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Abstract

Several phenomena (e.g., initial turbulence level, overdriving, underdriving, etc.) affect

the measurement of dust explosion parameters in the 20 L and 1 m3 standard test

vessels. Estimating the role of each phenomenon is crucial to understand the discrep-

ancies observed over the years between the data collected using these vessels. In

this work, we focus on the role of the pyrotechnic ignitors on the pressure trend and

the temperature distribution. We run explosion tests in the 20 L vessel to measure

the pressure–time history generated by the explosion of pyrotechnic ignitors. More-

over, we performed CFD simulations to simulate the spatial/temporal evolution of

the temperature map from the hot core due to the igniter explosion toward the

vessel walls. The explosion of the pyrotechnic ignitors shows a significant increase of

pressure in the 20 L vessel, suggesting that flame propagation is occurring inside the

vessel. Furthermore, the localized increase of temperature due to the ignitor explo-

sions, diffuse, and then uniformize much more rapidly in the 20 L vessel than in the

1 m3 vessel. The flame propagation generated by the ignitors is very relevant in the

20 L sphere leading to the overdriving phenomenon. This result justifies the fact that

for many organic dusts, the deflagration index values measured in the 20 L are much

higher than those measured in the 1 m3 vessel. CFD simulations show that the hot

core generated by the ignitors dissipate much faster in the 20 L vessel than in the

1 m3 vessel, due to the higher turbulence level of the smaller vessel. Therefore, dusts

whose combustion is controlled by particle heating are more prone to sustain

combustion in the 1 m3 than in the 20 L vessel.
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1 | INTRODUCTION

In chemical industrial processes, many explosion accidents are cau-

sed by flammable dusts. Design measures for preventing and/or

mitigating the consequences rely on the knowledge of explosibility

and flammability parameters. According to the standard proce-

dures, these parameters (i.e., minimum explosible concentration

[MEC]; limiting oxygen concentration, LOC; maximum explosion

pressure, Pmax; deflagration index, KSt) may be measured in 20 L

and/or 1 m3 vessels.1-5
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In order to get the same values of the parameters in both vessels,

it is recommended to use different values of the ignition delay time td

(60 ± 5) ms in the 20 L vessel and (600 ± 100) ms in the 1 m3 ves-

sel.2,3 In the years, many discrepancies among the measurements in

the standard vessels have been found as concerning the MEC, the

deflagration index (KSt), and the maximum pressure (Pmax).
6-12 Figure 1

shows the measured values of the deflagration index in the 20 L ves-

sel versus the values measured in the 1 m3 vessel.13 It is worth noting

that the values measured in the 20 L vessel are always different from

those measured in the 1 m3 vessel and, more specifically, dusts can be

grouped into three classes. Class A contains dusts that are explosive

in the 20 L, but not explosive in the 1 m3 vessel ( ). Indeed, Proust

et al found that a significant proportion of dusts (5 over 21) explode,

although weakly, in the 20 L sphere and not at all in the 1 m3 vessel.

As a general rule, dusts with a KSt under 50 bar m/s are candidates for

clarification testing in the 1 m3 chamber.1,3,13 Class B contains the

cases in which the deflagration index measured in the 20 L vessel is

higher than that measured in the 1 m3 vessel ( ). Generally, organic

dusts belong to this class. Most studies have ascribed this effect to

the overdriving phenomenon.3,6-9

In Class C are present the cases in which the deflagration index

measured in the 20 L vessel is lower than that measured in the 1 m3

vessel ( ). Unlike organic dusts, metal ones (e.g., iron, zinc, and alumi-

num) can be prone to exhibit significantly lower KSt values in the 20 L

chamber than in a 1 m3 chamber.10-12 This increase of explosion

severity of metal dusts in the larger vessel has been addressed to the

effect of thermal radiation, which can be an order of magnitude

greater for metal dusts compared to common organic dusts.12 For this

reason, NFPA 68 recommends measuring the explosion severity of

the most reactive metal dusts in the 1 m3 chamber.14

To explain these discrepancies, some phenomena have been

invoked like overdriving, underdriving phenomena, high and not uni-

form turbulence level. Overdriving is caused by high-energy

pyrotechnic ignitors (10000 J), which can trigger the dust and hybrid

mixtures explosion.3,6-9,15-19 Underdriving is related to the heat losses

toward the environment: the external walls of the standard test ves-

sels subtract heat from the dust cloud explosion, eventually

quenching the flame propagation. This phenomenon is more rele-

vant for the 20 L vessel rather than for the 1 m3 vessel due to the

higher surface-to-volume ratio (S/V). Both these phenomena

degrade the test data and thus impede the establishment of ade-

quate explosion hazard mitigation.20 Regarding the turbulence

effect, in our recent works, the increase of the deflagration index in

the 20 L vessel for organic dusts compared to that in 1 m3 vessel

was further justified by the effect of high and not uniform turbu-

lence level on the flame propagation.21,22

In this work, we aim at quantifying the effect of the ignition

energy (IE) provided by pyrotechnic ignitors and of the heat propaga-

tion of the hot and dense dispersed particles cloud generated by them

on the 20 L and 1 m3 vessels measurements, to justify the contradic-

tory results found. To determine the role of the IE, we run explosions

in the 20 L vessel, by using dust-free air, just measuring the pressure–

time history due to the pyrotechnic ignitors action at different values

of the IE. To assess the role of the heat propagation, we performed

CFD simulations of the generated particles cloud from the vessel cen-

ter toward the walls, to evaluate the temperature distribution and

then the ability to heat the dust particles.

2 | DESCRIPTION OF THE METHODOLOGY

2.1 | Effect of IE provided by pyrotechnic ignitors

The quantification of the pyrotechnic ignitors role was performed using

the 20 L sphere, according to the ASTM E1226-19 standard, varying

the IE and using dust-free air.3 The ignition source is placed at the cen-

ter of the sphere through a couple of Teflon electrodes fixed to a flange

located on the top of the combustion chamber. Pyrotechnic ignitors of

500 J (2 × 250 J), 1000 J (2 × 500 J), 2000 J (2 × 1000 J), 5000 J

(2 × 2500 J), and 10000 J (2 × 5000 J) were used. The chemical igniters

are activated electrically by a low-voltage source and provide a dense

cloud of hot dispersed particles with very little gas by-product. The igni-

tion delay time td (60 ms) was set constant for all tests performed. The

explosion chamber, which was initially filled with air at atmospheric

pressure, was then evacuated to 0.4 bar. An automatic test sequence

was initiated to pressurize the dust container to 20 barg, and then the

fast-acting valve on the dust container outlet was opened to inject

pressurized air into the explosion chamber through a rebound nozzle.3

The pressure–time curve in the center was recorded by using a pres-

sure transducer and a charge amplifier. Once assessed, the pressure–

time history, the thin-flame model23 has been used to quantify the

flame radius (Equation (1)):

rf = rvessel 1−
P0
P

� �1
γ PMAX−P
PMAX−P0

" #1
3

ð1Þ

F IGURE 1 KSt (bar m/s) obtained with the 20 L sphere versus
those measured in the 1 m3 vessel13
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where rf (m) is the flame radius, rvessel (m) is the vessel radius, P0 (bar)

is the initial pressure, P (bar) is the pressure, and γ (−) is the heat

capacity ratio. It is worth noting that the thin-flame model is suitable

for the investigated condition (explosion of ignitors only). Conversely,

in the case of real dust explosions, the three-zone model is more ade-

quate.23 In Equation (1), Pmax is the maximum pressure that was set

equal to 8 bar.

2.2 | CFD simulation of the heat propagation

To assess the role of the hot and dense dispersed particles cloud gener-

ated by pyrotechnic ignitors in the 20 L and 1 m3 vessels, we used a CFD

model previously developed and validated, whose details are reported

elsewhere.21,24 In both cases, we assumed the generated particles cloud

as a central hot core at a temperature equal to 2000 K and radius equal

to 0.13 m (i.e., the flame radius at 10000 J) and simulated the evolution

of the temperature maps. The initial conditions (i.e., pressure, turbulence,

temperature, etc.) are that computed at the ignition delay time (60 ms for

20 L and 600 ms for 1 m3 vessel). To neglect the effect of the under-

driving phenomenon in the 20 L sphere, we considered both the vessels

as adiabatic systems (heat flux toward the external zone equal to zero).

3 | RESULTS

3.1 | Class A and B dusts: Effect of IE

Proust et al. performed explosions of 21 dusts in both 20 L and 1 m3

vessels (Figure 1). They found that five dusts give rise to flame propa-

gation in the 20 L sphere, but not in the 1 m3 vessel (Class A). More-

over, nine dusts showed values of deflagration index higher when

exploding in the 20 L rather than in the 1 m3 vessel (Class B). This

behavior may be addressed to the overdriving phenomenon due to

the pyrotechnic ignitors explosion. In Figure 2, the pressure histories

as measured in the 20 L vessel with pyrotechnic ignitors (no dust) are

shown, at varying the IE. Two main phases can be identified: in the

first phase, pressure increases up to 1 bar (0 barg) due to the air feed

from the dust container; the second phase starts after 60 ms from the

feeding activation and it is related to the increase of pressure due to

the pyrotechnic ignitors explosion. It is worth noting that on increas-

ing the IE from 500 up to 10000 J (i.e., standard IE), the pressure

increase becomes much more severe in terms of both maximum pres-

sure and maximum rate of pressure rise.

In Table 1, the maximum pressure Pacc due to pyrotechnic

ignitors explosion is shown as a function of the IE. On increasing the

IE, the maximum pressure increases. When going from 500 up to

10000 J, the maximum pressure generated by the igniters doubles

from 0.8 bar up to 1.9 bar. This result suggests that the explosion of

igniters may not be neglected when dealing with high values of IE

(IE > 2000 J).

By using Equation (1), we calculated the radius of the flame front

propagation due to the ignitors explosion. In Figure 3, the radius is

plotted versus the IE. The ratio between the flame radius and the

vessel radius is also shown. It is worth noting that the flame radius sig-

nificantly increases up to reaching values very close to the 20 L vessel

radius (rf/rvessel = 0.92 at IE = 10000 J).

These results suggest that the ignitersmay significantly affect the explo-

sion of dusts in the 20 L vessel because itmay involve thewhole vessel.

F IGURE 2 Pressure P (barg) versus time (ms) as measured at
different values of the ignition energy: 500 J (A); 1000 J (B); 2000 J
(C); 5000 J (D); and 10000 J (E), pyrotechnic ignitors only (no dust).

Red/blue/green traces are related to different test repetitions

TABLE 1 Maximum pressure Pacc (bar) in phase II as function of
the IE (J)

E Pacc (20 L)

500 1.14

1000 1.18

2000 1.24

5000 1.45

10000 1.90

Abbreviation: IE, ignition energy.
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These data may explain the behavior of dusts of Classes A and B

(Figure 1). The ignition/explosion of these dusts in the 20 L may be

the results of the overdriving process generated by the ignitors explo-

sion which sustains the course of the flame propagation, also involv-

ing the dust.

3.2 | Class C dusts: CFD simulation of the heat
propagation

Metal dusts (Class C dusts) exhibit an opposite behavior than organic

dusts (Class B dusts). More precisely, the explosion parameters mea-

sured in the 1 m3 chamber are higher than those measured in 20 L

sphere.10-12 As a consequence, it seems that in this case overdriving is

not playing a role. To understand this behavior, we performed CFD

simulation of the heat propagation of the hot and dense dispersed

particles cloud generated by pyrotechnic ignitors inside the 20 L and

1 m3 vessels. In both vessels, the initial conditions (i.e., pressure, tur-

bulence, temperature, etc.) are that computed at the ignition delay

time (60 and 600 ms for 20 L and 1 m3 vessel, respectively). Figure 4

shows the computed maps of turbulent kinetic energy at ignition

delay time for 20 L sphere (A) ((x–y) plane) and 1 m3 vessel (B), (x–z)

plane. The turbulent kinetic energy computed in the 20 L vessel is

higher than that found in the 1 m3 vessel. Notably, the 20 L vessel

shows a not uniform degree of turbulence, resulting in not reliable

and not repeatable measurements of the explosibility parameters.24-28

This issue appears to be solved in the 1 m3 vessel since the variation

range of turbulent kinetic energy from the center to the wall at the

ignition delay time is very narrow.21,22,29 In order to neglect the

underdriving phenomenon in the 20 L sphere, we considered both

F IGURE 3 Igniter flame radius rf (m) and ratio between the igniter
flame radius and the vessel radius rvessel (m) as function of the ignition
energy (20 L sphere)

F IGURE 4 Computed maps of turbulent kinetic energy k (m2/s2) at ignition delay time for 20 L sphere (A) ((x–y) plane) and 1 m3 vessel (B), (x–
z) plane
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vessels as adiabatic systems (heat flux equal to zero). Basically, in this

way, we assessed the effect of turbulence level on the heat wave

propagation.

In Figure 5, the temperature maps as computed in the 20 L (A)

and 1 m3 (B) vessels are shown at td, td + 10 ms, td + 20 ms,

td + 30 ms. It is worth noting that the flame radius reaches values very

close to the 20 L vessel radius at ignition delay time while, in the case

of 1 m3 vessel, only a central hot core is present. After 30 ms, the

temperature is quite uniform in the whole 20 L vessel and the temper-

ature value is equal to 500 K. Conversely, in the 1 m3 vessel, the tem-

perature does not uniformize and its value is higher in the center of

the sphere and equal to 770 K. These results are the consequence of

the higher turbulence level attained in the 20 L vessel that affects the

mixing of heat thus uniformizing the temperature, as shown in

Figure 4.21,22 Therefore, the heat dissipation is higher in the 20 L, not

only due to the heat loss toward the outside, given the higher value of

the surface-to-volume ratio, but also due to the high level of

turbulence. Conversely, in the case of flame propagation controlled by

heat diffusion as in the case of metal dusts, the heat dissipation occur-

ring in the 20 L vessel may have a significant impact on the flame

propagation speed and then on the severity of the explosion.

In the heat dissipation phenomenon, the key parameter is repre-

sented by the integral turbulent time scale τt (s), defined as the ratio

between the dimension of the hot core generated by igniters rf

(m) and the turbulent velocity fluctuations u0 (m/s). τt represents the

characteristic time for mixing at the large eddy scale. Comparing the

values of τt for the 20 L and 1 m3 vessels, we obtained that the ratio

between these times is:

α=
τt,20 L

τt, 1m3

= 0:17�1 ð2Þ

Therefore, the high turbulence level in the 20 L vessel, promotes a

rapid decrease of temperature close to the ignition point and makes

the temperature inside the sphere uniform.

F IGURE 5 Temperature maps (K) in the 20 L (A) and 1 m3 (B) vessels, simulated at different times

TABLE 2 Summary of all the phenomena influencing the measurement of KSt in the two standard vessels

Phenomenon 20 L sphere 1 m3 sphere Effect on KSt

Initial turbulence level and control High turbulence level, not uniform in

space

Low turbulence level,

uniform in space

Higher in the 20 L sphere

Heat loss toward the environment High, high surface-to-volume ratio:

underdriving phenomenon

Low heat loss Higher in the 1 m3 sphere

Pyrotechnic ignitors

(triggering effect)

As the energy increases, the heat wave

occupies the whole sphere: overdriving

phenomenon

Low Higher in the 20 L sphere

Pyrotechnic ignitors (heating

dissipation effect)

High turbulence level uniformizes

temperature

Hot core Depends on dust (flame

propagation mechanism)
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As a main conclusion, Table 2 summarizes all the phenomena that

influence the measurement of KSt in the two standard vessels. From

Table 2, we may derive some indications about the correct testing

procedure. It is worth saying that the control of the turbulence level is

a key issue to be accomplished.

4 | CONCLUSIONS

From the obtained results, the pyrotechnic ignitors double role was

explained and quantified: the triggering effect and the heating dissipa-

tion effect. For the triggering effect, it is meant that they start the flame

propagation that may involve the dusts (even if slightly flammable)

while the heating dissipation effect is associated with their generation

of a hot core in the vessel center at the ignition delay time.

In the 20 L vessel, the triggering effect is quite significant: at high

values of the IE (IE > 500 J), the pressure wave involves almost the

entire vessel thus triggering, initiating and overdriving the dust flame

propagation. Consequently, also combustible dusts which are not in

the conditions to sustain the flame propagation (low concentration,

high size, high humidity content, etc.) may be involved in the ignitors

explosion contributing to an increase of pressure and deflagration

index. This phenomenon may justify the experimental findings of the

explosions of many organic dusts for which the deflagration index

values measured in the 20 L are much higher than those measured in

the 1 m3 vessel (Class A and B dusts).

When the IE is released through the ignitor explosions, the

central core of the vessel reaches very high temperatures. The

spatial/temporal evolution of the temperature is significantly

dependent on the initial turbulence level. In the 20 L, the heat rap-

idly dissipates not only due to the heat loss toward the outside

(i.e., underdriving phenomena) but mainly due to the high level of

turbulence that quickly uniformizes the temperature within the

vessel. Conversely, in the 1 m3 vessel, the lower level of turbu-

lence inhibits the heat diffusion and then the hot core is

preserved.

When the dust flame propagation is controlled by particle heating

(heterogeneous combustion), as in the case of metal dusts, the explo-

sion parameters are higher in the 1 m3 than in the 20 L vessel due to

the presence of the thermal effect. For this kind of dusts (Class C

dusts), the thermal effect in the 1 m3 vessel seems to prevail on the

pressure effect, relevant in the 20 L sphere.
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