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Due to the involvement of powdermaterials in dust explosion hazards and detonation experiments, it is imperative

to analyze the heterogeneous detonation in a polydisperse suspension with a continuous particle size distribution.

Notably, most current studies are limited to monodisperse suspensions with only one particle size. In this study, the

rich 2 μm aluminum particle–air detonation with two particle size distributions (namely, the monodisperse and the

polydisperse with log-normal particle size distribution) is numerically studied by using the Eulerian–Lagrangian

method along with a new hybrid aluminum combustion model. Significant discrepancies of the one-dimensional

detonation front structures are observed between the monodisperse detonation and the polydisperse counterpart.

And, the physical mechanisms of these discrepancies have been revealed by decoupling the gas–particles interactions

with the one-dimensional flow theory. It is mainly caused by the different timings of the particle phase transition

processes and the consequently different heat transfer characteristics, which are the effects ofmultiple timescales and

length scales in the polydisperse detonation. Furthermore, owing to the wider reaction zones of polydisperse

detonations than that of the monodisperse counterpart, discrepancies of two-dimensional detonation cell sizes are

observed as well. This study reveals the great importance of considering particle size distribution in heterogeneous

detonation simulations.

Nomenclature

CD = drag coefficient
CO2

= mole concentration of oxygen, mol∕m3

Cp = dust concentration, kg∕m3

Ctotal = total mole concentration of gas, mol∕m3

cp = gas specific heat at constant pressure, J∕�kg ⋅ K�
D = detonation velocity, m/s
dt = global time step, s
dnM = number median diameter, m
dp = particle diameter, m
�d = volume-average particle diameter, m

�dm = mass-weighted-average particle diameter, m

dt 0 = subtime step, s
E = total energy density of gas, J∕m3

Ea = activation energy, J∕mol
Ep = total energy of particle, J

ep = specific internal energy of particle, J∕kg
f = force acted on gas per unit volume, N∕m3

fn = number frequency distribution function, 1/m
fx = x component of particle drag, N
fy = y component of particle drag, N

h = specific enthalpy of gas, J∕kg
hi = specific enthalpy of gaseous species, J∕kg
Ip = rate of mass consumption or production due to combus-

tion, kg/s
K = diffusion reaction coefficient, s∕m2

= coefficient in calculation of Qp, J∕�s ⋅ K�
kd = rate coefficient of diffusion reaction, kg ⋅m∕�mol ⋅ s�
k0 = kinetic reaction coefficient, kg ⋅m∕�mol ⋅ s�
ks = rate coefficient of kinetic reaction, kg ⋅m∕�mol ⋅ s�
M = Mach number in front-fitted coordinate system
mp = particle mass, kg

N = number of subtime steps
Np = number of particles in one computational mesh

Nup = particle Nusselt number

Pr = Prandtl number
p = gas pressure, Pa
Qp = summation of particle convection heat transfer, J/s

_Qq
= rate of convection heat transferred to gas per unit vol-

ume, J∕�m3 ⋅ s�
_Qr

= rate of reaction heat released to gas per unit volume,

J∕�m3 ⋅ s�
qp = particle convection heat transfer, J/s

Rep = particle Reynolds number

R0 = universal gas constant, J∕�mol ⋅ K�
T = gas temperature, K
Tp = particle temperature, K

Ts = particle surface temperature, K
�Tp = average particle temperature, K

t = time, s
U = gas velocity in front-fitted coordinate system, m/s
u = x component of gas velocity, m/s
up = x component of particle velocity, m/s

V = magnitude of gas velocity, m/s
Vp = magnitude of particle velocity, m/s
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v = y component of gas velocity, m/s
vp = y component of particle velocity, m/s

W = molecular weight, g∕mol
x = x coordinate of gas, m
xp = x coordinate of particle, m
y = y coordinate of gas, m
yp = y coordinate of particle, m
γ = gas specific heat ratio
Δh = interparticle distance, m
λ = gas heat conduction coefficient, W∕�m ⋅ K�

= detonation cell size, m
μ = gas viscosity coefficient, Pa ⋅ s
ν = stoichiometric coefficient
ρ = gas density, kg∕m3

ρi = gas species density, kg∕m3

ρj = solid density, kg∕m3

_ρ = rate of mass transferred to gas per unit volume,

kg∕�m3 ⋅ s�
σ0 = standard deviation, 1/m

Subscripts

CJ = Chapman–Jouguet state
i = gas species index, i � O2, N2

k = the kth particle index
m = momentum transfer index
max = maximum value
p = particle index
q = heat transfer index
r = combustion index
s = index for particle surface
0 = initial state

I. Introduction

T HE study of detonation processes in heterogeneous mixtures
is in high demand, mainly due to issues such as dust explosion

hazards and fire safety in factories producing and using powdered
materials [1]. Among different types of powders, aluminum (Al)
powder, which is a byproduct of the processing process of various
Al products, is drawing considerable attention [2]. Unlike gaseous
detonation, there exists great difficulties in Al–gas detonation experi-
ments; and only limited experiment results have been reported. The
large characteristic length scale and the extremely high initiation
energy in Al–gas detonation experiments make the numerical simu-
lations in heterogeneous detonation studies extremely important [3–5].
With the progress in modeling of Al combustion and in multiphase

flows [6–8], many results of heterogeneous detonation in Al–gas
suspensions have been obtained by numerical simulations. Papalex-
andris [9,10] examined the structure and stability of one-dimensional
(1-D) and two-dimensional (2-D) detonations inmixtures of gases and
solid particles, and he found that the mass, momentum, and energy
transfers between the two phases result in detonation structures that
are substantially different from those observed in the purely gaseous
detonations. Numerical simulations of both Al–oxygen and Al–air
detonations performed by Fedorov and Khmel’ [11] and Briand et al.
[12] indicate that many characteristic lengths in Al–gas detonation,
such as the induction length and the detonation cell size, have different
exponential relationships with particle diameter. Another quantitative
relationship between the critical initiation energy and the detonation
cell size was revealed by Veyssiere et al. [13]. Using the hybrid
combustion model proposed by Zhang and Gerrard [8], Teng and
Jiang [14,15] evaluated and discussed the impacts of the specific heat
of particles and different product phases.
Notably, the Al suspensions considered in most previous Al–gas

detonation simulations are monodisperse, which consists of only one
particle size. Very few studies used bidisperse Al suspensions con-
sisting of particles of two diameters [16,17]. No simulation result of
heterogeneous detonation dealing with polydisperse Al suspensions
with continuous particle size distributions was found in the literature.
Nevertheless, as it is widely known, Al powders involved in real

suspensions are characterized by a specific continuous particle
size distribution, with a relatively wide range of particle diameters.
Since many characteristics of Al–gas detonation are significantly
influenced by the particle size (including initiation energy, deflagra-
tion-to-detonation transition distance, burning time, lengthof reaction
zone, cell size, etc. [5,11,12]), it is important to systematically study
the features of polydisperse Al–gas detonation, the differences with
monodisperse detonation, and the effects of multiple time- and length
scales in a continuous particle size distribution. Besides, the accuracy
of amonodispersemodel for applications in the realworld needs to be
carefully examined, which leads to the question of whether an equiv-
alent particle diameter could represent the polydisperseAl suspension
for modeling in numerical simulations.
To take the particle size distributions in real Al suspensions into

account, an Eulerian–Lagrangian method is chosen to solve the poly-
disperse Al–gas two-phase detonation problems in this study. The
Eulerian–Lagrangian method is widely used in the multiphase low-
speed incompressible flows [18,19] but rarely used in the high-speed
reactive flows. This method tracks every Lagrangian particle of con-
densed phase by Newton’s laws of motion, and it is more capable and
realistic in dealingwithmultiphase suspension flowswith particle size
distributions. Notably, this method also has its own weakness, which
is the high computational cost due to thevery large number of particles
needed to resolve a typical multiphase suspension flow. However,
benefitting from the rapid development of computer technologies,
high-performance computer clusters are readily accessible and paral-
lel computing techniques can be used to accelerate the computations,
making the Eulerian–Lagrangian simulations of Al–gas detonations
possible. Another under-resolved Eulerian–Lagrangian method (also
known as the discrete parcel method) should be noticed, which can be
used to reduce the computational cost. As this method tracks each
particle parcel that contains several particles with the same dynamics
and thermal properties [20], it may not be able to capture the full
detonation features with different particle size distributions.
Accordingly, in this study, both 1-D and 2-D polydisperse Al–air

detonations with a log-normal particle size distribution are studied
numerically by the Eulerian–Lagrangian method, and the results are
comparedwith those ofmonodisperseAl–air suspensions. The effects
of multiple timescales and length scales in polydisperse Al–air
detonation are discussed in detail.

II. Physical Models and Numerical Methods

A. Governing Equations

Consider the heterogeneous detonation in a mixture consisting of
small spherical Al particles suspended in air and assume that the
mixture is diluted enough toneglect thevolume fractionofAl particles
and particle–particle collisions. In the highly transient two-phase
flow with strong shock waves, the gas and particles are treated as
in thermal and mechanical nonequilibrium, which means that the
momentum exchange and heat transfer between the gas and particles
are under consideration. Following the approaches in Refs. [8,14] to
deal with the condensed combustion product of aluminum oxide
(Al2O3), the oxidation of Al is assumed take place on the surface of
the particle and the productAl2O3 exists in a form of condensed state
along with the condensed Al rather than in the gas phase. Thus, a
particle when burning is assumed to be composed of two parts, which
areAl andAl2O3, andwhich agreewith the experimental observations
in Ref. [21].
In the Eulerian–Lagrangian method, the motion of every particle

is tracked by Newton’s laws of motion. The motion of gas is still
described by the Euler equations, and the gas–particles interactions
(including mass, momentum, and energy transfers) are presented as
source terms. In this study, the air is modeled by two gaseous species,
namely, oxygen (O2) and nitrogen (N2), with their initial volume
fractions of 21 and 79%, respectively. Then, the 2-D governing
equations of gas phase can be written as follows:

∂U
∂t

� ∂F
∂x

� ∂G
∂y

� S (1)
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where U is the vector of conserved variables, F and G are the

conservation flux vectors in the x and y directions, and S is the vector

of source terms:

U�

2
6666664

ρO2

ρN2

ρu

ρv

E

3
7777775
; F�

2
6666664

ρO2
u

ρN2
u

ρu2 �p

ρuv

�E�p�u

3
7777775
; G�

2
6666664

ρO2
v

ρN2
v

ρuv

ρv2 �p

�E�p�v

3
7777775

(2)

and

S �

2
66666666666666664

−
PNp

1

Ipk;O2

dV

0

−
PNp

1

fxk � upk�Ipk;Al2O3
− Ipk;Al�

dV

−
PNp

1

fyk � vpk�Ipk;Al2O3
− Ipk;Al�

dV

−
PNp

1

qpk � upkfxk � vpkfyk � 1
2
�u2pk � v2pk��Ipk;Al2O3

− Ipk;Al� � �epk;Al2O3
Ipk;Al2O3

− epk;AlIpk;Al�
dV

3
77777777777777775

(3)

where the subscript k refers to the kth (k from one toNp) particle,Np

is the number of particles in one computational mesh, and dV is the
volume of the computational mesh.
In the preceding equations, the total density ρ and total energy E

are calculated by

ρ �
X

ρi; E � ρh − p� 1

2
ρ�u2 � v2� (4)

where the subscript i refers to each gaseous species; that is, i � O2

and N2 in this study. The specific enthalpy h in Eq. (4) can be
calculated by

h �
X ρi

ρ
hi (5)

with the specific enthalpy of each individual species hi obtained
from the nine-coefficient NASA polynomial representation [22]. By
assuming each individual species as a perfect gas, the equation of
state of the gas mixture is

p �
X

ρi
R0

Wi

T (6)

The specific internal energies of the condensed Al and Al2O3

(namely, epk;Al and epk;Al2O3
) presented in Eq. (3) are calculated from

the particle temperature with latent heats of phase transition through

the nine-coefficient NASA polynomial representation as well. The

consumption rates of O2 and Al and the production rate of Al2O3

of the kth particle due to combustion (namely, the Ipk;O2
, Ipk;Al, and

Ipk;Al2O3
) are determined by the combustion model of a single Al

particle that will be introduced in Sec. II.B.

Notably, the aluminumoxide is considered remain in the condensed

state attached to the unburned Al part, according to the scanning

electron microscope (SEM) micrographs (Fig. 1) of a burning Al

particle quenched at different time after ignition [21]. Due to the

complexmorphology variation of each particle during the combustion

process, the drag force acting on the kth particle is modeled as follows

[8,14]:

8>><
>>:
fxk �

π

8
CDk�d2pk;Al � d2pk;Al2O3

�ρjV − Vpkj�u − upk�

fyk �
π

8
CDk�d2pk;Al � d2pk;Al2O3

�ρjV − Vpkj�v − vpk�
(7)

where the drag coefficient is

CDk �

8>><
>>:

24

Repk

�
1� 1

6
Re2∕3pk

�
; for Repk < 1000;

0.424; for Repk ≥ 1000

(8)

And,

jV − Vpkj � ��u − upk�2 � �v − vpk�2�1∕2 (9)

Fig. 1 SEM micrographs of a 70 μm Al particle quenched at approximately a) 2.5–3 ms, b) 4–4.5 ms, and c) 5.5 ms after ignition [21].
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Repk �
ρ�dpk;Al � dpk;Al2O3

�jV − Vpkj
μ

(10)

In addition, the viscosity coefficient of gas is calculated by Suther-
land’s law:

μ � C1T
2∕3

T � C2

(11)

where C1 � 1.458 × 10−6 kg∕�m ⋅ s� and C2 � 110.4 K for air.
Notably, comparing to the change with temperature, the variation
of viscosity coefficient caused by the consumption of O2 is rather
small (less than 4%) and can be neglected. Therefore, Eq. (11) is used
to evaluate the viscosity coefficient for both pure air and that withO2

consumption.
Accordingly, the convection heat transfer between the gas and the

kth particle is expressed as follows [8,14]:

qpk � π�dpk;Al � dpk;Al2O3
�λNupk�T − Tpk� (12)

with

Nupk � 2� 0.459Re0.55pk Pr0.33 (13)

where the Prandtl numberPr is set to be 0.72, and the heat conduction
coefficient of gas is calculated by

λ � cpμ

Pr
(14)

The Lagrangian governing equation for the kth particle is written
as follows:

dLpk

dt
� Spk (15)

whereLpk is the vector of the Lagrangianvariables of the kth particle,
and Spk is the corresponding vector of the source terms.Lpk and Spk

are expressed, respectively, as

Lpk�

2
66666666664

mpk

xpk

ypk

mpkupk

mpkvpk

Epk

3
77777777775
; Spk�

2
66666666664

Ipk;Al2O3
−Ipk;Al

upk

vpk

fxk

fyk

epk;Al2O3
Ipk;Al2O3

−epk;AlIpk;Al�qpk

3
77777777775

(16)

with the total mass and total internal energy of the kth particle
calculated by(

mpk � mpk;Al �mpk;Al2O3

Epk � mpk;Alepk;Al �mpk;Al2O3
epk;Al2O3

(17)

B. Combustion Model

In this study, considering the computational feasibility [23,24], the
single-step global chemical reaction instead of the detailed chemical
reaction mechanisms for a cloud of Al particles surrounded by gases
is employed tomodel the combustion ofAl particles, with the product
Al2O3 presented as a solid state:

2Al�s� � 3∕2O2�g� → Al2O3�s� (18)

Notably, gaseous aluminum monoxide [AlO(g)] is always exper-
imentally found in the products of Al particle combustion at ambient
pressure. However, as indicated in Refs. [24–28], the production of

AlO is significant if the gas temperature is higher than the decom-

position temperature (Tg > Tdec), and thedecomposition temperature

Tdec is dependent on pressure via the Clausius–Clapeyron equation

[24,27,28] as follows:

Tdec �
1

2.50501 × 10−4–1.4132 × 10−5 ⋅ ln �patm�
(19)

wherepatm is evaluated by theunit of 1 atm (� 1.01325 × 105 Pa).As
for Al–air two-phase detonation problems, the pressure behind the

detonation front (where Al particles are fast burnt) is very high

(greater than 60 atm in this study). As a result, Tdec is larger than

5000K.Nevertheless, themaximumtemperature reached in this study

is about 4000K (i.e.,Tg < Tdec at the corresponding pressure). There-

fore, AlOwould not be generated to a significant amount, and it is not

considered in this paper.Moreover, the single-step global combustion

model of Al particles has been well developed, and it is successful in

predicting many key features of Al–gas detonation [6–8,11–15].

Then, the reaction heat release is implicitly given by the formation

enthalpies of Al, O2, and Al2O3. From Eq. (18), one can obtain

8>><
>>:
Ipk;Al � Ipk;O2

� Ipk;Al2O3

Ipk;Al
νAlWAl

� Ipk;O2

νO2
WO2

� Ipk;Al2O3

νAl2O3
WAl2O3

(20)

where Ipk;Al can be decided by the combustion rate of the kth Al

particle; and νAl, νO2
, and νAl2O3

are the stoichiometric coefficients for

Al, O2, and Al2O3 in Eq. (20), respectively.
It is experimentally found that (for example, Refs. [27,29]),

for large Al particles (dp > 10 μm), the combustion rate is mainly

limited by the diffusion processes of reactants and products, resulting

in the diffusion-controlled combustion regime of Al particles.

Contrarily, other experimental observations [30–32] indicate that,

for small Al particles (dp < 1 μm), the combustion rate is limited by

the kinetic oxidation reaction on the surface, consequently yielding

the kinetic-controlled combustion regime of Al particles. Since the

Al particle sizes considered in this study are within the kinetic-

controlled and diffusion-controlled combustion regimes (for the

monodisperse suspension, dp � 2 μm; and for the polydisperse

suspensions, dp ∼ 0.1–5 μm), the surface-kinetic-oxidation and dif-

fusion hybrid combustion model (originally proposed by Zhang and

Gerrard [8]) is employed to model the combustion rate for every

single Al particle. This model, which can capture both the kinetic-

controlled combustion regime for fine Al particles and the diffusion-

controlled combustion regime for large Al particles, depends on

temperature, pressure, and the particle size. In the low-temperature

regime, the combustion rate in this hybrid model is dominated by the

kinetic reaction rate, which is characterized by an Arrhenius-type

equation. The combustion rate is zero at low temperature and expo-

nentially increases once the temperature reaches the “particle ignition

temperature” that is related to the activation energy. Therefore, an

artificially assumed particle ignition temperature is not needed in

the hybrid combustion model [33]. The Lagrangian form of Al

combustion rate can be easily derived from the original Eulerian

form as follows:

Ipk;Al � πd2pk;AlCO2

νAlWAl

νO2
WO2

⋅
kdkksk

kdk � ksk
(21)

For the diffusion-controlled combustion regime of Al particles [6],

the reaction rate kdk is

kdk �
νO2

WO2

νAlWAl

ρAldpk;Al
2CtotalKd

2
pk0;Al

�1� 0.276Re
1∕2
pk Pr

1∕3� (22)

And, for the kinetic-controlled combustion regime of Al particles,

the reaction rate ksk is
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ksk � k0e
−Ea∕R0Tsk (23)

whereTsk is the particle surface temperature. In thework of Zhang and
Gerrard [8], the average of the gas temperature and particle temper-
ature is used to model Tsk [i.e., Tsk � �T � Tpk�∕2] to take thermal

nonequilibrium between the particle and its surrounding gas into

account. The constants in Eqs. (22) and (23) are K � 4 × 106 s∕m2,
k0 � 1200 kg ⋅m∕�mol ⋅ s�, and Ea � 71.1 kJ∕mol, which are
given as those in the previous papers [8,14]. With the proposed
combustionmodel and the usage of the average of the gas temperature
and particle temperature to calculate the kinetic combustion rate,
Zhang and Gerrard [8] observed the same rotation periods in their
numerical simulationswith their rotating detonation tube experiments.
In the current study, simulations with the average of the gas temper-
ature and particle temperature also present experiment-consistent
results, which are detonation speeds and peak pressures in Table 1
(see Sec. III.A). Therefore, the usage of the average of the gas temper-
ature and particle temperature to evaluate the kinetic rate in the hybrid
combustion model of Al particles seems reasonable and is indirectly
justified.

C. Particle Size Distribution

In reality, Al–gas suspension is always polydispersed with a spe-
cific particle size distribution. To compare and analyze the effects of
the particle size distribution on Al–gas detonation, and to present
some comparative results to the previous numerical simulations with
monodisperse suspension, two Al–air suspensions with different
particle size distributions are considered here. One is monodisperse,
which is employed inmost previous numerical simulations. The other
is polydisperse with a log-normal distribution, which is frequently
used to represent the sizes of solid particles [20]. The log-normal
distribution, derived from the normal distribution by replacing the
independent variable with the logarithm of the particle diameter, can
be expressed by the number frequency distribution functionfn�dp� as
follows:

fn�dp� �
1������
2π

p
σ0

exp

�
−
1

2

�
ln dp − ln dnM

σ0

�
2
�
1

dp
(24)

where dnM and σ0 are the number median diameter and standard
deviation of the distribution, respectively. Then, particle diameters in
the polydisperse Al suspension are set by a random number generator
with Eq. (24) in the numerical simulations. Additionally, these par-
ticles are set to be uniformly distributed in the computation domain
with the same particle number density as in the monodisperse sus-
pension.
The same case as described in the Al–gas detonation experiment

of Zhang et al. [30] is studied. The testmaterial is amicrometric grade
of atomized Al with a nominal diameter (volume-average diameter
�d) of 2 μm, known as H-2, supplied by Valimet Incorporated. An
important relationship for the calculation of various mean diameters
of log-normal distribution isZ

∞

0

skfn�s� ds � dknMe
σ2
0
k2∕2 (25)

where s is the integration variable. As indicated in Ref. [8], another
parameter describing the test materials is the mass-weighted-average

particle diameter �dm � 3.3 μm. The �d and �dm can be calculated by

integrations of fn�dp� with Eq. (25):

8><
>:

�d �
hR∞

0 s3fn�s� ds
i
1∕3 � dnMe

�3∕2�σ2
0

�dm �
hR∞

0 s4fn�s� ds
i.hR∞

0 s3fn�s� ds
i
� dnMe

�7∕2�σ2
0

(26)

which yields dnM � 1.37 μm and σ0 � 0.50. The distribution of this
test material is shown in Fig. 2 by the number frequency distribution

function defined in Eq. (24). For comparison, log-normal distribu-

tionswith fixed �d � 2 μmbut differentσ0 are also presented in Fig. 2.
All distributions shown in Fig. 2 are simulated in this paper, but the

main distribution discussed is the one with σ0 � 0.5.

D. Computational Domain and Initial Allocation of Particles

The computational domains of the 1-D and 2-D conservation

element (CE)/solution element (SE) simulations are 6 m in length

(x) and 1.6m in length �x� × 0.1 m inwidth (y), respectively. Thegrid
independence tests will be elaborated on in Sec. III.A. Actually, as

shown in Fig. 3, the 1-D/2-D computation domain forCE/SEEulerian

simulations is considered here as an equivalent three-dimensional

(3-D) zone when solving the Lagrangian governing equations for the

particles [Eqs. (15–17)]. To correctly represent the monodisperse/

polydisperse distribution in 1-D/2-D simulations, dV (the volume

of the equivalent 3-D computational mesh) in Eq. (3) needs to be

properly chosen. For the Al–air mixture studied in this work (with
�d � 2 μm and Cp � 1.25 kg∕m3), the corresponding particle num-

ber density is about 1.1 × 1014∕m3, which yields a mean interparticle

distance of Δh � 20.84 μm. Therefore, the cross-section area (y–z
plane) in the 1-D simulationswith themonodisperse suspension is set

to be 20.84 × 20.84 μm2, which ensures that only one Al particle is

included on the cross section exactly (Fig. 3a). In other words, only

one row of Al particles is included in the equivalent 3-D computation

domain (dV � 20.84 μm × 20.84 μm × Δx, where Δx is the 1-D

mesh size and Δx � 0.05 mm in this study). There are about 48

particles per millimeter, which are uniformly distributed along this

Fig. 2 Log-normal particle size distributions with �d � 2 μm.

Table 1 Comparison of calculated wave velocities and peak pressures of monodisperse Al–air detonation with experimentsa

Experimental values [30] Calculation in this paper

D (m∕s) pmax∕p0 D �m∕s� pmax∕p0

dp � 2 μm 500 g∕m3 ⋅ atm (ER � 1.63) 1460–1500 26.0–28.4 1535 27.25

p0 � 2.5 atm 600 g∕m3 ⋅ atm (ER � 1.95) 1430–1465 —— 1449 25.52

dp � 0.1 μm 400 g∕m3 ⋅ atm (ER � 1.30) 1611–1699 35.0–37.6 1762 37.16

p0 � 1.5 atm 500 g∕m3 ⋅ atm (ER � 1.63) 1560–1630 —— 1546 30.87

aER denotes equivalence ratio.
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row (Δh � 20.84 μm in x direction). On the other hand, for 1-D
simulations with the polydisperse suspension, the equivalent cross-

section area (y–z plane) is set to be 0.66 × 0.66 mm2, which ensures
about 1000 Al particles with the log-normal particle size distribution
[Eq. (24)] included on the cross section (Fig. 3b). The particles of
different diameters in the polydisperse Al suspension are distributed
uniformly (Δh � 20.84 μm) in the equivalent 3-D computation
domain (dV � 0.66 mm × 0.66 mm × Δx, and Δx � 0.05 mm in
this study). And, the diameter of each particle is determined by a
random number generator. In these 1-D simulations, the rigid wall
condition is set at the left end of the computational domain, whereas
an outlet condition is set at the right end.
As for the 2-D simulations (Fig. 3c), since there are already

about 2300 particles per square millimeter in one layer of particles
(x–y plane), isotropic gas–particle suspensions with log-normal
particle size distributions can be guaranteed in the 2-D computational
domain of 1.6 m �x� × 0.1 m�y�. Therefore, for both monodisperse
andpolydisperse suspensions,dV � Δx × Δy × 20.84 μm andΔx �
Δy � 0.05 mm. Just one layer of Al particles is included in the
equivalent domain. Again, for monodisperse/polydisperse suspension
cases, the particles are uniformly distributed (Δh � 20.84 μm) on the
x–y plane, as in the 1-D simulations. As for boundary conditions of
2-D computations, the left end is set as a rigidwall, the upper and lower
sides are set as slip boundaries, and the right end is set as the outlet
condition.

E. Numerical Algorithm

In this study, our in-house 2-D space-time conservation element
and solution element method based on quadrilateral meshes is used
to solve the gaseous Euler equations [33,34]. The CE/SE method,
originally proposed by Chang [35], uses a unique approach of
enforcing flux conservation in both space and time with extensive
physics consideration, and hence is a robust high-resolution shock-
capturing method to solve hyperbolic conservation laws in high-
speed reactive flows [36,37] and multiphase flows [38–40].
The stiff source terms of Al combustion and phase interactions as

well as the Lagrangian equations of particles are explicitly integrated
as ordinary differential equations by using an operator-splitting
technique with multiple subtime steps [41]. The detailed implemen-
tation can be illuminated through

Un →
Eq:�1�
S�0

~Un�1 ⇒

8>>><
>>>:
dt � Ndt 0

U�0�
n�1 � ~Un�1

L�0�
pk;n�1 � Lpk;n

⇒

8>>>><
>>>>:

U�m�
n�1;L

�m�
pk;n�1 → S�m�;S�m�

pk

U�m�1�
n�1 � U�m�

n�1 � dt 0S�m�

L�m�1�
pk;n�1 � L�m�

pk;n�1 � dt 0S�m�
pk

⇒

8<
:
Un�1 � U�N�

n�1

Lpk;n�1 � L�N�
pk;n�1

(27)

where the subscripts n and m refer to the global time step and the
subtime step, respectively; and N is the number of subtime steps
within one global convection time step of gaseous Euler equations.
N is chosen to be 10 for the following simulations, which have been
carefully validated by convergence tests. More details about the
physical models and numerical methods can be found in our recent
paper [33].

III. Results and Discussion

A. Validation and Resolution Tests

In this section, the numerical codewith the aforementionedmodels
and methods is validated by comparing the calculated 1-D mono-
disperse Al–air detonation with the experiments of Zhang et al. [30].
More validation cases of the code can be also found in Ref. [33],
such as 1) the comparison of 1-D inert gas–particle shock tube
problems with those numerically obtained by Saito et al. [42], and
2) the comparison of 2-D Al–gas detonation cellular structures with
those experimentally obtained by Zhang et al. [4] and Ingignoli et al.
[43]. The material used is a micrometric grade of atomized Al with a
nominal diameter of 2 μm. The dust concentration of the Al–air

mixture isCp � 1.25 kg∕m3, and the initial pressure and temperature

are p0 � 2.5 atm and T0 � 300 K, respectively. This experimental
setting of Zhang et al. [30] is the main case discussed in this paper
unless otherwise stated. The detonation is directly initiated by a small
zone of high temperature and pressure at the left end of the computa-
tional domain. The mesh size in the direction of the detonation
travelling (x direction) is 0.05 mm, which will be validated by
convergence tests later in this section. Figures 4a and 4b present the
time evolution of pressure distribution along the 1-D computational
domain for time instants from 0.4 to 3.6 ms with an interval of 0.4 ms
and the time evolution of the detonation velocity, respectively. It
can be revealed that the detonation reaches a nearly steady state
at t � 1 ms after initiation. The calculated 1-D detonation velocity
is equal to D � 1535 m∕s at t � 3.6 ms and is slightly lower than
the theoretical Chapman–Jouguet (CJ) detonation velocity of
DCJ � 1539 m∕s. As indicated in Fig. 4b, it can be expected that
this slight difference would be smaller and smaller as the simulation
proceeds, and the final stable detonation velocity would be equal to
the theoretical value. The peak pressure is equal topmax∕p0 � 27.25.

Fig. 3 Deployment of particles and equivalent 3-D computational zones for a) 1-D monodisperse simulation, b) 1-D polydisperse simulation, and c) 2-D
monodisperse/polydisperse simulation. (A green circle represents a particle.)
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Three other cases in the experiments of Zhang et al. [30] are calculated
here as well, and the results are summarized in Table 1. It can be seen
that the calculated detonation velocities agree with the experimental
ones for all these cases, and the maximum difference with the exper-
imental mean value is about 6.5%. Additionally, the calculated peak
pressures agree quite well with the experimental ones.
Notably, the preceding calculation results are based on the

monodisperse suspension. As discussed later in Sec. III.C, the calcu-
lated 1-D detonation velocity and peak pressure of polydisperse
suspension (of �d � 2 μm and 500 g∕m3 ⋅ atm) with a log-normal
particle size distribution (σ0 � 0.5) are, respectively,D � 1560 m∕s
and pmax∕p0 � 26.85, which also agree well with the experiment
ones. The detonationvelocities and peak pressures do not differmuch
between monodisperse and polydisperse suspensions for the same
case. Considering the measurement uncertainties in experiments, the
numerical code is shown capable of capturing the main features of
Al–air detonation.
To ensure the calculated Al–air detonation results are not affected

by the grid resolution, convergence tests are performed carefully
by using different mesh sizes for all cases presented in this paper.
Taking the main case of this paper (dp � 2 μm, Cp � 1.25 kg∕m3,
p0 � 2.5 atm, and T0 � 300 K) as an example, the pressure profiles
for 1-Dmonodisperse Al–air detonation at t � 3.6 ms after initiation
with different mesh size are shown in Fig. 5. As seen in the enlarged
view, the difference near the leading shock (which is the key region
discussed in this paper) is hardly noticeable when the mesh size is
smaller than 0.2 mm. Nevertheless, when detonation dynamics (such
as instability and cellular detonation) are studied, a smaller mesh
size should be adopted generally. Therefore, another convergence
test under the same conditions as mentioned earlier in this paper
is demonstrated by comparing the cell sizes of 2-D monodisperse

Al–air detonation with different mesh sizes. In Fig. 6, the numbers

of detonation cell in a channel of 10 cm width delineated by the

peak pressure contours with mesh sizes of 0.1 × 0.1 mm,

0.05 × 0.05 mm, and 0.025 × 0.025 mm are 5, 9.5, and 9.5, respec-

tively. The corresponding cell sizes λmonodisperse are 20.0, 10.5,

and 10.5 mm. As shown in Fig. 6, the averaged cell sizes change

dramatically when the mesh sizes decrease from 0.1 to 0.05 mm;

however, further refining the mesh size does not affect the cell size

or cell regularity significantly. The grid independence tests are con-

sidered convergent at Δx � Δy � 0.05 mm. Consequently, a mesh

size of 0.05 × 0.05 mm is chosen to calculate the Al–air detonation

cell size for this 2-D monodisperse case. Notably, the mesh size of

0.05 × 0.05 mm ensures that there are more than 200 meshes in one

detonation cell in the simulation, which agrees with the convergence

requirement (at least 100 mesh points per cell width) for the 2-D

gaseous detonation suggested by Gavrikov et al. [44]. From the 1-D

and 2-D convergence tests discussed earlier in this paper, the mesh

size of 0.05 mm is used to simulate the main case in this work.

B. Detonation in Monodisperse Suspensions

Before analyzing the effects of particle size distribution, the

multiphase characteristics and mechanism of monodisperse Al–air

detonation by 1-D simulations will be briefly introduced first for

the contextual clarity. As mentioned earlier in this paper, the

Al–air detonation discussed here is the case of dp � 2 μm,

Cp � 1.25 kg∕m3, p0 � 2.5 atm, and T0 � 300 K. The structures

of themonodisperseAl–air detonation front at t � 2 ms are shown in
Fig. 7, fromwhich some special features of heterogeneous detonation

corresponding to multiphase interactions can be easily recognized.

The first feature is known as “double peaks” in the gas pressure,

density, and velocity profiles (Figs. 7a and 7c), which is distinctly

different from the single peak feature observed in gaseous detonation.

The formation mechanism of this double peaks feature in the mono-

disperse Al–air detonation front is due to the competition among the

Al particle combustion, gas–particles heat transfer, and gas–particles

momentum transfer processes (the detailed aerothermodynamic

mechanism will be discussed later in this section). The second

feature, shown in Fig. 7b, is the plateau of particle temperature due

to Al evaporation, which is equal to 2750 K and results in the

observed “kink” in the gas temperature profile due to the intense

heat transfer between gas and particles. The third feature, shown in

Fig. 7c, is the particle velocity lag in the velocity relaxation process,

resulting in the alternative forces acting on particles and momentum

transfers between gas and particles. All these two-phase features for

Fig. 5 Pressure profiles of 2 μm monodisperse Al–air detonation at
t � 3.6 ms with different mesh sizes.

a)

b)

Fig. 4 Monodisperse Al–air detonation with �d � 2 μm
(Δx � 0.05 mm): time evolution of a) pressure distribution at t � 0.4,
0.8;: : : ;3.6 ms, and b) detonation velocity. CFD denotes computational
fluid dynamics.
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monodisperse Al–air detonation are similar to those obtained by

Zhang [5], Zhang and Gerrard [8], and Teng and Jiang [14,15].
Note that the aforementioned special features in Al–air detonation

are the results of competition among differentmechanisms, including

combustion (consisting of mass transfer and reaction heat release),

heat transfer (due to gas–particles temperature nonequilibrium), and

momentum transfer (due to the gas–particles relative velocity). To

decouple these three kinds of gas–particles interactions, the evalua-

tions of their corresponding effects on the gas pressure change behind

the detonation front can be derived from the one-dimensional flow

theory in gas dynamics [45]:

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

−
1

p

dp

dx

����
r

� γM2

M2 − 1

�
_Qr

ρcpT
� _ρ

ρ

�
⋅
1

U

−
1

p

dp

dx

����
q

� γM2

M2 − 1
⋅

_Qq

ρcpT
⋅
1

U

−
1

p

dp

dx

����
m

� γM2�1� �γ − 1�M2�
M2 − 1

⋅
f

ρU
⋅
1

U

(28)

where the subscripts r, q, andm in the derivatives of pressure refer to

the contributions of combustion, heat transfer, and momentum trans-

fer, respectively. _Qr, _ρ, _Qq, and f are the rates of reaction heat

released to, mass transferred to, heat transferred to, and force acted
on gas per unit volume, respectively, and have the following forms
[derived from Eq. (3)]:8>>>>>>><

>>>>>>>:

_Qr � −
PNp

1 �epk;Al2O3
Ipk;Al2O3

− epk;AlIpk;Al�∕dV
_ρ � −

PNp
1 Ipk;O2

∕dV

_Qq � −
PNp

1 qpk∕dV

f � −
PNp

1 fxk∕dV

(29)

U andM are the gas velocity and corresponding Mach number in
the front-fitted coordinate system, respectively. The results are shown
in Fig. 8 with the coordinate x originating at the detonation front. The
total effect curve in Fig. 8a is simply calculated by summation of the
effects of combustion, heat transfer, and momentum transfer.
After the shock compression and before the CJ state, three zero

points are observed in the total effect curve and divide the changing of
gas pressure into four stages. Stage 1 begins from the von Neumann
state just after the shock front, where the gas is accelerated to a very
high velocity by shock compression but the velocity of particles
remains very low due to their inertia. The increase of gas pressure
is mainly due to the fast velocity relaxation process and the resulting
drag compression of particles with large relative velocity between

Fig. 6 Cellular detonations (peak pressure contours) of 2 μm monodisperse Al–air mixture with different mesh sizes: a) Δx � Δy � 0.1 mm and
λmonodisperse � 20 mm, b)Δx � Δy � 0.05 mmand λmonodisperse � 10.5 mm, and c)Δx � Δy � 0.025 mm and λmonodisperse � 10.5 mm. λmonodisperse is

simulated average cell size.

a) b) c)

Fig. 7 Structures ofmonodisperseAl–air detonation front at t � 2 ms: a) gas pressure anddensity, b) temperature of gas andparticles, and c) velocity of
gas and particles.
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particles and gas. The effect of momentum transfer is much larger
than that of combustion and heat transfer in this stage. After stage 1,
when the velocity relaxation drops significantly and the combustion
of Al particles becomes substantial, detonation enters a fast combus-
tion period, causing the decrease of gas pressure in stage 2. In stage 3,
which is the middle period of combustion, the intensity of combus-
tion becomes weaker, whereas the intensity of heat transfer remains
relatively large. The dominating effect of heat transfer in this stage
produces the increase of gas pressure again. At the end of stage 3, the
intensities of heat transfer and momentum transfer rapidly decay to
nearly zero, which cause the weak effect of combustion to become
dominant in stage 4. As a result, the gas pressure decreases again.

Apparently, the existence of stage 3, which is dominated by heat
transfer, is the reason for the appearance of the second peak in the
detonation front structures of monodisperse Al suspension.
Further analysis of the heat transfer curve and its comparison with

the temperature curves are shown in Fig. 8b. The data reveal that the
intense heat transfer is mainly caused by the large temperature differ-
ence between gas and particles when the particle phase transition
intensely occurs at a specific location after the shock front with
particle temperature at a constant value. As a result, the enduring
evaporation of Al induces the intense heat transfer for a long time,
evenwhen the intensity of combustion becomesweak. This dominant
stage of heat transfer (stage 3) provides an insight into the double
peaks feature.
Additional simulations for monodisperse Al–air suspensions with

particle diameters ranging from 0.5 to 10 μm (Fig. 9) show that the
double peaks always occur in the pressure profiles, despite different
particle sizes, indicating that the dominant heat transfer stage (stage
3) prevails in monodisperse Al–air detonation.

C. Detonation in Polydisperse Suspensions

As discussed in Sec. II.C, the log-normal distribution with �d �
2 μm and σ0 � 0.5, corresponding to the statistical properties of
the tested H-2 Al in the experiments of Zhang et al. [30], is used
to model the particle size distribution in simulations of polydisperse
Al–air detonation. Except for the particle size distribution, all
other conditions are the same as the simulations in Sec. III.B. Nota-
bly, the mesh size for these 1-D polydisperse detonation is still
Δx � 0.05 mm. In addition, the 1-D computation domain consid-

ered here has a cross-section area of 0.66 × 0.66 mm2 (y–z plane)
with one mesh, which results in about 1000 Al particles included
on the cross section to ensure that the polydisperse suspension
calculated in the 1-D simulation is physically reasonable. The calcu-
lated 1-D detonationvelocity is equal toD � 1560 m∕s, whereas the
peak pressure is equal to pmax∕p0 � 26.85. Compared with the
results of monodisperse detonation, the detonation velocity and peak
pressure do not change much, even with a continuous particle size
distribution, which is consistent with the conclusions drawn in
Ref. [5] for various particle diameters. The 1-D detonation structures
of gas phase for the log-normal distribution at t � 2 ms are shown
in Fig. 10, with the coordinate x originating at the detonation front.
The results of monodisperse detonation are repeated here for com-
parison. One important characteristic shown in Figs. 10a–10d is that
most features of monodisperse Al detonation (including the double
peaks in gas pressure, density, velocity profiles; and the kink in gas
temperature profile) disappear for polydisperse detonation with this
log-normal particle size distribution. There are only single peaks of
gas quantities in the detonation front, and the changes of these
quantities after shock compression become smooth, which is similar
to the wave front structures in gaseous detonations.

a)

b)

Fig. 8 Effects of combustion, heat transfer, and momentum transfer on
a) gas pressure in monodisperse Al–air detonation and b) comparison
with temperatures.

a) b)

Fig. 9 Pressure profiles of monodisperse Al–air detonation for different particle diameters: a) 0.5, 1, 1.5, and 2 μm; and b) 4, 6, 8, and 10 μm.
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To explain the discrepancy between the monodisperse detonation
and the polydisperse counterpart, the one-dimensional flow theory as
described in Eqs. (28) and (29) is applied again. The results are shown
in Fig. 11, and they reveal that the curve representing the total effect
only has one zero point, which just divides the gas pressure variation
into two stages. The increase of gas pressure just after shock com-
pression is dominated by drag compression due to fast velocity
relaxation in stage 1, whereas the decrease of gas pressure before
theCJ state is dominated by combustion ofAl particles in stage 2. The
dominant heat transfer stage (stage 3) in monodisperse detonation
does not exist anymore. Comparing the intensity of heat transfer here
with that in themonodisperse detonation (Fig. 8), the intensity of heat
transfer is more moderate throughout, is weaker than the momentum
transfer in stage 1, and is weaker than the combustion in stage 2,
which explains the disappearance of stage 3.
To further analyze the reasons for the formation of relatively

more moderate heat transfer in the polydisperse detonation, the

temperature difference between gas and particles is analyzed. In

the immediate neighborhood behind the shock, particles with differ-

ent diameters are at different temperatures due to different heat

transfer rates. Accordingly, an equivalent particle temperature �Tp is

introduced, based on the temperature difference calculated by the

intensity of heat transfer:

8>>><
>>>:
Qp�x� �

P
dp

fK�x; dp��T�x� − Tp�x; dp��g

�Tp�x� � T�x� −Qp�x�∕
P
dp

K�x; dp�
(30)

whereK�x; dp� is the coefficient for calculating heat transfer between
gas and particles with diameter of dp. It is obvious that �Tp is one kind

of average particle temperature.
Figure 12 shows the transition process from monodisperse to

polydisperse detonation by varying σ0 from 0 to 0.5 with fixed
�d � 2 μm. In Fig. 12a, with the increase of σ0 in the log-normal

distribution, the second peak in the pressure profile decreases gradu-

ally and disappears when σ0 increases to about 0.3. In Fig. 12b, the

temperature plateau of Al evaporation in monodisperse detonation

also gradually disappears in polydisperse detonations, which indi-

cates that the evaporation of Al particles of different sizes occurs at

different positions after the shock front in polydisperse detonation

rather than intensely occurring at a specific location as in monodis-

perse detonation. As the heating rate of Al particle is proportional to

d −2, the time required to heat Al particles to the boiling point differs

considerably in the polydisperse suspension, which results in the

different evaporation positions for particles with different diameters.

The same analysis can be applied to other phase transition processes.

As discussed in Sec. III.B, phase transition is always accompanied by

intense heat transfer. Thus, the space-dispersed phase transition

processes of particles of different sizes in the polydisperse detonation

result in the overall moderate heat transfer intensity. Moreover, with

a) b) c)

d) e)

Fig. 10 Comparison of front structures in gas phase of polydisperse and monodisperse Al–air detonations: a) pressure, b) temperature, c) velocity,
d) density, and e) mass fraction of O2.

Fig. 11 Effects of combustion, heat transfer, andmomentumtransfer on
gas pressure in polydisperse Al–air detonation (σ0 � 0.5).
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a relatively wide particle size distribution, the phase transition proc-

esses (mainly Al evaporation) for particles of a certain diameter

always occur at the combustion-dominant position for particles

of another diameter. Also, when combustion is dominant, its intensity

is always larger than that of heat transfer. Accordingly, the effect

of combustion is always stronger than that of heat transfer for the

polydisperse detonation with a relatively wide distribution, such

as σ0 > 0.3, which also results in the disappearance of the heat-

transfer-dominating stage. Evidently, these phenomena are attributed

to the effects of multiple timescales and length scales in the poly-

disperse suspension with a continuous particle size distribution.

D. 2-D Heterogeneous Cellular Detonation

In gaseous detonation, the cell size is greatly influenced by the

characteristic length of reaction zone [44], which is also true for

heterogeneous detonation. As shown in Fig. 10e, the reaction zone of

the polydisperse detonation is larger than that of the monodisperse

detonation, which will lead to different detonation cell sizes. The

comparisons of the cellular detonations between the monodisperse

Al–air suspension with a uniform 2 μm diameter and polydisperse

Al–air suspensions with �d � 2 μm and σ0 � 0.5 and 0.8 are shown
in Fig. 13 by peak pressure contours.Notably, amesh size of 0.05mm

is used in all these 2-D cases with further convergence tests.

The detonations are all directly initiated by the same small zones

of high temperature and pressure at the left end of the computational

domains, without any perturbance. As observed, the instability

phenomenon occurs from about x � 0.15 m for the polydisperse

detonations (σ0 � 0.5 and 0.8) and from about x � 0.25 m for

the monodisperse detonation. The detonation instability initiates

earlier for the polydisperse detonations than the monodisperse

counterpart. Last but not least, the estimated cell sizes of the mono-

disperse detonation and the polydisperse detonations (σ0 � 0.5 and

0.8) are λmonodisperse � 10.5� 0.5 mm, λ0.5 � 13.3� 0.8 mm, and

Fig. 13 Comparison of cellular detonations (peak pressure contours) of Al–air mixtures: a) monodisperse with dp � 2 μm, b) polydisperse with
�d � 2 μm and σ0 � 0.5, and c) polydisperse with �d � 2 μm and σ0 � 0.8.

a)

b)

Fig. 12 Transition from monodisperse to polydisperse detonation by
varying σ0 from 0 to 0.5: a) gas pressure, and b) equivalent particle

temperature.
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λ0.8 � 20.0� 1.8 mm, respectively. Note that λ0.5 is 27% larger than

λmonodisperse, and λ0.8 is even 90% larger.

Notably, apart from the difference in detonation cell sizes, simi-
larities between monodisperse and polydisperse detonations can be

observed in cellular detonation flowfields. As indicated in Fig. 14a,
both the monodisperse and polydisperse detonation fronts consist of

pairs of triple points, Mach stems, incident shock waves, and pairs of

transverse waves. Other similar features of cellular detonation flow-
fields between monodisperse and polydisperse detonations can also

be observed in the temperature (Fig. 14b) and the O2 species mass
fraction contours (Fig. 14c). The gas temperature and the O2 species

mass fraction distributions for both monodisperse and polydisperse
cases are nonuniform behind the detonation fronts, which are

characterized by irregular local (high and low) temperature and O2

concentration zones, respectively. These irregular distributions of the
flowfield parameters in monodisperse and polydisperse detonations

are both caused by the periodical motions of triple points along the
detonation fronts. Additionally, all these features in heterogeneous

detonations are similar to those observed in purely gaseous detona-

tions [46,47], except for the transverse waves. The transverse waves
in both the monodisperse and polydisperse detonation fronts are

weak and degenerate fairly fast in the rear flows, which are different

Fig. 14 Comparison of flowfields in Al–air detonation fronts: monodisperse with dp � 2 μm at t � 0.6 ms (left), and polydisperse with �d � 2 μm and
σ0 � 0.5 at t � 1 ms (right).

Fig. 15 Comparison of gas pressure distributions acrossMach stems in
2-D monodisperse and polydisperse cellular detonations.
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from the strong transverse waves observed in purely gaseous deto-
nations. According to Zhang and Gerrard [8], these weak transverse
waves can be attributed to the slow diffusion-controlled combustion
of the majority of Al particles after their kinetic inductions and a
considerable amount of condensed Al oxide formed in the detonation
products without contributing to gas pressure.
To further compare the difference between monodisperse and

polydisperse detonations, gas pressure distributions across the Mach
stems (along the blue lines shown inFig. 14a) are extracted and shown
in Fig. 15, with the coordinate x originating from the detonation front.
It can be revealed that the pressure profile is characterized by a single
peak in the 2-D monodisperse cellular detonation and by double
peaks in the 2-D polydisperse cellular detonation. This result implies
that discrepancies in 1-D detonation front structures between mono-
disperse and polydisperse detonations can also be observed in 2-D
cellular detonation front structures. The difference in the cell size,
together with the difference in detonation front structures, indicates
the great importance of considering particle size distribution in
heterogeneous detonations.

IV. Conclusions

In this study, the Al–air detonation is modeled in a computer
code by the Eulerian–Lagrangian method along with the new hybrid
Al combustionmodel, and the code has beenverified by experiments.
Using this code, the rich 2 μm Al–air detonation in a polydisperse
suspension with a log-normal particle size distribution was numeri-
cally studied, and the results were compared with those obtained in
a monodisperse suspension consisting of only one particle size. It
reveals that, in monodisperse Al–air detonation, several two-phase
detonation features (including the double peaks in gas pressure,
density and velocity profiles, the particle temperature plateau, and
thus the kink in gas temperature profile) could always be identified in
the detonation front structures. However, in the polydisperse Al–air
detonation (σ0 � 0.5), all these two-phase detonation features dis-
appear, and the detonation front structures are very similar to those
observed in gaseous detonation.
Quantitatively decoupling the gas–particles interactions by the

one-dimensional flow theory, it is demonstrated that the double peaks
feature in monodisperse detonation is caused by the dominant stage
of heat transfer due to intense phase transition (Al evaporation) at a
specific location after the shock front. In the polydisperse detonation,
the space-dispersed phase transition processes of particles of differ-
ent sizes result in an overall moderate heat transfer intensity, which
hinders the formation of the heat-transfer-dominant stage; thus, the
double peaks in the detonation front disappear. Moreover, the reac-
tion zone of the polydisperse Al–air detonation is larger than that in
the monodisperse detonation, which leads to the larger detonation
cell size. The effects of multiple timescales and length scales in the
polydisperse suspension with a continuous particle size distribution
can be attributed to the different detonation structures between the
monodisperse detonation and the polydisperse detonation. This study
illustrates the significance of considering particle size distribution in
heterogeneous detonation simulations and using the Eulerian–
Lagrangian method to track every particle individually.
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