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ABSTRACT
Modeling aluminum (Al) particle-air detonation is extremely difficult
because the combustion is shock-induced, and there are multi-phase
heat release and transfer in supersonic flows. Existing models typi-
cally use simplified combustion to reproduce the detonation velocity,
which introduces many unresolved problems. The hybrid combustion
model, coupling both the diffused- and kinetics-controlled combus-
tion, is proposed recently, and then improved to include the effects
of realistic heat capacities dependent on the particle temperature. In
the present study, 2D cellular Al particle-air detonations are simu-
lated with the realistic heat capacity model and its effects on the
detonation featured parameters, such as the detonation velocity and
cell width, are analyzed. Numerical results show that cell width
increases as particle diameter increases, similarly to the trend
observed with the original model, but the cell width is underesti-
mated without using the realistic heat capacities. Further analysis is
performed by averaging the 2D cellular detonations to quasi-1D,
demonstrating that the length scale of quasi-1D detonation is larger
than that of truly 1D model, similar to gaseous detonations.
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Aluminum (Al) particle-air detonations have many engineering applications, from cata-
strophic accident prevention to rocket propellant combustion (Bartlett, Ong, Fassell et al.
1963; Eckhoff 1993; Melcher, Krier, Burton 2002). The Al-air mixture detonation propa-
gates similar to a gaseous detonation: its post-shock wave combustion produces intensive
heat release followed by a sustained, strong leading shock. The Al particle is generally
thought to vaporize first, however, which makes the combustion diffusion-controlled –
this manner of combustion is characteristic of liquid fuel detonations, whereas gaseous
fuel detonation is kinetics-controlled (Glassman, Yetter, Glumac 2014). Al-air detonation
has several unique features, for example, Al particles are covered by an aluminum oxide
(Al2O3) shell affecting detonation ignition by generating solid combustion product Al2O3.
These multi-phase interactions make Al combustion very complicated, resulting in many
unresolved problems (Dreizin 2000; Zhang 2012).

The chemical reaction time and length scales are much longer for heterogeneous post-
shock combustion than those for homogeneous combustion. It is very difficult to carry out
dusty detonation experiments, so there have been relatively few Al-air detonation experi-
ments reported in the literature (A J and Selman 1982; Borisov, Khasainov, Saneev et al.
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1991; Liu, Li, Bai 2009; Zhang, Gerrard, Ripley 2009; Zhang, Grönig, Van de 2001). Based
on these limited experimental results, however, theoretical and numerical models have
been developed to study Al dust detonation. The earliest two-phase model of the con-
sidered problem was proposed by Borisov et al. (Borisov, Khasainov, Saneev et al. 1991).
Fedorov et al. (Fedorov and Fomin 1999; Fedorov, Fomin, Khmel’ 2009; Fedorov, Khmel,
Kratova 2008, 2010) developed a non-equilibrium model to calculate detonation para-
meters as well as both ideal and cellular detonation diffraction to reveal the special
characteristics of dusty detonation. Papalexandris (Papalexandris 2004a, 2004b, 2005;
Varsakelis and Papalexandris 2011) developed a two-phase model by applying the classical
theory of irreversible processes, and examined the structure and stability of detonations in
mixtures of gases and solid particles that were either combustible or inert. Benkiewicz
et al. (Benkiewicz and Hayashi 2006, 2003) simulated cellular structures of Al-oxygen
detonation to examine the influence of particle diameter. Veyssiere et al. (Veyssiere,
Khasainov, Briand 2008) studied Al-air and Al-oxygen detonation initiations and found
that the critical initiation energy is correlated with the cellular width. All these models are
all diffusion-controlled and thus suitable for mild combustion of large particles (Brooks
and Beckstead 1995). Recent experiments (Bazyn, Krier, Glumac 2006; Lynch, Fiore, Krier
et al. 2010; Lynch, Krier, Glumac 2009; Tanguay, Goroshin, Higgins et al. 2009) have
demonstrated that the combustion of particles with diameters below 10 μm is dependent
on pressure, i.e., features kinetics-controlled combustion. Zhang et al. (Zhang, Gerrard,
Ripley 2009) proposed a hybrid model for simulating this manner of detonation based on
a combination of diffusion-controlled and kinetics-controlled combustions, and Briand
et al. (Briand, Veyssiere, Khasainov 2010) used the hybrid model for cellular detonation
simulations, then compared the results with those from the classic diffusion model.

The hybrid model is one important step toward a comprehensive understanding of Al
particle-air detonations, but its accuracy remains insufficient. In this study, we improved
the hybrid combustion model with realistic heat capacities that vary with the particle
temperature as opposed to the models described above with constant heat capacities.
Numerical results (Teng and Jiang 2013) based on 1D simulations showed that using
constant heat capacities causes the interior combustion characteristic lengths to be under-
estimated. In gaseous detonations, interior combustion length is related to cell width,
which is the most important dynamic parameter; therefore, the effects of realistic heat
capacities on 2D cellular detonations are crucial.

Section 2 introduces the numerical methods we used as well as our main assumption.
Section 3 discusses our analysis of the numerical results, and concluding remarks are
provided in Section 4.

Governing equations

Because Al density is 3-orders higher than gas density, the volume fraction of the particle
is not considered. Furthermore, the particle–particle interactions and viscous terms are
also neglected according to previous research. The governing equations of gas mixtures
can be written as follows:

@Ug

@t
þ @Eg

@x
þ @Fg

@y
¼ Sg þHg
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The multi-fluid method was used here to model the motion of particles. Its governing
equations can be written as:

@Up

@t
þ @Ep

@x
þ @Fp

@y
¼ Sp þHp

where Sg and Sp are the source terms derived from chemical reactions for the gas and
particle, respectively; Hg and Hp are the source terms derived from gas-particle interac-
tions for the gas and particle, respectively.

To complete these equations, the source terms need to be modeled. The mass exchange
was modeled here in the source term S, as discussed below. In the source term H, there are
two key parameters – the multi-phase interaction force f, and the convective heat
exchange Qd. The force which dominates the momentum exchange can be written as:

~f ¼ CdðnAld2p;Al þ nAl2O3d
2
p;Al2O3Þ

π

4
ρð~u�~upÞ ~u�~up

�� ���2
and the drag coefficient Cd calculated by:

Cd ¼ 24
Res

1þ 1
6
Re2=3s

� �

where n is the number of particles for each component and dp is individual particle
diameter. The heat exchange term induced by convection Qd can be written as:

Qd ¼ ðnAldp;Al þ nAl2O3dp;Al2O3ÞπNuλðT � TpÞ

with

Nu ¼ 2:0þ 0:459Re0:55s Pr0:33

Res ¼
ρ ~u�~up
�� ��

μ
ðdp;Al þ dp;Al2O3Þ

For simplicity, other typical terms (which can be found easily in the literature) are not
listed here (Briand, Veyssiere, Khasainov 2010; Teng and Jiang 2013; Zhang, Gerrard,
Ripley 2009).

Combustion model and numerical methods

The chemical reaction model for combustions is one of the most important components
in detonation simulations. Zhang et al. (Zhang, Gerrard, Ripley 2009) proposed a hybrid
model which integrates both diffusion-controlled and kinetics-controlled combustion, and
the Al reaction rate in this model is defined as

JAl ¼ �nAlπd
2
p;Alk1 ¼ �nAlπd

2
p;Al

νAlWAl

νoxiWoxi
k
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with
k ¼ kd Coxi � Coxi; 0

� �
, k ¼ ksCoxi; 0

where k1 and k are the Al and oxidizing consumption rate, and kd and ks are the
diffusion and kinetic reaction rate. ν, W,Coxi, Coxi; 0 denote the molecular weight, stoichio-
metric coefficient, oxidizing gas mole concentration, and its particle surface value, respec-
tively. From the above equations, one may get

k ¼ kdks
kd þ ks

Coxi

For the diffusion-controlled combustion, the reaction rate kdis

kd ¼ νoxiWoxi

νAlWAl

ρp;Aldp;Al
2CtotalKd2p0;Al

1þ 0:276Re1=2s Pr1=3
� 	

For the kinetics-controlled combustion, the reaction rate ksis

ks ¼ k0e
�E=RTs

where Ctotal is the total mole concentration, dp0;Alis the initial diameter of the
particle,Ts ¼ T þ Tp

� ��
2 is the particle surface temperature. Kand k0are chemical reac-

tion constants. Following previous studies (Bazyn, Krier, Glumac 2006; Benkiewicz and
Hayashi 2006, 2003; Briand, Veyssiere, Khasainov 2010; Brooks and Beckstead 1995;
Fedorov and Fomin 1999; Fedorov, Fomin, Khmel’ 2009; Fedorov, Khmel, Kratova 2008,
2010; Lynch, Fiore, Krier et al. 2010; Lynch, Krier, Glumac 2009; Papalexandris 2004a,
2004b, 2005; Tanguay, Goroshin, Higgins et al. 2009; Varsakelis and Papalexandris 2011;
Veyssiere, Khasainov, Briand 2008; Zhang, Gerrard, Ripley 2009), the constants used in
the chemical model are K ¼ 4� 106s=m2, k0= 1.2 × 103kg.m/mol.s, and E ¼ 71:7kJ=mol.

The idea of combining two different reaction models derives from the fact that the
diffusion reaction rate is much higher than the kinetic reaction rate in the case of relatively
low temperature, e.g. Al melting point 933 K, while the latter is much higher than the
former in the case of relatively high temperature, e.g. Al boiling point 2792 K. Generally,
the diffusion-controlled reaction rate varies with particle diameter but is independent on
the temperature; conversely, the kinetics-controlled reaction rate varies with temperature
but is independent on the particle diameter. Hence, the reaction rate predicted by the
hybrid model is dominated by the kinetics-controlled rate at low temperature and by the
diffusion-controlled reaction at high temperature. It is worth noting that this hybrid
model is still an empirical model without knowledge of detailed reaction mechanisms.
The ignition and heat release of Al particle is very complicated and sensitive to several
parameters, such as the diameter, the heating rate. More work on the Al combustion needs
to be done and will play the important role in improving the combustion model.

Besides implementing the detailed chemical reaction mechanisms, the improvement of
the combustion model (Zhang, Gerrard, Ripley 2009) can also be achieved by considering
the realistic heat capacities depending on the particle temperature. In gaseous detonation
studies, the detailed chemical reaction model with realistic gas species properties has been
used for years (Oran, Weber, Stefaniw et al. 1998; Tsuboi, Eto, Hayashi 2007), but the
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simplified models of Al combustion usually use the constant heat capacity for solid
particles, inducing several problems and degenerating the model accuracy. The heat
capacity plays the important role in the energy conservation, and may impacts the energy
exchange significantly. For example, the heat capacity of Al is 24.2 J/mol·K at 300 K, but
32.3 J/mol·K at 900 K; the heat capacity of an Al2O3 particle is 79.3 J/mol·K at 300 K, while
192.5 J/mol·K for liquid Al2O3 above 2327 K (Linstrom 2001). The heat capacity of the
solid particle is associated with the particle internal energy and the particle temperature,
which play an important role in the energy equations and the source terms. For a constant
heat capacity, the temperature can be written as

Tp ¼

ep
�
cpv

Tp;m

ep � Lm
� ��

cpv
Tp;b

ep � Lm � Lb
� ��

cpv

8>>>><
>>>>:

for

ep � cpvTp;m

cpvTp;m < ep � cpvTp;m þ Lm
cpvTp;m þ Lm < ep � cpvTp;b þ Lm

cpvTp;b þ Lm < ep � cpvTp;b þ Lm þ Lb
ep > cpvTp;b þ Lm þ Lb

whereLm= 10.7 KJ/mol denotes the melting latent heat, Lb= 290 KJ/mol denotes the
evaporation latent heat, cpvis the heat capacity, Tp;mis Al melting temperature, and Tp;b

is the evaporation temperature. To improve the hybrid model, the original constant heat
capacity was replaced by an average heat capacity �cpðTpÞ given by:

�cpv ¼
ðTp

T0

cpvðTÞdT
�ðTp � T0Þ

where T0 is the temperature at the front of the detonation wave and the initial temperature of
the fresh medium. In numerical procedures, there are two steps concerning the realistic heat
capacities. The first one is to calculate internal energy from the temperature and it could be
done by combing above two equations easily. However, here we have used the other one,
with temperature calculated from the internal energy. This technique is complicated because
the relation between the temperature and internal energy is not linear. The iterative process is
necessary to calculate the temperature. To improve the algorithm efficiency, we first calculate
the internal energy and generate one list as a function of the given temperature and particle
fraction. Then, the temperature calculation is simplified into a list searching process for
a given internal energy, which has higher efficiency than the iterative process and does not
loss the accuracy. Numerical tests demonstrated that the accuracy can be guaranteed if the
temperature interval small enough, which is set to be 5 K in this study. The chemical reaction
was simplified as follows:

4AL ðsÞ þ 3O2ðgÞ ! 2Al2O3ðsÞ

where the heat release of Al combustion is 838 kJ/mol and Pr number is 0.72. Gas
properties were considered to change with temperature (McBride, Zehe, Gordon 2002),
but chemical reactions and gas dissociations were neglected. The shock-capturing method
is the Dispersion-Controlled Dissipation scheme (Zonglin 2004), a type of TVD scheme
that is popular among researchers in this field (Hu, Dou, Khoo 2011; Hu et al. 2015; Teng
and Jiang 2013).

COMBUSTION SCIENCE AND TECHNOLOGY 5



Numerical results and discussion

The initial pressure was 2.5 atm and the temperature is 300 K, with Al-particle average
density of 1250 g/m3 and without Al2O3(s) initially. Gaseous O2(g) and N2(g) were in mole
concentration of 1:4, while Al(s) and Al2O3(s) were used as solid particles. In some
models, the Al(g) vapor is included in model if the temperature is above the Al boiling
point and the Al2O3 could be treated as the gaseous species Al2O3(g). Because there are
some uncertainties on multi-phase processes, they are not included except the gas-particle
force and heat conduction. Following our previous study (Teng and Jiang 2013), the mesh
scale is chosen to be 0.5 mm. Resolution experiments with an additional mesh size 2 mm,
1 mm, and 0.2 mm have been performed, and mesh size 0.5 mm is found to be enough. In
this study, numerical results are also verified by double the grid resolution.

The high pressure and temperature region is typically used to initiate the detonation.
The ignition pressure is 29.05 times the fresh mixture pressure, i.e. 72.625 atm, and the
temperature is 1748K, corresponding to the von-Neumann shocked state of the CJ
detonation (Zhang, Gerrard, Ripley 2009). In this study, the 2D ignition region locates
between the end wall x = 0 m and 0.02 m, with the same pressure and temperature as
those in a 1D scenario. To form the cellular structure quickly, four 0.05m-height sub-
regions with the same parameters as the pre-detonation mixtures are placed in the ignition
region, as illustrated in Figure 1. It is worth noting that there are many options for
ignition scenario, and we did test several of them. Theoretically, these scenarios would not
influence the final cellular structures. It is important to keep the initiation energy large
enough to initiate the detonation while not so large that the detonation remains over-
driven at the end of the tube; accordingly, the cell width reaches a stable value.

The detonation with initial particle diameter Dp = 2.0 μm was simulated as shown in
Figure 2. Numerical results showed that four pairs of transverse waves formed due to the
disturbance in the initiation region. However, this structure is unstable and evolves into
more weak transverse waves as the detonation propagates downstream. Only very weak
but fine transverse waves are observable soon, and this type of detonation structure forms
at about x = 0.5 m. Until the detonation reaches the downstream boundary, this structure
keeps the same so the detonation with weakly disturbed planar leading shock is the final
steady state.

The detonation with initial particle diameter Dp = 3.0 μm is shown in Figure 3.
Similar to the case described above, four pairs of transverse waves are observed
initially due to the initiation. Subsequently, the transverse waves split and generated
a greater number of weaker transverse waves in the propagation. Due to the different

Figure 1. Computation sketch of Al detonation simulation.
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particle diameter, we find out that eight pairs of transverse waves formed when the
detonation reaches about x = 0.5 m. Subsequent simulation up to about x =
1.5 m shows that the number of detonation cells remains constant, so the detonation
and corresponding

the cellular structure became quasi-steady.
The detonation with initial particle diameter Dp = 4.0 μm is shown in Figure 4. The

ignition zone generates four pairs of transverse waves first, similar to the two cases
described above. However, the transverse waves don’t disappear nor increase in number
throughout the entire propagation process. Hence, cellular detonation structure becomes
quasi-steady, with four pairs of transverse waves. Taken together, these results show that
particle diameter influences cell width, and that cell width increases as diameter increases.

Figure 2. Pressure of cellular detonations based on realistic heat capacity model, Dp = 2.0 μm.

COMBUSTION SCIENCE AND TECHNOLOGY 7



The relation between the particle diameter and cell width has been studied before based on
the constant heat capacity model (Benkiewicz and Hayashi 2003; Briand, Veyssiere,
Khasainov 2010). Similar to these studies, our results based on the realistic heat capacity
model also show that the cell width increases with particle diameter. To compare the results
from different models and then elucidate the effects of realistic heat capacities, three cases
with the constant heat capacity model are simulated with all other parameters kept constant.
In the case of Dp = 2.0 μm, the detonation wave was a weakly-disturbed planar leading shock,
without obvious difference from those shown in Figure 2. However, different transverse
waves numbers are observed in the two other cases, as shown in Figure 5. To count the
transverse waves clearly, the black line in the heat release region, denotes certain density
contours, is also plotted. There are 12 pairs of transverse waves in the case of Dp = 3.0 μm,
and eight pairs of transverse waves in the case of Dp = 4.0 μm. In both cases, the number of

Figure 3. Pressure of cellular detonations based on realistic heat capacity model, Dp = 3.0 μm.
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transverse waves increases when the constant heat capacity model is adopted, demonstrating
the cell width becomes small. Therefore, the cellular structure of 2D detonations is influenced
by the realistic heat capacity, and the constant heat capacity model may underestimate the
cell width.

The determination of cell width for gaseous detonations is not a trivial task (Sharpe and
Radulescu 2011; Taylor, Kessler, Gamezo et al. 2013), but in our case, the cellular structure
is very regular and it is easy to count the detonation cells. The lack of reliable experimental
data introduces considerable difficulty in calculating particle-air detonations. (Multi-phase
detonations must be generated and studied in large-scale facilities, because the cell widths
of multi-phase detonations are usually much larger than those of gaseous detonations.)
This introduces several problems such as the fuel dispersion, detonation initiation, and
flow visualization. Accordingly, previous studies have only confirmed the existence of

Figure 4. Pressure of cellular detonations based on realistic heat capacity model, Dp = 4.0 μm.
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transverse waves, but corresponding detonation structures have not been fully elucidated
to the best of our knowledge.

Cell width is the most important parameter in gaseous detonations, because it is the
basis of several important theories such as the detonation limit, initiation energy, and
critical tube diameter (Lee 2008). To model the dusty detonation more efficiently from the
quantitative point of view, we averaged in the transverse direction the flow profiles of
several cellular 2D detonations to obtain mean 1D longitudinal profiles for the mean
pressure and temperature. Similar analysis has been performed for gaseous detonations
(with Favre averages) to study the interior hydrodynamic length (Radulescu, Sharpe, Law
2007). Figure 6 shows the averaged pressure, gas temperature, and particle temperature
with Dp = 3.0 μm. The plateau on the particle temperature is derived from the latent heat
of Al (Teng and Jiang 2013). Between two cases, the realistic heat capacity decreased the
pressure and temperature and slowed the relaxation of gas and particle temperatures.

The averaged detonation profiles with Dp = 4.0 μm are shown in Figure 7. The profile of
the constant case (Figure 7b) was close to those with Dp = 3.0 μm, with some correspond-
ing positions (such as decreased overshot of pressure and particle temperature plateau)
did form. This was derived from the slow combustion due to the large diameter, which we
also observed in a 1D scenario. However, the profiles were different in the case of Dp = 4.0
μm with the realistic heat capacity model. The shock diffused severely and the particle
temperature plateau disappeared, as shown in Figure 6a. As evidenced by the flow field,
strong transverse waves formed and the leading shock was intensely curved; to this effect,
diffusion structures formed when the detonation was averaged into quasi-1D.

In our previous study, the characteristic length is defined by starting from the leading
shock and ending at Al boiling temperature 2792 K, roughly representing the combus-
tion lengths. In this paper, another two characteristic lengths are added in Table 1. The
first characteristic length is the full length of the complete particle combustion zone. As
the equivalent ratio of aluminum particle to air mixture is about 1.6, and the aluminum

Figure 5. Pressure of cellular detonations based on constant heat capacity model, Dp = 3.0 (a) and
4.0 μm (b).
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particle is excessive, the full length of the combustion zone can be determined by the
total consumption of oxygen in the air, which is defined by starting from the leading
shock and ending at the total consumption of oxygen (Table 1). The second character-
istic length is the length of the zone from the shock front to the CJ point where (D-u)/c =

Figure 6. Averaged pressure and temperature of cellular detonations based on the realistic and
constant heat capacity model, Dp = 3.0 μm.

Figure 7. Averaged pressure and temperature of cellular detonations based on realistic and constant
heat capacity models, Dp = 4.0 μm.
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1, the location of CJ point is also given in Table 1. In the case of Figures 6 and 7b, the end
corresponds to the front tip of the particle temperature plateau, which is found to be
a proper parameter to model the combustion features. Table 1 lists the characteristic
lengths of cases Dp = 3.0 μm and Dp = 4.0 μm. Both the effect of particle diameter and
realistic heat capacities were the same in quasi-1D cases compared to real 1D cases,
however, quasi-1D cases have large length scale, so the transverse waves diffused
throughout the whole detonation. Gaseous detonation shares this feature (Lee 2008),
suggesting that transverse waves play similar roles in detonation propagation in both
gaseous and dusty detonations.

It is interesting to note that the case of Dp = 4.0 μm with constant heat capacity has
almost the same characteristic length as the case of Dp = 3.0 μm with realistic heat
capacity, and both cases manifest four pairs of transverse waves. Due to the so-called
mode locking (Sharpe and Radulescu 2011; Zhang et al. 2014), the determination of the
exact cell width is difficult, and in some cases the cell width is not a value but a spectrum
(Zhang and Bai 2014; Zhang et al. 2016). Barthel (Barthel, 1974) proposed the method to
predict the cell width. Further improvements were done by Fedorov & Khmel (Fedorov
2005) for the cellular heterogeneous detonation of aluminum particles in oxygen.

Another characteristic parameter is the detonation velocity, which is about 1470m/s for
Dp= 2.0 μm case in the experiment and the peak pressure is 26.0–28.4 times higher than
the initial pressure. In the 1D simulations, the corresponding velocity is about 1830 m/s
based on the constant heat capacity model, while is about 1630m/s based on the realistic
heat capacity model. In the 2D simulations, the corresponding velocities are close to those
from 1D simulations, e.g. about 1625 m/s based on the realistic heat capacity model.
Furthermore, both 1D and 2D detonations have a peak pressure of 32.2 times with the
realistic heat capacities. However, the velocities decrease when Dp increases in the 2D
simulations. For example, in Dp 4.0 μm cases, the velocity based on the realistic heat
capacity model is about 1542 m/s, and the velocity based on the constant heat capacity
model is about 1702 m/s, about 100 m/s decrease for both cases. This is different from 1D
simulation, in which the velocities are almost independent on the particle diameters. The
velocity-diameter independence demonstrates that with this combustion model, the pre-
CJ plane heat release is almost the same regardless the particle diameter. Nevertheless, the
inclusion of transverse waves changes the heat release process, inducing the velocity
decrease in the large particle cases. The difference of 1D and 2D detonation velocity
becomes significant in the large cell width, and vice versa.

Table 1. Characteristic length of Al particle-air detonations.

Dp

1D cases Quasi-1D cases(Al boiling temperature)

constant realistic constant realistic

3 μm 6 mm 12 mm 9 mm 15 mm
4 μm 10 mm 19 mm 14 mm 23 mm

Quasi-1D cases(Full length) Quasi-1D cases(CJ point)

Dp constant realistic constant realistic

3 μm 11mm 15 mm 10 mm 16 mm
4 μm 18 mm 21 mm 15 mm 22 mm

12 X. GAOXIANG ET AL.



Conclusions

Two-dimensional cellular Al particle-air detonations are simulated in this study and the
realistic heat capacity effects are analyzed and discussed above. The particle diameter
influences cell width, which increases with diameter. This characterization is not only
suitable for the realistic heat capacity model, but also the constant heat capacity model. By
comparing the results based on realistic and constant models, we found that the cell width
is underestimated without realistic heat capacities. A similar conclusion on the combus-
tion characteristic length of 1D detonation is reached in a previous study. To build the
connection of the cell width and combustion length, we average the 2D cellular detona-
tions to quasi-1D, demonstrating that the length scale of quasi-1D detonation is larger
than that of the truly 1D model. Furthermore, the velocity of 2D cellular detonation is
found to decrease when increasing the particle diameter, different from the 1D cases, and
the velocity difference becomes significant for large particles.

Due to lack of reliable experimental results, these results cannot be directly validated
through experimentation. We should mention that we did not intend to build a model
capable of simulating cell width with complete accuracy. Relatively little is known about
post-shock multi-phase combustion in terms of numerical cell width. For example,
Borisov et al. (Borisov et al. 1991) noted that aluminum oxide does not exist at tempera-
tures above the boiling temperature, which means the complicated chemical kinetics needs
to be included to mend the over-high temperature in the current model. There is still
much work to be done to build a more mature particle-air detonation model which
utilizes realistic heat capacities.
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