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Abstract

The reactivity of a combustible dust cloud is traditionally characterized by the so-called KSt value, defined as the maximum rate of

pressure rise measured in constant volume explosion vessels, multiplied with the cube root of the vessel volume. The present paper

explores the use of an alternative parameter, called the maximum effective burning velocity (ueff,max), which also is derived from

pressure–time histories obtained in constant volume explosion experiments. The proposed parameter describes the reactivity of fuel–air

mixtures as a function of the dispersion-induced turbulence intensity. Procedures for estimating ueff,max from tests in both spherical and

cylindrical explosion vessels are outlined, and examples of calculated values for various fuel–air mixtures in closed vessels of different

sizes and shapes are presented. Tested fuels include a mixture of 7.5% methane in air, and suspensions of 500 g/m3 cornstarch in air and

500 g/m3 coal dust in air. Three different test vessels have been used: a 20-l spherical vessel and two cylindrical vessels, 7 and 22 l. The

results show that the estimated maximum effective burning velocities are less apparatus dependent than the corresponding KSt values.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In efforts to classify the relative reactivity of various
combustible dusts, and thereby being able to predict the
violence of accidental dust explosion in industrial plants,
the US Bureau of Mines developed a series of closed bomb
tests; vessel volumes ranging from 1.2 to 9 l (Nagy &
Verakis, 1985). Two different 20-l vessels were later
developed, one in Europe (Siwek, 1977) and one in the
US (Cashdollar & Hertzberg, 1985); both are still widely
used, since they are considered having the minimum
practical volume for reliable determination of explosion
indices for dust–air mixtures. In order to investigate dust
explosions at scales closer to the ones met in industry,
Bartknecht (1981) developed various larger explosion
vessels (1–10m3).
e front matter r 2007 Elsevier Ltd. All rights reserved.
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Explosion data obtained from closed vessel tests include
the maximum pressure, DPmax, and the maximum rate of
pressure rise, (dP/dt)max, representing the energy content
and the reactivity of the combustible mixture, respectively.
The KSt value, defined as V0

1/3(dP/dt)max, is in essence a
scaled maximum rate of pressure rise based on the volume
V0 of the explosion vessel. Bartknecht (1981) introduced
the so-called cubic law, stating that the KSt value should be
a constant for a given dust sample. This assumption has
later been used to extrapolate results obtained in labora-
tory scale test vessels to large-scale industrial enclosures.
However, abundant experimental data have later shown
that KSt values obtained from different test vessels may
differ significantly for the same dust–air mixture, most
recently demonstrated by Proust, Accorsi, and Dupont
(2006). The difference is particularly pronounced for
experiments performed in cylindrical or elongated vessels,
which are quite common in industrial applications. Eckhoff
(1977) demonstrated the influence of the ignition delay time
on KSt values determined in the 1.2-l Hartmann bomb.
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In his later publications (Eckhoff, 1984/1985, 1987) he
pointed out that due to the total lack of account for the
effect of dispersion-induced turbulence in the derivation of
the cubic law, the KSt value is a parameter of inherent
ambiguity. Nevertheless, it is still a common practice to
report the reactivity of a combustible dust–air mixture as a
KSt value, and this approach may to some degree be
justified as long as the experiments are performed accord-
ing to the specified procedures in standardized vessels (e.g.
Cesana & Siwek, 2001).

Dispersion systems are required for generating dust
suspensions inside closed explosion vessels, and it is well-
known that the dispersion process is characterized by
highly transient flow (Dahoe, Cant, & Scarlett, 2001;
Dahoe, van der Nat, Braithwaite, & Scarlett, 2001; Dahoe,
Zavenbergen, Lemkowitz, & Scarlett, 1996; Pu, Li, Kauff-
man, & Bernal, 1989). Since the decay of dispersion-
induced turbulence is accompanied by deterioration in the
actual dust concentration and agglomeration of dispersed
particles, the maximum explosion pressure and maximum
rate of pressure rise are not functions of turbulence alone.
Nevertheless, it is important to characterize the features of
the dispersion-induced turbulence by, e.g. decay laws for
the root-mean-square of the turbulent velocity fluctuations
(u0) and the turbulent integral length scale (‘e) in these
systems. A statistical method based on the ensemble
average principle was adopted by Pu et al. (1989) in
determining turbulence parameters for the dispersion-
induced non-stationary flow in closed combustion vessels.
More recent contributions include the ones by Dahoe et al.
(1996), Dahoe, Cant et al. (2001), and Dahoe, van der Nat
et al. (2001).

Through systematic experimental studies on dust com-
bustion in closed vessels with different shape and volume
(Pu, 1987; Pu, Hu, & Jia, 2000; Pu, Jarosinski, Johnson, &
Kauffman, 1990; Pu, Jarosinski, Tai, & Kauffman, 1988;
Pu et al., 1989; Pu, Yuan, Ding, & Tang, 1993; Yan & Pu,
1999) it has been possible to identify an alternative
parameter, called the maximum effective burning velocity

(ueff,max), that can be used to characterize the explosion
characteristics of dust–air mixtures. The concept of
maximum effective burning velocity was suggested by Pu
et al. (1990), and a similar approach has recently been
adopted for analyzing results from 20-l explosion vessels as
input to the CFD-code DESC (Skjold, 2006; Skjold,
Arntzen, Hansen, Storvik, & Eckhoff, 2006; Skjold et al.,
2005). The main purpose of the present study is to
investigate practical procedures for determining ueff,max

from measured pressure–time histories in closed combus-
tion vessels, and to compare results obtained in different
explosion vessels. The approach followed is based on
classical theory for constant volume explosions, and careful
examination of the features of measured pressure–time
traces, especially during the initial adiabatic stage of flame
propagation in closed vessels. When both KSt and ueff,max

values obtained in different vessels are plotted against
the respective measured dispersion-induced turbulence
intensities at time of ignition, the results show that ueff,max

is less apparatus dependent than the KSt value.

2. Theory

2.1. The validity of the cubic law

The validity of the cubic law for dust–air mixtures can be
examined by the classical theory for constant volume
explosions (Bradley & Mitcheson, 1976; Lewis & von Elbe,
1987; Pu et al., 2000; Yan & Pu, 1999). For the purpose of
the present work, it is sufficient to just outline some
essential features of this theory. First, we assume that the
flame is thin compared with the characteristic length scale
of the vessel. As shown by Dahoe et al. (1996), this
assumption is not strictly valid for turbulent dust flames,
but it will nevertheless be used as a first approximation.
Second, it is assumed that the mixture behaves as a perfect
gas, and that both the specific heat ratio g and the specific
heat capacity at constant volume CV have average constant
values for both burnt and unburnt mixture. Third, any
measured pressure–time curve from constant volume
combustion tests are regarded as the outcome of a
propagating flame front progressively releasing energy,
and thereby pressurizing the vessel. Under adiabatic
conditions, the internal energy (U) of a bulk mass of
explosive mixture in a volume (V0) becomes:

U ¼MCV T ¼
MRT

g� 1
¼

PV 0

g� 1
, (1)

where T is the averaged temperature of the entire mass (M)
inside the volume. Thus, the rate of increase of internal
energy in the volume becomes:

dU

dt
¼

V0

g� 1

dP

dt
. (2)

Assuming the energy release to be caused by some fictitious
(or real) propagating combustion front at a burning
velocity u(t) relative to the gas ahead of it, one can write:

dU

dt
¼

V0

g� 1

dP

dt
¼ AðtÞuðtÞrðtÞQ, (3)

where Q is the specific chemical energy in the unburned
mixture, and r(t) and A(t) are the gas density of the
unburned mixture and the area of the flame front at time t,
respectively. Assuming isentropic compression of the
gas in the vessel, r ¼ r0(P/P0)

1/g, and since r0Q ¼MQ/V0,
we get:

MQ ¼ DPmax
V

g� 1
, (4)

where DPmax is the maximum pressure increase during the
whole combustion process. Combining Eqs. (3) and (4)
yields:

V0

AðtÞ

dP

dt
¼ uðtÞDPmax

P

P0

� �1=g

. (5)
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Fig. 1. Ensemble average RMS turbulent velocities/integral scales induced

by dispersion system as a function of time in closed vessels. (a) In 20 l

spherical vessel (Pu et al., 1990); (b) in two cylindrical vessels, 7 and 22 l

(Yan & Pu, 1999).
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At the inflection point of the pressure–time curve, i.e.
when the rate of pressure rise reaches its maximum value
(dP/dt)max at time t*, Eq. (5) becomes:

V0

AðtnÞ

dP

dt

� �
max

¼ umaxDPmax
PðtnÞ

P0

� �1=g

. (6)

Since the area and volume of a spherical flame with
radius r is A(t) ¼ 4pr2 and V(t) ¼ 4pr3/3, respectively,
the flame area may be expressed as A(t) ¼ CBV(t)2/3

where CB( ¼ 4(3/4)2/3p1/3) is a constant of proportionality.
The empirical correlation r(t*)�0.8R has been suggested
for centrally ignited dust explosions in a closed spherical
vessel with radius R (Kauffman, Srinath, Tezok, Nicholls,
& Sichel, 1984; Pu et al., 1990; Pu et al., 1988). Hence,
V0/A(t*) ¼ V0

1/3/CA, CAE(0.8)2CB, and Eq. (6) becomes:

KSt ¼
dP

dt

� �
max

V
1=3
0 ¼ CAumaxDPmax

PðtnÞ

P0

� �1=g

. (7)

Furthermore, measured pressure–time traces (Pu et al.,
1988, 1990) indicate that DP(t*)E0.5DPmax. Hence, the
value of the KSt factor in Eq. (7) may be approximated by
the three parameters CA, umax and DPmax, and the validity
of cubic law is limited to flame propagating in a spherical
vessel with center ignition (i.e. CA ¼ constant), to the
laminar case (i.e. umax ¼ ul ¼ constant), and to a given dust
mixture (i.e. DPmax ¼ constant). Therefore, it seems
reasonable to assume that the non-spherical shape of
many test vessels, and the transient nature of the
dispersion-induced turbulent flows, introduce severe lim-
itations to the applicability of the cubic law.

2.2. The transient nature of dispersion-induced turbulence

It is well known that both the design of the dust
dispersion system, and the ignition delay time used,
influence the explosion development in closed vessels
significantly (Dahoe, Cant et al., 2001; Dahoe, van der
Nat et al., 2001; Pu, 1987). Pu et al. developed dust
dispersion systems with single and double rows of small jets
producing small-scale turbulence (Pu, 1987; Pu et al., 2000;
Pu et al., 1993; Yan & Pu, 1999). Pu et al. (1989) measured
the transient nature of the dispersion-induced turbulence in
a 20-l spherical vessel and 22-l cylindrical vessels with hot
wire anemometry, and estimated u0 by an ensemble
average method. Yan and Pu (1999) measured the transient
decay of dispersion-induced turbulence from a two-row
jets dispersion system in a 7-l cylindrical vessel. Fig. 1
summarizes the results for the various vessels. The results
from the 20-l closed spherical vessel in Fig. 1a show
that the instantaneous turbulent RMS velocities reach
maximum values of about 3m/s after a very short time
(20–50ms), then decay to about 1.5m/s after 100ms,
to 0.5m/s after 200ms, and finally to 0.25m/s after 400ms.
At the same time, the mean value of the integral length
scale increases from about 10 to about 15mm after
300ms, and to about 25mm after 600ms. The results from
the 22 and 7 l closed cylindrical vessels in Fig. 1b indicate
that the instantaneous turbulent RMS velocities reach
their maximum values of 2.5 and 5.5m/s, respectively,
after 20–50ms, then decay to 2.0 and to 1.5m/s,
respectively, after 100ms, to 0.5m/s in both vessels after
200ms, and finally to 0.25m/s in both vessels after 400ms.
Empirical decay laws extracted from such measurements
can be used to estimate turbulence intensity and integral
length scale as a function of time. Hence, the turbulence
intensity at time of ignition, u0(tig), can replace the ignition
delay time, tv, as both independent variable and reference
point for measurements obtained in different experiments.
There are, however, several sources of uncertainty asso-
ciated with measurements in transient particle-laden
flows. It is not straightforward to unambiguously define
an average velocity in a transient flow field, and hence to
obtain well-defined values for the root-mean-square of the
turbulent velocity fluctuations (Dahoe, Cant et al., 2001;
Dahoe, van der Nat et al., 2001; Skjold, 2003), and certain
assumptions must be invoked in order to extract decay
laws for the turbulent integral length scale from such
measurements (Dahoe, van der Nat et al., 2001; Pu et al.,
1989). Furthermore, the flow measurements must be
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performed with a very limited amount of dust in the
system, and the influence of the presence of dust particles
on the flow is usually unknown (Dahoe, van der Nat
et al., 2001; Skjold, 2003). Finally, by using the level
of turbulence at time of ignition as a reference, any decay
of turbulence during the period from tig to t* is neglected;
an alternative approach involves using the level of
turbulence at the inflection point as reference, hence
neglecting any turbulence induced by combustion
during the same period (Skjold, 2006; Skjold et al., 2005,
2006).

2.3. The maximum effective burning velocity

The effective burning velocity introduced here is a
conceptual quantity; it is the burning velocity of an
idealized flame, equivalent to the real dust flame, in the
sense that both have similar pressure–time traces. Hence,
ueff,max is not necessarily the true burning velocity, and the
present approach can only be justified by its improved
performance in correlating experimental data from vessels
of varying size and shape. Nevertheless, assuming that the
energy release in the dust combustion process is equivalent
to some fictitious propagating flame front at a burning
velocity ueff(t) relative to the unburnt mixture, Eq. (5)
becomes:

V0

AðtÞ

dP

dt
¼ ueff ðtÞDPmax

P

P0

� �1=g

, (8)

and ueff(t) can be represented as

ueff ¼
P
1=g
0

DPmax

V0

AðtÞ

1

P1=g

dP

dt
. (9)
Fig. 2. Tracing of flame front propagating inside a closed tube
Hence, as we approach the inflection point: t-t*, dP/dt-
(dP/dt)max and ueff(t)-ueff,max, i.e.:

ueff ;max ¼
P
1=g
0

DPmax

V0

AðtnÞ

1

PðtnÞ1=g
dP

dt

� �
max

. (10)

Eq. (10) is the general expression for the maximum

effective burning velocity used in the present study. The
volume and shape of the test vessel are represented by the
ratio V0/A(t*). Quantitative estimation of ueff,max requires
careful examination of measured pressure development and
flame propagation in the constant volume test vessel to deal
with the following complex issues: (1) how to include the
influence of the transient dispersion induced turbulence;
and, (2) how to estimate the ratio of vessel volume to flame
area, i.e. V0/A(t*).

2.4. Combustion processes in spherical and cylindrical closed

vessels

Visual observations by Ellis (1928) and Hu, Pu, Jia, and
Jarosinski (2005), as well as pressure–time traces (Pu, 1987;
Pu et al., 2000, 1990, 1988, 1993) and direct wall heat
transfer measurements (Pu, 1987), suggest that combustion
process in closed vessels can be divided into two sub-
processes: an initial adiabatic process, followed by a non-
adiabatic process. The thermodynamic analysis used to
determine the value of the maximum effective burning
velocity by Eq. (10) applies only to the first adiabatic stage
of constant volume combustion, during which the flame
surface remains simple and regular in shape.
After central ignition in a closed spherical vessel, the

flame front propagates in radial direction, keeping its
spherical shape and symmetry, until almost touching the
in mixture of 10 parts CO and 1 part O2, from Ellis (1928).
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wall. One can usually regard this initial stage of constant
volume spherical combustion as adiabatic. However, as the
flame approaches the wall, heat loss is no longer negligible,
and the flame is distorted.

For constant volume combustion in cylindrical vessels,
with bottom-end ignition, the flame front expands both
in radial and axial directions. The initially hemispherical
flame front evolves into an increasingly elongated ellipsoi-
dal surface. Due to heat loss to the wall the surface of
the flame front shrinks and becomes flattened, then
wrinkled. In the final stage of flame propagation the well-
known unsteady tulip flame dominates. Although the
entire process involves some heat loss to the wall, we
nevertheless regard the initial phase of constant volume
combustion in cylindrical closed vessels as approximately
adiabatic. Ellis (1928) investigated and visualized gas
flames in mixture of 10 parts CO and 1 part O2,
propagating in closed cylindrical vessels of aspect ratios
from 1 to 10 (see Fig. 2). From Fig. 2, it is possible to
estimate the distance Leff at which the ellipsoidal flame
surface becomes flattened. Fig. 3 shows the relationship
between the aspect ratio of a cylindrical vessel and the
value of the corresponding Leff obtained by Ellis (1928),
Fig. 3. An empirical correlation from Ellis (1928) between the ratio of

L/D and measured data of Leff/D in closed combustion cylindrical vessels.

Fig. 4. Flame position and its shape as a function of time. Combustion of 4.

(Hu et al., 2005). The flame contacts with the vessel sidewalls at t ¼ 52ms.
and one experimental point obtained by Hu et al. (2005).
Fig. 4 shows experimental results obtained by Hu et al.:
flame position and shape as a function of time for 4.1%
propane–air mixture in a closed cylindrical tube (L ¼ 1m,
D ¼ 0.18m, L/D ¼ 5.6).

2.5. Estimating the ratio of vessel volume to flame area

The value of V0/A(t*) must be estimated in order to
obtain the maximum effective burning velocity from
Eq. (10). Let t** denote the time after ignition at which
the first stage of combustion ends. Hence, for a spherical
vessel, while tot**, we have:

V 0

AðtÞ
¼

4=3pR3
0

4pRðtÞ2
¼

1

3

R3
0

RðtÞ2
. (11)

Measured pressure–time traces for both gas and dust
explosions in spherical vessels (Kauffman et al., 1984; Pu
et al., 2000) indicate that the flame radius r(t**) is
approximately 0.8 times the radius R0 of test vessel as
t-t**, hence:

V0

AðtnnÞ
� 0:52R0. (12)

For a cylindrical vessel it seems reasonable to assume a
semi-ellipsoidal flame front during the first stage of
combustion, hence:

V 0

AðtÞ
¼

pðD=2Þ2L

pdðtÞðð7lðtÞ2 þ 6lðtÞdðtÞ � dðtÞ2Þ=ð6lðtÞÞÞ
, (13)

where l(t) and d(t) are the half lengths of the long and short
axis, respectively, of the ellipsoidal flame surface and D and
L are the diameter and the length of the vessel, respectively.
As t-t**, l(t**)-Leff and d(t**)-D; hence Eq. (13) can
be written as

V0

AðtnnÞ
¼

pðD=2Þ2L
pDð7L2

eff þ 6LeffD�D2=6Leff Þ
. (14)

Eq. (14) has been used to estimate the ratio of vessel
volume to flame area for cylindrical vessels in the present
work.
1% C3H8–air mixture in a closed tube (L ¼ 1m, D ¼ 0.18m, L/D ¼ 5.6)
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Fig. 5. The maximum effective burning velocity as a function of RMS

turbulent velocities induced by dispersion system in three testing vessels.

(a) For 7.5% CH4–air mixtures; (b) for cornstarch dust–air mixtures (dust

concentration 500 g/m3); and (c) for coal dust–air mixtures (dust

concentration 500 g/m3).
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2.6. Estimating the maximum effective burning velocity

Measured pressure–time traces from a large number of
experiments carried out in both spherical and cylindrical
closed vessels, involving both gaseous fuels and dust–air
mixtures (Pu, 1987; Pu et al., 2000, 1990, 1988, 1993),
suggest that the inflection point (t-t*) represents the
transition from the initial adiabatic stage to the subsequent
non-adiabatic stage. Hence, we further assume that t**
equals t*, i.e. that the rate of pressure rise, dP/dt, and the
corresponding effective burning velocity, ueff(t), reach their
maximum values, (dP/dt)max and ueff,max at the same
instant. After identifying the inflection point, i.e. t*,
P(t*), DPmax and (dP/dt)max, from a measured pressur-
e–time trace, the parameter V0/A(t*) ( ¼ V0/A(t**)) can be
estimated from Eq. (12) for spherical vessels or from
Eq. (14) for cylindrical vessels, and it is straightforward to
estimate the value of maximum effective burning velocity,
ueff,max, at t* from Eq. (10). Furthermore, if the dispersion-
induced turbulence can be determined, the maximum
efficient burning velocity can be reported as a function of
turbulence intensity.

3. Results

The applicability of the maximum effective burning
velocity as a parameter describing the reactivity of fuel–air
mixtures was investigated for constant volume combustion
data obtained in four explosion vessels of various shapes
and sizes; the fuels included cornstarch, coal dust, and
methane gas.

Since the dispersion induced flow was measured in all
studies, the influence of turbulence intensity on the
parameters ueff,max and KSt can be studied. Fig. 5 illustrates
the correlation of the maximum effective burning velocities
with dispersion-induced turbulence intensity at the time of
ignition for various fuel–air mixtures.

For 7.5% methane in air (Fig. 5a) and 500 g/m3

cornstarch in air (Fig. 5b), the pressure–time traces were
measured in vessels of different shape (spherical and
cylindrical) but similar volume (20 and 22 l). For the
500 g/m3 coal–air mixture (Fig. 5c), the pressure–time
traces were measured in vessels with different shapes
(spherical and cylindrical) but similar volume (20 and
22 l), and similar shape (cylindrical) but different volumes
(7 and 22 l).

Although the maximum effective burning velocities in
Fig. 5 originate from different vessels, a near linear
correlation is observed between the maximum effective
burning velocity and the turbulence intensity at the time of
ignition. The results resemble those of previous investiga-
tions (Chomiak & Jarosinski, 1982) and recent experiments
(Hu et al., 2005) for gaseous fuel–air mixture with small-
scale turbulence.

Fig. 6 illustrates correlation of the corresponding KSt

values with dispersion-induced turbulence intensity at time
of ignition. It is evident that quite different KSt values may
be obtained for the same fuel–air mixture when it is tested
in different test vessels, and with different dust dispersion
systems.
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Fig. 6. The values of KSt as a function of RMS turbulent velocities

induced by dispersion system in testing vessels of 20 l sphere and 22 l

cylinder. (a) For 7.5% CH4–air mixtures and (b) for cornstarch dust–air

mixtures (dust concentration 500 g/m3).
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4. Discussion and conclusions

The maximum effective burning velocity (ueff,max) has
been suggested as an alternative, or additional, parameter
to the traditional KSt value. A comparison of Figs. 5 and 6
suggests that ueff,max is less apparatus dependent than the
KSt value; this is primarily a result of the fact that the
turbulent flow conditions in the mixture are taken into
account. Although the main results can be derived from
classical theory for constant volume combustion, some of
the assumptions and empirical relations, e.g. r(t*)E0.8R0,
DP(t*)E0.5DPmax, and t*Et**, originate from a limited
number of experimental studies of constant volume
combustion. Hence, the proposed parameter is essentially
of empirical nature, and the approach adopted in the
present work cannot be expected to perform equally well
for all vessel arrangements and fuel–air mixtures; weakly
reacting mixtures and small vessel volumes should defi-
nitely be avoided.
The turbulence measurements referred to in this paper
were obtained by hot wire anemometry, and since this
method inevitably interferes with the flow field, there will
be some discrepancies between these data and data
obtained by, e.g. laser Doppler anemometry. The disper-
sion system, including the volume and initial pressure in the
reservoir, the type of dispersion nozzle used, the opening
time and cross section of the valves, etc., will also influence
on the results. Finally, the results may depend on the
theoretical assumptions and numerical methods used when
analyzing and processing the experimental data. It is not
straightforward to measure turbulence parameters, such as
RMS velocity and integral length scale, in highly transient
flow fields, and future work is required in this area.
When studying real dust flames in closed vessels, several

complicating factors should be taken into account. The
structure of a dust flame is rather complex, and, for organic
materials, two distinct flame regions have been suggested: a
thin region characterized by homogeneous combustion of
volatiles, and a tail region characterized by heterogeneous
combustion of particles (Jarosinski, Pu, Bulewicz, Kauff-
man, & Johnson, 1993; Mazurkiewicz, Jarosinski, &
Wolanski, 1993; Pu, 1987). The relative contribution to
the total energy release, and hence the measured rate of
pressure rise, from combustion of volatiles is not easy to
estimate; it is probably determined by such factors as
particle size distribution and volatile content of the
particles—finer particles and higher volatile content favor-
ing increased release of energy in the flame front.
The maximum effective burning velocity is a conceptual

quantity, and should not be interpreted as an actual
turbulent burning velocity (ut). However, it has the same
dimensions as burning velocity, and future investigations
may reveal correlations between ueff,max and ut. If reliable
correlations between the turbulence parameters u0 and ‘e,
and turbulent burning velocities in dust clouds, can be
extracted from constant volume explosion vessels, it will be
of great value when modeling industrial dust explosions
by analytical methods, computational fluid dynamics, or
other means.
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