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Modeling aluminum (Al) dust detonation is difficult due to uncertainties in the product species and fractions. Recent experi-
ments indicate both gaseous and solid alumina may appear in the detonation product, but only the gaseous one was considered 
before. To resolve this drawback, we study the effects of different product phases on the detonation parameters with the hybrid 
combustion model proposed recently. Numerical results demonstrate that the assumption of gaseous product induces high ve-
locity and pressure, while the assumption of solid product induces low velocity and pressure. To clarify how close-to-experi- 
ment results have been obtained with one phase assumption, we revisit previous studies and analyze the models. The incon-
sistency between the product phase and heat release is found, and then one model with variable heat release dependent on the 
product phase is proposed. Then simulations with both the gaseous and solid products are carried out, and results reveal the 
necessity of establishing a relationship between the heat release and reaction products. 
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Nomenclature 
C = mole concentration, mol/m3 
Cd = drag coefficient 
cp = heat capacity, J/(mol·K) 
dp = particle diameter, m 
E = specific total energy, J/kg 
e = specific internal energy, J/kg 
Ea = activation energy, J/mol 
fx = rate of momentum transfer, N/m3 

fr = fraction of product phase 
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, kg·m/(mol·s) 

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/(m3·s) 
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 
= thermal conductivity of gas, W/(m·K) 
= bulk density of particle, kg/m3 
 = dynamic viscosity coefficient, kg/(m·s) 
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vi= stoichiometric coefficient 
 = gas or particle 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 

1  Introduction 

Detonation waves are waves of supersonic combustion in-
duced by strong coupling shock and heat release. Detona-
tion research has attracted much attention in recent years 
owing to its potential applications in hypersonic propulsion 
[1,2]. Aluminum (Al) particle detonation is a type of dust 
detonation, and its research is important in the prevention of 
industrial explosions [3]. Tulis and Selman [4] studied Al 
dust detonations for flake and spherical particles and found 
out that this kind of detonation is very sensitive to the spe-
cific area. Zhang et al. [5] investigated transverse waves in 
dusty detonations and calculated, using a detonation model, 
the minimum tube diameter for generating detonation. 
Flame acceleration and deflagration to detonation transition 
in the Al suspended mixtures have been studied experimen-
tally [6–8]. Although the experimental results provide a 
research basis, information available from the experimental 
results is limited. Multi-phase combustion occurring in 
high-speed flow is very complex because it involves both 
chemical and gasdynamics phenomena. Thus, theoretical 
and numerical investigations are necessary to study Al dust 
detonations. Fedorov et al. [9] proposed a non-equilibrium 
model which can be used in both  one-dimensional and 
two-dimensional cellular detonations. Papalexandris [10,11] 
studied the effects of particle, which could be either com-
bustible or inert, to ascertain the structure and stability of 
dust detonations. Benkiewicz and Hayashi [12,13] studied 
cellular structures and discussed the influence of particle 
diameters with an improved combustion model, which is 
proposed by controlling the combustion temperature. 

According to the Glassman criterion [14], the combus-
tion of Al dust should be diffusion- controlled, which is the 
basis of aforementioned studies. However, the assumption 
of diffusion-controlled combustion is questionable accord-
ing to recent experimental results. Lynch et al. [15] demon-
strated that the combustion time of particles, whose diame-
ters are less than 10 m, would be dependent on pressure 
and oxide mole fractions. Furthermore, if the particle diam-
eter is of nanometer scale, the combustion becomes kinet-
ics-controlled from diffusion-controlled [16,17]. Tanguay et 
al. [18,19] found that even for a particle on the scale of 100 
m, Al particle combustion is kinetics-controlled due to 
strong convection induced by detonations. To include the 
experimental progress, Zhang et al. [20] proposed an im-

proved hybrid combustion model, which considers not only 
the diffusion-controlled but also kinetics-controlled com-
bustion. Briand et al. [21] used this model for cellular deto-
nation simulations, and they compared results with those 
obtained with the classic diffusion model. Teng and Jiang 
[22] studied the effect of realistic heat capacities used for 
the Al particle internal energy, and improved numerical 
results by introducing heat capacities that varied with the 
temperature. 

The hybrid model has advanced considerably Al dust 
detonation modeling. Meanwhile, the inclusion of both ki-
netics- and diffusion-controlled combustion introduces un-
resolved problems. In the diffusion-controlled model, gase-
ous alumina Al2O3(g) is widely used. In the hybrid model, 
solid alumina Al2O3(s) is used in the initial paper, while 
gaseous alumina Al2O3(g) is also used in the later work [21]. 
Generally, kinetics-controlled combustion produces solid 
alumina Al2O3(s), while the diffusion-controlled combus-
tion produces gaseous alumina Al2O3(g). Therefore, both of 
gaseous and solid products should be used with the hybrid 
model together. Medvedev et al. [23] proposed one detona-
tion model considering both gaseous and condensed prod-
ucts, and studied the detonation propagation theoretically. 
However, that model derives from a one-velocity and one- 
temperature approximation, which brings much uncertainty. 
Now effects of different product phases on the detonation 
parameters are still unclear. In this paper, both Al2O3(s) and 
Al2O3(g) are used in Al dust detonation simulation and how 
the product phase affects dust detonation is studied. Fur-
thermore, by revisiting previous models, a variable heat 
release model dependent on the product phase is proposed 
and discussed. 

2  Mathematical model and numerical method 

Because Al density is third-orders higher than gas density, 
volume fraction of the particle is not considered. Further-
more, the particle-particle interactions and viscous terms are 
also neglected according to previous research [9–13]. Gov-
erning equations of the gas phase can be written as: 

 ,
 

  
 

g g
g g

U F
S H

t x
 (1) 

where Sg is the source term array induced by the chemical 
reaction, and Hg is the source term array induced by the 
gas-particle interaction. Detailed expressions are written as: 
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where Ep is the total energy of the solid particle formed by 
the mass exchange between the solid and the gas; fx is the 
force between the solid particle and the gas; Qd is the heat 
conduction between the solid particle and the gas; qp

 
is the 

heat release induced by the solid particle combustion. 
Governing equations of the particle phase can be written 

as: 
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The number density ni of each solid species can be calcu-

lated by 
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 These two sets of governing equa-

tions are solved separately, and the interaction of the gas 
and particles is achieved through the array Hg and Hp. By 
comparing two source arrays, the momentum and energy 
conservations still remain.  

In completing the equations, the source terms needs to be 
modeled. The phase interaction force fx and heat conduction 
Qd can be written as: 

 
2

2

1

π
( ) ( ) 2,

4




  
m

pi
x d i p p

i

d
f C n u u u u  (16) 

 
1

π ( ),


 
m

d i pi p
i

Q n d Nu T T  (17) 

where 

 2 324 1
1 ,

6
   
 d s

s

C Re
Re

 (18) 

 0.55 0.332.0 0.459 ,  sNu Re Pr  (19) 

 
2

1

( )
.



 


 

m
p

s pi
i

u u
Re d  (20) 

The hybrid combustion model [20] is used to consider 
both the diffusion- and kinetic-controlled combustion. In 
this model the Al combustion rate is 

 2 2 1 1
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where the total rate coefficient can be calculated 
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Form the above equations, one may get 
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By combining eqs. (21) and (23), the total reaction rate 
can be calculated. For the diffusion-controlled combustion, 
Ranz-Marshall correlation [24] is used to model convective 
enhancement of mass transfer, and the reaction rate kd is 

  1 1 1 2 1 3
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For the kinetics-controlled combustion, the reaction rate 
kd is 

 0e . aE RT
sk k  (25) 

In this paper, the constants used in the chemical model 
are the same as those in the previous paper [20], while 
K=4×106 s/m2, k0=1.2×103 kg·m/mol·s, Ea=71.7 kJ/mol.  

The shock-capturing method is dispersion controlled dis-
sipation scheme [25], which is constructed to achieve se-
cond-order in space. In previous research with the hybrid 
model [20], the chemical reaction is simplified to 

 2 2 3

3 1
Al(s) O (g) Al O (s),

4 2
+   (26) 

while with the diffusion-controlled model, the chemical 
reaction is simplified to 

 2 2 3

3 1
Al(s) O (g) Al O (g).

4 2
+   (27) 
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In reality both of the reactions occur together, so this 
study will consider eqs. (26) and (27) in the simulation. 
Both Al2O3(s) and Al2O3(g) are included to study the influ-
ence of different phases on the detonation parameters. Three 
kinds of gas species O2(g), N2(g) and Al2O3(g) are consid-
ered, whose properties change with temperature [26]. Two 
kinds of solid species, Al(s) and Al2O3(s) are included in the 
simulation.  

3  Numerical results and discussion 

3.1  Effects of different product phases 

For examining the effects of product phase, Al dust detona-
tion is first simulated with solid alumina Al2O3(s). Accord-
ing to previous experiments [27,28], initial pressure is 2.5 
atm and initial temperature is 300 K. The average bulk den-
sity of Al particles, with the diameter 2 m, is 1250 g/m3 
and there is no Al2O3(s) at the initial stage. Gaseous O2(g) 
and N2(g) have a ratio of mole concentrations 1:4 initially. 
Pressure profiles are shown in Figure 1, with the grid scale 
0.5 mm and the calculation domain 6.0 m in length. The 
detonation is initiated by a small zone with high tempera-
ture and pressure near the left side of the domain. 
Self-sustained detonation occurs and a constant speed of 
detonation of 1828 m/s is gradually reached. This result has 
been discussed and compared with experimental and nu-
merical results before [22]. Although the velocity is higher 
than the experimental one, it is reasonable due to the sim-
plification of the multi-phase combustion model. 

If the product is assumed to be gaseous rather than solid, 
the dust detonation is significantly different, as shown in 
Figure 2. The maximum pressure is about 16.0 MPa, 64.0 
times of pre-shock pressure, compared with 9.4 MPa for the 
solid product. Additionally, the detonation velocity reaches 
approximately 2145 m/s, which is much higher than the 
velocity of 1828 m/s for the solid product. For verifying the 
numerical results, a resolution test is carried out using dif-
ferent grid scales. The pressure profiles when the detonation 
arrives at x=5.0 m are shown in Figure 3. The results are 
almost the same with different grids. The difference near the 
end of the expansion wave is due to the initiation zone, in 
which the high pressure and temperature are used. Because 
the reaction is very fast in the initiation zone, the grid reso-
lution affects the results and induces the difference. How 
ever, the detonation velocities are very close, and the dif-
ference is hardly noticeable near the leading shock, which is 
the key region we are concerned with. The grid 0.5 mm 
ensures there are over 10 grids in the half reaction zone in 
this simulation. Usually this resolution is thought to be not 
enough to study the detonation dynamic such as instability, 
but it is accurate enough to simulate the velocity and pres-
sure profiles we study in this paper. Therefore a grid 0.5 
mm is used in the later cases.  

 

Figure 1  Pressure profiles of Al dust detonation with solid product. 

 

Figure 2  Pressure profiles of Al dust detonation with gaseous product. 

 

Figure 3  Resolution test of gaseous alumina results: red line 1.00 mm, 
green line 0.50 mm, black line 0.25 mm. 

Another case with both solid and gaseous alumina prod-
ucts is simulated. In this simulation, both the solid alumina 
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and gaseous alumina take half parts in the detonation prod-
uct. The realistic chemical reaction is 

 2 2 3 2 3

3 1 1
Al(s) O (g) Al O (g) Al O (s).

4 4 4
+  +  (28) 

The maximum pressure is about 13.0 MPa, 48.0 times of 
pre-shock pressure, and the detonation velocity is about 
2000 m/s. These results are between the results obtained 
from pure solid product and pure gaseous product. 

Comparing the three results above, we draw preliminary 
conclusions about effects of the product phase on the deto-
nation parameters. For given parameters, the assumption of 
gaseous product will induce higher pressure and velocity, 
while the assumption of solid product will induce weaker 
dust detonation. This is because the gaseous product con-
tributes to the high pressure, and it expands to drive the 
detonation. The solid product, which does not contribute to 
the pressure, is driven by the gas-particle force. When the 
gaseous product is used in the simulation, there is strong 
detonation because more gas appears in the product, and the 
gas-particle force decreases at the same time. Therefore, 
there is strong detonation in the case of gaseous product, 
and weak detonation in the case of solid product. 

3.2  Revisiting previous models with gaseous product 

Although the effects of different product phases have been 
clarified, a new problem has emerged. When the gaseous 
product is introduced, the results deviate from, rather than 
approach experimental results. However, gaseous products 
are used in almost all previous models, even including the 
hybrid combustion model [21]. Moreover, most of our 
knowledge on Al dust detonation is from the diffusion-  
controlled combustion model, in which the gaseous product 
is the standard choice. Therefore, we must revisit previous 
models and examine how the close-to-experiment results 
were simulated. 

Generally speaking, there are no widely accepted Al dust 
detonation models. In gaseous detonation and combustion 
simulation, detailed and reduced mechanisms have been 
developed to allow researchers to work on the uniformed 
platform. Al multi-phase combustion, however, is compli-
cated and even the domination of kinetics-controlled com-
bustion has been found recently. Furthermore, experimental 
results are usually only the pressure and detonation velocity, 
and there is a lack of results for accurate combustion mod-
eling. Thus, combustion is usually simplified into one-step 
irreversible heat release, with several empirical parameters. 
This introduces the uncertainty to the simulation results, but 
ensures the detonation velocity or pressure is close to ex-
perimental results.  

Reviewing results published before, we find that they are 
mainly dependent on the heat release and the reaction rate. 
For example, the coefficients in the diffusion-controlled 
model [29,30] are decided according to dusty detonation or 

combustion experiments. Pre-exponential factors in the ki-
netics-controlled model following the Arrhenius law [21] 
can be adjusted to match the detonation velocity. Besides 
changing the reaction coefficient, another way to get close- 
to-experiment results is by changing the heat release. In fact, 
the variation in chemical reaction coefficients has the same 
mechanism as the change in heat release, because both 
change the heat release before the CJ plane. Fedorov and 
Khmel [31] used variable heat release to make sure the det-
onation velocity remains the same as the experimental result 
for different particle concentrations. Benkiewicz and 
Hayashi [13] introduced the endothermic reaction 

 2

1
Al(s) O (g) AlO(g)

2
+   (29) 

in the post-shock combustion. This assumption is not arbi-
trary, but based on the fact that AlO(g) has been detected 
experimentally in the product. Because it is difficult to 
measure the AlO(g) quantity, coupling this reaction and the 
main exothermal reaction is difficult. The product tempera-
ture is chosen as the control parameter. When the tempera-
ture reaches above the alumina decomposition temperature, 
the exothermal reaction is replaced by the endothermic re-
action, thus ensuring the product temperature is in a rea-
sonable range. 

Another way to change the heat release is to introduce 
latent heat [20,22], which is also used in this paper above. 
The results for different latent heat methods are shown in 
Table 1. If the latent heat is not considered as in other mod-
els, the pressure is 12.5 MPa and the velocity is 2090 m/s, 
as indicated for case no. 1. If the latent heat, about 300   
kJ/ mol, is subtracted first, the resulting heat release is about 
538 kJ/mol. The maximum pressure and velocity then be-
come 8.5 MPa and 1750 m/s, as indicated for case no. 3. 
Because the original simulation gives the pressure 9.4 MPa, 
we can conclude that the real heat release is between the 
838 and 538 kJ/mol, but closer to the later one. 

Returning to the simulation results presented in sect. 3.1, 
note that the results for the gaseous alumina product are too 
high, which means the heat release is unsuitable. The heat 
release is set to approximately 800 kJ/mol, which is used in 
most previous research. Although close-to-experiment re-
sults can be obtained by changing the reaction rate, intro-
ducing the endothermic reaction or the latent heat is a more 
physical method. The endothermic reaction connects the 
heat release and product temperature, which is an important 
step in modeling Al dust detonation. In reality, the heat re-
lease is not constant, but varies as a function of local pa-
rameters. The heat release from the solid alumina formation  

Table 1  Detonation parameters with different latent heat methods 

Case No. Pressure (MPa) Velocity (m/s) 

1 12.5 2090 

2 9.4 1828 

3 8.5 1750 
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is not the same as the release from the gaseous alumina 
formation. Previous models with gaseous alumina usually 
used the heat release from the solid alumina formation, ap-
proximately 800 kJ/mol. This induces the inconsistency, 
and the reaction rate thus needs to be adjusted to get close- 
to-experiment results. Furthermore, the constant heat release 
introduces other problems as reported in our previous re-
search [22]. To model the Al dust detonation accurately 
requires abandoning the constant heat release. 

3.3  Heat release model dependent on the product 
phase 

The heat release is physically dependent on several param-
eters, especially when heterogeneous reactions are involved 
in the Al combustion. In the detailed mechanism used 
widely in gaseous detonations, the equilibrium parameters 
are prescribed to decide the final species, and the heat re-
lease can then be calculated from the enthalpy. However, 
this process is too complicated considering the multi-phase 
equilibrium, and it will obscure our main purpose. Here, one 
model with two heat release values is proposed as the pri-
mary step. The first value Qs is heat release from the solid 
alumina formation, and the second value Qg is heat release 
from the gaseous alumina formation. Referring to the results 
given in Table 1, Qs is chosen to be 638 kJ/mol without la-
tent heat roughly. This value may produce results similar to 
those shown in Figure 1, and the latent heat release is not 
used to exclude unnecessary uncertainty. Qg is the heat re-
lease of Al2O3(g) formation and is set to be 273 kJ/mol, the 
heat of formation for standard state [26]. In this model, the 
fractions of the gaseous and solid products are prescribed, 
and the heat release is calculated according to the fractions, 
that is 

 ,   1,s s g g s gQ fr Q fr Q fr fr= ⋅ + ⋅ + =  (30) 

where frs is the fraction of solid product and frg is the frac-
tion of gaseous product. We stress here that our intention is 
not to develop an accurate model to simulate Al particle 
detonation, but to ascertain key factors to develop advanced 
Al detonation models. Therefore, these heat release values 
Qs and Qg are not exact, but certain values in a reasonable 
range. There are too many uncertainties in the current mod-
els, and in this study we focus on the choice of heat release 
related to the product phase. 

The detonation wave with fs=0, fg=1, which corresponds 
to purely gaseous product, is simulated first and shown in 
Figure 4. The maximum pressure is 10.5 MPa and the ve-
locity is 1796 m/s. These results are close to the results 
shown in Figure 1, for only solid product. Indeed, this is the 
extreme case because the solid product is absent, but the 
results are much better than the results shown in Figure 2. 
The underlying reason is that the heat release Qg, which 
corresponds to the formation heat of gaseous alumina, is  

consistent with the product phase. In most previous models, 
the heat release is approximately 800 kJ/mol, but the prod-
uct is gaseous. We note that those models are inconsistent, 
although some close-to-experimental results can be pro-
duced. 

Al dust detonation waves with various fractions of gase-
ous alumina are simulated, as shown in Figure 5. When the 
gaseous product ratio increases, the velocity decreases and 
the maximum pressure increases. This deviates from effects 
of different product phases, because the velocity and pres-
sure change in the same manner in the case of single prod-
uct phase. However, the velocity variation is less than 3%, 
and the pressure variation is less than 8%. These differences 
are not of the same order as the differences shown in Fig-
ures 1 and 2. Thus it can be concluded that the detonation 
velocity and pressure are insensitive to the product phases, 
if the values of heat release are chosen properly. 

3.4  Discussion 

In previous research, Al combustion in dust detonation was  

 

Figure 4  Pressure profiles of Al dust detonation with gaseous product 
and modified heat release. 

 

Figure 5  Detonation velocity and maximum pressure of Al dust detona-
tion as a function of the gaseous product percentage. 
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thought to be diffusion-controlled, like the combustion of a 
liquid droplet. However, more evidence of kinetics-con- 
trolled combustion was observed in recent experiments  

[15–18]. There are two factors inducing the combustion 
transition from diffusion-controlled to kinetics-controlled. 
One is the scale of Al particle, which is usually about sever-
al microns. The other is the strong convection, because the 
high-speed flow induced by the detonation can enhance the 
diffusion rate. Currently, the detailed mechanism of the 
multi-phase combustion is still not clear, and the simplified 
model has to be used in current research. In the simplified 
model, the most important parameter model is the heat re-
lease value, since it affects the detonation parameters sig-
nificantly. The heat release used in previous models is usu-
ally questionable, and in particular, it is inconsistent with 
the product phase. Although close-to-experiment results can 
be obtained using several methods aforementioned, the 
detonation structure and dynamics may deviate from the 
reality, which will be potential obstacles in the further re-
search. 

We proposed a heat release model dependent on the 
product phase in this paper. The heat release in previous 
models has usually been fixed to be approximately 800 
kJ/mol, which is the heat of combustion from Al(s) to 
Al2O3(s). This is inconsistent with the gaseous model, be-
cause the combustion heat will be much lower when gase-
ous alumina Al2O3(g) forms. In this model, the total heat 
release varies according to the product fractions. Simulation 
results demonstrate that the detonation velocity and pressure 
are affected by the fraction slightly, and the detonation is 
insensitive to the product phase. This is beneficial for the 
engineering simulation, because the species fractions in Al 
dust products are still unclear.  

Physically, the proposed model reveals the necessity to 
establish the relationship between the heat release and reac-
tion product. We introduce variable heat release by coupling 
gaseous and solid alumina formation heat. This sets up the 
connection between the product phase and heat release, 
which have been separated artificially before. Constant heat 
release, which is used in most previous models, may intro-
duce several problems and should be abandoned. 

4  Conclusion 

Al dust detonation was simulated numerically to study the 
effects of product phases and the choice of heat release. 
Recent experiments indicate that there may be the diffu-
sion-controlled combustion in Al dust detonation, and a 
hybrid combustion model is proposed on this basis. This 
demonstrates that both gaseous and solid products may ap-
pear in the detonation, but effects of different product phas-
es on the detonation parameters have not yet been studied. 
Numerical results show that gaseous product will induce 
high velocity and pressure, while solid product will induce 

low velocity and pressure. To clarify how close-to-experi- 
ment results have been obtained with one phase assumption, 
we revisit previous studies and analyze the models. The 
inconsistency between the product phase and heat release is 
found and then one model with variable heat release de-
pendent on the product phase is proposed. With this model, 
simulation results show both the detonation velocity and 
pressure are insensitive to the product phases, if the values 
of heat release are chosen properly. This reveals the neces-
sity of establishing a relationship between the heat release 
and reaction products, which is unavoidable in high accu-
racy Al dust detonation models. 
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