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Abstract
Among all the powder handling operations, the hazard represented by organic dusts explosions is one of the
most critical, as several industrial accidents occurred during the last centuries testify. Particularly, in order to
estimate the magnitude of a dust explosion, the so-called deflagration index, KSt, plays a fundamental role
because it is also used to design the emergency vents aimed to protect both vessels and silos from a collapse
due to an internal explosion. Nowadays Kst values are obtained by means of experimental testing, e.g. using a
standard 20 L sphere, but its determination is quite expensive and time consuming. This problem is even more
severe when a target dust is processed into a plant giving rise to a wide range of particles sizes; in this case, an
experimental investigation of all the different granulometries would be advisable but too expensive. In this
context, the aim of this work was to develop a predictive model for the evaluation of the KSt, for whatever
organic dust, as it would be estimated by a standard test in the 20 L sphere using only a single thermogravimetric test. In order to validate the aforementioned model, eight different organic dusts (Aspirin, Cork,
Cornstarch, Niacin, Polyethylene, Polystyrene, Sugar, and Wheat Flour) were tested. Preliminary results
showed a good agreement between literature KSt values and model predictions. Such an achievement, once
further validated on a wider range of explosive organic dusts, could lead to an improvement in the risk
assessment panorama for powder handling operations by making the risk evaluation process quicker and
cheaper.
Keywords: Organic Dusts; Deflagration Index Estimation; Explosion Severity; Dust Explosion Modeling; Powder
Handling Operations Safety.
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1.

Introduction

Risk mitigation in workplaces is becoming an issue of paramount importance, especially with regard to both
industrial processes and powder handling operations (Copelli et al., 2017a) involving potentially serious
consequences for human health and infrastructures. Surely, among all powder handling operations, the hazard
represented by organic dusts explosions is one of the most critical, as several industrial accidents occurred
during the last centuries testify. In 2017, there were 68 dust explosions mainly due to organic powders (Cloney,
2017), which caused several injuries and fatalities. Hence, the correct design of the explosion protections
becomes very important with the aim of managing properly the explosions that may occur in the industrial
plants, thus limiting the personnel involved and the damages to the installation or its equipment.
The main parameters used during the protection design are the maximum explosion overpressure (Pmax) and
the dust deflagration index (KSt). In particular, the dust deflagration index is directly related through the socalled “Cubic Law” (Bartknecht, 1971, 1978) to the maximum rate of pressure rise, which is a measure of the
violence of explosions.
The maximum values of the above mentioned explosion data are determined so far experimentally in specific
vessels with an ignition source approximately positioned in the center. In the 1 m3 ISO vessel, specified by the
International Standards Organization (ISO, 1985), the dust is stored in a 5 liters vessel under a 20 bar air
pressure before to be dispersed in the main chamber through a perforated pipe and, after a specific delay time,
ignited. The ignition source involves chemical ignitor of 10 kJ but, considering the large vessel size, their
influence is small. On the other hand, the dust concentration distribution inside the vessel is not known
(Eckhoff, 2003).
Data obtained using the 1 m3 apparatus are considered representative of the real effects generated by a dust
explosion in industrial equipment. However, the amount of dust required by the test is significant and a lot of
time is necessary to carry out a complete dust characterization; moreover, cleaning operations can be quite
cumbersome in standard laboratories.
Hence, different type of lower volume equipment has been investigated in order to make these evaluations
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more affordable. Several investigations have shown that explosions data obtained in smaller vessels can be
used to evaluate both Pmax and KSt with some limitations.
These investigations demonstrated that combustible dusts need a minimum volume, variable according to the
explosion violence, to develop completely the velocity of the combustion reaction. Indeed, only the parameter
Pmax remains constant with a volume change; instead, the deflagration index needs to be determined by a
minimum volume of about 16 litres (Bartkencht, 1981). This leads to the evidence that the violence of the
explosion, expressed through the deflagration index (KSt), is one of the most difficult parameters to be
evaluated.
Nowadays, the most used apparatus is the 20 litres sphere developed by Siwek (1977). This device is able to
reproduce with a good accuracy the experimental data of the 1 m3 ISO vessel (ISO, 1985) using a rebound
nozzle, which is a particular dispersion system (Siwek, 1988).
Basing on the promising results of the Siwek apparatus, in recent years, several authors have proposed different
approaches trying to reproduce the 20 L sphere experimental data (Fumagalli et al., 2016; Beidaghy et al.,
2014). However, a general mathematical method to evaluate the deflagration index has not been proposed yet.
Therefore, the aim of the present work was to develop and validate a mathematical model able to predict the
value of the deflagration index, for a given organic powder, as it could be estimated using a standard test in
the 20 L sphere. For each analyzed dust, the model requires the estimation of a lumped devolatilization
chemical kinetics through a single thermo-gravimetric (TG) experimental test. In order to validate the
developed model, eight different organic dusts were analyzed: Aspirin, Cork, Cornstarch, Niacin,
Polyethylene, Polystyrene, Sugar, and Wheat Flour. The comparison among experimental and estimated KSt
values is very promising as the model predictions were found to be always both in the acceptability range
related to the unavoidable experimental uncertainties.

2.

Mathematical model

For organic dust clouds, devolatilization followed by gas-phase combustion can be proposed as the dominant
mechanism of flame propagation (Eckhoff, 2003, Cashdollar et al., 1989, Hertzberg and Zlochower, 1990).
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However, as discussed in details elsewhere (Fumagalli et al., 2017), an unusual description of the ignition
phenomena arising in the 20 L sphere has been used. In particular, based on several experimental evidences,
it has been assumed that the ignitors bursting creates a sort of fireball inside the sphere at a time scale much
lower than that of the dust combustion. Therefore, the dust particles become surrounded by such a fireball
before starting burning. According with this mechanism, the predictive model presented in this work proceeds
through the solution of the following critical issues in order to calculate the value of the K St for a given dust:
1.

quantification of the effects related to the ignitors bursting in a 20 L sphere;

2.

calculation of the volatiles production rate as a function of the dust properties;

3.

determination of an effective flame velocity for describing the gas-phase combustion;

4.

solution of the system of partial differential equations expressing all the relevant material and
energy balances to calculate the maximum value of the pressure rise in the sphere, which is
required to estimate the deflagration index from its standard definition (that is, the “Cubic-RootLaw”).

2.1 Effects of the Ignitors Bursting
In the standard 20 L sphere the ignition source of the dust cloud is provided by two chemical ignitors (total
mass equal to 2.4 g and total energy released equal to 10 kJ), which are composed by a mixture of three
different powders: 30% w/w Barium Nitrate (MW=261.335 g/mol); 30% w/w Barium Peroxide (MW=169.33
g/mol); and, 40% w/w Zirconium (MW=91.22 g/mol). This is a multipoint ignition source (Zhen & Leuckel,
1996), where Barium Nitrate and Barium Peroxide decompose (practically instantaneously, total energy
released: 1.586 kJ), because of the effect of a spark generated between two electrodes located inside the
capsules of the chemical ignitors, to form NOx and O2. The huge amount of Oxygen released violently scatters
and oxidizes the Zirconium particles (total energy released: 8.414 kJ) which are simultaneously heated up
because of the oxidation reaction and cooled down thanks to the combined effects of convection with
surrounding air and radiation towards the sphere walls. A detailed modeling of such phenomena is a very hard
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task because the oxidation kinetics of both nano and micro Zr particles has not been yet fully rationalized from
a chemical-physical point of view. This calls for a simplified modeling of the ignitors bursting phenomenon,
as discussed in the following.
A standard 20 L test was carried out without any dust inside the sphere with the aim of evaluating the
contribution of the ignitors in terms of heat exchanged with the air inside the test chamber. The corresponding
air temperature increase (calculated from the registered pressure vs. time trend using the ideal gas law) is about
322 °C, which corresponds to a total energy released of about 7.783 kJ. Starting from the experimental
evidence that no traces of Barium Nitrate, Barium Peroxide and Zr can be found into the chamber after the
ignitors bursting, it follows that there is a considerable amount of heat that is either irradiated towards the
internal sphere wall or balanced by some endothermic phenomena, such as the combined heating and
partial/total melting of the Zirconium particles. Basing on this observation, the following three-steps
phenomenological mechanism, which tries to separate the convective phenomenon (responsible for the heating
of the air inside the sphere) from both the radiating and the heating/melting phenomena, has been used: a)
Barium Nitrate and Barium Peroxide decompose providing both heat and oxygen to oxidize violently the Zr
particles; b) ZrO2 is formed very rapidly, starting from the outside layer of each Zr particle, as the oxygen
diffuses inside the Zr particles; c) this complex oxidation phenomenon produces incandescent hybrid particles
(Zr - molten Zr and ZrO2 – molten ZrO2) which are cooled down by the combined effect of both convection
with surrounding air and radiation towards the internal sphere walls.
Air heating can be modeled independently assuming that the unknown turbulent conditions under which the
heat is transferred from the hybrid incandescent particles to the air inside the sphere can be reproduced by
fitting the experimental air pressure vs. time profile obtained by detonating the ignitors inside the empty sphere.
In particular, the energy balance for the air contained inside the sphere leads to the following equation:

{

𝜌𝑎𝑖𝑟 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 ⋅ 𝑐𝑝,𝑎𝑖𝑟 ⋅

𝑑𝑇𝑎𝑖𝑟
𝑑𝑡

= 𝜌𝑎𝑖𝑟 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 ⋅ 𝑐𝑝,𝑎𝑖𝑟 ⋅

(

)

𝑉𝑠𝑝ℎ𝑒𝑟𝑒 𝑑𝑃
𝑉𝑠𝑝ℎ𝑒𝑟𝑒 ⋅ 𝑐𝑝,𝑎𝑖𝑟 ⋅ 𝑀𝑀𝑎𝑖𝑟𝑑𝑃
=
𝑑𝑡 = 𝑄𝑖𝑔𝑛(𝑡)
𝑛𝑎𝑖𝑟 ⋅ 𝑅 𝑑𝑡
𝑅

𝐼.𝐶. 𝑡 = 0, 𝑇𝑎𝑖𝑟 = 𝑇𝑎𝑖𝑟,0 = 293𝐾
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(1)

where the ideal gas law has been used to relate pressure with air temperature, and 𝑄𝑖𝑔𝑛(𝑡) is the (unknown)
power exchanged between the ignitor particles and the surrounding air at a given time from the ignition, t .
The value and the shape of the unknown function 𝑄𝑖𝑔𝑛(𝑡) can be estimated by introducing in the l.h.s. of
equation (2) the pressure vs. time experimental data obtained from a standard test in the 20 L sphere carried
out without any dust and interpolating, for instance with a cubic spline, the resulting data (Fumagalli et al.,
2018). Integrating 𝑄𝑖𝑔𝑛(𝑡) over the duration of the test leads to an estimation of the total amount of heat
released to the air in the sphere equal to about 7.783 kJ; therefore, the remaining 2.217 kJ (i.e., the complement
to 10 kJ) must be accounted for by both the heating/melting and radiative phenomena.
The so estimated power 𝑄𝑖𝑔𝑛(𝑡) should not depend, at least as a first approximation, to the presence of air only
or air and dusts in the 20 L sphere; therefore, the value estimated from the experimental air pressure vs. time
profile obtained by detonating the ignitors inside the sphere filled with air only will be used also for modeling
the effect of the ignitors bursting during a standard test in the 20 L sphere filled with also an explosive dust.

2.2 Pyrolysis / Devolatilization Characterization
Many models for representing pyrolysis or devolatilization of solids have been proposed in the scientific
literature even if they can be broadly classified in two different groups: a) models based on the assumption
that the solid decomposes directly to volatiles only after reaching a critical temperature (Andrews and Atthey,
1975); b) models incorporating a kinetic mechanism for the devolatilization process which allows the solid to
decompose over a characteristic temperature range. When using experimental TG data, the latter models
require the use of one or more rate equations to model the weight loss of a small dust sample as a function of
both the remaining mass and temperature (Staggs, 2000, Wichman, 1986, Di Blasi, 1997).
In the present work, the second approach was applied assuming a single devolatilization step through which
only a part of the solid (S) is transformed in volatile compounds (V), while another portion of the solid, which
can be determined using TG data (Copelli et al., 2017b), remains as char (the so-called skeleton). Such a
hypothesis allows considering constant the volume of the bursting particle and, consequently, the porosity of
the particle (which varies during the explosion phenomenon) can be incorporated in one of the variables. In
6

addition, the volatiles leave the particle as they are formed, being immediately available for the combustion
process. These phenomena are represented in Figure 1.

Figure 1. Sketch of a single dust particle pyrolysis mechanism.
2.1.1 Particle Material Balance on the Solid
The equations representing the consumption of the solid are based on the following assumptions: onedimensional, spherically symmetric dust particle; negligible resistance to mass transfer and negligible diffusive
flux with respect to the convective one for the gas phase; no secondary reactions of the volatile pyrolysis
products; local thermal equilibrium between solid and volatiles; pseudo-steady-state assumption for the gas
phase; particles with constant total volume, 𝑉𝑡 (that is, presence of a skeleton with a constant density, 𝜌𝑆, and
a non-constant porosity, 𝜀).
As previously mentioned, the presence of a skeleton implies that not all the solid can react to give volatiles;
the fate of the reacting part of the solid (that is, the part consumed by the pyrolysis/devolatilization reactions),
with a mass equal to 𝑚𝑆,𝑟, is described by the following material balance equation:
∂𝑚𝑆,𝑟
∂𝑡

= ‒ 𝑟𝑝 ⋅ 𝑉𝑡 = ‒ 𝑘 ⋅ 𝜌𝑆,𝑟𝑛 ⋅ 𝑉𝑡

(2a)

where:
𝜌𝑆,𝑟 =

𝑚𝑆,𝑟
𝑉𝑡

=

𝑚𝑆
𝑉𝑡

‒

𝑚𝑆,0 ⋅ 𝛽
𝑉𝑡

(2b)

In this last equation, 𝛽 represents the non-reacting fraction of the solid, which leads to the skeleton. The value
7

𝑚𝑆,𝑓

of 𝛽 for a given dust can be easily measured through a standard TG test as 𝛽 = 𝑚𝑆,0, being 𝑚𝑆,0 is the initial
solid mass loaded in the TG apparatus, while 𝑚𝑆,𝑓 is the final solid mass detected at the end of the TG test.
By defining:
𝜌𝑆,𝑎𝑝𝑝 =

𝑚𝑆

=

𝑉𝑡

𝜌𝑆,𝑎𝑝𝑝,0 =

𝑚𝑆,0
𝑉𝑡

where 𝜀 =

𝑚𝑆 𝑉𝑆

=

(2c)

⋅ 𝑉 = 𝜌𝑆 ⋅ (1 ‒ 𝜀)

𝑉𝑆

𝑡

𝑚𝑆,0 𝑉𝑆,0
𝑉𝑆,0

𝑉𝑡 ‒ 𝑉𝑆
𝑉𝑡

⋅

𝑉𝑡

= 𝜌𝑆 ⋅ (1 ‒ 𝜀0) ≈ 𝜌𝑆

(2d)

𝑉𝑉

= 𝑉𝑡 is the porosity of the dust particle (variable during the process), 𝜀0 is the initial

porosity of the dust particle assumed equal to zero, and 𝑉𝑉 is the volume occupied by the volatiles that they
are evolved by the devolatilization process, it results:
(2e)

𝜌𝑆,𝑟 = 𝜌𝑆,𝑎𝑝𝑝 ‒ 𝜌𝑆,𝑎𝑝𝑝,0 ⋅ 𝛽
Using these definitions, equation (2a) leads to:

{

∂𝜌𝑆,𝑟
∂𝑡

(

= ‒ 𝑘 ⋅ 𝜌𝑆,𝑟𝑛 = ‒ 𝐴 ⋅ 𝑒𝑥𝑝 ‒

(

𝐸𝑎 ⋅ 1 ‒ 𝜒 ⋅

(

))

𝜌𝑆,𝑟,0 ‒ 𝜌𝑆,𝑟
𝜌𝑆,𝑟,0

𝑅𝑇

)

⋅ 𝜌𝑆,𝑟𝑛

(2)

𝐼.𝐶. 𝑡 = 0, 𝜌𝑆,𝑟 = 𝜌𝑆,𝑟,0 = 𝜌𝑆,𝑎𝑝𝑝,0 ⋅ (1 ‒ 𝛽)

Note that a modified Arrhenius equation for representing the kinetic constant, 𝑘, has been used (Fumagalli et
al., 2017), where A, Ea, n and 𝜒 are parameters to be fitted, for a given dust, on experimental data measured
through a standard TG test (i.e., the same test required to measure the aforementioned 𝛽 value). The fitting
procedure, which is peculiar of the proposed methodology, will be discussed in more details in Section 3.
2.1.2 Particle Material Balance on the Volatiles
The material balance equation for the volatiles that are present into the gas phase of the solid dust particle (i.e.,
into the particle void fraction), requires to define an apparent volatiles density as:
𝜌𝑉,𝑎𝑝𝑝 =

𝑚𝑉
𝑉𝑡

=

𝑚𝑉 𝑉𝑉
𝑉𝑉

⋅ 𝑉 = 𝜌𝑉 ⋅ 𝜀
𝑡

(3a)

which leads to the following material balance equation written into the particle spherical coordinates:
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∂𝜌𝑉,𝑎𝑝𝑝
∂𝑡

∂

2

+ ∂𝑟(𝜌𝑉,𝑎𝑝𝑝 ⋅ 𝑣𝑟) + 𝑟 ⋅ (𝜌𝑉,𝑎𝑝𝑝 ⋅ 𝑣𝑟) = 𝑘 ⋅ 𝜌𝑆,𝑟𝑛

(3b)

Under pseudo-steady state conditions for the gaseous phase, Eq. (3b) simplifies as:
∂
(
)
∂𝑟 𝜌𝑉 ⋅ 𝜀 ⋅ 𝑣𝑟 =

2

‒ 𝑟 ⋅ (𝜌𝑉 ⋅ 𝜀 ⋅ 𝑣𝑟) + 𝑘 ⋅ 𝜌𝑆,𝑟𝑛

(3c)

Defining the new lumped variable 𝜈 = 𝜌𝑉 ⋅ 𝜀 ⋅ 𝑣𝑟 [kgG / (m2 s)], it results:

{

∂𝜈
∂𝑟 =

2

‒ 𝑟 ⋅ 𝜈 + 𝑘 ⋅ 𝜌𝑆,𝑟𝑛
𝐵.𝐶. 𝑟 = 0, 𝜈 = 0

(3)

2.1.3 Particle Energy Balance
Assuming that the heat capacity of the solid phase (S) is constant and much larger than that of the gaseous
phase (V), the energy balance equation on a single particle can be written as:
∂𝑇

𝜌𝑆,𝑒𝑓𝑓 ⋅ 𝑐𝑝,𝑆 ∂𝑡 = ‒ ∇ × (ℎ ⋅ 𝑣 + 𝑞) ‒ 𝛥𝐻𝑝 ⋅ 𝑟𝑝

(4a)

where:
𝜌𝑆,𝑒𝑓𝑓 = 𝜌𝑆 ⋅ (1 ‒ 𝜀) is an effective particle density (an effective average value of 𝜀 = 0.5 has been used); ℎ =
𝜌𝑉,𝑎𝑝𝑝 ⋅ 𝑐𝑝,𝑉 ⋅ 𝑇 is the enthalpy of the volatiles per unit of volume; 𝑞 = ‒ 𝜆 ⋅ ∇𝑇 is the conductive heat flux; 𝜆
= 𝜆 ⋅ (1 ‒ 𝜀) is an effective thermal conductivity; 𝛥𝐻𝑝 is the endothermic reaction enthalpy for the pyrolysis
reaction.
Using these definitions, equation (4a) can be recast in the following one:


T
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where: ℎ𝑐 is the heat transfer coefficient (computed as discussed in (Cengel, 2008)); 𝜀𝑒𝑚 is the emissivity
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(equal to 0.95); and 𝜎 is the Stefan–Boltzmann constant.
To estimate the heating of the dust particles from the hot ignitor particles (last term in the r.h.s. of the B.C. at
𝑟 = 𝑅), the time evolution of the temperature of the ignitor particles, 𝑇𝑖𝑔𝑛, is required. To estimate such a
temperature evolution, it was hypothesized that, as the number of hybrid incandescent particles irradiating on
a single dust particle is very high (of the order of 102 for a dust particle of about 30 μm of diameter), the
ignitors behave as a sort of hot radiating cloud whose temperature varies according to the following energy
balance equation on an ignitor particle:

{

𝑑𝑇𝑖𝑔𝑛

4
‒ 𝑇|𝑟 = 𝑅4)
𝜌𝑍𝑟 ⋅ 𝑉𝑍𝑟 ⋅ 𝑐𝑝,𝑍𝑟 𝑑𝑡 = ‒ 𝜎 ⋅ 𝐴𝑍𝑟 ⋅ (𝑇𝑖𝑔𝑛
𝐼.𝐶. 𝑡 = 0, 𝑇𝑖𝑔𝑛 = 𝑇𝑖𝑔𝑛,0 = 2715°𝐶

(5)

Practically, it is assumed that the ignitor particles radiate directly on the dust particles external surfaces,
heating them and favouring the subsequent oxidation, from an initial temperature of about 2715 °C (the
ZrO2 melting temperature).
On the other hand, to estimate the heating/cooling of the dust particles from the heat exchange with the
surrounding air, the time evolution of the temperature of the air in the sphere, Tair, is also required. This calls
for the balance equations on the whole 20 L sphere, as discussed in the following sections.

2.3

Volatiles Combustion Characterization

2.3.1 Sphere Material Balance on the Volatiles
To describe the violence of the dust explosion phenomenon it is necessary to write a material balance equation
on the volatiles present into the 20 L sphere, that is, outside the dust particles. The mass flow rate of volatiles
exiting from all the dust particles can be computed as:
𝑚𝑉 = 𝜈|𝑟 = 𝑅 ⋅ 𝜋 ⋅ 𝐷𝑝2 ⋅ 𝑁𝑝

(6a)

where 𝜈|𝑟 = 𝑅 is the massive flux of volatiles exiting from the external surface of a single dust particle; 𝐷𝑝 is
the average diameter of a dust particle (calculated from the granulometric distribution of the dust by weighting
10

𝑁𝐺𝐶

the number of particles per granulometric class, that is, 𝐷𝑝 = ∑𝑖 = 1𝐷𝑝,𝑖 ∙ 𝑓𝑖); and, 𝑁𝑝 is the number of dust
particle into the sphere that can be easily computed from the dust concentration, 𝐶𝐷, as
𝑁𝑝 =

𝐶𝐷 ⋅ 0.02
𝜌𝑆 ⋅

(6b)

(43) ⋅ 𝜋 ⋅ 𝐷𝑝3

As in this work we used a lumped combustion kinetics (see Eq. (7a)), which does not take into account for the
real flammability limits, a value of CD equal to 1 kg/m3 has been used, which is closed to the value exhibited
by most organic dusts.
The mass balance equation on the volatiles in the sphere can be written as:

{

∂𝜌𝑉
∂𝑡

𝜈|𝑟 = 𝑅 ⋅ 𝜋 ⋅ 𝐷𝑝2 ⋅ 𝑁𝑝

=
‒ 𝑘𝑐,𝑇 ⋅ 𝜌𝑉
𝑉𝑠𝑝ℎ𝑒𝑟𝑒
𝐼.𝐶. 𝑡 = 0, 𝜌𝑉 = 0

(6)

where 𝜌𝑉 is the concentration of volatiles inside the sphere. We can see that volatiles are generated by
devolatilization from the dust particles (first term in the r.h.s. of the previous equation) and they are consumed
by the gas phase combustion (second term in the r.h.s. of the previous equation), here supposed to occur
through a lumped first order reaction kinetics The combustion kinetic constant, 𝑘𝑐,𝑇, can be estimated as a
function of the characteristic time of the homogeneous combustion step, 𝑡𝑐, as:
1

(7a)

𝑘𝑐,𝑇 = 𝑡

𝑐

The characteristic combustion time can be roughly estimated as:
𝛿

(7b)

𝑡𝑐 = 𝑆

where  is the flame thickness, normally of the order of 0.5-1 mm (Di Benedetto et al., 2010) and S is the
turbulent burning velocity of the volatiles, which in turn can be estimated as (Zhen and Leuckel, 1996):

(

𝑢'0.5

𝑆 = 𝑆𝑙𝑎𝑚 ⋅ 1 + 3.5𝑆
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𝑙𝑎𝑚

)

(7c)

where Slam is the laminar burning velocity of the combustible gases and u’ is the velocity fluctuation. The latter
was estimated to be, in the 20 L sphere after the usual delay time of 60 ms (Hertzberg, Cashdollar, 1987), equal
to about 2.68 m/s (Dahoe et al., 2001).
For calculating the laminar burning velocity of the combustible gases, the composition of the volatiles should
be estimated. However, considering that, for most of the organic dusts, methane is the most abundant pyrolysis
product and that even relevant amount of hydrogen (which could be produced in the pyrolysis/devolatilization
step) do not alter in a significant way the methane laminar burning velocity (Wang et al., 2015), the laminar
burning velocity of methane in stoichiometric conditions was used in equation (7c).
2.3.2 Sphere Energy Balance on the Gas Phase
Assuming uniform gas phase temperature; negligible amount of pyrolyzed/combustion gases into the sphere
with respect to the air introduced during the dust inlet; and all the dust particles bursting at the same time inside
the sphere (coherently with the assumption of a fireball-like behavior of the ignitors bursting), the energy
balance equation for the gases into the 20 L sphere becomes:

{

𝜌𝑎 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 ⋅ 𝑐𝑝,𝑎 ⋅

𝑑𝑇𝑎𝑖𝑟
𝑑𝑡

= 𝑄𝑖𝑔𝑛 + 𝛥𝐻𝑐 ⋅ 𝑘𝑐,𝑇 ⋅ 𝜌𝑉 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 +

4
)
ℎ𝑐 ⋅ 𝐴𝑝 ⋅ 𝑁𝑝 ⋅ (𝑇|𝑟 = 𝑅 ‒ 𝑇𝑎𝑖𝑟) + 𝜀𝑒𝑚 ⋅ 𝜎 ⋅ 𝑁𝑝 ⋅ (𝑇|𝑟 = 𝑅4 ‒ 𝑇𝑎𝑖𝑟
𝐼.𝐶. 𝑡 = 0, 𝑇𝑎𝑖𝑟,0 = 293𝐾
𝐴.𝐶.
𝑄𝑖𝑔𝑛 = 𝑄𝑖𝑔𝑛(𝑡)

(7)

where: 𝛥𝐻𝑐 is the enthalpy of the homogeneous combustion reaction; and 𝑄𝑖𝑔𝑛(𝑡) is the power exchanged
between air and ignitors particles, as previously discussed.
Note that Eq. (7) is similar to Eq. (1); in addition to the power introduced by the ignitors bursting, the power
arising from the homogeneous combustion and both the radiative and convective powers due to heat exchanged
between the air and the external surfaces of all the dust particles have been included.

2.4 Deflagration Index Calculation
The previously discussed equations (from Eq. (2) to Eq. (7)) represent a system of 6 mixed algebraic and
12

partial/ordinary differential equations in the 6 dependent variables: 𝜌𝑆,𝑟, 𝜌𝑉, 𝜈, 𝑇, 𝑇𝑎𝑖𝑟, and 𝑇𝑖𝑔𝑛 as a function
of time, t, and dust particle radial coordinate, r. Such a system of equations was numerically solved using the
Method Of Lines (MOL) (Schiesser, 1991) with the spatial derivatives approximated using a simple constant
step, five-point centered finite difference scheme (Vande Wouver et al., 2004). This allows computing not
only the values of all the dependent variables along a standard test in the 20 L sphere for a given dust, but also
the value of (dT/dt)max for such a test. Such a value can be related (using the ideal gas law) to the value of the
deflagration index through its standard definition:
𝐾𝑆𝑡 =

𝑑𝑇𝑎𝑖𝑟

(𝑑𝑃𝑑𝑡)𝑚𝑎𝑥 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒1/3 = (𝑛𝑎 ⋅ 𝑉 𝑅 ) ⋅ ( 𝑑𝑡 )𝑚𝑎𝑥 ⋅ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒1/3
𝑠𝑝ℎ𝑒𝑟𝑒

(8)

Note that the proposed approach for the KSt calculation is fully predictive since the only experimental data
required arise from a standard TG test.

3.

Results and discussion

The present model for the deflagration index prediction was validated using experimental data of eight
different organic dusts, namely: Aspirin, Cork, Corn starch, Niacin, Polyethylene, Polystyrene, Sugar, and
Wheat Flour. As it is possible to notice from Eq. (2) to Eq. (7), the mathematical model involves some
constitutive parameters, namely:
1. Chemical-physical parameters:
- MM, average molecular mass of the volatiles
- , effective thermal conductivity of the dust
- S, density of the dust
- cp,S, specific heat of the solid
- cp,V, specific heat of the volatiles
- ΔHc, enthalpy of combustion
- ΔHp, enthalpy of devolatilization/pyrolysis
13

2. Geometric parameters:
-

D p , average diameter of the dust particle

3. Kinetic parameters:
-

A, pre-exponential factor of the lumped pyrolysis reaction

-

Eatt, activation energy of the lumped pyrolysis reaction

-

n, order of the lumped pyrolysis reaction

-

χ, modifier of the activation energy

-

β, residue at the end of a TG analysis.

While the chemical-physical parameters have been either taken from the literature or calculated using a
suitable software as summarized in Table 1, the kinetic parameters have been estimated using equation (2)
to reproduce TG curves for mass loss data from the literature. For each dust, the fitting procedure was
carried out through the standard least square method using only the experimental data up to the maximum
slope (i.e., before any inflection point) of the TG curve. This is a key point for the correct prediction of
the deflagration index value, which is related to the maximum rate of the volatile production. This means
that whatever the solid residue behavior is after the maximum rate of volatiles expulsion does not
contribute to the determination of the KSt; therefore, the corresponding part of the TG curve can be
neglected. For example, Figure 2 (LINSEIS Messgeräte, official website) shows the mass loss curve vs.
temperature which was used to estimate the Aspirin pyrolysis kinetic parameters. First of all, the residue
at the end of the TG test,  , can be directly estimated from the mass loss curve at the final test temperature
(e.g. 600 °C) equal to about 3.7. The other pyrolysis kinetic parameters were estimated by fitting equation
(2) to the first part of the experimental TG curve, that is, until the occurrence of the maximum rate of
weight loss (indicated in Figure 2 with the symbol  ) which occurred at about 177 °C.
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Table 1. Physical-chemical properties for all the investigated dusts (a estimated with Chetah software; a discussion of the reliability of Chetah Software is reported elsewhere,
Pasturenzi et al., 2014).

MM

Aspirin

Cork

Corn starch

Niacin

Polyethylene

Polystyrene

Sugar

Wheat flour

(NIST, Fisher
Scientific,
Kirklin, 1999)

(Scholar
Chemistry,
2008, Silva et
al., 2013,
Engineering
Toolbox,
Imperial Cork,
official website,
2018, Xu and
Ferdosian,
2017)

(Sciencelab,
Hwang et al.,
1999)

(Sciencelab,
Agreda, 2007)

(Dow
chemicals,
2013,
Rabinovitch,
1965, Staggs,
2000, Di Blasi,
1997, Chemèo)

(NIST, Di
Blasi, 1997)

(Sciencelab,
IPCS, 2003,
Anderson et
al., 1950, Di
Blasi, 1997,
Maccarthy and
Fabre, 1989)

(NIST, Berton
et al., 2002, Di
Blasi, 1997)

180.159

164.05

180.156

123.111

28.05

104.1491

342.297

120.1

 S , kg/m3

1400

250

1480

1162

920

1040

1590

527

c p, S ,

J/(kg

893.10

350

1631

1243

2300

1800

1263

2500

J/(kg

2125

1900

2125

2125

2500

2500

2500

2500

W/(m

0.165

0.045

0.167

1

0.01

0.02

0.167

0.075

,

g/mol

K)

c p ,V ,
K)

,
K)
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H c , J/kg

2.18 х107

2.93х107

1.56х107a

2.22x107 a

5.03х107

4.22 x107 a

8.18 x106 a

1.83 x107 a

H p , J/kg

-3.51х105

-1.52х106

-8.00х105a

-2.02E
х105 a

-9.60 х105 a

-6.39 x105 a

-4.00 x105 a

-8.00 x105 a

Table 2 – Pyrolysis kinetic parameters for all the investigated dusts
Parameter

Aspirin

Cork

Corn
Starch

Niacin

Polyethylene

Polystyrene

Sugar

Wheat
Flour

Ea , J/mol

1.425х105

1.114 х105

2.220 х105

1.328 х105

1.844 х105

1.792 х105

3.574 х105

1.861 х105

A,

1.546 х1011

2.394
х1011

3.270 х109

9.553
х1014

6.578 х1014

4.228 х1014

7.357
х1014

4.012
х1014

n

3.09

0.862

4.54

0.94

0.665

0.821

8.16

1.867



-0.154

-0.183

0.158

0.0124

0.0887

0.124

-0.1112

0.236



0.0369

0.0487

0.1101

9.40 х10-6

0.0142

0.0705

0.207

0.1101
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Figure 2 – Weight loss vs. Temperature TG curve for Aspirin (Data Source: LINSEIS Messgeräte. Official
website)
Figures from 3A to 3H show a comparison between experimental and fitted data in terms of conversion vs.
Temperature curves. Conversion is defined as 𝜁 =

𝜌𝑆,𝑟,0 ‒ 𝜌𝑆,𝑟
𝜌𝑆,𝑟,0

, where the values of 𝜌𝑆,𝑟 as a function of time can

be derived from the experimental data of mass loss as a function of time or predicted by solving Eq. (2)
enforcing a constant heating rate. It is important to clarify that all the TG tests (both literature and our
experimental ones) were carried out using the same heating rate (that is, 10 °C/min). Differences related to the
nitrogen flux used or the TG device were considered not significant for the point of view of the determination
of the pyrolysis kinetics. A possible limitation of this approach can be traced in diffusional problems through
the dust layer inside the TG apparatus (Fang et al. 2017). Precisely for this reason, in this work a very large
TG crucible, loaded with the smallest possible amount of dust, has been used. Using this shrewdness, possible
diffusional limitations through the dust layer are largely reduced and they can be neglected.
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We can see that all the experimental TG curves are reasonably well fitted in the investigated temperature range.
The estimated kinetic parameters for the eight dusts are summarized in Table 2.

A

B

C

D
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E

F

G

H

Figure 3 – Conversion vs. Temperature curves for: A) Aspirin (source: LINSEIS Messgeräte GmbH); B) Cork
(source: Şena et al., 2014); C) Corn Starch (our experimental data); D) Niacin (our experimental data); E)
Polyethylene (source: Contat-Rodrigo et al., 2002); F) Polystyrene (experimental data from (source: Özsin and
Eren Pütün, 2017)); G) Sugar (our experimental data); H) Wheat flour (our experimental data). All our
experimental data have been obtained using a SDT Q600 V8.3 Build 101 DSC-TGA, a temperature ranging
from 35 to 700 °C, a Heating Rate of 10 °C/min and a Nitrogen Flux of 100 mL/min.
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Using the parameters summarized in Tables 1 and 2, the mathematical model previously discussed has been
solved numerically to predict the KSt values for the eight dusts considered. Such predicted values are compared
with the experimental data in Table 3. We can see that the proposed approach is able to predict the experimental
values quite reasonably. However, it should be noted that among all the parameters involved in the
mathematical model, 𝜆 plays a relevant role: this behavior has been found to be true in the work of Fumagalli
et al. (2017) and it can be derived from a comparison among the characteristic times of the dust explosion
process that act on the Kst determination (that is, external heat transfer, internal heat transfer, pyrolysis or
devolatilization, and homogeneous combustion). Even in this work it was confirmed that the rate determining
steps in defining the violence of a dust explosion in the 20 L sphere test are mainly related to the particle
heating: that is, either internal or external heat transfer. Table 3 also reports the values of the Biot numbers for
each dust, giving a clear indication on the effective rate determining step between internal or external heat
transfer. In this study it also true that, being the external heat transfer conditions practically the same from one
test to another (for all dusts the methane turbulent burning velocity has been used to calculate ℎ𝑐), 𝜆 is the only
parameter that really affects the 𝐾𝑠𝑡 value.
The comparison among experimental and predicted 𝐾𝑠𝑡 values is also reported in the parity plot of Figure 4,
from which it is possible to see that all the predicted deflagration indexes are always in the accepted range of
uncertainty. The error bar have been assigned according to the range of KSt value: e.g., when the KSt is over
200 bar/(m s), the corresponding error bar will be 20%; when it comprised between 100 and 200 bar/(m s), it
will be 15%; and, finally, when it is lower than 100 bar/(m s), it will be 10% (ISO, 1985).
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Table 3: Experimental vs. predicted Kst values

Dust

Aspirin (Eckhoff, 2003)
Cork (NFPA, 2013)
Corn starch (Fumagalli et al.,
2017)
Niacin (Fumagalli et al., 2017)
Polyehtylene (Di Blasi, 1997)
Polystyrene (NFPA, 2013)
Sugar (NFPA, 2013)
Wheat flour (Fumagalli et al.,
2017)

Dp
(Weighted
Average)
[µm]
25
42
54

Bi
[-]

Kst EXP [bar
m/s]

Kst MOD [bar
m/s]

6.00e-1
2.53e+0
7.36e-1

217
202
132

220
200
131

37
28
20
37
57

1.10e-1
1.03e+1
4.72e+0
6.22e-1
1.67e+0

215
133
218
138
62

220
147
216
155
63

Figure 4 - Comparison among model and experimental values of KSt. See Table 3 for the sources of the
experimental data.
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4.

Conclusions

The original purpose of this work was to develop a quite simplified mathematical model able to predict the KSt
value of organic dusts (as it would be obtained from a standard 20 L sphere test) using only experimental data
from thermo-gravimetric tests. The proposed approach was validated by comparison with experimental values
measured in a 20 L sphere for eight common organic dusts: Aspirin, Cork, Corn starch, Niacin, Polyethylene,
Polystyrene, Sugar, and Wheat flour.
The results can be considered quite promising as the developed model allows for predicting quite reasonably
the KSt value for different dusts with different particles size. Of course, this predictive model needs further
validations before being used without concerns. Therefore, an experimental test in the 20 L sphere still remains,
actually, the most appropriate and safest way to measure the deflagration index.
Anyway, this approach could allow for a substantial reduction of time and costs, making the evaluation of the
risks linked to combustible dusts much more affordable.
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Nomenclature

A

Pre-exponential factor, [1/s]

Ap

Surface area of a particle dust, [m²]

AZr

Surface area of Zirconium particle, [m²]

CD

Concentration of dust particles inside the 20 L sphere, [kg/m3]

cp,air

Specific heat of the gas phase, [J/(kg·K)]

cp,V

Specific heat of volatiles, [J/(kg·K)]

cp,Zr

Specific heat of Zirconium, [J/(kg·K)]

Dp

Average Particle Diameter, [m]

Ea

Activation energy, [J/mol]

f

Fraction of particles belonging to a given granulometric class, [-]

h

Enthalpy of volatiles per unit of volume, [J/m³]

hc

Heat transfer coefficient, [W/(m²·K)]

ΔHp

Combustion heat, [J/kmol]

ΔHp

Pyrolysis reaction heat, [J/kmol]

k

Pyrolysis kinetic constant, [1/s]

kc,T

Combustion kinetic constant, [1/s]

Kst

Deflagration index [bar/(m·s)]

mS,0

Total mass of dust loaded, [kg]

mS,f

Dust mass at the end of the test, [kg]

mS,r

Mass of dust that reacts, [kg]

n

Order of reaction, [-]

Np

Number of particles, [-]

P

Pressure, [Pa]

Pmax

Maximum pressure, [Pa]
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Qign

Convection heat due to the combustion of ignitors, [W]

q

Conductive heat flux, [W/m²]

R

Ideal gas constant, [J/(mol·K)]

S

Solid phase
Turbulent burning speed, [m/s]

Slam

Laminar burning speed, [m/s]

r

Particle radius, [m]

rp

Pyrolysis reaction rate, [mol/(m³·s)]

t

Time, [s]

tc

Characteristic time of homogeneous combustion, [s]

T

Particle temperature, [K]

Tair

Temperature of the gas in the vessel, [K]

Tign

Temperature of ignitors, [K]

Twall

Temperature of the vessel wall, [K]

TZr

Temperature of a Zirconium particle, [K]

u’

Velocity fluctuation, [m/s]

VSphere

Vessel volume, [m³]

V

Volatiles

VS

Volume of loaded solid dust, [m³]

Vt

Particles Volume, [m³]

VV

Volatiles Volume, [m³]

VZr

Volume of Zirconium particle, [m³]
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Subscripts and superscripts

air

Referred to gas phase

app

Apparent parameter

eff

Effective parameter

max

Maximum

NGC

Number of Granulometric Classes (for a given dust sample)

S

Referred to as solid phase (dust)

Sphere

Referred to as apparatus volume, where the explosion takes act

V

Referred to as volatiles phase

0

Referred to initial conditions, starting time
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Greek symbols

β

Fraction of dust residual, [-]

δ

Flame thickness, [m]

ε

Void fraction, [-]

εem

Emissivity, [-]

ν

Volatiles mass flux, [kg/(m²·s)]

νr

Volatiles outlet velocity, [m/s]

λ

Thermal conductivity, [W/(m·K)]

ζ

Conversion, [-]

ρair

Gas phase density, [kg/m³]

ρS

Dust density, [kg/m³]

ρS,app

Apparent dust density, [kg/m³]

ρS,r

Density inside the particle, referred to the volume effectively involved in the combustion,
[kg/m³]

ρV

Volatiles density, [kg/m³]

ρV,app

Apparent volatiles density, [kg/m³]
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ρZr

Zirconium density, [kg/m³]

χ

Correction factor for activation energy, [-]

σ

Stefan-Boltzmann constant, [W/(m²·K4)]
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