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Understanding the causes and mechanisms of large explosions, especially dust explo-
sions, is essential for minimising devastating hazards in many industrial processes. It
is known that unconfined dust explosions begin as primary (turbulent) deflagrations
followed by a devastating secondary explosion. The secondary explosion may propa-
gate with a speed of up to 1000 m/s producing overpressures of over 8—10 atm, which
is comparable with overpressures produced in detonation. Since detonation is the only
established theory that allows rapid burning producing a high pressure that can be sus-
tained in open areas, the generally accepted view was that the mechanism explaining
the high rate of combustion in dust explosions is deflagration-to-detonation transition.
In the present work we propose a theoretical substantiation of an alternative mechanism
explaining the origin of the secondary explosion producing high speeds of combustion
and high overpressures in unconfined dust explosions. We show that the clustering of
dust particles in a turbulent flow ahead of the advancing flame front gives rise to a
significant increase of the thermal radiation absorption length. This effect ensures that
clusters of dust particles are exposed to and heated by radiation from hot combustion
products of dust explosions for a sufficiently long time to become multi-point ignition
kernels in a large volume ahead of the advancing flame. The ignition times of a fuel-air
mixture caused by radiatively heated clusters of particles is considerably reduced com-
pared with the ignition time caused by an isolated particle. Radiation-induced multipoint
ignitions of a large volume of fuel-air ahead of the primary flame efficiently increase
the total flame area, giving rise to the secondary explosion, which results in the high
rates of combustion and overpressures required to account for the observed level of
overpressures and damage in unconfined dust explosions, such as for example the 2005
Buncefield explosion and several vapour cloud explosions of severity similar to that of
the Buncefield incident.

Keywords: turbulent clustering of particles; dust explosions; transparency effect;
radiation-induced ignition

1. Introduction

Understandingthe origin and the mechanism of dust explosions is essential for minimising
the dust explosion hazard in many industrial processes. The danger of dust explosions
is a permanent threat in various industries handling combustible or inert powders of fine
particles [1-6].
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Methane—air systems are life-threatening mixtures, particularly in underground coal
mines. Methane from coal mines initiated explosions, and the explosions are later escalated
by coal dusts [7]. Experimental studies [8] show that particles increase the turbulent burning
velocity because of the increase in the turbulence level by particle-turbulence interaction.
In cases with smaller particle sizes and larger dust concentrations (> 50-70 g/m?®) the
turbulent burning velocity increases to be considerably larger than in cases with larger
particle sizes and lower dust concentration ranges. Explosions initiated by these mixtures
have destroyed infrastructure in mines and have taken thousands of lives in the past. Faraday
and Lyell, who in 1845 analysed [9] one of the most destructive coal mine explosions, the
one in the Haswell coal mine, had been the first who pointed to the likely key role of dust
particles. In the real world, the types and nature of dust explosions are diverse. Devastating
dust explosions can occur in a system of the combustible or inert particles suspended in
fuel-air.

Dust explosions can be either partly or fully confined (e.g. explosions of pulverised bio-
mass plants), or unconfined. In the majority of large-scale vapour cloud explosions (VCEs)
there is clear forensic evidence that a severe explosion propagated into open uncongested
areas. This is a feature of all of the large vapour cloud incidents for which detailed primary
evidence is available (e.g. the 2005 Buncefield fuel storage depot explosion), and several
VCEs of severity, similar to that of Buncefield, that occurred during the past decade
[5,6,10,11]. Unconfined dust explosions and VCEs start with a primary accidentally ignited
flame in the deflagration regime. In the majority of dust explosions, the primary flame
becomes turbulent due to obstacles in the flame propagation path, and this can enhance the
flame propagation speed significantly.

Historically, large-scale chemical explosions that involved a fuel (methane, propane, or
butane) mixed with the atmosphere were also considered as unconfined dust explosions.
Admittedly, large-scale coal mine explosions share traits with large vapour cloud incidents
and may be considered as either partly or almost fully unconfined dust explosions. In real
explosions it is common that the pressure waves produced by the primary flame disturb dust
on the ground ahead of the flame front, so a dust explosion occurs when the dust particles
are entrained and dispersed in the fuel—-air. However, despite considerable efforts over more
than 100 years, the mechanism governing flame propagation in dust explosions that cause
extremely high combustion speeds and overpressures, and which is required to be known
to account for the levels of the observed damage, still remains a major unresolved issue.
Currently, most prevention and safety methods rely on empirical correlations. Although the
technology for preventing dust explosions has progressed considerably, recurring accidents
(VCEs) in the mining industry and fuel storage facilities call for a fundamentally improved
understanding of the mechanism of flame propagation and the origin of high overpressures
in these explosions.

Conventional flame propagation mechanisms in the deflagration regime cannot cause
the high overpressures or explain the observed level of damage, such as for example in the
Buncefield incident. Since detonation is the only established theory that allows sufficiently
rapid burning to be sustained in open areas, there has been a general presumption [12—14]
that deflagration-to-detonation transition (DDT), following turbulent flame acceleration, is
the mechanism explaining dust explosions.

Already from the early experimental studies of DDT in ducts [15-20] it was known that
the flame accelerates more rapidly if it passes through an array of turbulence-generating
baffles. Turbulence acts as a perturbing force, increasing the flame surface and the overall
burning rate. Channels with rough walls and obstacles are often used to study DDT, since in
this case the run-up distance is better controlled [21-24]. This was presumably the reason
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why the first attempts to explain DDT were heavily based on the assumption that DDT
might occur only if the flame becomes turbulent, and that turbulence is the primary reason
for the flame acceleration. At the same time, already at the beginning of DDT studies, Ya.
B. Zel’'dovich [25] showed that stretching of the flame front due to interaction with a non-
uniform upstream flow velocity field in the boundary layer was the main reason for flame
acceleration, while turbulence played a supplementary role. Stretching of the flame front
by the sheared flow is a much stronger mechanism of flame acceleration than flame front
wrinkling caused by turbulence. Indeed, DDT was observed experimentally in a smooth tube
for different highly reactive mixtures, e.g. hydrogen—oxygen or ethylene—oxygen [26-28].

Deflagration-to-detonation transition in unconfined systems is more problematic. The
process is scale dependent, therefore investigations at laboratory scales cannot reveal this
phenomenon on large scales. In recent theoretical and numerical models, a possible mecha-
nism of DDT in truly unconfined systems has been attributed to flame acceleration induced
by flame front wrinkling caused by hydrodynamic instability of the flame. [29,30]. On the
other hand, numerical simulations [31] demonstrated that possible DDT in unconfined me-
dia caused by flame interactions with turbulence are feasible only for very large turbulent
velocities. In general, theoretical models whose purpose was to explain possible mecha-
nisms of DDT in unconfined systems led to a deeper understanding of the effects of shocks,
turbulence, and other mechanisms of flame acceleration on creating the conditions in which
DDT can occur. Nevertheless, although these studies advanced basic understanding, they
posed more questions than they answered.

The possibility that DDT occurs in large explosions in industrial accidents has generally
only been recognised for highly reactive fuels such as hydrogen and ethylene, and models
have been validated against a range of experimental data obtained from laboratory-scale
experiments. Applying such data to industrial accidents is to take the models beyond their
validation range, where they cannot be used as predictive tools. In particular, in the case of
Buncefield and similar VCE incidents, the extent and density of congestion are substantially
less than those required for DDT. Also it should be noted that all numerical simulations
conducted to understand the nature of such explosions as transition to detonation used
a simplified single-step chemical model. For the first time it was shown in [27,28] for
hydrogen—oxygen and recently for hydrogen/air in [32,33] that results of simulations for
both the mechanism of DDT and the run-up distance are totally different when used a
single-step models are used compared with when detailed chemical schemes are used.

Several severe explosions extending to the whole cloud have been investigated in the
years since the Buncefield incident. Forensic evidence and detailed reviews of many such
incidents have shown serious discrepancies between the presumption that the overpressures
and damage caused to a variety of objects were caused by detonation and what has been
observed in most VCE incidents [5,6,11]. A detailed analysis of physical damage and data
available from CCTV cameras led to conclusions [6,11] that scenarios based on detonation
[10,12,14] and the type of the observed damage are not consistent with what would occur in
a detonation, and that ‘the combustion in Buncefield was unsteady (episodic), with periods
of rapid flame advance (producing high local overpressures) being punctuated by pauses.
Overall the average rate of flame progress was sub-sonic (~ 150 m/s)’.

In the present article, we consider an alternative mechanism for dust explosions that
can explain the origin of the secondary explosion producing high speeds of combustion
and high overpressures in unconfined dust explosions due to the radiative induced ignition
of a large volume ahead of the primary advancing flame.
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2. Effect of radiative preheating

It was shown in [34,35] that the radiative flux emitted by hot combustion products in large
dust explosions is close to blackbody radiation at stoichiometric flame temperatures (2200—
2500 K) and can make a decisive contribution to the overall energy transport, structure,
and velocity of flames [36]. The experimentally measured thermal radiation caused by dust
explosions, and reported values of a maximum surface emissive power, are in the range
140-556 kW/m? [37,38]. In unconfined dust explosions, the radiative flux emitted from the
advancing flame into the reactants is significantly enhanced by the increased emissivity of
the large volume of burned products containing hot particles. The role of radiation in flame
propagation through the particle-laden combustible gas is an important issue that has not
been sufficiently examined so far.

The impact of thermal radiation emanated by the advancing flame in dust explosions
can be expected to have a range of possible outcomes. Particles suspended in an initially
flammable gas mixture absorb and are heated by thermal radiation. They in turn heat the
surrounding gas and can enhance the flame speed and/or cause ignition of the surrounding
fuel—air mixture. This effect can play an important role in large dust explosions and VCEs.

Thermal radiation emitted from the flame, propagating in a particle-laden fuel-air
mixture, is absorbed and re-emitted by the particles ahead of the flame with heat being
transferred from the particles to the surrounding gas by thermal conduction. It was shown
in [39,40] that this radiative preheating may result in a considerably strong increase in both
the temperature ahead of the flame and the flame velocity. For evenly dispersed particles,
the maximum increase in the temperature of the gas mixture immediately ahead of the
flame front can be estimated as [39]

(1—eNoT}

AT, = ——————>—|
’ Ut(pp cp + pg cv)

(M

where Uy is the normal laminar flame velocity, aTb4 is the blackbody radiative flux, p, is
the mass density of the gaseous mixture, and ¢, and ¢, are the specific heats of particles
and the gas phase, respectively.

For evenly dispersed particles, the intensity of the radiant flux decreases exponentially
on a scale in the order of the radiation absorption length, L, = 1/(«) ~ (2p,/3p4) d,, where
(k) = op(N) is the mean particle absorption coefficient, o, ~ 7‘[d§ /4 is the absorption
cross section of a particle, d), is the particle size (diameter), (V) is the mean particle number
density, p, is the material density of the dust particles, and py is the spatial particle mass
density. The radiation absorption length for the dust cloud mass densities, p; = 0.01—
0.05 kg/m? typical for dust explosions, is in the range 1-10 cm for the micron size particles
d, = 1-20 um. Therefore radiation-induced ignition of the fuel-air by the radiatively
heated particles is not possible in the case of evenly dispersed particles. The situation is
completely different when particles are non-uniformly dispersed, for example in the form
of an optically thick dust layer separated from ahead of the flame front by a gaseous gap
with a sufficiently small concentration of particles in the gap. In this case, the gap between
the flame and the layer is transparent to radiation, and particles in the layer are exposed to
and heated by the radiation from the flame for a sufficiently long time to become ignition
kernels. It was shown in [39,40] that such an optically thick layer of particles can ignite a
new combustion wave in the surrounding fuel—air mixture ahead of the flame front before
it is reached by the advancing flame.
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The plausibility of formation of local ignition kernels ahead of the flame can play
an important role in unconfined dust explosions and vapour cloud incidents. Moore and
Weinberg [41] hypothesised that fibrous particles a few millimeters across can be heated
and ignited sufficiently quickly by the forward radiation from hot combustion products. This
in turn may lead to multi-point ignition of a gas mixture ahead of the flame front resulting
efficiently in an anomalously high rate of combustion. Li and Lindstedt [42] demonstrated
experimentally multipoint radiation induced ignition by dust particles trapped in a tube
around obstacles and heated by radiation from an infrared laser.

However, it should be noted that, in order for a strong secondary explosion producing
a high overpressure or shock wave to occur, a multi-point ignition of a large volume of
fuel-air mixture ahead of the advancing flame must be ignited by the ignition kernels of
particles heated by radiation from hot combustion products. This requires the penetration
length of radiation, L, to become so large that the particles are sufficiently exposed to and
heated by the radiation in a large volume even far ahead of the flame front, i.e.

Leff > s Tign, (2)

where ¢; is the speed of sound in the flow ahead of the flame and 7y, is the timescale of
fuel—air ignition by the radiatively heated ignition kernels. This means that particles well
ahead of the flame front have to be exposed to thermal radiation, and heated by it for a
sufficiently long time, to ignite the surrounding mixture. We will show that clustering of
particles in a turbulent flow ahead of the advancing flame gives rise to a strong (up to 23
orders of magnitude) increase in the radiation penetration length.

3. Effect of turbulent clustering of dust particles on radiation heat transfer

In turbulent flows ahead of the primary flame, dust particles with material density much
larger than the fuel-air gas density assemble in small clusters with sizes about several
Kolmogorov viscous scales. Here, £, = £o/Re¥* 2 0.1-10 mm is the Kolmogorov viscous
scale and Re = uy /v is the Reynolds number based on the integral scale, £, of turbulence
and the characteristic turbulent velocity, uy, at the integral scale. The turbulent eddies, acting
as small centrifuges, push the particles to the regions between the eddies, where the pressure
fluctuations are maximum and the vorticity intensity is minimum. Therefore, suspended
small particles in a turbulent flow tend to assemble in clusters with much higher particle
number densities than the mean particle number density. This effect, known as inertial
clustering, has been investigated in a number of analytical [43—46], numerical [47,48], and
experimental [49-52] studies.

Our analytical studies [53,54] and laboratory experiments [55] have shown that the
particle clustering is significantly enhanced in the presence of a mean temperature gradient,
so the turbulence is temperature stratified and the turbulent heat flux is not zero. This causes
correlations between fluctuations of fluid temperature and velocity, and non-zero correla-
tions between fluctuations of pressure and fluid velocity. This enhances particle clustering
in the regions of maximum pressure fluctuations. As a result, the particle concentration
in clusters rises by a few orders of magnitude compared with the mean concentration of
evenly dispersed particles [53,54].

It is known that spatial inhomogeneities with scales larger than the wavelength of the
radiation may give rise to an increase in the radiation absorption length [56—58]. The effect
of an increase in radiation transmission through gas—particle mixtures caused by inertial
particle clustering in non-stratified turbulence was studied using a Monte Carlo model
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in different particle distributions in [59,60]. In the case of non-stratified turbulence and
for relatively small Reynolds numbers, particle clustering or the increase of the radiation
absorption length is not very pronounced. On the contrary, in the case of a dust explosion,
there are many reasons for the formation of an inhomogeneous temperature distribution
and temperature gradients in the turbulent flow produced by pressure waves ahead of the
primary flame. We will show that the clustering of particles in the temperature stratified
turbulence ahead of the primary flame gives rise to a strong increase of the radiation
penetration length. The effect ensures that the inequality (2) is satisfied because clusters of
particles even far ahead of the primary flame are exposed to and heated by the radiation
from the primary flame for a sufficiently long time to become ignition kernels.

3.1. Equation for the mean radiation intensity

To investigate how clustering of particles affects the radiation penetration length, and
how this effect depends on the turbulence parameters, we consider a turbulent flow with
suspended particles exposed to a radiative flux. The radiative transfer equation for the
intensity of radiation, I(r, §), in the two-phase flow reads (see for example [61,62])

G-V I(r,§) = — [kg(r) + kp(r) + i (r)] 1(r,8) + kg Iyg +Kplpp

+5/¢(r,§,§’)1(r,§’)dsz, 3)
47t

where «,(r) and k,(r) are the absorption coefficients of gas and particles, respectively,
«(r) is the particle scattering coefficient, ¢(r, §, §') is the scattering phase function, 7, o(r)
and I, ,(r) are the blackbody radiation intensities for gas and particles, respectively, r is
the position vector, § = k/k is the unit vector in the direction of radiation, k is the wave
vector, (k, 0, ¢) are the spherical coordinates in k space, and d2 = sinf df de. Taking into
account that the scattering and absorption cross sections for gases in normal conditions are
very small, the contribution from the gas phase is negligible in comparison with that of
particles. We also take into account that, for 7d,, A/1€]/Araq > 1, the scattering coefficient
is negligibly small compared with the particle absorption coefficient [62], where € is the
dielectric permeability of the dust particles, A,q is the radiation wavelength, and d, is the
diameter of the dust particles. Therefore, Equation (3) is reduced to

$V)I(r.8) = —k(r)I(r) — 1), “)

where k = k,(r) and I, = I, ,, which depends on the local temperature, and we have
omitted the subscript ‘p’.

To derive the equation for the effective radiation absorption coefficient in the presence
of particle clustering in a turbulent flow, we use a mean-field approach. In the frame-
work of this approach, all quantities are decomposed into the mean and fluctuating parts:
I={)+TI,1I,=(Iy) + 1, and k = (k) + «'. The fluctuating parts, I, I,, «’, have zero
mean values, and angular brackets denote averaging over an ensemble of fluctuations.

The radiation absorption length for evenly dispersed particles is L, = 1/(k), where (k) =
o 4(N) is the mean particle absorption coefficient, o, ~ ndz /4, and (N) is the mean number
density of evenly dispersed particles. The particle absorption coefficient is k = no,, so
that the fluctuations of the absorption coefficient are ¥’ = n' o, = n’ (x)/{N). Averaging
Equation (4) over the ensemble of the particle number density fluctuations, we obtain the
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equation for the mean irradiation intensity (I (r, §)):
$-VY(I(r,8) = =) (1) = (1)) — (" I') + (" I). (%)
Subtracting Equation (5) from Equation (4), we obtain the equation for fluctuations of 7’
(8:V 4+ () + ) I'(r, §) = Lsources (6)
where s = r-§, and the source term is
Lsource = =k (1) = (Ip)) + (k" I') + ({x) + 1) Iy = (" 1}). (7

The solution of Equation (6) is

o0
I'(r,8) = / Lsource €Xp [—

o]

/5 [(K) + K,(S”)] ds//

} ds’. (8)

Expanding the exponent, exp [— f :, k'(s”)ds ”] , in Equation (8) in Taylor series over a small
parameter, K/E,]Sc’” 2 « 1, one obtains

exp |:_ /S I(,(S”) ds//i| —1—- /5 K/(S”) ds” +0 (KIZ) , (9)

so that Equation (8) reads

I'(r,§)= / Lource €xp (—(xc)|s — s'[) <1 —/ K'(s") ds”) ds' + O (k?),

oo

(10)

where Sc = v/D is the Schmidt number, v is the kinematic viscosity, and D is the coefficient
of the Brownian diffusion of the particles. Multiplying Equation (10) by «’ and averaging
over the ensemble of fluctuations, we obtain an expression for the one-point correlation
function (k' I'):

(K" I') |:1 + /00 (//S(K/(S)K/(S”» ds”) exp (—(k)|s — s'|) dsi|

]

== (0 =) [ wow ) e (ks - s1) ds. (a

—0Q

To derive Equation (11), we used the quasi-linear approach [63]. In the framework of this
approach, we neglected in Equation (11) small third and higher moments in fluctuations of
«', due to a small parameter in the theory, k'¢,, Sc ™12 < 1. We also neglected a small correla-
tion between the particle number density fluctuations and the gas temperature fluctuations,
which implies that (' I}) = 0.

Equation (11) can be rewritten as

28Jy

W == () =) 1557 (12)
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where the values J; and J, in Equation (12) are given by the integrals

Iy = /oo ®(Z)exp(—BZ)dZ, (13)

’ oo zZ
bh=5 ( / VA dZ’) exp(—BZ)dZ, (14)
0 0

where Z=[s-s’|/lp, ®(t, R) = (n'(¢, x) n'(¢, x + R)) is the two-point correlation function of
the particle number density fluctuations, 8 = (k) €p and ¢p = af,/Sc'?, with the
numerical factor a >> 1. Substituting the correlation function (x’ I’} determined by Equa-
tion (12) into Equation (5), we obtain an equation for the mean radiation intensity:

GV U, 8) = —er ((D) = (1), (15)

where the effective absorption coefficient k¢, which takes into account the particle clus-
tering in a temperature stratified turbulence, is

B 28,
Keff = (K> (1 - m) . (16)

3.2. Effect of particle clustering

To calculate the integrals J; and J,, we use the normalised two-point correlation function
of the particle number density fluctuations, ®(R) = (n'(r)n'(r + R))/(N)?. The two-point
correlation function that accounts for particle clustering in temperature stratified turbulence
was derived in [53]: ®(R) = (na/(N))? for 0 < R < £, and

na \° { R\ 7" R
cI’(R):<<N>) (E) COS[“ 1“(5” (17

for £p < R < oo. This correlation function determines the maximum increase of the particle
number density inside a cluster, where R = R-§,

. 1 _ 200,(1 + o7)
“—m[3 ot } (18)
,_ 3ml+or) (19)

" (14 307) InSc’

Here o, = (07, + 07) '/ is the degree of compressibility of the turbulent diffusion tensor,

oro = 0,(St = 0), and o, is the degree of compressibility of the particle velocity field:

172

_ 8stK? B L.V(T)\*
%= 303 pSERD)" K = [1 + Re <—<T) ) } , (20)
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Re = £yuy/v is the Reynolds number, (7) is the mean fluid temperature, the length L, =
c? r,? /2 /9v1/2_ and a constant b determines the value of the parameter o, in the limit St K2 >
1. To derive Equations (17)—(20), we used Equations (42)— (46) in [53] and Equations (17)
and (18) in [54].

The particle inertia is characterised by the Stokes number, St = 7,/7,, where 7, =
m,/(3mp vd,) is the particle Stokes time, 7, = To/Re"’? is the Kolmogorov time, and 7
= €o/up and u are the characteristic time and velocity at the turbulent integral scale, £,
respectively. The size of a cluster is given by £p = a £,/ Sc!2. The value of the numerical
factor a & 5—10 corresponds to the values obtained in the laboratory experiments of [55] and
the atmospheric measurements of [54,64]. The parameter b enters into the expression for the
degree of compressibility of the particle velocity field, o,. In the limit of large temperature
gradients (St?> K> > 1), the value o, = 8/3b. Since the degree of compressibility of the
particle velocity field o, < 1, the coefficient » > 8/3. On the other hand, when b is very
large (b > 1), o, — 0, i.e. the role of stratification of turbulence or particle inertia is
negligible, which implies the absence of turbulent clustering. Therefore, it is reasonable to
choose the value of b in the range 5 < » < 10. Our analysis shows that the final result for
the effective radiation penetration length, L.g, is not very sensitive to the particular value
of b (see below).

In the analytical study of the radiative transfer, we neglect the third and higher moments
in «’ in the correlation function (k' I’) due to a small parameter in the theory, x'¢,Sc™"? <«
1. Since for inertial particles Sc = v/D > 1, this condition is satisfied. At the same time in
the study of turbulent clustering of particles, we have taken into account higher moments in
the particle number density fluctuations that contribute to the effective radiation penetration
length. The higher moments in «’ (i.e. in fluctuations of particle number density »’) are only
important within the particle clusters, while outside the clusters the higher moments in «’
are much smaller than the second moments.

The growth of particle number density inside the cluster is saturated by nonlinear effects.
The particle number density inside the cluster can be restricted by depletion of particles in
the surrounding flow caused by their accumulation inside the cluster. It was shown in [53]
that the maximum number density of particles attained inside the cluster and caused by the
particle depletion effect is given by

Nl en 5 1/2
=(1+-Sc*? InS ) 21
(N) ( toseT C) 2D

Another effect that restricts the growth of the particle number density inside the cluster is
related to a momentum coupling of particles and turbulent flow, when the kinetic energies
of particles and turbulence become close. Numerical modelling shows that the latter effect
becomes important when the mass loading parameter (the ratio of the particle spatial
density inside the cluster to the fluid density) m,n./pg ~ 1. In Figure 1 we show the particle
number density, #n¢1/(N), within the cluster normalised by the mean particle number density
versus the particle diameter d, for different temperature gradients |V(T')| = 0, 1/3, and
10 K/m. The inclined lines in Figure 1 are related to the first saturation mechanism due
to the particle depletion effect. The horizontal line corresponds to the second saturation
mechanism caused by the momentum coupling of particles and turbulent flow with the
mass loading parameter m,nc/p, ~ 1/2. In Figure 1, the following parameters (see below)
have been used: Re = 10, v = 0.2 cm?/s, o 79 = 1/2, and ¢5 = 450 m/s.
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Figure 1. The particle number density, n/(N), within the cluster normalised by the mean particle
number density versus the particle diameter d,, for different temperature gradients |V(7T')| = 0 (solid
curve), 1/3 (dashed curve), and 10 K/m (dashed—dotted curve). The inclined lines are related to the
first saturation mechanism due to the particle depletion effect. The horizontal line corresponds to the
second saturation mechanism caused by the momentum coupling of particles and turbulent flow with

the mass loading parameter m,nq/p, ~ 1/2.

Using Equations (17)—(20), and taking into account that 8 = (k) £p < 1, we determine

the integrals J; and J;:
Nl 2 /L—l
Ji=J = i l+— 1. 22
e <<N>> [ (u—1)2+a2} =

Since the main contributions to the integrals J; and J, are from the size of the cluster,
£p = at,/Sc?ocv¥4, these integrals depend on the kinematic viscosity v.

3.3. Effective penetration length of radiation
Substituting Equation (22) into Equation (16) for the effective absorption coefficient, we
obtain the following expression for the effective penetration length of radiation, L. =

l/KeffI

Leff_ 2a'? [ ny 2 £, u—1
=5 <<N>) (L_) [1+(M—1)2+a2]
(23)

Let us analyse the obtained result for the effect of turbulent particle clustering on the
increase in the effective penetration length of radiation L.s/L,,. There are two physical effects
related to particle clustering that affect radiative transfer: (i) the formation of radiation
transparent windows between particle clusters and (ii) the screening from the radiation of
particles inside optically thick clusters. The analysis performed in the present study yields
the effective absorption coefficient, kg, which takes into account the collective effects of
turbulent clusters on radiation transfer. This effect determines the formation of transparent
windows between particle clusters. On the other hand, the presented analysis cannot take

into account the screening effect of optically thick clusters. Therefore, the obtained results
give a lower limit for the increase in the penetration length of radiation, L.s, whereas the

overall effect may be much stronger.
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It should be noted that, following the present authors’ recent article [63], Frankel
et al. attempted in [65,66] to calculate the increase in radiation transmission through
gas—particle mixtures caused by particle clustering in isothermal turbulence. However, the
analytical expression for the ratio Ley/L, obtained in [65] differs from Equation (18) in [63]
or Equation (23) in the present article. The expression for the particle radial distribution
function used in [65] for the derivation of the ratio L.g/L, corresponds to the weak clustering
regime when the clustering instability is not excited. The derivation of the ratio Leg/L,
performed in [66] is based on the assumption of a normally-distributed optical path length.
It also assumed very small particle clusters. As regards the numerical results in [65], the
Reynolds numbers used (which were based on the Taylor microscale and were less than
50) imply that turbulence in this case is not fully developed, so that the increase in L in
comparison with the length L, should be very small .

We first consider turbulence in the absence of the mean temperature gradient (isothermal
turbulence). For isothermal turbulence, particle clustering instability occurs only when the
particle diameter d, > 25 um (see [45,46,53]). Figure 2 shows the ratio Leq/L, versus
particle size (top panel) and versus Stokes number (bottom panel) determined for the
case of particle clustering in turbulence with different Reynolds numbers. The following
parameters have been used for methane—air in normal conditions: v = 0.2 cm?/s, ¢s =
450 m/s, ny/(N) = 500, and oy = 1/2. Figure 2 demonstrates that the increase in the
effective penetration length of radiation in isothermal turbulence is more than one order of
magnitude for particles with d,, > 25 um.

As follows from Equation (23), the ratio Leg/L, is strongly dependent on (7¢1/ (V) )2. Note
also that, as follows from [53, Figure 1], the rate of particle cluster formation for temperature
stratified turbulence is much larger (almost an order of magnitude) than that for isothermal
turbulence. However, in the case of isothermal turbulence the rate of particle clustering is
rather low. It is more than one order of magnitude less than the rate of particle clustering for
temperature stratified turbulence (see [57, Figure 1]). Therefore, for isothermal turbulence
the density of particles in clusters is unlikely to increase significantly. In this case, clusters
either do not survive for a long time, or they are absorbed by the advancing flame long
before the density of particles in clusters can increase significantly. It was shown in [53,54]
that for temperature stratified turbulence the ratio n)/(N) can increase up to three orders of
magnitude.

There are many reasons for the formation of an inhomogeneity in the temperature dis-
tribution in the flow ahead of the front of the advancing flame. Therefore, it is natural to
assume that in dust explosions the fluid temperature in the flow ahead of the advancing pri-
mary flame is non-uniform. As a representative example, we choose the mean temperature
gradient to be in the range 0.5-3 K/m. In Figure 3, we show the ratio L.g/L, versus particle
size (top panel) and Stokes number (bottom panel) for different values of mean temperature
gradient. In this figure, the following parameters typical for turbulent flow in unconfined
dust explosions have been used: Re = 5 x 10% £y = 1m, g = 1 m/s; v = 0.2 cm?/s,
na/{N) = 500, op = 1/2, and ¢ = 450 m/s for methane—air in normal conditions. As
follows from Figure 3, the increase in effective radiation penetration length for temperature
stratified turbulence is much stronger than that for isothermal turbulence (L. increases up
to three orders of magnitude compared with L,).

4. Radiation-induced secondary explosions

In the early stage of dust explosions, an accidentally ignited sub-sonic flame accelerates
due to hydrodynamic instabilities and interaction with the turbulent flow. The pressure



Combustion Theory and Modelling 1095

™~

150 , ]
Re=5x10

0 10 20 30 40 60 70 80 90 100

0 L I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4

St

Figure 2. The ratio L.g/L, versus particle size (top panel) and Stokes number (bottom panel) for the
particle clustering in isothermal turbulence with different Reynolds numbers: Re =5 x 10 (solid
curve) and 103 (dashed curve).

waves produced by the accelerating flame run away and produce turbulence ahead of the
advancing flame. With the increase in the primary flame surface and flame velocity, the
parameters of the turbulent flow ahead of the advancing flame, i.e. Re, £y, ug, St, and V(T'),
change continuously. The dust particles in the turbulent flow generated assemble in clusters
during a time in the order of milliseconds.

The analysis performed in the previous section shows that clustering of particles in the
temperature stratified turbulent flow ahead of the primary flame may increase the radiation
penetration length by up to 2—-3 orders of magnitude (see Figure 4). This effect ensures that
clusters of particles are exposed to and heated by the radiation from the primary flame for a
sufficiently long time to become ignition kernels in a large volume ahead of the flame. The
multi-point radiation-induced ignition of the surrounding fuel-air increases effectively the
total flame area, so the distance, which each flame has to cover for a complete burn-out of
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Figure 3. The ratio Ley/L, for isothermal turbulence versus the Reynolds number Re for different
particle diameters: d, = 31.3 (solid curve) and 40 pm (dashed curve).

the fuel, is substantially reduced. It results in a strong increase of the effective combustion
speed, defined as the rate of reactant consumption of a given volume, and overpressures,
required to account for the observed level of damages in unconfined dust explosions. If,
for example, the radiation absorption length of evenly dispersed particles with spatial mass
density 0.03 kg/m?® was in the range of a few centimeters, dust particles assembled in the
clusters of particles, are sufficiently heated by radiation at distances up to 10-20 m ahead
of the advancing flame.

The experimentally measured [67,68] ignition time of the fuel-air by the radiatively
heated particles is 100 ms for 10 wm non-reactive particles. The level of thermal radiation
of S ~ 300-400 kW/m?, emanating from hot combustion products in dust explosions,
is sufficient to raise the temperature of particles by AT, ~ 1000 K during Theating =
(pp dy ¢y AT,)/28 < 10 ms. The interphase (particle-gas) energy exchange time is 7,; =
Op dﬁ ¢p/6ANu < 1 ms, where x is the coefficient of gas thermal conduction, and Nu ~ 2
is the Nusselt number [67-69].

It is known that, in order for ignition to occur, a gas volume with a size that is in
the order of the typical flame thickness, 7y (for CHy/air ry &~ 2 mm), has to be heated to
ignition temperature to ignite self-sustained combustion in a gas mixture. This means that
the time it takes for an isolated particle to heat the surrounding gas to a level where it can
ignite is relatively long (t, ~ 7*/x &~ 500 ms). For typical parameters in dust explosions,
the Kolmogorov viscous timescale is 7, ~ 5 x 1073 s, and is in the same order as the
lifetime of turbulent clusters. Since the lifetime of clusters is larger than the ignition time, the
theory presented in the previous section satisfactorily describes the origin and mechanism
of the secondary explosion.

Numerical simulations of fuel-air ignition by a radiatively heated cluster of particles
show that the ignition timescales decrease approximately as 1/n il/ * with increasing particle
number density 7 in the cluster. In this case, the cluster of radiatively heated particles
ignites the fuel-air mixture in a much shorter time, since the gas mixture is heated by
thermal conduction within a small distance, Ar = 1/ nil/ 3,
separation in the cluster.

The above analysis indicates that the ignition time of the mixture by the radiatively
heated cluster of particles is in the order of 10 ms and that the effective propagating rate of
combustion caused by the secondary explosion can be estimated as Left/Tign ~ 10> m s~

corresponding to the particle
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Figure 4. The ratio L.s/L, versus particle size (top panel) and Stokes number (bottom panel)
for different mean temperature gradients |V (7T')| = 0.5 (solid curve), 1 (dashed curve), and 3 K/m
(dashed—dotted curve). The particle diameter is in microns.

Such a rate of the secondary explosion corresponds to the intensity of a shock wave with
Mach number Ma = 2-3 producing overpressures of 810 atm. This may explain the
mechanism of the secondary explosion and the level of damage observed in unconfined
dust explosions.

Figure 5 shows the function Lcg/L, versus Reynolds numbers Re calculated for particles
of different diameter. It is seen that a significant increase of the radiation penetration length
caused by particle clustering occurs within a rather narrow interval of turbulent parameters.
The effect is much weaker if the flow parameters ahead of the flame front are changed and
appear outside the ‘range of transparency’. Such a dependence of L.g/L, versus Reynolds
numbers suggests a possible explanation for the episodic nature of the explosion in the
Buncefield incident described in [11]. For comparison, in Figure 3 we show the ratio Leg/L,
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Figure 5. The ratio Lew/L, versus Reynolds number Re for different particle diameters d, = 1 um
(solid curve), 5 um (dashed curve), 10 um (dashed—dotted curve), and for temperature gradient
[V(T)| = 3 K/m.

versus Reynolds numbers Re for isothermal turbulence. As we mentioned before, the effect
of isothermal turbulence is much weaker than that of stratified turbulence.

According to the analysis of the Buncefield explosion by Atkinson and Cusco [11]: ‘The
high overpressures in the cloud and low average rate of flame advance can be reconciled if the
rate of flame advance was episodic, with periods of very rapid combustion being punctuated
by pauses when the flame advanced very slowly. The widespread high overpressures were
caused by the rapid phases of combustion; the low average speed of advance was caused
by the pauses.” From the beginning, the parameters of the turbulent flow ahead of the
advancing flame vary continuously and finally fall within the ‘range of transparency’ when
the radiation penetration length increases considerably (Figures 3 and 5).

Since the primary flame is a deflagration, propagating with a velocity in the order of a
few meters per second, the duration of this stage is the longest timescale in the problem.
During this time the particle clusters ahead of the flame are exposed to and heated by
the forward radiation for a sufficiently long time to become ignition kernels in a large
volume ahead of the flame initiating the secondary explosion. Since the parameters of the
turbulent flow are changed after the secondary explosion, the rapid phase of combustion
is interrupted until the shock waves produced by the secondary explosion dissipate. The
next phase continues until the parameters of turbulence in the flow ahead of the combustion
wave fall again within the interval corresponding to the ‘transparent window’, such that
the increased ratio L.s/L, caused by particle clustering provides conditions for the next
secondary explosion.

5. Conclusions

The present study has shown that the mechanism of the secondary explosion in unconfined
dust explosions and large vapour cloud explosions can be explained by the turbulent
clustering of dust particles. The latter include the effect of a considerable increase in the
radiation penetration length, the formation of ignition kernels in the turbulent flow caused
by the primary flame, and the subsequent formation of secondary explosions, which are
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caused by the impact of forward thermal radiation. The mechanism of multi-point radiation-
induced ignitions due to the turbulent clustering of particles ensures that ignition of the gas
mixture by the radiatively-heated clusters occurs rapidly and within a large volume ahead
of the primary flame.

The described scenario of unsteady combustion consisting of rapid combustion pro-
ducing high overpressures, punctuated by subsequent slow combustion, is consistent with
the analysis in [11] of the Buncefield explosion. Although details of the real physical
processes could be different, the proposed theoretical model describes the episodic nature
of combustion in dust explosions observed in [11], and more importantly it captures the
most important relevant physics. Finally, the obtained analytical solution can serve as a
benchmark for numerical simulations of dust explosions, which do not need to rely on the
simplifying assumptions.

The secondary explosion acts as an accelerating piston producing a strong pressure
wave, which steepens into a shock wave. The intensity of the associated shock wave depends
on the rate of progress of the secondary explosion and can be determined by using numerical
simulations. It is possible that the condition Tig, ¢ << Lesr does not hold for relatively large
dust particles. Nevertheless, the increase in the effective penetration length of radiation
gives rise to the secondary explosion, which propagates with the velocity Uexp & Lef/Tign,
which is considerably larger than the velocity of the primary flame. More detailed analysis,
i.e. taking into account the particle size distribution, inter-particle collisions, possible
coalescence of particles inside the clusters, and the effect of gravitational sedimentation of
large particles, can only be done using numerical simulations.

Finally, it should be mentioned that transition to detonation, supported for example
by forward thermal radiation in some circumstances, cannot be ruled out. It should be
emphasised that the effect of a strong increase in radiation penetration length due to the
turbulent clustering of particles goes beyond dust explosion applications and has many
implications in astrophysical and atmospheric turbulence [54,70,71].
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