanometer scale,
the combustion becomes kinetics-controlled rather than diffu-
sion-controlled [26,27]. Tanguay et al. [28] found that the even
the particle with the diameter 100 lm, the kinetics-controlled
combustion may appear due to the high-speed flow behind the
leading shock of the detonation. Usually, the diameter of Al parti-
cles is less than 5 lm, thus kinetics-controlled combustion is rele-
vant. However, a detailed model has not yet been developed for
fine particles [29]. Zhang et al. [30] proposed a hybrid model for
their detonation simulations based on a combination of diffu-
sion-controlled and kinetics-controlled combustions. Briand et al.
[31] used this model for cellular detonation simulations, and also
compared their results with those from the classic diffusion model.
The particle heat capacities in the hybrid model are constant, fol-
lowing the setting in the diffusion models [17–23]. Because the
particle realistic heat capacities vary with temperature in a wide
range, this setting should be replaced when kinetics-controlled
combustion is included. Therefore, realistic heat capacities are
used here in a hybrid combustion simulation model for Al particle
detonation, and the effects of using the realistic heat capacities rel-
ative to using constant values are examined.

2. Physical and mathematical model

2.1. Governing equations

The governing equations of the gas mixtures can be written as:
@Ug

@t
þ @Eg

@x
¼ Sg þ Hg ð1Þ

where Sg is the source term induced by the chemical reaction and Hg

is the source term induced by the gas–particle interaction. The mul-
ti-fluid method is used to model the solid particle, and the govern-
ing equations can be written as:

@Up

@t
þ @Ep

@x
¼ Sp þ Hp ð2Þ

The detailed term expressions can be found out in Ref. [30]. The
Eqs. (1) and (2) are solved separately, and the interaction of the gas
and particles are achieved through the source terms.

To complete the equations, the source terms needs to be mod-
eled. The phase interaction force can be written as:

fx ¼ Cd

Xm

i¼1

ni
pd2

pi

4
qðu� upÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� upÞ2

q
=2 ð3Þ

where the drag coefficient is

Cd ¼
24
Res

1þ 1
6

Re2=3
s

� �
ð4Þ

And the heat conduction is

Qd ¼
Xm

i¼1

nipdpiNukðT � TpÞ; ð5Þ

Nu ¼ 2:0þ 0:459Re0:55
s Pr0:33 ð6Þ

Res ¼
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� upÞ2

q
l

Xm

i¼1

dpi ð7Þ
2.2. Combustion model

The combustion model is the most important part in the deto-
nation simulation. Zhang et al. [30] proposed the hybrid model
considering both the diffusion and the kinetic combustion. In this
model the Al combustion rate is

J1 ¼ �n1pd2
p1k1 ¼ �n1pd2

p1
m1W1

moxiWoxi
k ð8Þ
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k ¼ kdks

kd þ ks
Coxi ð9Þ

Combing Eqs. (8) and (9), the total reaction rate can be calcu-
lated. For the diffusion combustion [32], the reaction rate Kd is

kd ¼
moxiWoxi

m1W1

qp1dp1

2CtotalKd2
p1;0

ð1þ 0:276Re1=2
s Pr1=3Þ ð10Þ

For the kinetic combustion, the reaction rate Ks is

ks ¼ k0e�E=RTs ð11Þ

In this paper, the constants used in the chemical model are the
same as those in the previous paper [30], which are K = 4 � 106 s/
m2, K0 = 1.2 � 103kg m/(mol s) , E = 71.7 KJ/mol. The reaction rates
with various particle diameters in the case of the temperature
933 K and 2792 K are shown in Fig. 1. Generally the diffusion reac-
tion rate varies with particle diameters, but does not vary with the
temperature. On the other hand the kinetic reaction rate varies
with the temperature, but does not vary with particle diameters.
When the temperature is the melting point of Al 933 K, the diffu-
sion rate is much higher than the kinetic rate for the particle whose
diameter on the several-micron scale. Then the rate of the hybrid
model will mainly dependent on the kinetic rate, as shown in
Fig. 1a. When the temperature is near the boiling point of Al about
2792 K, the total reaction rate will decided by the diffusion reac-
tion as shown in Fig. 1b.

Figure 1 explains why the diffusion model is acceptable in the
detonation simulation before. In the Al–air detonation, the post-
shock temperature rises quickly and most of the Al particles com-
bust in the diffusion-controlled environment. One disadvantage is
the artificial ignition temperature is needed to decide when the
combustion will start. However the hybrid reaction model intro-
duced the kinetic reaction so that the combustion can be calculated
in the whole flow field uniformly. In the low temperature region,
the combustion is also available but controlled by the very slow ki-
netic rate. In this model, the ignition temperature, which intro-
duces some uncertainties in the diffusion model, is abandoned.
This is helpful to improve the simulation accuracy.

2.3. Realistic heat capacity method

Although this hybrid model makes progress in the Al–air deto-
nation, there needs some improvements. In the classic diffusion
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Fig. 1. The chemical reaction rates with different particle diam
model, the combustion layer following the shock wave closely can-
not be simulated correctly, because the temperature in that region
is not high enough and the combustion is suppressed by the igni-
tion temperature. The hybrid model improves the combustion
model so the combustion is on in this region. However, this region
is closely adjacent to the shock wave and the temperature covers a
rather wide range. Therefore both the gas and solid specie proper-
ties change in a wide range. In the gaseous detonation research, the
detailed chemical reaction model has been used with the realistic
gas specie properties widely [33,34]. In the Al detonation research
before, the simplified model is used and the heat capacity of the so-
lid particle is set to be a constant. This is acceptable for the diffu-
sion model, but should be improved when the hybrid model is
used. The heat capacities of Al and Al oxide changing with the tem-
perature [35] are shown in Fig. 2. When the temperature is 300 K,
the heat capacity of Al is about 24.2 J/mol K, and it changes to be
32.3 J/mol�K given the temperature 900 K. A discontinuity on the
curve exists near the melting temperature 933 K, which derives
from the phase change. For the Al oxide, the heat capacity is about
79.3 J/mol K given the temperature 300 K, and increases to be
138.8 J/mol K given the temperature 2300 K. For the melting liquid
Al oxide whose temperature is above 2327 K, the heat capacity
jumps to be 192.5 J/mol K. Because the heat capacity changes along
with the temperature in a wide range, this effect will influence the
results intensely and should be considered in the hybrid model.

The heat capacity of the solid particle is associated with the par-
ticle internal energy and the particle temperature, which are
important in the energy equation and the source terms. For a fixed
heat capacity, the temperature can be written as

Tp ¼

ep=cp ep � cpTp;m

Tp;m cpTp;m < ep � cpTp;m þ Lm

ðep � LmÞ=cp for cpTp;m þ Lm < ep � cpTp;b þ Lm

Tp;b cpTp;b þ Lm < ep � cpTp;b þ Lm þ Lb

ðep � Lm � LbÞ=cp ep > cpTp;b þ Lm þ Lb

8>>>>>>>><
>>>>>>>>:

ð12Þ

where Tp,m is the melting temperature and Tp,b is the evaporation
temperature. However the realistic heat capacity is not a constant,
but changes a lot with the temperature. In Eq. (12), the heat capac-
ity should be replaced by the average heat capacity �cðTpÞ, which can
be written as
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Fig. 2. The heat capacity of Al (a) and Al oxide (b) as the function of the temperature.
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Fig. 3. Pressure profiles of Al–air detonation calculated with constant heat
capacities.
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�cp ¼
R Tp

T0
cpðTÞdT

Tp � T0
ð13Þ

where T0 is the temperature before the detonation wave.
In the simulation, there are two processes dealing with the par-

ticle temperature T0 and internal energy ep. The first one is calcu-
late internal energy from the temperature. Combing Eqs. (12)
and (13), it is similar to the process with the fixed heat capacities.
However, calculating the temperature from the internal energy is
more complicated. Because the relation between the temperature
and internal energy is not linear, Eq. (12) cannot be used directly.
For the convenience of the calculation, the average heat capacity
�cðTpÞ is first integrated for a wide range of the given temperature.
Usually the iterative process is needed to get the temperature,
which is used to get the gaseous temperature in this paper. How-
ever this process is of low efficiency, and the another method is
used to get the particle temperature. First the internal energy list
is calculated as function of the given temperature and particle frac-
tion. When the internal energy is given, the temperature calcula-
tion is simplified into the searching process in the internal
energy list. The searching process has higher efficiency than the
iterative process and the accuracy is not influenced. Numerical
tests proved the accuracy can be guaranteed if the energy list step
is small enough, which is chosen as 5 K.

In this paper, two gas species O2(g) and N2(g) are simulated
with the mole concentration 1:4 and two kinds of solid particles
Al(s) and Al2O3(s) are simulated. In some research, the Al(g) vapor
is included above the Al boiling temperature and the Al2O3 may be
treated as the gas specie Al2O3(g). Because there are some uncer-
tainties on the multi-phase processes, they are not included except
the gas-particle force and heat conduction shown in Eqs. (3) and
(5). This research focuses on the influence of the realistic heat
capacity of the solid particles, and the phase change process is sim-
ply modeled through the latent heat shown in Eq. (12). The latent
heats of Al2O3(s) are relatively small, only the latent heats of Al(s)
are considered. The melting latent heat Lm is 10.7 kJ/mol, while the
boiling latent heat Lb is 290 kJ/mol. The heat release of Al combus-
tion is given as 838 kJ/mol, and Pr is fixed to be 0.72. The chemical
reaction is simplified to be

4AlðsÞ þ 3O2ðgÞ ! 2Al2O3ðsÞ ð14Þ

In the simulation, the properties of the gas changes with the
temperature [36], but the chemical reaction and the dissociation
are not considered. The shock-capturing method is Dispersion-
Controlled Dissipation scheme [37], which is one kind of the TVD
serial schemes. Following Zhang’s experiment [38,39], the initial
pressure is 2.5 atm and the temperature is 300 K. The Al-particle
average densities are 1250 g/m3 and there is no Al2O3(s) initially.
3. Numerical results and discussion

3.1. Detonation waves with fixed heat capacities

To examine the effects of heat capacity, the Al–air detonation is
first simulated with constant heat capacities. The pressure profiles
in Fig. 3 are shown as a function of time, where the constant heat
capacities are set to the values at 300 K. The grid scale is 0.0005 m
and the calculation domain is 6.0 m in length. The detonation is
initiated by a small zone having a high temperature and pressure
near the left side of the domain. The self-sustained detonation is
formed and a constant speed is gradually reached. The Al–air det-
onation induces a self-similar expansion wave as seen in gaseous
detonations; however, as shown in Fig. 4, there are different fea-
tures near the leading shock wave. There are two pressure peaks
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Fig. 4. Profiles of the pressure (a) and temperature (b) of Al–air detonation
calculated with constant heat capacities (solid line for gas; dash-dot line for
particles).

H. Teng, Z. Jiang / Combustion and Flame 160 (2013) 463–472 467
in Fig. 4a. The first one is the leading shock, which compresses and
ignites the gas-particle mixture. The other is due to particle relax-
ation from a mechanism that will be discussed later. The tempera-
ture profiles in Fig. 4b highlight the differences between the gas
and particle mixtures. For the particles, the latent heat induces a
plateau in the temperature profile, which corresponds to the boil-
ing point. The melting latent heat is only about 5% of the boiling
latent heat, so that plateau is not significant. The post-shock gas
temperature is high and heat is transferred from the gas phase to
particles. Once the boiling latent heat is exhausted, the particle
temperature rises quickly, and the two temperature curves start
to overlap.

From numerical results, the pressure peak reaches 38.4 times
that of the initial pressure, and the product temperature is over
5500 K. In previous simulations [30], the peak pressure is 37.6
times that of the initial pressure and the product temperature is
5000 K. The detonation velocity is 1828 m/s in the present simula-
tion, and 1758 m/s in the previous simulations. These differences
occur because the Al evaporation process and the induced Al(g)
are not included in the present simulation. As note earlier, metal
combustion is very complicated and there are several multi-phase
interaction processes, so it is almost impossible to include them in
the current model. These processes slow the combustion and re-
duce the detonation velocity. To get a reasonable temperature,
the endothermic reaction that produces AlO(g) was introduced to
control the temperature [20]. In this simulation, the multi-phase
processes that include Al evaporation and AlO(g) production are
not considered, so it is possible to clearly demonstrate the effects
of heat capacity.

To ascertain the grid effect, the detonation pressure profiles cal-
culated with different grid resolutions (mesh sizes) are shown in
Fig. 5. When the mesh size is 0.004 m, the numerical result shows
only one pressure peak at 36.8, and it appears similar to gaseous
detonations. When the mesh size is 0.002 m, another pressure peak
appears and its value is higher than the first one, as shown in
Fig. 5a. Refining the grid further, the first pressure peak increases
while the second pressure peak decreases, as shown in Fig. 5b.
The wave front structure is similar to the one simulated by Zhang
et al. [30] with a mesh size of 0.001 m. The results for mesh sizes of
0.0005 m and 0.0002 m, respectively, are shown in Fig. 5c and d.
The two pressure peaks appear the same, and have similar values.
When Al–air detonations propagate, there is a small oscillation on
the first pressure peak, depicted in Fig. 3. Therefore, the first peak
pressure cannot be exactly the same when detonations reach the
same position. We chose the second pressure peak as the criterion
for checking for grid convergence because it monotonically ap-
proaches a constant value. In Fig. 5, the second peak values are
37.56, 37.24, 37.04, and 37.01, which correspond to mesh sizes of
0.002 m, 0.001 m, 0.0005 m, and 0.0002 m, respectively. In the fol-
lowing simulations, the mesh size of 0.0005 m is used as the de-
fault grid.

3.2. The role of realistic heat capacities

Numerical results simulated with realistic heat capacities are
shown in Fig. 6, and the flow field near the leading shockwave is
shown in Fig. 7. The detonation wave clearly differs from those
in Fig. 3 and 4 that had constant heat capacities. Because the heat
capacity varies with temperature, the post-shock average heat
capacity becomes larger and larger. This leads to decreases in both
pressure and temperature. In this case, the first peak pressure is
32.2 times higher than the initial pressure while the second peak
pressure is 25.8 times. Meanwhile the product temperature de-
creases to 4600 K, and the temperature relaxation length becomes
much longer. Grid resolution tests were carried out to make sure
the results are grid independent. With the mesh sizes of 0.0005
m and 0.0002 m, the pressure profiles in Fig. 8 almost overlap. This
demonstrates that the 0.0005 m mesh size is adequate for simulat-
ing the Al–air detonation.

To ascertain the mechanism of the differences between constant
and realistic heat capacities, the temperature and the mole fraction
of Al particles are plotted in Fig. 9. The temperature rise is slower in
the case of realistic heat capacities and its post-plateau region is
much longer relative to those for the case of constant heat capacity.
In the post-plateau region, the temperature will continue to in-
crease for a constant heat capacity, but this temperature rise is
not observable for the realistic heat capacities. Although the tem-
perature is not physically accurate, it does indicate that realistic
heat capacities affect the results significantly. Experimentally
[40], the peak pressure is 26.0–28.4 times higher than the initial
pressure and the velocity is about 1470 m/s. In the simulations with
constant heat capacities, the pressure is 38.4 times higher than the
initial pressure and the velocity is 1828 m/s. For the simulations
with the realistic heat capacities, the pressure is 32.2 times higher
than the initial pressure and the velocity is 1630 m/s. For the given
parameters, the CJ detonation velocity is 1750 m/s, which is lower
than that for the constant heat capacity and higher than that for
the realistic heat capacities. The CJ detonation calculation is based
on the assumption that the state behind the leading shockwave is
at equilibrium, which introduces the deficit of the experimental
velocity. Because only the gas-particle forces and heat conduction
are considered, the detonation velocity should be lower than the
CJ velocity, but higher than the experimental one. From this
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viewpoint, the results with the realistic heat capacities are an
improvement relative to those for the constant heat capacity, and
thus should be better for Al–air detonation modeling.

In gaseous detonation simulations with a simplified combustion
model [40], the heat capacity of the detonation product is com-
monly used to calculate the internal energy. Therefore the heat
capacities fixed at the constants of liquid Al and Al2O3, are used
to simulate the detonations, shown in Fig. 10. Theoretically speak-
ing, only a narrow region adjacent to the shockwave should be
influenced by the variable heat capacity, where the temperature
is below the melting temperature of Al at 933 K or that of Al2O3

at 2327 K. However, the numerical results in Fig. 10 show that
the pressure and temperature profiles change significantly in the
whole flow field. The peak pressure is 30.2 and the peak tempera-
ture is 3600 K. These values are much smaller than those for the
realistic heat capacity simulations. The velocity is 1610 m/s, close
to 1630 m/s for the realistic heat capacity case, but much smaller
than the 1828 m/s velocity for the constant heat capacity case.
There is a plateau in the pressure and temperature profiles in
Fig. 10, and the second pressure peak is 14.2 times higher than
the initial pressure. Although these results are better than those
shown in Figs. 3 and 4 with constant heat capacities, they are still
not accurate enough to approach the realistic heat capacity results.

3.3. The influence of particle diameters

Two cases for a particle diameter of 6.0 lm are carried out with
a constant and a realistic heat capacity, respectively. The pressure
profile with the constant heat capacities is shown in Fig. 11. Be-
cause the particle diameter increases, the detonation needs a long
path to reach steady state. Theoretically, the detonation of a large
particle diameter needs a long relaxation time, and large initiation
energy may help to achieve steady detonation more quickly. So the
ignition pressure and temperature remain the same, but the igni-
tion zone length is set to 0.5 m, which is 25 times longer than
the previous cases. When the detonation propagates to the posi-
tion at x = 10.0 m, steady detonation is observable and relaxation
is very slow after the leading shock. Nevertheless, the particle
diameter does not influence the peak pressure and velocity. The
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detonation velocity is 1822 m/s, which is close to the 1828 m/s
velocity for the 2.0 lm diameter particle in the first case. The pres-
sure and temperature profiles near the leading shock are shown in
Fig. 12 at the position x = 10.0 m. Both the pressure and tempera-
ture profiles are similar to those in the first case, but the corre-
sponding length scales, such as the distance between the two
pressure peaks and the length of the temperature plateau, are
much larger. This is because the reaction should be slow for large
diameter particles. Furthermore, a large particle diameter in-
creases the force on a single particle, but the total force between
the particles and the gas will become small. The small force and
a slow reaction rate lead to the long relaxation process.

The pressure and temperature profiles near the leading shock-
wave calculated using realistic heat capacities are shown in
Fig. 13. The peak pressure is 36.3, which is higher than the 32.2
shown in Figs. 6 and 7 with the particle diameter 2.0 lm, and
the second pressure peak is not visible. The temperature is
5260 K and higher than the 4600 K obtained in the second case.
Furthermore, the detonation velocity is 1776 m/s, which is larger
than the 1630 m/s velocity in the 2.0 lm diameter case, but very
close to the CJ velocity of 1750 m/s. This is contrary to previous re-
sults [20,23] in a qualitative sense, and has not been reported. The
‘‘abnormal’’ detonation seems to be unphysical because the large
particle detonation is hard to initiate and the velocity should be
slow.

In order to explain why big diameter particles can sustain a
strong detonation, particle fractions of Al and Al2O3 are shown in
Fig. 14. First of all, the length scales of both the constant and real-
istic heat capacity cases increase as the particle diameter increases
from 2.0 lm to 6.0 lm. However, the changes are different. In the
realistic heat capacity case, the temperature plateau increases
slowly and there is a large portion of Al at the end. This part of
Al will burn after the plateau and induce further temperature in-
creases. This process happens in Figs. 8a, 14a and b, but is not ob-
servable in Fig. 8b. To ascertain the difference between two
realistic heat capacity cases having different diameter particles, a
quantitative study of the post-shockwave characteristic lengths
are necessary. Generally there are three parts in the temperature
profile, divided by the temperature plateau. The Al(s) percentage
at the starting and end points of the temperature plateau are
shown in Table 1. In the two cases having constant heat capacities,
the starting point of the 6.0 lm diameter case moves forward to
61.4%, relative to that 60.5% of the 2.0 lm diameter case. At the
same time, the end point moves backward from 38.4% to 37.8%.
In the two cases of the realistic heat capacity, the starting point
of the 6.0 lm diameter case moves forward to 52.9%, relative to
that 50.9% of the 2.0 lm diameter case, while the end point of
the 6.0 lm particle case moves forward from 36.8% to 43.9%. Thus,
the relative position of the plateau clearly moves forward with par-
ticle size. This change causes the post-plateau temperature rise,
which in turn may be responsible for the ‘‘abnormal’’ detonation.
This is reasonable within this combustion model, but it is not a
physical detonation. The numerical results are thus not perfect,
and more attention has to be paid to detonation modeling.
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3.4. Discussion: Al–air detonation characteristics

The numerical results have showed that a realistic heat capacity
has a significant influence on Al–air detonation parameters, and
the effect is associated to the particle diameters. One of the deto-
nation characteristics is the presence of two pressure peaks in
the detonation profile; its development is helpful to understand
the mechanism of the Al–air detonation. In the case of the constant
heat capacities for the 2.0 lm particle, the second pressure peak
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Table 1
Al(s) percentage at the starting and end points of the temperature plateau.

Constant heat capacity Realistic heat capacity

Start (%) End (%) Start (%) End (%)

2.0 lm Diameter 60.5 38.4 50.5 36.8
6.0 lm Diameter 61.4 37.8 52.9 43.9
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value is close to the leading shockwave value, while in the case of
the realistic heat capacities for the same particle, the second peak
is much lower than the first one. Using a constant heat capacity
from the liquid phase, the peak becomes obscure. Therefore, a
higher heat capacity will lead to a lower second peak; this is also
observed when the higher heat capacity is due to a larger particle
diameter (6.0 lm). This ‘‘double-front’’ detonation was studied
widely and its origin is attributed to the delayed combustion of
the Al particle [41]. However, it is possible to form the second peak
in an inert gas containing dust particles, due to the high particle
concentration accumulated behind the initial detonation front
[42]. In this simulation, the Al combustion is tightly coupled with
the leading shockwave and quickly produces solid Al2O3, as shown
in Figs. 9 and 14. Because the realistic heat capacities and the large
particle diameters will make the concentration rise slowly, the sec-
ond peak becomes weak. Thus the conclusion that the high particle
concentration induces the second peak is supported by the numer-
ical results.

Although there are still some problems when using the realistic
heat capacities, the combustion calculation before the plateau re-
gion is reliable and the quantitative investigation into the charac-
teristic lengths has been accomplished. Before the plateau, the
combustion is dominated by both diffusion-controlled and kinet-
ics-controlled mechanisms, while the remaining part is influenced
only by the diffusion-controlled mechanism. The length scale is a
strong function of the particle diameter and the heat capacity.
Veyssiere et al. [23,31] demonstrated that the induction length
and the combustion length obey a power law dependence of the
particle diameter. If the induction length is defined as the distance
between the leading front and the point where the gradient of par-
ticle temperature becomes a maximum, the power law depen-
dence is about 1.4. If the combustion length is defined from the
moment when the relative decrease in the particle radius becomes
noticeable (>0.1% in Ref. [31]) to the point where this radius be-
comes smaller than 10% of the initial radius, the power law depen-
dence is about 1.8. The combustion length definition is different
when the latent heat induces the plateau. The length before the
temperature plateau is a characteristic length of the combustion.
As seen in Table 1, when the diameter increases by a factor of
three, the starting point varies little in the frame of the chemical
reaction process; so it can be chosen as the characteristic combus-
tion length. The length variation as a function of particle diameter
is shown in Fig 15. For the constant heat capacity cases, the power
law dependence is about 1.77, which is close to the previous value
of 1.8[31]. Since it is a mixture of the induction length and the
combustion length, this value is physical. However, the power
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law decreases to about 1.49 for the realistic heat capacity cases,
which deviates far from 1.8. This is because the effect is strong
for small particles and weak for the large particles, which is shown
in Fig. 15. Thus, the heat capacity effects are dependent on the par-
ticle diameters.
4. Conclusion

Al–air detonation was simulated in order to study the effect of
heat capacity on detonation parameters. The heat capacity is used
for calculating the internal energy of a particle, but its variation
with temperature has been previously ignored. The present results
show that a realistic heat capacity that varies with temperature has
significant effects on the detonation pressure, temperature and
velocity. Except the velocity, these parameters are overestimated
when using constant heat capacities derived from the pre-shock
mixtures, and underestimated when using constant heat capacities
derived from the combustion product.

The role of particle diameters is also investigated in the simula-
tions. A large particle diameter slows the reaction such that the
length scale increases. In the constant heat capacity case, the char-
acteristic combustion length is proportional to the particle diame-
ters with a power law dependence of 1.77, while the power law
dependence is 1.49 for the realistic heat capacity case. This indi-
cates that the heat capacity effects are a function of particle diam-
eters. Moreover, an ‘‘abnormal’’ strong detonation wave may
appear in the case of large particle diameters when realistic heat
capacities are used. This is consistent with the current combustion
model. It is expected that the heat release should vary with tem-
perature in the way similar to that observed for the heat capacity.
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