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ABSTRACT

Methane/coal dust hybrid explosion is one of the common hazards in process and mining industries.
In this study, methane detonation propagation in dilute coal char particle suspensions is studied based
on Eulerian-Lagrangian method. The effects of char combustion on methane detonation dynamics are fo-
cused on. The results show that propagation of the methane detonation wave in coal particle suspensions
is considerably affected by particle concentration and size. Detonation extinction occurs when the coal
particle size is small and concentration is high. The averaged lead shock speed generally decreases with
increased particle concentration and decreased particle size. Mean structure and interphase coupling of
hybrid detonation are analysed, based on the gas and particle quantities. It is found that char combus-
tion proceeds in the subsonic region behind the detonation wave and heat release is relatively distributed
compared to that from gas phase reactions. The mass and energy transfer rates increase rapidly to the
maximum near the reaction front in the induction zone. Moreover, for 1 pm particles, if the particle
concentration is beyond a threshold value, detonation re-initiation occurs after it is quenched at the be-
ginning of the coal dust suspensions. This is caused by hot spots from the shock focusing along the
reaction front in a decoupled detonation and these shocks are generated from char combustion behind
the lead shock. A regime map of detonation propagation and extinction is predicted. It is found that the
re-initiation location decreases with the particle concentration and approaches a constant value when the
concentration exceeds 1,000 g/m3. Finally, the influence of coal particle surface reactions on gas chem-
istry under detonation relevant conditions is studied. It is found that the ignition delay time changes
non-monotonically with particle size. The results from this study are useful for prevention and suppres-
sion of methane/coal dust hybrid detonation.

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

ing requirement for modeling strategies to reproduce the multi-
faceted physics, our understanding about combustion and explo-

Methane/coal dust hybrid explosion is one of the common haz-
ards in process and mining industries [1]. In the coal mine road-
way, due to ventilation, fine coal particles may be suspended
in the air. After they are heated by hot surrounding gas (e.g.,
from gas explosion), devolatilization and/or surface reaction can
be initiated, through which volatile gas and reaction heat are
released. This would considerably modulate the thermodynamic
state of local flammable gas. Typically, existence of coal dust would
complicate gas explosion process and therefore make it more dif-
ficult to be predicted, compared to conventional gas explosion
accidents [1]. Due to harsh experimental conditions and demand-
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sion of methane and coal dust mixtures is still rather limited.
Investigations have been made about flammability limit, ig-
nitability, and flame propagation in methane/coal dust two-phase
mixtures. For instance, Cloney et al. [2] investigated the burn-
ing velocity and flame structures of hybrid mixtures of coal dust
with methane below the lower flammability limit of the gaseous
mixture. They correlated the unsteady flame behaviors (e.g., burn-
ing velocity oscillation) with combustion of volatile gas released
from the dispersed particles. Xu et al. [3]| found that both max-
imum explosion overpressure and overpressure rise rate increase
with increased coal dust concentration and decreased diameter. Xu
et al. also studied the performance of mitigation of methane/coal
dust explosion with fine water sprays [3-5|. Xie et al. [6] ob-
served that flame burning velocity decreases when coal particles
of 53-63 pym and 75-90 pum are added, irrespective of the gas

0010-2180/© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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equivalence ratios. They also identified two competing effects as-
sociated with the volatile gas release (heat absorption, which cor-
responds to thermal effect) and addition (kinetic effect). Rockwell
and Rangwala [7] found that turbulent burning velocity of methane
flames increases as the coal particle size decreases and the con-
centration increases (>50%). This is in line with the findings by
Chen [8], where he observed that presence of methane in coal dust
explosions enhances the flame velocity of the mixture. Further-
more, Amyotte et al. [9] studied the ignitability of methane/coal
dust mixture and found that the apparent lean flammability limit
decreases with high methane concentration, small particle diame-
ter, and increased volatile matter content. Ma et al. [10] observed
that the low-temperature oxidation of coal dust had prolonged the
combustion process of methane-air/coal dust mixtures. Li et al.
[11] experimentally investigated the influence of pre-oxidized sta-
tus of coal dust on the deflagration severities and flame behav-
iors of methane-pulverized coal mixtures. They found that the pre-
oxidization of coal dust would promote the explosion severity but
prolong the burning time of the methane/coal dust mixtures.

In recent years, interactions between blast wave and coal
dust are also studied based on multiphase numerical simulations.
Houim et al. [12] studied the layered coal dust combustion induced
by a blast wave degraded from a methane detonation. It is shown
that the high-speed post-shock flow lifts the coal dust at the bot-
tom of the domain, which ignites by a reaction wave of burning
carbon char and generates a shock-flame complex. The coal-dust
combustion generates pressure waves that overtake the lead shock
and intensify the latter. In a subsequent study [13], they also found
that inert layers of dust substantially reduce the overpressure, im-
pulse, and speed produced by the propagating blast wave. The
shock and flame are more strongly coupled for loose dust layers
(initial volume fraction 1%), thereby propagating at a higher veloc-
ity and producing large overpressures. More recently, Guhathakurta
and Houim observed that the role of heat radiation in layered dust
explosions is affected by coal dust volume fraction [14]. With the
similar configuration, Shimura et al. [15] numerically investigated
the flame structure during shock-induced layered coal dust com-
bustion with an extended CFD-DEM model. They found that the
dust particles mainly devolatilize behind the reaction front.

In the above work [12-15], since only incident blast wave is
considered, how methane detonation interacts with the coal dust
is not still clear. Moreover, for micro-sized coal dust, they may be
easily aerosolized in the air by any aerodynamic perturbation. In
coal mine roadway, respirable coal dust (aerodynamic diameter <
10 pm) can be suspended in the air for a long time [16,17]. Sarver
et al. [18] collected 171 coal dust samples from 25 mines in the
United States, and found that about 75% of coal particles are in the
micron or submicron diameter range. Therefore, it is necessary to
understand how the fine or ultrafine coal dust suspensions affect
an incident propagating detonation wave.

In this study, transmission of methane detonation in dilute coal
char particle suspensions will be simulated based on the Eulerian-
Lagrangian method. Two-dimensional configuration will be consid-
ered, with a reduced chemical mechanism [19]. The effects of coal
particle concentration and size on methane detonation dynamics
and parameters will be analyzed. The objectives of this work are to
study: (1) effects of particle diameter and concentration on hybrid
detonation dynamics; (2) detonation re-initiation mechanism and
distance in coal suspensions; (3) effects of coal particle suspen-
sions on detonation behaviors (propagation mode, soot foil, etc.);
(4) hydrodynamic and chemical structures of methane and coal
particle hybrid detonations; and (5) identification of the particle
diameter and concentration range for inhibiting gas phase chem-
istry. The results from the above studies give us novel fundamental
knowledge about coal/methane detonation, which can provide the
guidance for explosion inhibition measures in industrial practice.
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Fig. 1. Schematic of the physical problem. x and y axes not to scale.

The manuscript is structured as below. The physical model will
be introduced in Section 2, whilst the mathematical model is in
Section 3. The simulation results and discussion will be given in
Section 4, followed by the main conclusions in Section 5.

2. Physical model

Both two- and three-dimensional detonations are studied by
different researchers [20-23], and it is shown that their results
have some similarities in terms of detonation structure and key
characteristics, e.g., C-J speed, transverse wave speed, and cell size.
In this work, transmission of a methane detonation wave in di-
lute coal particle suspensions will be studied based on a two-
dimensional configuration. Due to the reactive nature of the par-
ticles, this problem can be categorized into hybrid detonation,
following Veyssiere [24]. The schematic of the physical model is
shown in Fig. 1. The length (x-direction) and width (y) of the do-
main are 0.3 m and 0.025 m, respectively. It includes gaseous det-
onation development section (0—0.2 m) and gas-particulate two-
phase section (0.2—0.3 m). The whole domain is initially filled with
stoichiometric CHy4/O, /N, (1:2:1.88 by vol.) mixture. The initial gas
temperature and pressure are To = 300 K and py = 50 kPa, respec-
tively.

In the two-phase section, coal particles (for brevity we term
it as coal particles or simply particles hereafter) are uniformly dis-
tributed before the detonation arrives, to mimic coal dust suspen-
sions in methane explosion hazards. This assumption can rule out
the influences of nonuniform particle distributions on gaseous det-
onation dynamics in our analysis. In this study, the coal particle
diameter varies from dg =1 to 10 pm. The coal particle concentra-
tion ranges from ¢ = 10 to 1000 g/m?3. The resultant initial volume
fractions are 0.0007%-0.067%, which are well below the upper
limiting volume fraction (0.1%) of dilute particle-laden flows [25].
In our simulations, devolatilized coal particles are considered and
therefore the devolatilization process is excluded. This is accept-
able, because typically the timescale for devolatilization is much
longer than the detonation one. This enables us to concentrate on
the effects of dispersed coal char combustion on methane deto-
nation dynamics, which is the objective of this study. The particle
is composed of inert ash and fixed carbon, with mass fractions of
11.3% and 88.7%, respectively. The heat capacity and initial material
density of the particle are 710 ] kg~! K~! and 1500 kg m~3. These
properties approximately follow the properties of typical bitumi-
nous coals [26].

The detonation wave (DW) is initiated by three hot spots
(2 mm x 4 mm, 2000 K and 50 atm, see Fig. 1) near the left
end of the domain. The gaseous detonation development section
(0.2 m) is sufficiently long to achieve a freely propagating methane
DW before it enters the two-phase section. For all gas-particulate
two-phase detonations simulations, a consistent initial field with
propagating detonation wave at about x = 0.196 m (i.e., slightly
before the two-phase section) is used. Therefore, two-phase simu-
lations only run from x = 0.196 m to 0.3 m.
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The upper and lower boundaries of the domain in Fig. 1 are
periodic. At the left boundary of the domain, x = 0, non-reflective
condition is enforced for the pressure, whereas zero-gradient con-
dition for other quantities. At x = 0.3 m, zero-gradient conditions
are employed for all variables.

Uniform Cartesian cells are used to discretize the domain in
Fig. 1 and the CFD mesh size is 50 pm at x = 0-0.14 m and 25 pm
at 0.14-0.3 m. The resultant cell numbers are 7,800,000. The same
resolution is used in our recent work on methane detonation in-
hibition by fine water mists [27]. The Half-Reaction Length (HRL)
from the ZND structure of the stoichiometric CH4/0,/N, mixture is
about 2200 pum under the simulated conditions. Thus, for the two-
phase section where our study is performed, there are about 88
cells within the HRL of C-J detonation. We also perform the mesh
sensitivity analysis through halving the resolution in the two-phase
section (12.5 pm). The results are provided in section A of the sup-
plementary document, which show that the cell regularity and size
of the detonation predicted with the two resolutions are generally
close.

3. Mathematical model
3.1. Governing equation

The Eulerian-Lagrangian method is used for simulating
methane/coal char particle hybrid detonations. For the contin-
uous phase, the conservation laws of mass, momentum, energy,
and species mass fraction are solved for the multi-species, com-
pressible, reacting flows. The equations read

ap

W—I—VLOU] = Smass, (1)
a(g)tu) + V. [u(pw)]+ Vp+ V- T =Spom, (2)
d(pE)

+V- [ll(,OE—‘,—p)]—l—V . [T : u]"‘V 'j:d)T‘f‘Qg{rad'f'Senergy’
3)

ot

WoMn) 7 u(o¥o)] + V -5

= Wm + Sspeciesm» (M=1,...M—1). (4)

In the above equations, t is time and V - () is the divergence
operator. p is the gas density, and u is the gas velocity vector. p
is the pressure, and is from the ideal gas equation of state, i.e.,
p= pRT. T is the gas temperature. R is the specific gas constant,
calculated from R =Ry Z’,‘,’f:] YW, 1. Wy, is the molar weight of m-
th species and R, = 8.314 J/(mol K) is the universal gas constant. In
Eq. (2), T is the viscous stress tensor. In Eq. (3), j is the diffusive
heat flux and E is the total non-chemical energy. Also, wr repre-
sents the heat release rate from the chemical reactions. In Eq. (4),
Ym is the mass fraction of m-th species, and M is the total species
number. sy, is the species mass flux, and @y, is the reaction rate of
m-th species by all N reactions.

In this study, a reduced methane mechanism (DRM 22) [19] is
used, including 24 species and 104 reactions. The accuracy of the
DRM 22 mechanism in detonation simulations has been evaluated
by Wang et al. [28], including ignition delay time over a range of
operating conditions. In section B of the supplementary document,
we also compare the C-J speed and pressure/temperature at the C-J
and von Neumann points of the ZND structure predicted with DRM
22 and GRI 3.0 [29] and find that the results are similar.

The Discrete Ordinate Method (DOM) is based on discretizing
the direction of radiation intensity (I;) and solving the radiation
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transfer equation in the discrete direction of solid angle [30]. In
the 2-D rectangular coordinate system, the radiative transfer equa-
tion can be written as [30]

al; al;
Miﬁ‘Fﬂiafy =Ky - 1), (5)

where [;[= I(x,y; ;)] is radiation intensity at position (x,y) in the
discrete direction €2;, u; and n; are directional cosine, I, is the
blackbody radiation intensity. The Planck mean absorption coeffi-
cient of the gas mixture is

k= kipi, (6)
i

where k; and p; are the Planck mean absorption coefficient and
partial pressure of i th species, respectively. In the present study,
CO,, CO, CH4, and H,0 are the radiant species and the mean ab-
sorption coefficients are taken from Refs. [31,32].

The gas-phase radiation heat transfer term in the energy equa-
tion, Eq. (3), reads

Qg,rad = —K <4JTIb — 4f IdQ) s (7)

where [ IdQ2 is the incident radiation intensity and 2 is the solid

am
angle. It can be further written as the following form when I; is
solved from DOM

Qgrag = —k | 40T* - Zwil,»), (8)
i

where o is the Stephen-Boltzmann constant, w; is the weight for
the i th ordinate, and Y w;; = [ IdS2.
i 54

1

For the coal particle phase, the Lagrangian method is used to
track coal particles. Particle collisions are neglected because the
collision timescale is much longer than the momentum relaxation
timescale when the particle concentration is dilute [25]. It is as-
sumed that the temperature is uniform inside the particles due
to their low Biot numbers of coal particles (<0.005). Gravitational
force is not included due to smallness of the particles. Coal parti-
cles are assumed to spherical, and the swelling effect is not con-
sidered. Therefore, the particle diameter is constant throughout the
simulations. With above assumptions, the evolutions of mass, mo-
mentum, and energy of a coal particle are governed by

dm .
Ttp = —mp, 9)
du
my— > =Fa+F,, (10)
dT, : .
mPCP-PTf = QS + QC - Qp,rud + Qg,rad—p, (]1)

where m, = 77 ppd3/6 is the mass of a single particle, p, and dp
are the particle material density and diameter, respectively. m, is
the surface reaction rate and u, is the particle velocity vector. The
Stokes drag force is modelled as [33]

Fy = (181/0pd2) (CiRep/24)mp(u — up). (12)
while the pressure gradient force or Archimedes force is

Here V, is the volume of a particle.
In Eq. (12), the drag coefficient, Cy, is estimated with [33]

{0.424, if Re, > 1000,
g =

2 (1+ 1Re}), if Rep <1000 (14)
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The particle Reynolds number, Re), is defined as

Re, = Pl = Ul (15)
w
The char combustion (or particle surface reaction) is modelled
using a global reaction, Ci) + O — CO,, where C, is fixed carbon.
The kinetic/diffusion-limited rate model [34,35] is used to estimate
the reaction rate, i.e.,

1y = AppexDoRy/ (Do + Ry), (16)

which accounts for the particle mass change rate in Eq. (9). pox
is the partial pressure of oxidant species in the surrounding gas.
The diffusion rate coefficient Dy and kinetic rate coefficient R, are
respectively estimated from

0.75
T+T,
Do :cl[(zp’} /dp (17)

Ry = Gye~ E/RTy) | (18)

The model constants C; and G, are 5 x 10~12 kg/(m-s-Pa-K07>)
and 0.002 kg/(m?2s-Pa), respectively, whilst the activation energy E
is 79 x 107 J/kmol [36-40]. It should be mentioned that limited
particle surface reaction models are developed specially for det-
onation conditions. Therefore, this work uses a classic model well
recognized by coal combustion modeling community. Development
of surface reaction kinetics for detonation should be performed in
future work.

In Eq. (11), ¢p,p is the particle heat capacity and T, is the par-
ticle temperature. Qs is the rate of char combustion heat release
absorbed by the particle. The convective heat transfer rate is

Qc = heAp(T = Ty), (19)

where Ap is the particle surface area. h¢ is the convective heat
transfer coefficient, estimated with the Ranz and Marshall corre-
lation [41].

Moreover, the radiative emission rate from a particle reads

Qp.rad = Apepo T, (20)

where ¢, is the emissivity of particle surface and is assumed to
unity because the major composition is carbon [42]. The particle
radiation absorption rate takes the following form

Qgrad—p = ApEp Y _ wili/4. (21)
i

The effects of coal particles on the gas phase are considered
through the Particle-source-in-cell approach [43], in terms of the
mass, momentum, energy and species exchanges. These respec-
tively correspond to the source terms in the Eqgs. (1)-(4), i.e.
Smass» Smom, Senergy and Sspecies,m» €an be estimated based on the par-
ticles in individual CFD cells, which read (V. is the cell volume, N,
is the particle number in the cell)

1
Simass = v z]:m,,, (22)
18
Smom = _V Z (Fd + Fp)7 (23)
c
1Y
5energy = *V Z (Qs + Qc), (24)
C

—WW‘?SMSS for 0, species,
W, .
Sspecies.m = vf/gz Smass fOT COZ species, (25)

0 for other species.
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Fig. 2. Evolutions of shock Mach number in shock-particle interactions. Experimen-
tal data: Ref. [53].

3.2. Numerical method and solver validation

The gas and particulate phase equations are solved using an
OpenFOAM code for two-phase compressible reacting flow, RYrho-
CentralFOAM [44-48]. Details about the numerical methods in
RYrhoCentralFOAM can be found in Refs. [45,49], and in this sec-
tion only key information is presented.

For the gas phase equations, second-order backward scheme
is employed for temporal discretization and the time step is
about 9x10-10 s, A MUSCL-type and Riemann-solver-free scheme
[50] with van Leer limiter is used for convective flux discretization
in the momentum equations. Total variation diminishing scheme is
used for the convection terms in the energy and species equations.
Second-order central differencing is applied for all diffusion terms.

For the particulate phase, Eqs. (9)-(11) are integrated with a Eu-
ler implicit method and the right-side terms are treated in a semi-
implicit fashion. Computational parcel concept is used and one par-
cel denotes ensemble of coal particles with identical properties,
such as diameter, size, temperature and velocity [25,51,52]. In our
simulations, the number of parcels distributed in the two-phase
section is about 5 million, and the coal particle number in a parcel
is varied based on the particle size and concentration.

The solver RYrhoCentralFOAM has been extensively validated
and verified in our previous studies[45-47], in terms of shock-
capturing, molecular diffusion, flame-chemistry interactions, and
two-phase gas-droplet coupling. Here we further validate the
solver against the shock-particle interaction experiments by Som-
merfeld [53]. In this experiment, a shock wave of Mach 1.49 prop-
agates into a particle-laden area. The particles are spherical glass
beads, and the material density, heat capacity and mean diame-
ter are 2.5 g/cm?3, 766 J/kg/K, and 27 um, respectively. Two particle
volume fractions are considered, i.e., op = 0.0249% and 0.0584%,
which are close to the upper limit of the particle volume fractions
studied in this work. Figure 2 shows that our solver can accurately
reproduce the evolutions of the shock Mach number subject to the
dispersed particles with different volume fractions, which further
corroborates the solver accuracy for predicting gas-particulate two-
phase flows.

4. Results and discussion
4.1. Detonation propagation speed

Plotted in Fig. 3 is the average lead shock speed, D, as a function
of particle concentrations for different particle diameters. D is cal-
culated from the length of two-phase section (i.e., 0.1 m) divided
by the total shock residence time in this section. When the parti-
cle concentrations are low, e.g., 10 and 50 g/m3 as shown in the
inset of Fig. 3, D is slightly higher (by 2%) than that of the purely
gaseous case (¢ = 0, pink square) for all diameters. This means that
in coal dust suspension with small particle concentrations, shock
transmission speed is enhanced, compared to that in gas-only
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Fig. 3. Change of averaged lead shock speed as a function of coal particle concen-
tration for different particle sizes.

mixture. This is because of quickly excited surface reactions of the
particle in the detonated gas [12,13]. Fast energy deposition into
the gas phase can emanate the right-running pressure or shock
waves, thereby intensifying the lead shock. This is termed as sur-
face reaction effects hereafter. This speed enhancement by reactive
dispersed particles (e.g., wheat particles) is also observed in Refs.
[24,54,55].

We further look at the cases with higher concentrations, be-
yond 50 g/m3, in which cases the particle diameter influences
are pronounced. Specifically, for 5 and 10 pm particles, detona-
tion transmission is observed and D decreases when c is increased.
The latter is because for higher concentration of particles more en-
ergy / momentum would be absorbed from the gas to heat | ac-
celerate themselves. Therefore, the shock intensity is reduced as ¢
increases. We term this as energy / momentum effects for brevity,
which dominate over the surface reaction effects in these cases.

Nonetheless, for 2.5 pm coal particles and ¢ = 500-1000 g/m3,
detonation extinction occurs once they arrive at the coal suspen-
sion area. Therefore, the average shock speed of these cases (open
pentagons in Fig. 3) is much lower than the others. In these cases,
the energy /| momentum effects become more significant. Nonethe-
less, for 1 pm particles with high concentration (i.e., > 500 g/m3),
the DW is quenched when they enter the two-phase section, same
as the 2.5 pm cases. However, different from 2.5 nm particles, det-
onation is re-initiated due to the particle surface reactions, and the
shock speed averaged from the shock residence time in the two-
phase section is therefore generally higher than those of 2.5 pm.
The transient and mechanism of DW re-initiation by surface reac-
tion will be further interpreted in Section 4.4.

4.2. Particle concentration effects

Figure 4 shows the peak pressure trajectories for methane det-
onations with various coal particle concentrations (10-1000 g/m?3).
The particle diameter is fixed to be d, = 1 nm. The results from
particle-free case (c = 0) are illustrated in Figs. 4(a) for com-
parison. One can see that coal particle suspensions considerably
change the cellular structures of methane detonations. Specifically,
when ¢ = 10 g/m3, the cells are generally regular and small, which
are particularly pronounced for the second half of the two-phase
section (x > 0.25 m), through comparisons with the particle-free
case. This indicates that more stable propagation occurs when rel-
atively dilute particles are loaded, consistent with the enhanced
speed revealed in Fig. 3. This is because the combustible coal par-
ticles provide additional heat release from the surface reactions,
generating pressure impulse towards the lead shock and hence en-
hancing the frontal stability [12,13,24]. When c is further increased,
e.g., 50 and 250 g/m? in Figs. 4(c) and 4(d), the cell size (apex-to-
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Fig. 4. Peak pressure trajectories with different coal particle concentrations.
dp = 1 um. TP: triple point; HPS: high-pressure spot.

apex distance, A, as annotated in Fig. 4d) generally increases, with
the mean cell widths being about 5.6 and 12.5 mm, respectively.

However, when ¢ = 500 and 1000 g/m3, the DW extinction oc-
curs when it just encroaches the coal particle area. This is caused
by the strong effects of energy and mentum absorption by the coal
particle; meanwhile, the surface reactions have not started due to
relatively long particle heating period. From Figs. 4(e) and 4(f), the
overpressures are significantly reduced, which is because the reac-
tivity of the triple point (where the trajectories are mostly from)
is highly reduced due to the decoupling of reactive front and lead
shock. Nonetheless, the detonation is re-initiated downstream in
the particle suspensions, e.g., at x = 0.23 m when ¢ = 1000 g/m3.
This is accompanied by sudden intensification of local pressures,
as marked as several discrete high-pressure spots (HPS) in both
Figs. 4(e) and 4(f). The sudden pressure rise at these locations is
caused by localized explosion with the nature of isochoric combus-
tion. The same phenomenon is found from the evolutions of heat
release rate and density (see section G of the supplementary doc-
ument). This shows that the intensity of detonation wave is high
when secondary explosion or re initiation happens, which may
cause greater damage in real-world situations. Based on Figs. 4(c)
and 4(d), a relaxation region is observable before the recovery of
peak pressure trajectories, which is caused by the finite timescales
of interphase interactions and coal burning. The whole re-initiation
process can also be watched from the videos submitted with this
manuscript. Onset of these HPS is a significant feature in methane
and fine coal particle hybrid detonations. In practical explosion
hazards, it may induce secondary detonation or explosion, thereby
increasing the severity of the consequences.

Further downstream, clear cells appear again, but the strength
of the triple point trajectories in one cell of the re-initiated deto-



J. Shi, P. Zhang, Y. Xu et al.

12 1 1 L 1
11 (b) (a)  (c) L
1.0 -
QB 0.9 4 @
=5 0.84 B
07 (e) I
0.6 - (a)0 (c) 50 (e)500 B

0.5 (f) (b) 10 (d) 250 (f) 1000 [g/m*1] [
04

020 022 024 026 028 0.30
Streamwise coordinate [m]

Fig. 5. Evolutions of lead shock speed with various coal char particle concentra-
tions. D¢y is the Chapman-Jouguet speed (2109 m/s) for particle-free CH4/O,/N;
mixture.

nations is different. This leads to a different morphology (wave-like
along the width) of peak pressure trajectories beyond x = 0.25 m
from Figs. 4(c) and 4(d), and this is more notable in Fig. 4(f). For
instance, in cell A marked in Fig. 4(f), the weak and strong tra-
jectories are highlighted with dashed and solid lines, respectively.
The weaker trajectories are caused by the decoupling of the re-
action fronts from the weakened Mach stem due to the forego-
ing energy-momentum effects (see section D of the supplementary
document and the videos). After two triple points (TP1 and TP2)
collide, a new Mach stem is formed, and the pressure peak trajec-
tory is strengthened (solid edges of cell A).

Figure 5 shows the evolutions of lead shock propagation speed
D in the two-phase section (0.2-0.3 m) for six cases in Fig. 4. Note
that they are calculated from the timeseries of lead shock posi-
tions with a time interval of one microsecond. The shock speed
evolution before the two-phase section can be found in section
F of the supplementary document. As demonstrated from lines b
and ¢, when ¢ = 10 and 50 g/m3, the shock speeds D fluctuate
around Dgj, which is the C-] speed of the particle-free CH4/0,/N;
mixture. They are also close to the results of the gas-only case,
i.e, line a in Fig. 5(a). However, with ¢ = 250g/m3, the DW has
generally lower speed with stronger fluctuations. This is caused
by stronger energy /| momentum exchange effects by higher load-
ing of coal char particles. For lines e and f, due to higher parti-
cle concentrations, the lead shock speed is considerably reduced
to around 70% and 55% of D¢, respectively, in the first half of the
two-phase section. This can be justified by the decoupling of reac-
tive front from the lead shock wave, as evidenced in Figs. 4(e) and
4(f). Nonetheless, for x > 0.24 m, since detonation re-initiation oc-
curs, the lead shock speeds are quickly restored, but still well be-
low the C-J speed (generally 70%—80%Dc;) due to the strong inter-
phase exchanges between the gas and fine particles.

4.3. Particle diameter effects

Figure 6 shows the DW peak pressure trajectories with various
coal particle diameters (1-10 um). The particle concentration is ¢ =
500 g/m3. One can see that coal particle sizes exhibit significant
effects on detonation propagation in the coal particle suspension.
When the particle size is large, e.g., dp = 10 and 5 pm in Figs. 6(a)
and 6(b), DW transmission can occur. Nonetheless, the average cell
size generally increases in the second half of the two-phase sec-
tion (x > 0.25 m) and the cells become more irregular, compared
to the gas-only results in Fig. 4(a). This indicates more unstable
DWs due to the effects of the dispersed coal particles. In Fig. 6(c),
for dp = 2.5 pm, the DWs can propagate a distance in the particle
suspensions, but the peak pressures are considerably reduced be-
yond x = 0.22 m. This indicates the occurrence of the detonation
extinction and the exchanges of mass, momentum, and energy be-
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Fig. 7. Evolutions of lead shock speed with various coal char particle sizes. D¢ is
the Chapman-Jouguet speed (2109 m/s) for particle-free CH4/O,/N, mixture.

tween them will be discussed in Section 4.5. Further decreasing
the particle size to 1 pm results in detonation extinction and re-
initiation, as already discussed in Fig. 4(e).

Figure 7 further shows the spatial evolution of the lead shock
speed in four cases in Fig. 6. With increased d, from 1 pm to
10 pm, the lead shock speeds are generally reduced after the DW
enters the suspension at x = 0.2 m. The curve of d, = 1 um has
been interpreted in Fig. 5, but added here for comparison. When
dp = 10 nm, the speed fluctuates little around the C-] speed, which
implies that the particles of the size have relatively small effects
on the detonation transmission. For d, = 5 pm, the speed fluc-
tuation is more obvious beyond 0.24 m. This shows that the sur-
face reaction of coal particles is more intense in the second half
of the two-phase section. For dp = 2.5 nm, since DW decoupling
occurs, the speed decreases, well below the C-] value. Moreover,
in the first half of the two-phase section (0.2-0.25 m), it can be
seen that the larger the particle size is, the smaller the speed at-
tenuation is. This is because the larger the particle size, the less
heat released by the surface reaction of the particles, and thus the
weaker the effect on the detonation wave. This can well justify
why the detonation speed is relatively higher when the particle is
coarser.
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4.4. Phenomenological description of detonation extinction and
re-initiation

It has been shown from Figs. 3, 4 and 6 that when the coal
particle diameter is small (e.g., 1 pym) and concentration is high,
unsteady detonation propagation phenomena, e.g., extinction or
re-initiation, would occur. To further elaborate, the results corre-
sponding to Fig. 4(f), i.e., ¢ = 1000 g/m? and d, = 1 pm, will be
discussed here. Figure 8 shows the time evolutions of gas temper-
ature at four instants. Note that in our subsequent analysis, t = 0
corresponds to the instant when x = 0.196 m, i.e., immediately
ahead of the two-phase section. At 3 ps, when the DW just en-
ters the coal suspension, it is weakly unstable with multiple heads.
However, at 5 ps, the distance between the lead shock front (LSF)
and reaction front (RF) is increased, and the post-shock tempera-
ture is reduced to well below 2000 K. Afterwards, the LSF and RF
are completely separated, and therefore the detonative combustion
extinguishes. This indicates that considerable energy is extracted
from the gas to heat the coal particles and hence coupling be-
tween the shock and reaction front for detonative combustion can-
not maintain.

After the shock wave propagates a distance in the coal parti-
cle suspensions, re-initiation occurs, as shown in Figs. 4(f). Some

28 Ms 29 Hs 30 us

"
31 us
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instants of this transient are shown in Fig. 9, which are the contin-
ued development of the events in Fig. 8. Some evolving hot spots
of different sizes appear along the RF, which are numbered as 1-3
in Fig. 9. They are characterized by locally elevated pressure (see
the red color in Fig. 10a), indicating the nature of isochoric com-
bustion caused by the coherent interplay between strong heat re-
lease and pressure waves. These heat release points are gradually
amplified as the carbon particles burn to form new shock waves.
The SF from them finally catches up with the LSF, and there-
fore detonation along the LSF is intensified. Moreover, the shock
waves from various heat release locations collide, thereby generat-
ing high-temperature and high-pressure area (e.g., point 1 and 2 at
31 ps), which accelerates the occurrence of re-initiation.

The flow structure behind the LSF can be clearly found from
the pressure gradient magnitude in Fig. 9(a). The arched shocks
are observable, which originate from spatially nonuniform surface
reaction heat release from dispersed particles in the post-shock
subsonic zones. We also perform a test with surface reaction de-
activated for this case and find that there are no curved shocks
behind the lead shock, and no re-initiation occurs either (see sec-
tion C of the supplementary document).

The propagation of these shocks results in the following un-
steady events: (1) the forward-running components overtake and
hence intensify the LSF; (2) the spanwise components re-compress
the shocked gas and coal particles behind the LSF; and (3) more
importantly, shock-focusing along the RF by these shocks leads to
the formation of small reactive spots (e.g., 2 and 3). These spots
quickly grow logitudinally and spanwise in the form of propagating
reaction fronts, as evidenced in the results of 31 and 32 ps. Their
leading sections overtake the LSF, which generates an overdriven
Mach stem with strong gas reaction HRR (see Fig. 10b). The span-
wise component evolves into the transverse wave extending from
the triple pionts of the new MS (see 32 ps results). As such, the
number of the new DW heads is largely correlated to the number
of the hot spot and therefore randomness exists. This randomness
comes from the inducing factors for hot spot formation, e.g., het-
erogeneous reaction, shock focusing location, and chemistry-shock
interaction.

The streamwise locations of detonation extinction and re-
initiation under different coal particle concentration conditions

(a)
|Vp|[10° Pa/m]
5

1
N
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4
3

)

1
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732 us

Fig. 9. Distributions of (a) pressure gradient magnitude and (b) gas temperature when the detonation is re-initiated. 1, 2 and 3: hot spots. ¢ = 1000 g/m3
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Fig. 11. Regime map of extinction and re-initiation with different particle concen-
trations. dp = 1 pm.

are shown in Fig. 11. To reiterate, in our simulated cases, re-
initiation phenomenon is only observed when d, = 1 pm. The crit-
ical extinction (or re-initiation) location is determined from the x-
coordinate where the peak pressure is critically lower than (or ex-
ceeds) 2.5 MPa, as shown with the two dashed lines in Fig. 4(e).
This threshold is the average value from the stably propagating
detonation wave in these cases (see section E of the supplemen-
tary document). Slightly changing it would not induce qualitative
differences in Fig. 11. When ¢ < 465 g/m?3, the incident DW wave
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can successfully propagate in the coal particle suspensions (see the
pink area in Fig. 11). Detonation extinction and re-initiation only
occur when ¢ > 465 g/m3. Moreover, the critical extinction loca-
tions (blue line) are not sensitive to the coal particle concentra-
tion. It is around 0.2 m, indicating that extinction occurs almost
immediately when the DW arrives at the particle suspensions. This
is reasonable since fine coal particles have larger specific surface
areas to have the energy and mass transfer between the contin-
uous phase and particulate phase. Moreover, the re-initiation lo-
cation decreases with the particle concentration. This is justifiable
because higher concentration of coal particles leads to greater in-
terphase exchanges of momentum and energy. However, as the
particle concentration exceeds 1000 g/m?3, the re-initiation loca-
tion approaches a constant value of 0.225 m. This may be limited
by the timescales of coal particle heating and/or surface reaction
kinetics. Understanding the re-initiation distance is significant to
prevent secondary explosion in real situations, e.g., for adding ex-
plosion suppressants (such as ultra-fine water mist) at the possible
re-detonation locations.

4.5. Interphase coupling

The influences of coal particles on gaseous methane detona-
tion are realized through mass, momentum, and energy exchanges
and the corresponding source/sink terms are given in Egs. (22)-
(25). Figure 12 shows the instantaneous distributions of mass (Sp),
energy (Se) and momentum (Spmem) transfer rates when the DW
propagates in the particle suspension. Here ¢ = 500 g/m3 and
dp = 1 pm. A positive mass (energy and momentum) transfer
rate indicates that the corresponding transfer is from solid (gas)
phase to gas (solid) phase. In the current modeling, interphase heat
transfer includes the combined contributions from the convective
heat transfer (gas — particle for particle heating) and char com-
bustion heat release (particle — gas), as shown in Eq. (24). One can
see in Fig. 12 that in the induction zone between the shock front
LSF and reaction front RF, S < 0. This means that strong energy
absorption occurs due to convective heat transfer for particle heat-
ing, which would weaken the detonation wave. Nonetheless, grad-
ually increased heat is released from char burning in the induction
zone and surface reaction rate is high around the RF. They are fea-
tured by high mass transfer rate S, in Fig. 12(a). Meanwhile, Siom
< 0 in the induction zone can be observed from Fig. 12(c), which
indicates that there is a strong momentum transfer from the gas to
accelerate the dispersed coal particles. This, to some degree, would
also weakens the lead shock wave [44,56]. Nonetheless, the mo-
mentum transfer rate spatially decays quickly since the kinematic
equilibrium is reached between two phases.

To further quantify the two-phase coupling, the profiles of
mass, energy and momentum transfer rates at lines #1 and #2
(marked in Fig. 12c) are shown in Fig. 13. Lines #1 and #2 lie at
a Mach stem and incident wave, respectively. The induction zone
lengths along lines #1 and #2 are 510 and 240 pm, respectively,
much lower than the HRL (2200 pm) from the ZND structure of the
stoichiometric CH4/O, /N, mixture. This may be mainly because the
existence of char particles shortens the ignition time of gas phase,
as will be discussed in Section 4.7. According to Figs. 13(a) and
13(b), S, and S, increase gradually to the maximum near the RF,
within the respective induction zones of lines #1 and #2. This in-
dicates that the char particles absorb heat in the induction zone to
heat themselves. The S;; is highest around the RF because of high
gas temperature there. To re-iterate, since S, is the net rate of dif-
ferent energy transfer mechanisms (e.g., char combustion heat re-
lease), the heat actually absorbed by the particles in the 1Z would
be higher than what is shown in Fig. 13(b). Moreover, in Fig. 13(c),
a strong momentum transfer mainly occurs immediately behind
the lead SF, but decays very quickly beyond the induction zone.
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Fig. 12. Contours of (a) mass, (b) energy, and (c) momentum transfer rates. ¢ = 500 g/m> and dp= 1 pm. LSF: lead shock front; RF: reaction front; MS: Mach stem; IW:
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Fig. 13. Spatial profiles of the transfer rates of (a) mass, (b) energy, and (c) mo-
mentum across the Mach stem and incident wave. ¢ = 500 g/m® and dp = 1 pm.
Lines #1 and #2 are marked in Fig. 11(c). IZ: induction zone.

To examine the two-phase coupling under different particle
concentrations, time history of the averaged transfer rates of mass,
energy and momentum is presented in Fig. 14. The results are
density-weighted averaged interphase transfer rates (Sm, Smom and
Senergy in Eqgs. (18)-20) in the two-phase section (0.2-0.3 m, see
Fig. 1). Five particle concentrations are considered in Fig. 14, which
correspond to the cases in Figs. 4 and 5. It can be seen from
Fig. 14(a) that after the DW enters the coal particle suspension,
the mass transfer rate Sy, increases gradually with time. In gen-
eral, higher particle concentration results in larger Sy,. However, for
¢ = 500 and 1000 g/m3, as the DW extinction happens, Sy, is lower
than that of 250 g/m3 for a period of time (> 9 us). For the energy
transfer rate, it is negative for the first several microseconds, and
then changes to positive values. Besides, the greater the concentra-
tion, the greater the magnitude of the momentum transfer rate. As
shown in Fig. 14(c), Smem rapidly increases to its maximum value
when the DW enters the two-phase section, and then almost lev-
els off. Meanwhile, the magnitude of S;om almost monotonically
increases with the concentration.

Some observations related to detonation dynamics from
Fig. 14 are worthy of further discussion. Firstly, for the 500 and
1000 g/m3 cases, when the DW just arrives at the suspension,

a)l
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—
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Fig. 14. Time history of the averaged transfer rates of (a) mass, (b) energy, and (c)
momentum with different particle concentrations. dp= 1 pm.

the magnitudes of Sy and Sepergy are high, and therefore the en-
ergy/momentum absorption effects would be high. This directly
leads to the RF/LSF decoupling near the leading edge of the sus-
pension, as shown in Fig. 11. Secondly, the three transfer rates
have peak values at the re-initiation instant. For instance, when
c = 1000 g/m3, they peak at around 30 ps. The multiple local-
ized explosion pockets (see Figs. 9 and 10) significantly intensify
the non-equilibria of the two-phase flows, which however decays
to lower values in 5-10 ps in these cases.

Likewise, the particle size effects on the two-phase coupling are
shown in Fig. 15. We consider the particle diameters of 1-10 pm,
corresponding to the cases in Figs. 6 and 7. One can see from
Fig. 15(a) that the smaller the particle size, the greater the transfer
rates of mass. This suggests that small particles are more prone to
ignite and burn [57]. However, after 45 ps, the S of 2.5 pm par-
ticles is slightly lower than that of 5 pm ones, because the DW is
decoupled in the former case. For S,, the same phenomenon was
observed after 52 ps. However, for dy = 5 pm, the energy transfer
rate transits from negative value to positive one around 25 ps. This
indicates that the larger the particle size, the less heat is released



J. Shi, P. Zhang, Y. Xu et al.

s 16 1 1 1 1 1 1
2 1 —5 (@)
£ 127 25— 10 [umi| -
2 8 -
2 4 i
& 0- i
_ 12 1 | I 1 1 | =
% N 0 ( )_
S5 -1 Sg
5 41 :i(s 9 12 15 -
R L el i
T 0 (©)
Z 5 — I
k)
= 104 5
£
wE -15 5
0 10 20 30 40 50 60 70
Time [us]

Fig. 15. Time history of the averaged transfer rates of (a) mass, (b) energy, and (c)
momentum with different particle diameters. c= 500 g/m3.

by the surface reaction of coal particles. Differently, for 10 ym par-
ticles, the energy transfer rate is always negative after the DW en-
ters the two-phase section. This is because for coarser particles,
the heat released by the surface reactions is much lower than the
heat absorbed from the gas phase. This phenomenon will be fur-
ther analyzed in Section 4.7. It can be seen from the Fig. 15(c) that
the smaller the particle size, the greater the momentum transfer
rate. This is related to the faster response to the gas flows of the
finer particles. For d, = 1 pm, there is a significant fluctuation in
the momentum transfer rate due to the re-initiation of the DW at
about 35 ps.

4.6. Hybrid detonation structure

Detailed structures of methane/coal particle hybrid detonation
will be analyzed in this section. The gas and particle results with
¢ =50 g/m? and d,=1 pm (same as Fig. 4c) are selected for analy-
sis in Fig. 16. A weakly unstable detonation wave is observed, and
the Mach stem, incident wave, transverse wave and triple points
can be identified, as annotated in Fig. 16(b). The gas reaction heat
release rate Q is high immediately behind the LSF, as shown in
Fig. 16(d). Moreover, unburned gas (UBG) pockets exist in the deto-
nation products (see Figs. 16a and 16b), and unburned mixtures are
leaked behind the incident wave. One can see from Fig. 16(e) that
the coal particles are heated to above 3000 K immediately behind
the LSF. This is reasonable because 1 pm particles have fast heat-
ing rate. Accordingly, the char starts to burn, and considerable CO,
is produced from the surface reactions behind the Mach stems and
incident waves (see Fig. 16¢). This leads to quick reduction of coal
particle mass myp, evidenced in Fig. 16(f). Within 0.01 m behind the
LSF, the mass of most particles is reduced to around 50% of the
original value. In Fig. 16(g), the carbon mass fraction in the par-
ticles, Y¢(s), is reduced to approximately 70% (but still not burned
out yet) at 0.02 m behind the LSF.

Striped distributions of heat release from char combustion Qgg
can be found in Fig. 16(h). Several locations with high Qs can
be seen (marked as HRP), which are caused by enhanced char
combustion facilitated by the availability of the oxidant species in
the unburned gas pockets. The localized strong surface reaction
heat generation further promotes the homogeneous gas reactions,
thereby higher Q near there (see Fig. 16d inset), which further ele-
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Fig. 16. Distributions of (a) gas temperature, (b) pressure, (c¢) CO, mass from sur-
face reaction, (d) gas reaction heat release rate, (e) particle temperature, (f) particle
mass, (g) carbon mass fraction in the particle, (h) surface reaction heat release rate.
¢=50g/m? and dy= 1 pm. MS: Mach stem, TP: triple point, IW: incident wave, TW:
transverse wave, UBG: unburned gas, HRP: heat release point. White line: shock
front.
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lead shock front; RF: gas reaction front; SRF: surface reaction front; SP: shock-frame
sonic point; CS: two-phase contact surface.

vates the local pressure. These pockets with char burning would be
conducive for pressure wave formation, thereby affecting the lead
shock.

The structure of the hybrid detonation can be further quantified
through averaging the key gas (density-weighted averaging) and
particle (simple averaging) variables along the domain width (i.e.,
y-direction) and the results are presented in Fig. 17. At this instant,
the x-direction length of the particle-laden area behind the lead
shock is about 0.046 m, and the end of this area is a multiphase
contact surface (CS). As observed from Fig. 17(a), the mean gas
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Fig. 18. Distributions of averaged variable corresponding to the results in Fig. 6: (a) 1 pm and (b) 10 um. ¢ = 500 g/m?3.

reaction HRR Q increases quickly after the shock and peaks around
0.26 m (termed as reaction front, RF). As such, the average in-
duction distance between LSF and RF is about 3 mm. Accordingly,
the mass fractions of CH4 and O, quickly drop to around 0 and
0.067 respectively behind the reaction zone. The residual O, pro-
vides favorable environment for char combustion to proceed. One
can see from Fig. 17(a) that the gas temperature T rises rapidly to
over 3000 K due to detonative combustion, and the particle tem-
perature T, (see Fig. 17b) basically follows the gas one due to the
fast heating process. The maximum Qs (the corresponding loca-
tion termed as SRF) lies slightly behind the RF. Nonetheless, con-
tinuous combustion of the coal particles leads to distributed char
combustion HRR in the detonation products. From the distributions
of the shock-frame Mach number Ma, the subsonic (actually very
close to the sonic condition, like a C-] detonation) region spans
from x = 0.23 to 0.26 m. The location of Ma = 1 corresponds to
the sonic point (SP), i.e., x = 0.23 m in this structure. Therefore,
char combustion largely proceeds in the subsonic region, which
enables the influence of forward-running pressure waves from char
combustion heat release on the lead shocks. The skeletal structure
of the hybrid detonation, featured by foregoing key locations, is
marked along the top x-axis in Fig. 17.

How the hybrid detonation structure evolves with particle di-
ameter or concentration merits further discussion. The distribu-
tions of averaged variable with different coal char particle diame-
ters (1 and 10 pm) are shown in Fig. 18. The particle concentration
is fixed to be ¢ = 500 g/m3. For Fig. 18(a), the concentration c is
ten times higher than that in Fig. 17. It can be seen from Fig. 18(a)
that the x-direction length of the particle-laden area behind the
lead shock is about 0.066 m. The average induction distance be-
tween LSF and RF is about 1 mm. Compared with Fig. 17, when
the concentration increases, the particle-laden area also increases,
and the induction length decreases. This is because the larger the
particle concentration is, the longer it takes for the particles to
complete the surface reaction, and the stronger the weakening ef-
fect on the leading shock wave is due to the energy/momentum
absorption of the particles. Moreover, the gas temperature T and
particle temperature T, rise rapidly to about 3200 K and 3400 K
at a distance of 2 mm behind the LSF. This is close to that in
Fig. 17 since the same particle size is considered. Furthermore, the
maximum Qsg in the 500 g/m3 case is one order of magnitude
higher than that of the 50 g/m3 case, due to higher particle con-
centration. Accordingly, the peak gas reaction HRR, Q, are 0.33 and

1

0.38x10"3 J/m3/s for 50 and 500 g/m3, respectively. The enhanced
Q peak value may be associated with the stronger char combustion
heat release in the latter case.

It can be seen from Fig. 18(a) the Mach number distribution
that the range of subsonic propagation is about 7 mm, and the
Mach number Ma at the LSF is 4.8. The counterpart results of the
c= 50 g/m3 case in Fig. 17 are 0.034 m and 5.1, respectively. Ap-
parently, those from the 500 g/m3 case are much lower. This is rea-
sonable, because of the weaker lead shock attenuated by higher-
concentration particles.

Comparing Figs. 18(a) and 18(b) can indicate the particle size
influences. When dp= 10 pm in Fig. 18(b), the particle temperature
T, increases monotonically towards the two-phase contact surface,
due to smaller heating rate of larger particles. The peak gas reac-
tion HRR Q No DOThere is at the same position as that of char
combustion Qsz. However, Qg is one order of magnitude smaller
than that of the 1 pm particles. Meanwhile, the shock Mach num-
ber is about 5.8, and the subsonic zone length is only 4 mm.
This implies that the larger the particle size is, the less the en-
ergy/momentum absorbed by the particles is, and the weakening
effect on the leading shock is smaller.

4.7. Discussion

As seen from Figs. 17 and 18, the coal particles can burn in
the induction zone and the reaction rate increases quickly near
the RF due to the elevated gas temperature. It is necessary to fur-
ther make fundamental discussion on how the coal particle burn-
ing affects the methane chemistry in the induction zone. Essen-
tially, coal particles interact with the gas phase through heat and
mass transfer. To investigate the influences of these interactions on
gas phase chemistry, constant-volume ignition will be conducted
in this section. We consider a cubic domain of 1 x 1 x 1 mm?,
which is schematically shown in Fig. 19(a). The initial composi-
tion of the background gas is the same as that in 2D simula-
tions, i.e., stoichiometric CH4/O,/N, mixture. The initial pressure
and temperature are respectively taken as the von Neumann states
of the ZND structure of the background gas, i.e., Tyy =1742 K and
pyn = 2.12 MPa, shown in Fig. 19(b). Moreover, mono-sized coal
particles of a given concentration are uniformly distributed in the
domain, see Fig. 19(a). Consistent with the 2D simulations, the
studied initial particle diameter and concentration are dg = 0.25
- 30 um and ¢ = 10 - 1000 g/m3, respectively. The initial particle
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Fig. 19. (a) Domain of the constant-volume ignition with coal char particles. (b) The ZND profiles of pressure, temperature, and thermicity in stoichiometric CH4/O3/N,
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Fig. 20. Ignition delay time as a function of particle diameter with different particle
concentrations.

temperature is 300 K. The particle heat capacity and initial mate-
rial density are the same as those in the 2D simulations.

One cell is used for the domain, and wall conditions are
enforced for six boundaries. The autoignition process is solved
through Egs. (1), (3), and (4) without the physical transport terms
and radiation term. The computational parcel concept [52] is
adopted, which groups all the particles with identical properties
(e.g., temperature and mass). In our studies, one parcel is used to
represent all the coal particles in the domain, which is placed at
the cell center, see Fig. 19(a). This essentially corresponds to a 0D
ignition calculation with mass and heat exchanges between the gas
and coal particles. These calculations can provide insightful results
about the dispersed phase on gas chemistry [58].

Ignition delay time (IGT) of the gas mixture as a function of
particle diameter and concentration are calculated, and the results
are shown in Figs. 20 and 21. Here the IGT is defined as the du-
ration from the beginning to the instant with maximum HRR. The
IGT of the particle-free stoichiometric CH4/O,/N, mixture, 6.45 s,
is also added for comparison (termed as “gas IGT” hereafter).

As demonstrated in Fig. 20, when the particle diameter dg is
around 2.5 pm, the IGT of the two-phase mixture is close to that
of the particle-free case. Meanwhile, when dg is beyond a certain
value, i.e., 20 pm, the IGT also approaches the gas IGT value. These
tendencies exist for all three concentrations. Therefore, with the
foregoing two critical diameters, the dependence of IGT on particle
diameter can be divided into Regimes A, B and C. Specifically, in
Regime A (dg < 2.5um), the ignition is earlier than that in the gas-
only mixture. This is because the heat released by the small par-
ticle surface reactions facilitates the gas phase reaction. Moreover,
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Fig. 21. Ignition delay time as a function of particle concentration with different
initial particle diameters.

the smaller the particle size, the shorter the IGT, as demonstrated
in Fig. 20. In Regime B (2.5 < dg < 20pm), the IGT is higher than
the gas IGT. With increased particle size, the IGT first increases
and then decreases. This non-monotonicity may be induced by the
competition between particle heat absorption from the gas phase
and heat release due to char combustion. In Regime C, when the
particle size further increases beyond 20 pm, the IGT is not sensi-
tive to the particle diameter variations, which is close to the gas
IGT.

Interestingly, in each regime, particle concentration exhibits dif-
ferent effects on IGT. Figure 21 further demonstrates the relations
between the IGT and particle concentration. One can see that, for a
fixed particle size (e.g., 1 or 10 pm), the IGT always monotonically
changes with the particle concentration. This means that the larger
the particle concentration, the greater the influence of coal parti-
cle on the IGT. Nonetheless, the exceptions are the results for the
critical diameter of 2.5 pm and the case in Regime C, which shows
weak dependence on particle concentration. This may be due to
the reason that the heat absorbed by the particles is close to the
one from char burning. In Regime A, for small particles, e.g., 1 and
2 pm, the IGT gradually decreases when c is increased. This is be-
cause the higher concentration, the more heat is absorbed to heat
the particles. This can also further justify the unsteady phenomena
in detonations with micro-sized particles in Figs. 4(e) and 4(f). For
5 and 10 pm coal particles, IGT increases with particle concentra-
tion.

Based on the results in Figs. 20 and 21, one can see that
the effects of the coal particles are multi-fold. Micron-sized or
submicron coal particles can kinetically facilitate the gas chem-
istry. Therefore, they are more hazardous to explosion, e.g., in coal
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mines. However, they would be preferably used for coal particle
co-burning in propulsion systems. Particles of these sizes are ex-
pected to ignite and burn within the hydrodynamic length of the
detonation [57]. For coarse particles, their effects on the gas chem-
ical kinetics are relatively weak.

The different effects of dispersed coal particles on IGT can be
justified by the interactions between the gas phase reaction and
char combustion. In Fig. 22, we select one typical case from each
regime for analysis. The results (dotted line) from the particle-free
case are added for comparison. For dg = 1pm, in Figs. 22(a) and
22(b), the particles are heated by the hot gas and the temperature
increases from the initial one to 2000 K around 1 ps. From 1 to 4
us, the coal particle temperature gradually increases towards over
3000 K, accompanied by the char combustion with finite heat re-
lease. During this period, the particle temperature is higher than
the gas temperature and therefore particle would in turn heat the
gas phase, which is in the chemical runaway stage. At 4 ps, ther-
mal runaway of the gaseous mixture happens, with strong heat re-
lease and temperature rise. Therefore, the char combustion and gas
chemistry have pronounced interactions, and the gas HRR is about
one order of magnitude higher than that of char combustion (black
line in the lower panel).

For the case in Regime B, due to larger particle size, heating
rate is much lower than that in Fig. 22(a). As such, the particle
temperature is lower than the gas temperature for the majority of
the chemical runaway stage. Due to this temperature difference,
heat absorption from the background gas happens and the gas
chemistry would be delayed due to the existence of the coal char
particles. The char combustion heat release is also much lower
than the 1 um case. Therefore, for Regime B, the auto-ignition time
of the gas-phase reaction is prolonged. When the particle size fur-
ther increases, e.g., dg = 20 pm, it is also seen from Figs. 22(e) and
22(f) that during the induction period of gas chemical reactions,
the particle temperature rises even more slowly. The gas temper-
ature is much higher than the particle temperature. Therefore, for
Regime C, the ignition history is almost not affected by the parti-
cles.

To further analyze the surface reaction effects under various
particle conditions, numerical experiments are performed by turn-
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Fig. 23. Effects of surface reaction on ignition delay time of gas phase mixture with
different particle sizes.

ing off the surface reaction model in the simulations, and the com-
parisons of their IGTs are presented in Fig. 23 for two concentra-
tions of 50 and 1000 g/m3. One can see that, for either concen-
tration, the surface reaction only shows a considerable influence
when the particle size is smaller than a certain value, i.e., around
5 pm. This further identifies particle size range within which the
surface reaction would exhibit a substantial influence on gas phase
chemistry, thereby justifying the rich detonation behaviors (such as
localized explosion and detonation re-initiation) with small parti-
cles seen in the 2D simulations.

5. Conclusions

Methane detonation dynamics in dilute coal char particle sus-
pensions are computationally studied with a Eulerian-Lagrangian
approach. Two-dimensional configuration is considered and a re-
duced chemical mechanism is employed. Parametric studies are
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performed with different particle sizes and concentrations. Novel
findings from this work include: (1) effects of coal particle
suspensions on methane detonation dynamics, (2) hybrid detona-
tion structures, (3) mechanism of detonation extinction and re-
initiation, (4) interphase coupling between detonation and parti-
cles, and (5) influence of surface reactions on gas chemistry under
detonation-relevant conditions. Key conclusions are summarized as
below:

The methane detonation wave propagation is considerably af-
fected by coal particle concentration and size. Detonation extinc-
tion occurs near the leading edge of the suspension when the par-
ticle size is small and concentration is high. The averaged lead
shock speed decreases with increased particle concentration and
decreased particle size.

Moreover, for 1 pm particles, if the particle concentration is
beyond a threshold value (465 g/m3), detonation re-initiation oc-
curs. This is caused by the shock focusing along the reaction front
in a decoupled detonation and these shocks are generated from
surface reactions behind the lead shock. A regime map of deto-
nation propagation and extinction is predicted. It is found that the
re-initiation location decreases with particle concentration, but ap-
proaches a constant (~ 0.225 m) when the concentration exceeds
1000 g/m3. The regime map can be used to determine the critical
conditions for detonation transmission and failure for detonation
prevention. The key parameters useful for detonation suppression
include particle size and concentration. It is therefore significant
to frequently measure these parameters in coal mines, and com-
pare them against the regime map, to evaluate the detonation risk
level.

In addition, the interphase coupling between the detonation
wave and coal particle is discussed. The mass and energy transfer
rate increase rapidly to the maximum near the reaction front in
the induction zone. Meanwhile, the smaller the particle size and
the larger the particle concentration, the greater the transfer rates
of mass, energy, and momentum.

Detailed structures of methane/coal particle hybrid detonation
are also studied. The results reveal that the several locations with
high heat release are caused by enhanced char combustion facil-
itated by the availability of the oxidant species in the unburned
gas pockets. These pockets with char burning would be conducive
to pressure wave formation, thereby affecting the lead shock. The
one-dimensionalized structures are also analyzed with various key
locations, including sonic point, two-phase contact surface, and re-
action fronts from gas chemistry and particle surface reactions. The
particle properties have significant effects on the hybrid detonation
structures.

Finally, the influence of coal particle surface reaction on
methane chemistry is studied based on constant-volume ignition
calculations. It is found that the surface reaction has significant ef-
fects on IGT when the particle size is less than 2.5 pm. Moreover,
the IGT changes non-monotonically with particle size. The depen-
dence of IGT on particle diameter can be divided into Regimes A, B
and C. Specifically, in Regime A (dg < 2.5um), the ignition is earlier
than that in the gas IGT. In Regime B (2.5 < dg < 20um), the IGT
is higher than that of the gas IGT. In Regime C, when the particle
size further increases beyond 20 pm, the IGT is almost unaffected
when the particle size varies, close to the IGT of gaseous mixture.
Moreover, the IGT monotonically changes with the particle concen-
tration.

In this work, the point-source Lagrangian model is used and
therefore the flow details around the particle are not resolved.
Nonetheless, the studies on microscopic flow structures would be
of great importance to develop proper models (e.g., drag model)
and corroborate the overall soundness of the point-source model
for high-speed two-phase flows, which need to be considered in
future work.
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