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Mechanism of unconfined dust explosions: Turbulent clustering and radiation-induced ignition
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It is known that unconfined dust explosions typically start off with a relatively weak primary flame followed

by a severe secondary explosion. We show that clustering of dust particles in a temperature stratified turbulent
flow ahead of the primary flame may give rise to a significant increase in the radiation penetration length. These
particle clusters, even far ahead of the flame, are sufficiently exposed and heated by the radiation from the flame
to become ignition kernels capable to ignite a large volume of fuel-air mixtures. This efficiently increases the
total flame surface area and the effective combustion speed, defined as the rate of reactant consumption of a
given volume. We show that this mechanism explains the high rate of combustion and overpressures required to
account for the observed level of damage in unconfined dust explosions, e.g., at the 2005 Buncefield vapor-cloud
explosion. The effect of the strong increase of radiation transparency due to turbulent clustering of particles goes
beyond the state of the art of the application to dust explosions and has many implications in atmospheric physics

and astrophysics.

DOI: 10.1103/PhysRevE.95.051101

I. INTRODUCTION

As is known, dust explosions can occur when an acciden-
tally ignited flame propagates through a cloud of fine particles
suspended in a combustible gas. The danger of dust explosions
have been known for centuries in the mining industry and grain
elevators and it is currently a permanent threat in all those
industries in which powders of fine particles are involved.
Significant progress has been made in the development of
prevention and safety measures (see, e.g., [1-5] and references
therein). However, despite considerable effort over more than
100 years, the mechanism of flame propagation in unconfined
(large-scale) dust explosions still remains a major unresolved
issue.

Based on the analysis of many catastrophic accidents, it
is currently well established that unconfined dust explosions
consist of a relatively weak primary explosion followed by a
severe secondary explosion. While the hazardous effect of the
primary explosion is relatively small, the secondary explosion
may propagate with a speed of up to 1000 m/s, producing
overpressures of over 8—10 atm, which is comparable to the
pressures produced by a detonation. However, the analysis
of damages indicates that a detonation is not involved, while
normal deflagrations are not capable of producing such high
velocities and overpressures. It is interesting to note that
Faraday and Lyell, who in 1845 analyzed the Haswell coal
mine explosion, where the first to point to the likely key role
of dust particles [6].

Of special interest for understanding the nature of dust
explosions is the Buncefield vapor-cloud explosion, for which
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a large amount of data and evidence were collected, providing
unique and valuable information about the timing and damage
caused by the event [7]. Later, a comprehensive analysis was
performed by two groups [8,9] in an attempt to understand
possible mechanisms leading to the unusually high rate of
combustion. Among different mechanisms, the hypothesis
proposed by Moore and Weinberg [10,11], where they argue
that the anomalously high rate of flame propagation in dust
explosions can be due to the radiative ignition of millimeter-
sized fibrous particles ahead of the flame front, has attracted
much attention.

In normal practice, emissivity of combustion products and
radiation absorption in a fresh unburned gaseous mixture
are small and do not influence the flame propagation. The
situation is drastically changed for flames propagating through
a cloud of fine particles suspended in a gaseous mixture. In
this case, the radiative flux emitted from the primary flame
(*300-400 kW /m?) is close to the blackbody radiation [12]
at stoichiometric flame temperatures (2200-2500 K). In dust
explosions, the radiative flux into the reactants is significantly
enhanced by the increased emissivity of the large volume of
burned products. Micron-sized dust particles, with diameter
d, that is larger than the radiation wavelength Arq, efficiently
absorb radiation emitted by the flame. The absorbed heat is
transferred to the surrounding gas by thermal conduction, so
the gas temperature lags behind that of the particle.

If particles are evenly distributed, the maximum tempera-
ture increase ahead of the flame is [13]

0.630 Tb4
AT, ~

N, (D
Uf(ppcp + pgcv)

where Ut is the normal flame velocity, oTb4 is the blackbody
radiative flux, and p,, pg, ¢p, and ¢, are the mass density of
particles, the gas mixture, and their specific heats, respectively.
As a flame propagates through a dust cloud of evenly dispersed
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particles it consumes the unburned fuel before the gas
temperature will have risen to the ignition level, so radiation
cannot become a dominant process of the heat transfer [13].

Instead of being uniformly distributed, the particles may
be organized in the form of a distant optically thick layer or
a clump ahead of the flame front. It was shown [14] that if a
transparent gap between the particle layer and the flame is not
too small, the particle layer can be sufficiently heated by the
flame-emanated radiation to ignite new combustion modes in
the surrounding fuel-air mixture ahead of the main flame.

In turbulent flows ahead of the primary flame (Re ~ 10* —
10%), typical for dust explosions, dust particles with Pp > Py
assemble in small clusters of the order of the Kolmogorov
turbulent scale ¢, ~ 0.1-1 mm. 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. The particles assembled
in these regions make clusters with higher particle number
densities than the mean number density. This effect, known
as inertial clustering, has been investigated in a number of
analytical, numerical, and experimental studies [15-25].

Recent analytical studies [26,27] and laboratory experi-
ments [28] have shown that the particle clustering can be
much more effective in the presence of a mean temperature
gradient. In this case, the turbulence is temperature stratified
and the turbulent heat flux is not zero. This causes correlations
between fluctuations of fluid temperature and velocity and
therefore correlations between fluctuations of pressure and
fluid velocity, thus producing additional pressure fluctuations
caused by the tangling of the mean temperature gradient by
the velocity fluctuations. This enhances the 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 to the mean concentration of evenly
dispersed particles [26].

In order for a secondary dust explosion followed by a shock
wave to occur, the pressure from the mixture ahead of the flame
ignited by the radiatively heated particle clusters must rise
faster than it can be equalized by sound waves. This means that
the penetration length of radiation L,q in the dust cloud must
be sufficiently large to ensure that the clusters of particles even
far ahead of the flame are sufficiently exposed and heated by the
radiation to become ignition kernels, i.e., Tign¢s <K Lyag. Here
¢ is the sound speed in the mixture ahead of the flame and tig,
is the characteristic time of fuel-air ignition by the radiatively
heated particle clusters (ignition kernels). The effect of spatial
inhomogeneities with scales larger than the wavelength of the
radiation has been discussed in [29-31] and studied using
Monte Carlo modeling [32,33] of the radiative heat transfer
in particle-laden flow, taking into account the inertial particle
clustering in nonstratified turbulence.

In this paper we show that clustering of particles ahead
of the primary flame gives rise to a strong increase of the
radiation penetration (absorption) length. The effect ensures
that clusters of particles even far ahead of the primary flame are
sufficiently exposed and heated by the radiation from the flame
to become ignition kernels and the condition Tign¢y <K Liag 18
satisfied. The multiple radiation-induced ignitions in many
ignition kernels ahead of the primary flame increase the total
flame surface area, so the distance that each flame has to
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cover for a complete burnout of the fuel is substantially
reduced. This results in a strong increase of the effective
combustion speed, defined as the rate of reactant consumption
of a given volume. The proposed mechanism of unconfined
dust explosions explains the physics behind the secondary
explosion. It also explains the anomalously high rate of
combustion and overpressures required to account for the
observed level of damage in unconfined dust explosions.

II. MEAN-FIELD EQUATION FOR
RADIATION TRANSFER

To describe this phenomenon, we consider a turbulent flow
with suspended particles that is exposed to a radiative flux.
The radiative transfer equation in the two-phase flow [34,35]
for the intensity of radiation /(r,§) is

@ -WI(r,8) = —lk,(r) + k,(r) + k(X)L (r,8) + Kkglp ¢

Fiplyp+ :—Sfdﬁ(r,&ﬁ/)l(r,@’)d{z, )
TT

where «,(r) and «,(r) are the absorption coefficients of the
gas and particles, respectively, «;(r) is the particle scattering
coefficient, ¢ is the scattering phase function, I, ,(r) and
I}, ,(r) are the blackbody emission intensities for the gas and
particles, respectively, which depend on the local temperature,
§ = k/k is the unit vector in the direction of radiation, k is
the wave vector, r is the position vector, d2 = sinf df do,
and (k,0,¢) are the spherical coordinates in k space. Since the
scattering and absorption cross sections for gases at normal
conditions are very small, the contribution from the gas
phase can be neglected in comparison with that of particles.
Furthermore, we assume that the particle absorption coefficient
is much larger than the scattering coefficient |« ,(r)| > |k (r)],
which is the case when 7w d,\/[€]/Arq > 1[36], where € is the
dielectric permeability of the dust particles, Ar,q is the radiation
wavelength, and d, is the diameter of the dust particles. Under
these assumptions Eq. (2) is reduced to

& -VI(r.8) = —k(r)(r) — 1], 3

where we define k = «,(r) and I, = I p.

The radiation absorption length of evenly dispersed par-
ticles is L, = 1/k, where kK = 0,N is the mean particle
absorption coefficient, o, ~ nd,z, /4 is the particle absorption
cross section, and N is the mean number density of evenly dis-
persed particles. For a typical mean dust density p,; = Nmp =
0.1-0.3kg/m?, the corresponding radiation absorption length
is L, = 1/k ~ (p,/2pa)d, ~ 10 cm, where p, = 1 kg/cm®
and d, = 10 um. If particles are accumulated in optically
thick clusters, with the particle number density within clusters
ng much larger than N, the effective radiation absorption
length can be roughly estimated as Leg = 1/0¢ N, where
o 1s the cluster cross section and N is the mean number
density of clusters. Taking into account that the cluster size
is of the order of the Kolmogorov turbulent scale ¢,, we
obtain Leg/L, =~ (ng /ﬁ)(@,, /L,). This expression shows that
the result depends on the interplay between a large factor
na/N > 1 and a small factor £,/L, < 1, which in turn
depend on the parameters of turbulence.
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To determine the effective radiation absorption coefficient
for a turbulent flow with particle clustering, we apply a mean-
field approach, i.e., all quantities are decomposed into the
mean and fluctuating parts I =1 +I', I, = I, + I}, and k =
¥ + «’, where the fluctuating parts I’, I;, and «’ have zero
mean values and overbars denote averaging over an ensemble.
The instantaneous particle absorption coefficient is k = naoy,
and the mean particle absorption coefficient is ¥ = Noy,, so
the fluctuations of the particle absorption coefficient are k' =
n'c, = n'c/N.Here n = N + n' is the instantaneous particle
number density and n’ are fluctuations of the particle number
density.

We average Eq. (3) over the ensemble of the particle
number density fluctuations and assume that the characteristic
correlation scales of fluctuations are much smaller than the
scales of the mean-field variations. The equation for the mean
radiation intensity 7(r,§) reads

@ -WIr8) =—kI—1,)— ')+ 'L, @)

where the angular brackets denote averaging over an ensemble
of fluctuations. To determine the one-point correlation function
(k'I'), we need to derive equations for fluctuations /I’ and «’.
By subtracting Eq. (4) from Eq. (3) we obtain the equation for
fluctuations of I’,

(§ Y% + K+ K’)I,(r,f) = Isourcea (5)
where the source term is
Lsource = _K,(T - 719) + (K/I/> + (K + K/)Ié - (K,Ié)- (6)

The solution of Eq. (5) reads

)
I/(r5§) = f Isource €Xp |:_

o0

/S[E +«'(s")ds”

:|ds', @)

where s = r - §. Expanding the function exp[—| f; K’ (s")|ds"]
in a Taylor series, multiplying Eq. (7) by «/, and averaging over
the ensemble of fluctuations, we obtain the following equation
for the one-point correlation function («x'1’):

287,

(') =—F(1—1b)1+2ﬂjz,

(3
where B =«k{p and £p = al,/ Sc!/? with a numerical coeffi-
cienta > 1, while the Schmidt number is given by Sc = v/ D,
v is the kinematic viscosity, D is the coefficient of the
Brownian diffusion of particles,

Ji = /OO P(Z)exp(—pZ2)dZ, ©)]
0

o] V4
S = ,B/ </ CI>(Z’)dZ’> exp(—pZ)dZ, (10)
0 0

and ®(R) = (n'(x)n’(x + R)) is the two-point instantaneous
correlation function of the particle number density fluctua-
tions. In the derivation of Eq. (8) we applied the quasilinear
approach, i.e., we neglected the third and higher moments
in fluctuations of «’ in Eq. (8) due to a small parameter
K’E,,Sc’l/2 <& 1. We also assumed that (x'I;) =0, i.e., we
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neglected the correlation between the particle number density

fluctuations and the fluid temperature fluctuations.
Substituting Eq. (8) for («'I’) into Eq. (4), we obtain the

mean-field equation for the mean radiation intensity

- VI(r.8) = —kerr(I — 1), (1)

where the effective absorption coefficient kg is

o 28,
Keff—K<1 _—l+2ﬂ.]2>. (12)

The last term on the right-hand side of Eq. (12) takes into
account the particle clustering in stratified turbulence.

III. PARTICLE CORRELATION FUNCTION

To calculate the integrals J; and J,, we use the normalized
two-point correlation function of the particle number density

fluctuations ®(R) = (n'(r)n'(r + R))/N", derived in [26]
for a temperature stratified turbulence ®(R) = (ny/N)> for
0< R < /{pand

na\>/ R\ " R
O(R)=|= — cos|aln| — (13)
N ED ED
forép < R < oo, where R = R - § and

1

. 200,(1 + o7)
~ 21+ 3o07)

’ 1+ o,

[3 —or + ] (14)

37[(1 + UT)

0= ———" (15)
(1 +307)InSc

Here o7 = (07, + 02)"/? is the degree of compressibility
of the turbulent diffusion tensor and o, is the degree of
compressibility of the particle velocity field:

_\2912
L.VT
K=|:1+Re( 7 ):| ,

(16)

8 SPK?2
GU = —’
3(1 4+ bSPK?)

where Re=/¥u/v is the Reynolds number, o9 =07 (St=0),
and a constant b determines the value of the parameter o, in
the limit of St?K2 >> 1. The ratio of the particle Stokes time
T, =m,/3wpvd, and the Kolmogorov time 7, = 70/Re!/?
is the Stokes number St =rt,/1,, where 79 = £y/up and
uo are the characteristic time and velocity at the turbulent
integral scale £, respectively. In Eq. (16), T is the mean fluid
temperature and the length L, = ¢27;/%/9v'/2,

To derive Eqgs. (13)—(16) we used Eqgs. (42)—(47) in [26]
and Egs. (17) and (18) in [27]. The correlation function
®(R) takes into account particle clustering. For the inertial
clustering in a nonstratified turbulence K = 1, while for the
temperature stratified turbulence the nondimensional function
K is determined by Eq. (16).

IV. EFFECTIVE RADIATION LENGTH

Integrals J; and J, are calculated using Eqgs. (13)—(16) and
taking into account that 8 = kfp <« 1,

I=1 —(E)Z[H’*—_l} (17)
BN (=12 +a?]
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FIG. 1. Ratio Lk/L, versus 7the Stokes number St for different
mean temperature gradients |VT|: 0.225 K/m (dash-dotted line),
0.45 K/m (dashed line), and 0.9 K/m (solid line).

Substituting Eq. (17) into Eq. (12), we determine the effective
penetration length of radiation Leg = 1/kegr as

Legy 2a (na\’( ¢, u—1
=14 2 (2 () —H 2 | a8
L, +SC1/2(N> ) T,

Figure 1 shows the ratio Leg/L, versus the Stokes number
St for different temperature gradients |VT|, calculated for
parameters typical for unconfined dust explosions: Re = 5 x
104,60 =1m,uy=1 m/s,v = 0.2 cm/sz, ¢s = 450 m/s for
the methane-air mixture, ny /N = 500, and 079 = 1/2. Using
asymptotic analysis we choose a = 10 and b = 5. Figure 2
shows the ratio Les/L, versus the Reynolds numbers for
particles of different diameters.

V. DISCUSSION

It is shown that clustering of particles in the temperature
stratified turbulent flow ahead of the primary flame gives
rise to a strong increase of the radiation penetration length
(Fig. 1), but within a narrow interval of turbulent parameters
(see Fig. 2). This explains the mechanism of the secondary
explosion in unconfined dust explosions. According to analysis
of the Buncefield explosion [8], “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.”” Assuming L, ~ 10
cm, we obtain Leg ~ 10 m as the result of the turbulent
clustering of dust particles. Given that the radiative flux
from the primary flame is about S ~ 300-400kW/m?, the
temperature of particles increases up to the ignition level
AT, ~ 1000 K during 7igy = 0pdpcp AT, /25 < 10 ms. Time
scales of the fuel-air ignition by the radiatively heated cluster
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FIG. 2. Ratio L.g/ LLversus the Reynolds number Re for the
temperature gradients |VT| = 0.9 K/m and different particle diame-
ter d,: 3 um (solid line), 6 um (dashed line), and 9 um (dash-dotted
line).

of particles (with d,, in the range from 1 to 20 um) can be
smaller than 10 ms [13,37]. This ensures that the condition
Lefr > ¢sTign is satisfied, and the pressure produced by the
ignition of the fuel-air mixture rises until the pressure wave
steepens into a shock wave. The effective rate of the secondary
explosion propagation is ~1000 m/s, which corresponds to a
Mach number Ma = 2.5-3 and overpressures of 8—10 atm.
This explains the level of damage observed in the aftermath
of unconfined dust explosions [7,8]. At the same time, the
secondary explosion strongly change the parameters of the
turbulent flow. As a result, rapid combustion in the secondary
explosion is interrupted until the shock wave dissipates and
the slow combustion parameters of the turbulent flow ahead
of a slow deflagration wave will be suitable for formation of a
new transparent radiation window. This agrees fairly well with
the Buncefield explosion scenario [8]. The effect of the strong
increase of the radiation penetration length due to turbulent
particle clustering goes beyond the dust explosion applications
and has many implications in astrophysical and atmospheric
turbulence [27,38,39].
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