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Abstract

Safety characteristics like the lower explosion limit, the highest concentration for a given
substance mixed with air that does not result in a self-propagating flame, or the maximum
explosion pressure, the highest pressure that can be reached after ignition for a given com-
bustible substance mixed with air at any concentration, are widely used in the industry to
either prevent an explosion or to mitigate the effects of it. Safety characteristics are not
physical constants, are determined experimentally and depend on the chosen experimental
parameters such as the ignition energy or turbulence.

For the determination of the safety characteristics lower explosion limit (LEL), limiting oxy-
gen concentration (LOC), maximum explosion pressure (Pmq,) and maximum rate of pressure
rise ((dp/dt)mas) of gases and vapors the gas is filled via partial pressures into a test vessel
and then ignited under quiescent conditions with a weak (2 J - 20 J) ignition source. For
dusts, the same safety characteristics are determined under turbulent conditions to elevate
the dust homogeneously and it is ignited with two chemical igniters with an ignition energy
of 1000 J each (LEL and LOC) or 5000 J each (pyas and (dp/dt)mae:). For the determination
of safety characteristics of hybrid mixtures (a mixture containing a combustible dust and a
flammable gas) there is no existing standard.

In the last 40 years most of the research on their safety characteristics was performed with
dust testing equipment that was modified for the addition of flammable gas. Because of
the different mixing procedures of gases and dusts with air and because of different ignition
energies and sources that are normally used for the standard tests of gases or dusts, the
results were hardly reproducible. Statements about the different safety characteristics were
contradictory and left the reader or the person responsible for designing safety measures for
a process plant or a facility behind with no clear suggestion about the behavior of hybrid
mixtures.

This thesis is aimed on determining the influence of the different ignition sources and ener-
gies on the safety characteristics pimaz, (Ap/dt)maz, lower explosion limit, and limiting oxygen
concentration of hybrid mixtures.

Several test series were conducted to characterize different standardized ignition sources, that
are already in use for the determination of safety characteristics of single-phase substances
(gases, liquids, dusts). The burning duration, the igniting volume and the net energy were
investigated.

It was shown, that the chemical igniters and the exploding wire are suitable ignition sources
for the determination of safety characteristics of hybrid mixtures in general. Their burning
duration was long enough to ignite dusts and quick enough, that the decay of the turbulence
or sedimentation of the dusts did not occur. Both ignition sources produced comparable
results for the determination of p,q., LEL and (dp/dt)q, of dusts when they had the same
ignition energy. A reduced ignition energy of the exploding wire and the chemical igniters
did not affect the pyq, and (dp/dt),mmee. The LEL changed with lower energies. However, for
the determination of the LOC of hybrid mixtures the exploding wires with an overall energy
of 2 kJ produced the best results.

The influence of the different mixing procedures that have already been used for hybrid



mixtures and the requirements for them were also investigated experimentally for the gas
concentration and the determined safety characteristics and compared to each other. It was
shown, that the partial pressure method works for mixing hybrid mixtures but the pressures
should be measured very accurately and the gas concentration should be validated.
Furthermore, the influence of the turbulence that is inevitable when testing dusts, on the
safety characteristics of gases was determined. It was found that the chemical igniters
and exploding wires produced comparable results for the determination of p,,q., LEL and
(dp/dt)mae under turbulence. For the LOC only exploding wires with two times 1 kJ worked.
Finally, the safety characteristics of hybrid mixtures were determined with different ignition
energies and sources and the data were compared. It was discovered, that the p,,q. of hy-
brid mixtures was the same value than the higher determined one of the single substances
while (dp/dt)mas of hybrid mixtures was about 10 % to 25 % higher than the value of the
stoichiometric gas mixture under turbulence. The point was found at the stoichiometric gas
concentration with very little amounts of dust.

To prove the key findings of this work and for the establishment of a standardized procedure
for the determination of safety characteristics of hybrid mixtures, an international round
robin test was conducted with eleven participating facilities in seven countries. The results
were comparable within a reasonable range and are presented in this dissertation in an extra
chapter.

Based upon the observations in this work a reliable solution for a new standardizable ignition
source to determine the safety characteristics of hybrid dust-gas-mixtures is proposed.
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Zusammenfassung

Sicherheitstechnische Kenngréflen wie die untere Explosionsgrenze, die hochste Konzentra-
tion eines mit Luft vermischten Stoffes, der nicht zu einer sich selbst ausbreitenden Flamme
fithrt, oder der maximale Explosionsdruck, der hochste Druck, der nach der Ziindung eines
mit Luft vermischten brennbaren Stoffes in beliebiger Konzentration erreicht werden kann,
werden in der Industrie haufig verwendet, um entweder eine Explosion zu verhindern oder
ihre Auswirkungen zu mildern. Die sicherheitstechnischen Kenngroflen sind keine physikalis-
chen Konstanten, sondern werden experimentell ermittelt und héngen von den gewéahlten
experimentellen Parametern wie Ziindenergie oder Turbulenz ab.

Zur Bestimmung der sicherheitstechnischen Kenngrofien untere Explosionsgrenze (UEG),
Sauerstoffgrenzkonzentration (SGK), maximaler Explosionsdruck (p,n.;) und maximaler
Druckanstiegsrate ((dp/dt)mas) von Gasen und Dampfen wird das Gas mittels Partialdruck-
methode in ein Priifgefaf gefiillt und dann unter ruhenden Bedingungen mit einer schwachen
(2 J - 20 J) Zundquelle geziindet. Bei Stduben werden die gleichen sicherheitstechnischen
Kenngroflen unter turbulenten Bedingungen ermittelt, um den Staub moglichst homogen
in der Luft zu verteilen und er wird mit zwei chemischen Ziindern mit einer Ziindenergie
von je 1000 J (UEG und SGK) oder je 5000 J (pmar und (dp/dt)maes) geziindet. Fir die
Bestimmung der sicherheitstechnischen Kenngréfilen von hybriden Gemischen (Gemisch aus
brennbarem Staub und brennbarem Gas) gibt es derzeit keine Norm.

In den letzten 40 Jahren wurden die meisten Untersuchungen zu deren sicherheitstechnischen
Kenngroflen mit Staubpriifgeraten durchgefiihrt, die fiir die Zugabe von brennbarem Gas
modifiziert wurden. Wegen der unterschiedlichen Mischverfahren von Gasen und Stauben
mit Luft und wegen der unterschiedlichen Ziindenergien und Ziindquellen, die normaler-
weise fiir die Standardpriifungen von Gasen oder Stauben verwendet werden, waren die
Ergebnisse kaum reproduzierbar. Aussagen iiber die unterschiedlichen sicherheitstechnis-
chen Kenngroflen waren widerspriichlich und gaben dem Leser bzw. den Verantwortlichen
fir die sicherheitstechnische Auslegung einer verfahrenstechnischen Anlage keinen eindeuti-
gen Hinweis auf das Verhalten hybrider Gemische.

Ziel dieser Arbeit ist es, den Einfluss der verschiedenen Ziindquellen und -energien auf die
sicherheitstechnischen Kenngrofen ppaz, (dp/dt)mes, untere Explosionsgrenze und Sauer-
stoffgrenzkonzentration von hybriden Gemischen zu ermitteln.

Es wurden mehrere Versuchsreihen zur Charakterisierung verschiedener genormter Ziindquellen
durchgefiihrt, die bereits zur Bestimmung der sicherheitstechnischen Kenngroéfien von ein-
phasigen Stoffen (Gase, Fliissigkeiten, Stdube) eingesetzt werden. Untersucht wurden die
Brenndauer, das Ziindvolumen und die Nettoenergie.

Es wurde gezeigt, dass die chemischen Ziinder und der explodierende Draht geeignete
Zindquellen fiir die Bestimmung der sicherheitstechnischen Kenngrofien von hybriden Gemis-
chen im Allgemeinen sind. Thre Brenndauer war lang genug, um Stdube zu entziinden, und
schnell genug, dass das Abklingen der Turbulenz oder die Sedimentation der Staube nicht
eintrat. Beide Ziindquellen lieferten vergleichbare Ergebnisse fiir die Bestimmung von pjqq,
UEG und (dp/dt),,q. von Stduben, wenn sie die gleiche Ziindenergie hatten. Eine reduzierte
Zindenergie des explodierenden Drahtes und der chemischen Ziinder hatte keinen Einfluss
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auf ppae und (dp/dt)me.. Die UEG édnderte sich bei niedrigeren Energien. Fiir die Bes-
timmung der SGK von hybriden Gemischen lieferten die explodierenden Dréahte mit einer
Gesamtenergie von 2 kJ jedoch die besten Ergebnisse.

Der Einfluss der verschiedenen Mischverfahren, die bereits fiir hybride Gemische verwendet
wurden, und die Anforderungen an sie wurden ebenfalls experimentell fiir die Gaskonzen-
tration und die ermittelten sicherheitstechnischen Kenngréfien untersucht und miteinander
verglichen. Es zeigte sich, dass die Partialdruckmethode zum Mischen von hybriden Gemis-
chen funktioniert, jedoch sollten die Driicke sehr genau gemessen und die Gaskonzentration
validiert werden.

Auflerdem wurde der Einfluss der Turbulenzen, die bei der Prifung von Stduben unver-
meidlich sind, auf die sicherheitstechnischen Kenngroflen von Gasen ermittelt. Es wurde
festgestellt, dass die chemischen Ziinder und die explodierenden Drahte vergleichbare Ergeb-
nisse fir die Bestimmung von pje., UEG und (dp/dt),n., unter Turbulenz liefern. Fur die
SGK funktionierten nur explodierende Dréhte mit zwei mal 1 kJ.

SchlieBlich wurden die sicherheitstechnischen Kenngréfien von hybriden Gemischen mit un-
terschiedlichen Ziindenergien und Ziindquellen bestimmt und die Daten verglichen. Es wurde
festgestellt, dass der Wert fiir p,,., von hybriden Gemischen derselbe wie der hohere ermit-
telte pae der Einzelsubstanzen war, wihrend (dp/dt),,q, von hybriden Gemischen etwa 10
% bis 25 % hoher war als der Wert des stochiometrischen Gasgemisches unter Turbulenz.
Dieser Hochstwert wurde stets bei der stochiometrischen Gaskonzentration mit sehr geringen
Staubanteilen gefunden.

Zum Nachweis der wesentlichen Ergebnisse dieser Arbeit und zur Etablierung eines standar-
disierten Verfahrens zur Bestimmung der sicherheitstechnischen Kenngrofien von hybriden
Gemischen wurde ein internationaler Ringversuch mit elf Teilnehmern in sieben Léndern
durchgefiihrt. Die Ergebnisse waren vergleichbar und werden in dieser Dissertation in einem
Extrakapitel vorgestellt.

Auf der Grundlage der in dieser Arbeit gemachten Beobachtungen wird eine zuverlassige Lo-
sung fiir eine neue standardisierbare Ziindquelle zur Bestimmung der sicherheitstechnischen
Kenngroflen von hybriden Staub-Gas-Gemischen vorgeschlagen.
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1. Introduction

1.1. History of Research on Hybrid Mixture Explosions

Hybrid mixtures consist of more than one combustible phase (gaseous, liquid and solid)
mixed with air. Their safety characteristics are unpredictable and until now, there has been
no broadband screening of various gases and dusts and there is no reliable database or ref-
erence values. For single substances and single aggregates standards exist to determine the
safety characteristics. For hybrid mixtures there is no existing standard® or method, even
though the first observations are almost 200 years old, when Faraday and Lyell commented
in 1844 on the explosion of the Haswell colliery: "In considering the extent of the fire for
the moment of explosion, it is not to be supposed that fire-damp is its only fuel; the coal
dust swept by the rush of wind and flame from the floor, roof, and walls of the works would
instantly take fire and burn, if there were oxygen enough in the air present to support the
combustion." ([2], page 27)

The first scientific work was published almost 150 years ago in 1876 by William Galloway
who proved the following hypothesis right experimentally: "Air mixed with certain propor-
tions of firedamp and dry coal-dust would be explosive at ordinary pressure and temperature,
although the presence of the same proportion of one of the combustible ingredients, or the
other, alone, might be insufficient to confer this property on the mixture." Galloway de-
scribes this thesis further: "Combustible gases can supplant each other in certain equivalent
proportions in mixtures which will just ignite at given temperatures and finely divided com-
bustible solids have probably the same property to some extent." ([3], page 355 f.) Galloway
built an apparatus to prove this thesis of the behaviour of the lower explosion limit (LEL)
of hybrid mixtures, here with methane and coal dust. On a smaller scale, the experimental
investigations of the hybrid LEL were performed again: C. Engler observed in 1907 that
hybrid mixtures of coal dust and methane form explosive atmospheres under the lower ex-
plosion limits of the single substances [4]. First tests were already conducted and in a short
communication reported by Engler in 1885 [5]. For some reason Englers work is usually cited
as the first hybrid mixture tests, even though Galloway made the experiments nine years
earlier and published them eye-catching in the Royal Society Proceedings.?

In 1887 Th. Walther published a book about the role of coal dust in minery (methane)

!There used to be a standard: ISO 6184-3 [1] but it is officially under review since 2005

2In 1882 Frederick Augustus Abel published an article in Nature where he states, that the knowledge about
hybrid mixture explosions was common at the time Galloway investigated them and there were earlier
researchers doing similar experiments [6]. However, that this was not common knowledge, even years
later, can be seen in a report from George S. Rice who stated in 1913, that coal dust is probably more
inflammable with a small quantity of methane but that this has not been investigated before. ([7], page 8)
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explosions. In this book the author assumes, that the accident of the mines Quaregnon-
Paturages in Belgium on the 4" of May 1887 causing over 140 deaths was a hybrid mixture
explosion [8]. For one century of hybrid mixture explosion research the only two substances
tested were methane and coal until Richard Siwek tested other substances in 1977 [9].

Two challenges increased the difficulty in obtaining a robust knowledge about hybrid mix-
tures explosions and their safety characteristics. One is, that most safety characteristics are
dependent on the testing apparatus and the testing parameters including

e pressure at the moment of ignition

turbulence

e ignition energy

e ignition source

e number of ignition sources

e precise characterisation of the dust
e concentration of gas

A direct comparison is only possible when all parameters are kept constant. The other
challenge is that these parameters are often not described completely: In the literature
survey about hybrid mixtures the gas amount was verified only in four of them. None of
them stated how large the deviation and scattering was and they were published between
1964 and 1987 ([10], [11], [12], [13]). Today, even though laboratory equipment is cheaper,
the gas amount is typically not verified. In many articles the safety characteristics of two
different substances were compared with two different methods, both having an influence
on them, because only one substance was tested while the other one was cited from earlier
works using different testing conditions ([14], [15]). A comparison of the different findings
was not done. Apart from that, it was often not really clear what a hybrid mixture is: In
some of the articles it is assumed, that the gas simply ignited the dust, others refer to them
as dust explosions and just mention that some gas might have been around. Sometimes it is
not really clear, what was tested at all, like the above mentioned "fire-damp", an old word
for the gas that arises in coal mines and consists mainly but to a non-specified amount of
methane. The term "hybrid mixture" was also not used before 1975 [16] and many research
articles afterwards did not call the mixtures hybrid.

While research on hybrid mixure explosions was scarce until 1970 (only 18 articles were
found before) it became more frequent in the 1980s with one or two articles per year. A
clear rise is observed from 2010 on and the number of articles is still rising. For example in
the first three months of 2022 eight articles were published (for a full overview see Appendix
C).
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1.2. Importance of hybrid mixtures for industrial processes

Most research about hybrid mixtures was and still is about methane and coal dust with
the typical field of colliery explosions. But in the modern industry hybrid mixtures play an
increasing role in an expanding number of processes. With progressively faster, specialised
and overlapping production methods the production can not be separated in unit operations
of every single substance anymore. In some processes this is not possible at all, because the
step of operation comprises several phases.

Spray-drying and coating processes are typical examples where hybrid mixtures occur and
can’t be avoided because the process itself is based on the evaporation of the liquid compo-
nent. The gasification of wood or synthetic materials is another process where the formation
of a hybrid gas-dust atmosphere is inevitable. In other cases the admixture of small amounts
of dust to a gaseous atmosphere or vice versa may occur. The following list may give a (non-
complete) overview how diverse the processes are in which hybrid mixtures might occur:

e Accidental admixture of coal or aluminium dust because of abrasion to hydrogen in
fusion reactors ([17], [18])

e Mixture of soy flour and hexane in the soy-oil extraction process [19]
e Metals and hydrogen for the storage of hydrogen in metal hydrides [20]

e Cork dust and vapors arising from glue with a high volatile content in vineyards or
cork factories [21]

e While recycling metal oxides with hydrogen when using the metals as energy carriers
[22] or in the production process of steel [23]

e On the 9" of July in 1994 a preshredder in a waste processing plant became wedged
by phenolic resin-impregnated paper waste between the cavities of the missing cutting
blades. The friction-induced heating initiated the outgassing of combustible compo-
nents of the phenolic resin and, together with the dust in air, formed a hybrid mixture
that lowered the minimum ignition energy [24]

Even though the potential hazards of hybrid mixtures are known, in some cases dusts and
gases are still looked at separately. In the German compulsive policy for the classification
about explosion-zones it says "If, during the formation of a hazardous explosive atmosphere,
dusts can occur together with gases, vapors or mists (hybrid mixtures), the hazardous area
is classified according to zones 0, 1 and 2 as well as zones 20, 21 and 22." ([25], page 6). It is
later described how to prevent explosive atmospheres and there it is described for the single
components. So according to that, both aggregates are checked alone instead of checking
both together what might lead to an explosive atmosphere even though the single phases
are outside their explosive region.
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1.3. Hybrid mixture research and demand

In the literature survey (see also Appendix C), general statements about the different safety
characteristics of hybrid mixtures and their behaviour are hard to find and partly conflict
with each other.

Especially when it comes to an often-used safety characteristic, the maximum rate of pres-
sure rise (dp/dt)ma. or rather the volume-normalised K-value (for both see chapter 2.1.2)
the statements in the rare literature are more confusing than clarifying (see table 1.1) and
the conclusions vary and leave the reader or the person responsible for designing safety mea-
sures for a process plant or a facility behind with no suggestion about the behavior of hybrid
mixtures. This problem is intensified, since there are no standardized testing methods ® and
hardly any testing laboratories for determining the (dp/dt)ue. of hybrid mixtures. For the

Table 1.1.: Selected conclusions about the rate of pressure rise of hybrid mixtures

| Statement | Dust/Gas/Vapor | Reference |
The (dp/dt)maes of the hybrid mixture is 2.3 times Activated carbon/ Khalil
greater than of the hydrogen-air mixture alone and Hydrogen (2013)
10.4 times greater than of activated carbon alone [14]
The (dp/dt)maes of hybrid mixtures is usually as high Bartknecht
as of the stoichiometric gas mixture under turbulence. Many tested (1985)
It might be 15 % higher* ** [26]
The (dp/dt)mae. of methane/coal dust mixtures at Coal dust/ Wang et. al.
any methane concentration are higher than those of Methane (2020)
pure coal dust but lower than those of pure methane* [27]
The optimum (e.g. worst-case-value) of the pure
compounds for (dp/dt) is approximately 800 2 Niacin/ Dufaud
for 750 -% of niacin, 1300 2 for 2.5 % of diisopropyl Diisopropyl (2008)
ether and 1600 % for certain hybrid mixtures ether [28]
(e.g. 23 % higher)*

*all statements are shortened by the author, the values and core findings were not changed
**translation by the author

limiting oxygen concentration (LOC), another safety characteristic, that is used in industry
processes, there are just two research papers published yet, all from the same institute ([29],
[30]). In their work, it is stated that no significant change was observed for the limiting
oxygen concentration of hybrid mixtures, if the experimental parameters were chosen right.
Even though this work relies on a broadband screening with 15 dusts and 3 different gases
this knowledge shall still be checked and verified by at least one more facility.

The maximum explosion pressure p,q. i another safety characteristic for which the state-
ments vary significantly in the research literature.

3ISO 6184-3 is officially under revision since 2005 and with 4 pages too short to be applicable [1]
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e '"...the maximum explosion pressures p,qz...-for the hybrid mixtures at any flammable
gas concentrations are smaller than those of the pure flammable gas..."[31]

e 'In all the cases examined, p..- values of the activated carbon dust-hydrogen-air
hybrid mixture exceed pj.. of the near stoichiometric hydrogen air mixture."[14]

Research about the p,,q. of hybrid mixtures is also rare and again, the person in charge of
the risk assessment is left behind with no clear advice.

It was carved out that the contradicting statements about the safety characteristics of hybrid
mixtures arise from different experimental parameters, mainly the different mixing proce-
dures sometimes leading to deviating gas concentrations than the aimed ones, the different
levels of turbulence (highly turbulent for dusts vs. quiescent for gases) and the different
ignition sources and energies. Their influence is neglected in most literature simply because
there is no standard yet on which all institutes can agree or rely on.

This work provides laboratories with insights on these parameters and gives advice, how the
safety characteristics can be determined in a way, that other facilities can reproduce them.

1.4. Alternative ignition sources

The ignition source and energy affect the determined values of the safety characteristics [32].
The standardized ignition sources that are used for gas explosions are too weak to ignite
dusts under turbulence and with that might lead to non-conservative safety characteristics.
The chemical igniters, the only standardized ignition source for the determination of the
maximum explosion pressure and maximum rate of pressure rise of dusts, have an unspec-
ified burning duration and might cause an overdrive of gaseous mixtures, leading to highly
conservative safety characteristics and with that to overpriced safety measures. They are
also not available in some parts of the world due to restrictions (see Appendix E.6).

Other laboratories are also investigating the influence of the ignition sources and developing
new ones for the determination of safety characteristics.

There are currently at least four different approaches to a new ignition source:

e The Technical University of Bratislava is working on alternative chemical [33] and
various other types of ignition sources [34]

e The University of Pardubice together with OZM Research is investigating squibs for
the activation of airbags as alternative ignition source [35]

e The University of Orleans is working with an adjustable permanent spark ignition
source ([36], [37], [38])

e The University of Lorraine in Nancy and INERIS are developing a new ignition device
with an adjustable permanent spark [39]

For hybrid mixtures and for precise results the requirements are even stricter so a new
ignition source was developed and tested in this thesis.



2. State of the art

2.1. Safety Characteristics for gases and dusts

Safety characteristics for explosion protection are used to estimate the hazard potential
of substances and their mixtures. They can be found in databases (e.g. [40], [41]) for
many individual substances, usually at ambient conditions (1 bara and 20° C). There are
standardized procedures for determining safety characteristics of flammable gases ([42], [43],
[44]) or dusts ([45], [46], [47], [47]). But there are no applicable standard procedures for the
determination of safety characteristics of hybrid mixtures containing combustible substances
in different phases (gaseous, liquid or solid).

The determination methods of safety characteristics of combustible substances in different
phases differ in some extent. Generally, in the case of dusts it is particularly complicated
because of the following additional influencing parameters [48]:

e Different particle sizes and particle size distributions for the same type of dust
e Non-uniform moisture content within the dust sample

e Non-uniform density within the dust sample (especially for organic compounds)
e Aging ability of dusts

e Homogeneity of the particle distribution in the dust-air-mixtures

While the influence of these first three points can be reduced significantly with additional
measures (sieving, drying, stirring), the last two points present a great challenge. If pro-
nounced aging is present, it should be identified, and the consequences named. The last
point could only be remedied in weightlessness (zero-gravity conditions), since here no sedi-
mentation of the dust would take place. However, this is almost impossible due to the great
effort involved.!

2.1.1. Primary Explosion protection - Explosion Limits

The term primary explosion protection refers to all precautions which prevent the formation
of an explosive atmosphere. This can be achieved by avoiding combustible substances, com-
bustible mixtures or inertization [48].

'Though there is an attempt to investigate the flame velocity of dust air mixtures under defined flow
conditions with low turbulence ([49], [50]). However, the device is not suitable for the determination of

Pmax and (dp/dt)maz
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The lower explosion limit (LEL) is the highest concentration of a substance in air at which a
self-sustaining flame propagation can just not be triggered by a defined ignition source [48].
On a microscopic scale this can be seen as the tipping point at which the combustion heat
that is released by the reaction (triggered by an external ignition source) in one particular
unit of volume is not sufficient to heat the vicinity up to the required temperature for the
propagation of the reaction, so that no chain reaction occurs anymore. In figure 2.1 this
is displayed for a mixture of hydrogen (green circles) in air. The blue circles represent the
oxygen. For better visibility the nitrogen is not displayed. The reddish circle is the impact
zone of the initial reaction which releases an energy of 5.92 eV per mol oxygen with two
moles hydrogen. On the left side the initial reaction would trigger three other molecules
leading to a chain reaction, on the right side nothing happens. Though the green particles
would be magnitudes bigger, the same mechanism accounts for dusts.

In American standards for dusts the LEL is called minimum explosible concentration

Figure 2.1.: Schematic of stoichiometric mixture (chain reaction starts) and mixture below
the LEL (not enough hydrogen for a chain reaction to go off); Oxygen in blue,
hydrogen in green

(MEC)[51]. In this thesis LEL is used since it is the more common term for hybrid mixtures.
The limiting oxygen concentration (LOC) is another safety characteristic that aims at the
formation of a combustible atmosphere respectively the prevention of it. In theory, it works
similar to the UEL displayed in figure 2.2: If there is not enough oxygen around the com-
bustible substance no chain reaction can go off. This safety characteristic exists for dusts
(EN 14034-4 [47], ASTM E2931 [52]) and gases (EN 1839 [42], ASTM 2079 [44]).

The type and strength of the ignition source are important influencing factors for the de-
termination of explosion limits. This was investigated by Askar and Schroder for methane
and difluoromethane where the explosion range widened with higher ignition energies [53].
This effect is rather unpredictable. For methane the upper explosion limit was higher with
stronger ignition sources, for difluoromethane the lower explosion limit was lowered and
the upper explosion limit was stable with higher ignition energies. Mynarz et. al. inves-
tigated the effect of the ignition energy on the safety characteristics of hydrogen, methane
and propane [54]. They observed a widening of the explosive range for all three gases. In
the SAFEKINEX Del. No. 2 the general effect of the widening of the explosion range with
higher ignition energies is also described for gases [55]. Kuai et. al. investigated the influence
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of the ignition source on the lower explosion limit of sweet potato, magnesium and coal dust
[56]. They also observed lower values for the concentration with higher ignition energies.

In particular, the energy that is released by the ignition source on the one hand and the
forced combustion in the direct vicinity of the ignition source that is triggered by the igni-
tion source causes a pressure rise in a closed vessel without the occurrence of self-sustaining
flame propagation. The extent of the pressure rise is also dependent on the type and strength
of the ignition source. Since the standardized ignition sources, particularly their strength
and burning duration, differ significantly for gas and dust testing and because of the high
turbulence in the dust test leading to a higher scattering, the ignition criteria are different:

e Gas (European Standard): Pressure rise of the ignition source plus 5 % pressure rise of
the pressure at the beginning [42], criterion is also valid for the upper explosion limit
and the limiting oxygen concentration

e Dust (European Standard): Pressure rise of more than 0.5 bar [46]
e Dust (American Standard): Pressure rise of more than 1 bar [57]

e Dust (International Standard): Pressure rise of the ignition source plus 0.3 bar [58]

This is one reason, why the comparison of literature values for hybrid mixtures is difficult.
The development of a standard for hybrid dust-gas mixtures primarily needs a proper defi-
nition of the ignition criterion.
The upper explosion limit (UEL) is the lowest concentration above the explosion region of
a substance in air at which there is no explosion observed anymore [42]. The concentration
of the substance is sufficient but there is not enough oxygen within the sphere of influence
of a potential starting point (see figure 2.2) and thereby no chain reaction would take place.
The UEL is usually not determined for dusts. Because of the natural behavior of sedimen-

Figure 2.2.: Schematic of stoichiometric mixture (chain reaction starts) and mixture above
the UEL (not enough oxygen for a chain reaction to go off); Oxygen in blue,
hydrogen in green

tation the hazard of the concentration in air to fall below the upper explosion limit can not
be excluded. There is neither a European nor an American standard for the determination
of the UEL for dusts. It was also not tested for hybrid mixtures in this thesis.
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2.1.2. Constructive explosion protection - p,,,, and (dp/dt),,..

If it is not possible to certainly avoid an explosive atmosphere (primary explosion protection)
and if the absence of an ignition source can not be ensured either (secondary explosion
protection) constructive measures have to be taken to mitigate a possible explosion (tertiary
or constructive explosion protection). Safety characteristics that are necessary to implement
measures of tertiary explosion protection are maximum explosion pressures and maximum
rates of pressure rise of combustible substances.

The highest pressure that occurs in an explosion is called p.,. The rate of pressure rise
(dp/dt) g, is the highest slope of the explosion pressure recorded in an explosion test (see
figure 2.4).

If these values are recorded for a combustible substance and the concentration is varied over
a wide range, the maximum of these values is called the maximum explosion pressure p.qz
and (dp/dt)maz- Dmaz and (dp/dt),q.. are defined differently for gases and dusts according
to international standards. For dusts they are the average of the maximum values of three
test series. The concentration steps are defined in the standards ([45], [59]). For gases they
are the highest recorded values of all tests for the given substance and the concentration is
variably adjusted to find the optimal concentration [43].

Another difference for pj,q. is that the pressure is stated in absolute pressures for gases [43]
and in relative pressures for dusts ([45] and [57]).

Furthermore, if p,,.. for dusts is determined in the 20L-sphere it is corrected to match
the values obtained with the 1m?3 with the following equations 2.1 and 2.2 as stated in the
standards for dusts, EN 14034-1 [45] and ASTM 1226a [57]:

If the measured overpressure is below 5.5 bar g the pressure rise of the ignition source is
partially substracted:

PEz20L — PcCI

pEz|barg] = 5.5 % [barg] (2.1)

(5.5 —pcr)
with poy [bar g] = 1.6 * 25tensiraull

If the measured overpressure is above 5.5 bar g the stated pressure is higher, than the
recorded one. The European standard says this is due to heatlosses in the 20L-sphere [45]
while Bartknecht stated, that this is a matter of the elevated starting pressure in the standard
Im3-vessel of 1.1 bara [60]:

pEz|barg] = 0.775 % p}gi%o 1 [barg] (2.2)

This correction (see figure 2.3) is not done when testing safety characteristics of flammable
gases and is one source of confusion when comparing data from different sources since the
correction is carried out by most of the testing software automatically and it is not stated
in databases and literature.
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Figure 2.3.: Recorded pressures (pgs20z) against stated pressures (pg,) for gases and dusts
determined in the 20L-sphere

It was observed that the maximum rate of pressure rise depends on the size of the test
vessel [61]. Since this safety characteristic was developed with a standardized 1 m® test
vessel for dusts but is today often determined in smaller volumes, the value is normalized
with the following equation, the so called cubic root relationship to the values K for gases,
K for dusts ("St" for german: Staub) and Ky for hybrid mixtures [62].

Kylbar x m/s] = (dp/dt)maz|bar/s] ¥ (Viestesser[m’]) (2.3)

This characteristic has the unit bar*m/s ([43], [46], [57]).
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Figure 2.4.: Pressure vs. time curve of an explosion measured in the 20L-sphere with the
highest explosion pressure (pgso0r), the time until this pressure occurs after
activation of the ignition source (At) and the highest (dp/dt) outlined

2.2. Ignition sources

In most cases, the chemical reaction that results in an explosion requires an activation
energy. In the laboratory, this is provided by various ignition sources. Table 2.1 compares
standardized ignition sources for the determination of safety characteristics with their main
features.

Safety characteristics of gases, vapors and dusts are often investigated without considering
the influence of the ignition source in more detail, even though it is found to have an impact
on them ([63], [53], [64], [65], [66]). Other standards say, that the “delivered ignition energy”
(= net energy) must be specified in the test report but do not give a hint how to measure it
[44]. This is caused by the fact, that for most ignition sources it is hard to measure the real
energy and ignition duration and volume under laboratory conditions and almost impossible
during tests. Rough estimates such as the gross energy for all electrical igniters based on
capacitors given as

E=05%CxU? (2.4)

are known to be unprecise ([63], [67]) because of energy losses in the circuit but are still
widely used. Therefore, the net energy is unknown. It is depending on cable resistance and

11
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length, ignition duration and other technical parameters, and varies between 20% to 80% of
the gross energy for electrical ignition sources [63].

In addition to the ignition energy that is actually introduced into a system, there are several
other specifications of the ignition source that might influence the effectivity of an ignition
source, particularly the ignition duration and the initial volume that is affected by the igni-
tion source, which is also dependent on the distance and the orientation of the electrodes.
For explosion tests on dusts mainly chemical igniters are used (ASTM 1226 [57], EN 14034-
series[45] [59] [46] [47], ISO 80079 [58]).

12
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Pellmont investigated the influence of the ignition energy and source on p,q, and (dp/dt),,a.
of dusts. With chemical igniters, condenser discharge sparks (from about 5 J to 500 J)
and the induction spark he concludes that "Only the permanent spark gap (=induction
spark), hitherto commonly used in the Hartmann-tube, underestimates the explosion vio-
lence (=(dp/dt)-value) by about 60 %. This result has been proven for more than 50 dusts..."
[72]. It might have been the case, that the induction spark does not work under the highest
states of turbulence, igniting the dust-air mixture later and at a lower level of turbulence.
This might also explain that the recorded explosion pressure is lower for this ignition source
since some of the dust has already settled.

Chatrathi et. al. [32] investigated the influence of the ignition source on hybrid mixtures
with chemical igniters and exploding wires (they called it "fuse wire" in the paper). The
ignition energy of the two chemical igniters is stated with 5 kJ each but no statement about
the energy of the exploding wire is given.
It shall be mentioned, that the glowing coil, stated in ISO 80079-2 [58] has not been tested
extensively and is not part of this thesis.

2.2.1. Chemical Igniters

There are pre-fabricated chemical igniters with defined energies varying in steps from 100
J up to 10 000 J but the energy cannot be adjusted fluently, and the net energy that is
introduced into the system (and their variation) as well as the ignition duration and volume
show a non-negligible scattering.
The chemical igniters consist of a small plastic or aluminum bucket filled with an explosive
mixture consisting of 40 % zirconium, 30 % barium nitrate and 30 % barium peroxide. A
sealing cap keeps the firing charge inside. An electrical fuse head is connected to two wires
for a precise electrically controlled ignition from the outside of the apparatus (see figure 2.5).
This type of ignition source is stated in many standards for the identification of combustible

| 18 mm |

1 - sealing cap

12 mm

firing charge

~fuse head

\

| |—connecting wires

Figure 2.5.: Structure of a chemical igniter

dusts [58] or for the determination of safety characteristics of dusts (DIN EN 14034-series
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[45], [59], [46], [47], ASTM 1226 [57] and ISO 6184-1 [73]). The two common ignition energies
of the chemical igniters are 1 kJ and 5 kJ with a mass of the firing charge of 0.24 g [74]
and 1.2 g. In all the standards for the determination of safety characteristics of dusts two
chemical igniters are used. They are placed in the center of the sphere pointing in opposite
directions.

2.2.2. Induction spark

The induction spark (figure 2.6) is the most common ignition source for gas testing. It is
characterized by a rather low ignition energy (< 10 J) and long burning duration of 200 ms
— 500 ms in which a series of sparks is introduced into the system. Measuring the actual net
ignition energy of the induction spark is difficult because of the electro-magnetic radiation
of the cables. Contrary to the exploding wire igniter it can only be used at atmospheric
or slightly elevated pressure. It consists of a high voltage transformer with an open-circuit
voltage of 15 kV and a short circuit current of 30 mA. A suitable material for the electrodes
is stainless steel and the electrodes should not exceed a diameter of 4 mm. The electrodes
have a distance of 5 = 1 mm, a point angle of 60° + 3° and the ignition duration, in which
multiple sparks are released, is set to 200 ms according to the European standard EN 1839
[42]. In other standards the specifications vary and are sometimes presumably stated in
wrong units. The transformers in EN 1839 [42] and EN 10156 [69] are obviously the same
but one states the power as 10 Watts, the other 10 Joule per spark leading to a power of 1000
Watts (one spark per half cycle at 50 Hz; in the USA with 60 Hz this would lead to a power of
1200 Watts). The confusion in the different standards and the fact, that some specifications
are missing, are an indicator, that little attention has been paid to the specifications of the
ignition source in the past. The length, capacity, cross section and resistance of the cables
is not specified in the standards (for a full overview see Appendix E.7).

Electrodes
o
51 mm
6.4 mm
230 V 6.35 mm
AC - 50 Hz 15000V
15000V
120V
AC - 60 Hz 12000V

115V —

Aejay

_@_

Timer

200 ms
200 - 400 ms

Figure 2.6.: Schematic of the induction spark, specifications according to DIN 1839:17 [42],
ASTM E681 [70] and ASTM E789 [75]
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2.2.3. Surface-gap spark

The surface gap spark is another alternative ignition source mainly for gas explosion tests
([44], [71]). Considering the ignition energies, that arise from the specifications stated in the
standards, it introduces a higher ignition energy into the test vessel than the spark ignition,
but not as much as the exploding wire.

However, the ignition duration is much shorter than all other ignition sources that are
considered.

The surface-gap spark (Fig 2.7) is made of two electrodes, separated by a pencil lead mainly
consisting of graphite with 6-10 mm in length and an electrical power supply. The emerging
discrete spark is a surface discharge on the outside of the pencil lead.

(6 1) mm 6-70 mm
—

as0v 4 [ ©
220 F — |

Figure 2.7.: Schematic of the surface-gap spark, with specifications according to EN 17624
[71) and ASTM 2079 [}4]

2.2.4. Exploding Wire

Another common ignition source for gas explosion tests is the exploding wire [42], which has
been approved to be suitable for gas testing [76].

It consists of a power source, connecting thick cables and a very thin wire, which evapo-
rates when the power is switched on and donates a light arc into the system. One with a
transformer as power source is already in use for the standardized determination of safety
characteristics of gases [42], first tests on the suitability of an exploding wire with capacitors
as power source for dust testing have also been carried out by Scheid et al. [77]. Using the
exploding wire igniter, much higher ignition energies can be realized than with the induction
spark and it is possible to calculate the actual net ignition energy in each test by measuring
the ignition current and voltage, whereas the ignition duration of 5 ms - 10 ms is much
shorter compared to the spark ignition.

The exploding wire consists of a thin wire that is stretched between two electrodes. An elec-
tric current is passed through the wire, causing it to melt, vaporize and then form a plasma
arc between the two electrodes. The energy released by the arc depends on the duration
and the amount of electrical energy supplied [78]. Typical specifications in standards for the
determination of safety characteristics of gases are an electrode diameter greater than 3 mm
and an electrode distance of (5 & 1) mm. The connecting wire is typically made of Nickelin
and shall have a diameter between 0.05 mm and 0.2 mm (typical: 0.12 mm). The electrical
power for melting the wire and generating the arc is typically supplied by an alternating
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current isolating transformer with a power of 700 VA to 3500 VA and a secondary voltage of
230 V. The secondary winding of the transformer shall be switched by thyristors to control
the time the voltage passes through the rods and the wire for adjustment of the ignition
energy between 10 J and 20 J (EN 1839 [42] and ISO 10156 [69], see figure 2.8).

Ulmeas.
Isolation Transformer 0,5 ma
700 VA to 3,5 kVA Shunt F
Phase-fired [T 1,_, R1
=

alp Aol

AB‘T A
NN
(=]

~

controller J |

sopou1o9|3

2 ww Z'0-G0°0

Trigger

U meas.

Figure 2.8.: Schematic of an exploding wire ignition source

First tests on the suitability of the exploding wire igniter for dust testing have been carried
out by Scheid et al. [77]. Other benefits of the exploding wire are, that it can be used at
high initial pressures and it is the only ignition source with an easily measurable ignition

energy release.

2.3. Mixing procedures for the determination of safety
characteristics of hybrid mixtures

2.3.1. 20L-Sphere

For the determination of safety characteristics there are several different apparatuses. One
of the most common ones for the determination of several safety characteristics of dusts like
the lower explosion limit [46], the limiting oxygen concentration [47], the maximum explosion
pressure [45] and the maximum rate of pressure rise [59] is the 20L-Sphere (see figure 2.9).
It consists of a hollow metal sphere, with an inner volume of 20 liters that can withstand
an overpressure of 20 bar g and a water jacket to keep it at defined temperatures (usually
20° C). The ignition source is placed in the center of the sphere and can be activated by
electrodes that are sealed airtight to the lid of the sphere.
The 20L-sphere is not explicitly stated in the standards for the determination of safety
characteristics of gases ([68], [42], [43]) but with the following requirements for the explosion
vessel it is also possible to use it for gases.

e volume above 5 liters
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Figure 2.9.: Structure of the 20L-Sphere, taken from [79]

e spherical or cylindrical shape with a height to width ratio of 1 [43] or between 1 and
1,5 [42]

e the ignition source shall be placed in the center
e shall withstand 15 bar [42] or 20 bar [43] overpressure

This is the reason why most of the hybrid mixture research facilities are more experienced
with dusts than with gases: With small modifications and adjustments from the generally
accepted dust testing procedures the facilities can integrate gas components to the system
while gas testing facilities would have to buy a new apparatus.

2.3.2. Mixing procedures

The mixing procedure for the determination of safety characteristics of hybrid mixtures in
the 20L-sphere can be conducted in three different ways:

e Method I: A premixed gas-air mixture is used for both, the 20L-sphere and the dust
container before ignition (see figure 2.10, left).

e Method II: The flammable gas is directly injected into the 20L sphere and dust is
injected by pressurized air from the dust container (see figure 2.10, middle)

e Method III: The 20L-sphere is only filled with air and the dust container is pressurized
by a mixture of flammable gas and air injecting the dust from the dust container (see
figure 2.10, right)
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Method | Method Il Method I
Targeted Gas Concentration

[ High amount of flammable Gas
[ ]Air

Figure 2.10.: Three different ways of mixing; Conditions before opening the fast-acting valve
between 20L-sphere and dust container [80]

In none of the previous works on hybrid mixtures in the 20L-sphere the actual gas concentra-
tion is measured in the tests nor is the accuracy of the gas concentrations mentioned. The
gas fractions are calculated based on the partial pressures usually measured with sensors
that can withstand the typical explosion pressure of 10 bar g or more and with that have
a high measuring uncertainty (typically 1 % of the measuring range). In most cases, other
sources of errors are not mentioned at all and the accuracy of the gas preparation is hardly
considered yet.

2.3.3. Method |

The three different methods have their benefits and disadvantages: The most precise and
homogeneous gas mixtures are obtained, if the explosion vessel and the dust container are
both filled with the same premixture before injection of the dust. But, for hybrid mixtures
of gas and dust this method is complicated and the common 20L-sphere for dusts must be
modified slightly, because both, the sphere and the dust container, have to be evacuated
to very low pressures before they are filled with the premixture. The latter is not possible,
if dust is already in the dust container, but the residual air in the dust container can be
considered for the determination of the final gas fraction. This method has the benefit, that
the following sources of error are avoided:

e 1: Discrepancy between the calculated gas fractions, derived from the measured partial
pressures with the pressure sensors installed in the test vessel and the actual fraction
of the gas

e 2: Local concentration variations because of incomplete mixing at the ignition moment
after 60 ms of ignition delay time (for 20L-sphere, 600 ms for 1 m?)

19



CHAPTER 2. STATE OF THE ART

The disadvantages of this mixing procedure are the dangerous explosive atmosphere in the
dust container, if gas concentrations above the lower explosion limit are tested and the pre-
vious preparation of these mixtures. Either they are prepared at elevated pressure or the
explosive mixture must be transferred by a compressor. Facilities that used this method
so far are the Dortmund University (Germany, [81]) and the Dalhousie University (Canada,
[82], with a 26L-sphere) but it is not applied anymore [83]. The latest article applying this
method of mixture preparation was published in 2009 from the Northeastern University in
Liaoning (China) but it seems it is not in use anymore, too [84].

2.3.4. Method Il

Method II has the benefit that the common 20L-sphere can be used as it is without any
complicated modifications. There are no explosive gas-air mixtures at high pressures dur-
ing mixture preparation, which makes this procedure the safest one. It is valid for hybrid
mixtures with a gas fraction of up to 40 %. However, this procedure is more prone to errors
due to leakage of the 20L-sphere resulting in larger deviations to the desired concentration
of lammable gas.

This method is recommended in the manufacturer’s handbook for the most frequently used
20l-sphere for dusts (Kiihner [79]) and applied by most of the research facilities like the Otto
von Guericke University (Germany, [85]), Karlsruhe Institute for Technology (Germany,
[17], [18]), Dalhousie University (Canada,[86]), Anhui University of Science and Technology
Huainan (China, [87]), Henan Polytechnic University Jiaozuo (China, [27]), University of
Napoli (Italy, [88]), Texas A & M University (USA, [15], with a 36L-sphere), University of
Witwatersrand (South Africa, [89], with a 40L-sphere), the Italian National Research Coun-
cil in Naples, Italy [90], Xi’an University 116 of Science and Technology in Shaanxi, China
[91] and the University of Pardubice, Technical University of Ostrava and OZM Research
(all three in Czech Republic, [92]), 20L sphere and 1m?).

This mixing method assumes, that the gas-phase is homogeneous at the moment of ignition.

2.3.5. Method IlI

Method III has the disadvantage, that explosive gas-air mixtures are pressurized to 20 bar g
in the dust container, so if an explosion occurs an overpressure of up to 200 bar g might occur
inside the dust container which is not designed for these high pressures and might burst.
Therefore, this mixing procedure is commonly applied with low amounts of flammable gas
below the lower explosion limit (LEL) in the dust container. Thus, applying this method of
mixture preparation, only hybrid mixtures with very little amounts of lammable gas can be
tested. Usually, premixtures of flammable gas and air prepared in gas cylinders are used for
pressurizing the dust container.

The benefits of this method are that there are no modifications needed on the standard
dust sphere, the test procedure is comparably short, and the concentrations might be more
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precise, because it is not dependent on potential leakages of the 20L-sphere. This method
is applied by the University of Newcastle (Australia, [93], only gases under turbulence were
tested, no hybrid mixtures and they used a 1 m? vessel), Dalian University (China, [94]),
North University in Taiyuan (China, [95]) and Sichuan University (China, [96]).

It should be mentioned, that in some articles it is not mentioned at all, where the amount
of flammable (or inerting) gas is added first, even though, this is crucial for a later interpre-
tation of the data. It can be assumed, that if it is not stated or simply said, that the gas
fraction was filled using the “partial pressure method” (which is actually true for all three
methods) Method II was used [97].

This mixing method also assumes, that the gas-phase is homogeneous at the moment of
ignition.

A comparison between the three mixing procedures has not taken place so far and with
that the sources of error mentioned above have not been investigated either.

2.3.6. Pressure dependencies

Especially for hybrid mixtures containing a combustible dust as well as a flammable gas
the pressure compensation and the mixing procedure can have a great influence on the test
result, because they affect the gas composition significantly. The flammable (or interting)
gases are usually filled in the 20L-sphere and the fraction is calculated from the partial
pressure of the gas with the simple equation

Pgas
Toas = 2.5
s = 222 25)

with pr as the pressure at the moment of ignition

Even though it has been known for a long time, that the explosion pressure is dependent
on the initial pressure (Pilao et al. [98], Hertzberg et. al. [99], Glarner [100], SAFEKINEX
Del. Nr. 8 [101], Lazaro and Torrent [102], Pascaud and Gillard [103]) the allowed pressure
ranges and the requirements for the pressure measurement systems in the standards for the
determination of the safety characteristics of dusts can lead to a wide variation of initial
pressures in the tests. The pressure inside the 20L-sphere before injection of the dust, the
difference between the pressure in the sphere at the time of ignition and before injection
of the dust (or Pre-ignition pressure rise, PIPR) and the subsequent pressure drop, that
occurs due to thermodynamic equilibration by dissipation of the heat induced previously
by adiabatic compression inside the sphere have to be taken into account for calculating
the amount of flammable gas correctly in case of hybrid mixtures and to obtain robust
and reproducible results for the determination of safety characteristics. According to the
American Standard ASTM 1226 [57] a pressure before injection of 0.4 bar a and a pressure
at the ignition moment between 0.94 bar a and 1.06 bar a are demanded for the tests but no
accuracy of the pressure measuring system is mentioned. According to the EN 14034 series
a pressure before injection of 0.4 bar a and an accuracy of the pressure measuring system of
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+ 0.1 bar is suitable resulting in a pressure before injection of the dust of 0.3 bar a to 0.5

bar a ([45], [59], [46], [47]).

Pre-ignition pressure rise (PIPR)

Table 2.2 shows the pressures, that are relevant for the mixing procedure and their allowed
ranges in different standards. The PIPR is only defined directly in the manufacturer’s
software of the 20L-sphere (from Kiihner), which shows an error, if the PIPR is lower than
0.55 bar or higher than 0.7 bar. The American standard defines the allowed PIPR indirectly
with the pressure before injection and the pressure at the moment of ignition resulting in
an allowed range between 0.54 bar and 0.66 bar [57]. With a pressure of 400 mbara before
injection and a definition for the ambient pressure at the moment of ignition of 1.013 bar
a, the European standard EN 14034 series have a theoretical PIPR of 0.613 bar ([45], [46]).
Considering the defined accuracy the allowed range is between 0.513 bar and 0.713 bar. The
maximum measuring uncertainty of the pressure measuring system is also not stated.

Table 2.2.: Pressure specifications stated in the standards for determination of safety charac-
teristics of dusts and in the standard software of a manufacturer of the 20L-sphere

Standard Procedure/ Pressure | Pressure at Accuracy of PIPR
Source before ignition the pressure

injection measuring system

in bar a in bar a in bar in bar
EN 14034 0.4 1.013 + 0.1 (or better) | 0.513-0.713*
[45][59][46][47]
ASTM 1226 0.4 0.94-1.06 Not defined 0.54-0.66
[57]
Manufacturer’s software 0.4 1 Not defined 0.55-0.7
from Kiihner[79]

*Not defined explicitly, but calculated from the other specifications

Post injection pressure drop (PIPD)

After the fast injection of the dust via pressurized air from the dust container the pressure
is recorded and the whole mixture should have 1 bar a [57] (or with 1.013 bar a close to
that value [45]). Normally the ignition takes place shortly after the opening of the valve
and this pressure shortly before ignition is usually taken as the initial pressure p; and used
for the calculation of the flammable gas fraction. However, the temperature rise due to
the compression is not taken into account in the standard procedures. Especially, in case
of hybrid mixtures, if this initial pressure is used for calculating the amount of flammable
gas according to the partial pressures, this leads to wrong results. The effect of adiabatic
compression is not mentioned in any standard and has not been found in research articles so
far. Poletaev observed the temperature increase when air is added to the test vessel [104] and
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Cashdollar observed the temperature increase while and decrease after the injection process
[105], but both do not mention the pressure drop afterwards.?

2.4. The influence of turbulence on safety characteristics

During the quick injection process of the dust a high level of turbulence is created mixing the
dust-gas mixture. If the ignition is not triggered, the turbulence decays over time and the
gas eventually obtains a quiescent condition the dust settles. The behavior of turbulence is
the same for all three mixing procedures while the ignition is usually initiated 60 milliseconds
after a pressure rise is detected inside the test vessel.> The decay of the turbulence after
injection has been investigated theoretically by Skrbek and Stalp [106] and described by
Dahoe et. al. [107] who decsribed the decay of the root mean square velocity with the

following equation, that was also used by Skjold to draw a connection between his measured
values and the turbulence energy 2.11.

|
Urims _ t

rms,0

It has also been investigated experimentally in the 20L-sphere by Skjold [108] and by Pu et.
al. [109] (see figure 2.12).
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Figure 2.12.: Decay of the root mean
Figure 2.11.: Decay of the turbulent ki- square velocity in a 20L-
netic energy in a 20L- sphere with different dis-
sphere, calculated from the persion pressures measured
measured root mean square with hot wire probes, taken
velocity, taken from [108] from [109]

The initial turbulence at the moment of ignition has a significant influence on the mea-
sured values of (dp/dt),.. of gases. The influence on pjqe. of gases is with about 10 % to

2The cooling effect of the expansion in the dust chamber does not seem to play a role. Also, it has not
been investigated how pure hydrogen behaves.

3This parameter was defined experimentally: It is the earliest moment, where the injection process is over.
An activation of the ignition at an earlier moment would cause a combustion at a pressure lower than 1
bar a, a later activation would cause a further decrease of turbulence.
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20 % smaller but clearly measurable.

The influence of the speed of a fan inside a 4-litre spherical test vessel on the flame propa-
gation speed was systematically investigated by Richard Vernon Wheeler in 1919 for ethane
(see figure 2.13 [110]). He cites an explanation from Mallard and Le Chatelier: "When the
gas in which the flame is moving is in a state of agitation, the speed of propagation increases
because the heat is transmitted not only by virtue of the conductivity of the gas mixture,
but also by virtue of the differences in speed of the various parts of the mass. The surface
of the flame, instead of keeping a constant and regular shape, is deformed at every moment,
increases in width of width, multiplying the points of ignition and, consequently, making the
progress of combustion more rapid." [110]

Wheeler further concludes that the explanation by Mallard and Le Chatelier has two con-
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Figure 2.13.: Effect of turbulence on the flame propagation speed of ethane gas, taken from
[110]

sequences:
e The higher the level of turbulence, the more rapid the combustion

e A mixture with a low speed flame is more susceptible to the effects of turbulence than
one in which the speed of the flame is high

A similar trend for the measured values of p,q; and (dp/dt),,.. was also investigated by
G. F. P. Harris in 1967 [111] for pentane. Harris also used a fan inside a 60 cubic feet (appr.
1.7 m?) test vessel and varied the fan speed. While the values for p,,q, increased slightly for
the near stoichiometric gas-air-mixture, it increased stronger for the lean mixture (see figure
2.14, left side). The reason for the increased explosion pressure seems to be experimental
and is caused by a faster combustion and with that lower heat losses on the walls of the test
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Figure 2.14.: Explosion pressure (left) and maximum rate of pressure rise (right) against fan
speed in a 60 cubic feet vessel [111], A = 3 mol%, o = 1.7 mol%

vessel. While the effect on p,,q. is rather small for all mixtures with an increase of 10 to 30
%, the maximum rate of pressure rise was increased by factors of ten and more (see figure
2.14, right side).

Investigations on the influence of the turbulence on the safety characteristics of dusts and
gases were conducted with several approaches:

e The ignition delay time was varied ([112], [91], [113], [95], [114], [115], [116], [107],
[117], [118], [119], [90], [120], [121])

e The pressure in the dust reservoir was varied [109]
e Fans were installed inside the test vessel (only for gases) [110], [111], [122]

The measurement techniques for the turbulences were also diverse. The particles were ob-
served with a camera (Particle Image Velocimetry, only for dusts) [119], the injection process
of a transparent 20L-sphere was filmed with a camera [123], the flow was measured with Hot
Wire Anemometry ([109], only for gases) or Laser Doppler Anemometry (LDA) ([108], [124],
[107]) or the safety characteristics were measured at different levels of turbulence caused by
different fan speed or different times to ignition after injection drawing conclusions about
the turbulence level at the moment of ignition ([125], [60], [120]).

The fact, that turbulence can not be measured directly and with that, the data can not be
applied to the standard procedure, leaves no other option than comparing the safety charac-
teristics of the gas in quiescent conditions to the agitated conditions when testing dust with
high turbulence levels.
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The most expedient comparisons of safety characteristics determined at turbulent conditions
usually prevalent in the 20L-sphere with safety characteristics determined at quiescent con-
ditions were made by Kundu et. al. [93] with a 1 m?® test vessel and methane, Chang et.
al. [112] with 100 ms instead of 60 ms ignition delay time using hydrogen and Skjold with a
20L-cubical vessel and propane [108]. The key findings, slight increase for p,,q, and increase
by a factor of up to almost 10 for (dp/dt)m«. were the same (see 2.15).
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Figure 2.15.: Safety characteristics for propane-air mixtures, taken from [108]

The turbulence has also an influence on the minimum ignition energy. With higher turbu-
lence intensity a higher ignition energy is required to ignite the gas-air mixture. Experiments
showed that it depends on the pressure whether this rise is linear or exponential [126]. An
explanation is given in Appendix E.4.

The correlations for turbulence on the safety characteristics of dusts were also described
and summarized by Amyotte et. al. in a review article [127]. In general they are:

e (dp/dt) is linearily higher with higher turbulence
® D, is slightly higher with turbulence

e The minimum ignition energy rises with the turbulence. This effect is especially pro-
nounced at the explosion limits.
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e The explosion region (from LEL to UEL) is narrowed with higher turbulence if the
ignition energy is not high enough

2.5. Limits of the methods and investigations

The methods that are presented in this thesis have several limits. Especially the test appa-
ratus of the 20L-sphere and its procedure have the following disadvantages:

e With 20 liters it has a very small volume where upscaling might be difficult. This point
has been investigated by researchers concluding both , that a testing volume above 16
liters is needed and with that upscaling from the 20L-sphere works [9] and that the
values of the 20L-sphere are not comparable to the ones obtained in the 1m3vessel [128].
Others stated, that it might be used choosing the experimental parameters carefully
[129] or it is only useful under some conditions and not for all kinds of dusts [130].

e With an ignition energy of usually 2 kJ or 10 kJ it is a very conservative estimation
of the ignition sources, that are normally prevalent in processes. Though this point
only counts for the estimation of the explosibility and the explosion limits of dusts, it
is often brought up by critics of the method.

e The calculation of the Kg;-value (see section 2.1.2) is valid for 1) a point source of
ignition that ignites the testing mixture in the center of the test vessel 2) under non-
turbulent conditions and 3) the flame thickness should be negligible compared to the
radius of the test vessel ([131], p. 347). All three requirements are not present with this
method. Even though this was investigated before, and other methods were presented
[132], simplicity outperformed the new findings so far.

e The method is sensitive to many experimental parameters and with that the compar-
ison of the obtained values is difficult

On the other hand, the data, that is determined with the 20L-sphere, is a good start for the
implementation of safety characteristics. The only other standardized test method for the
determination of Py and (dp/dt),e. respectively the Kg-value of dusts, the 1m?3 vessel,
shares most of the disadvantages listed here, though less pronounced than in the 20L-sphere.
The disadvantage is a higher effort cleaning the apparatus and the need for 50 times more
dust than in the 20L-sphere which is not possible for many substances like pharmaceutical
products because the costs are too high. Also the number of tests per day is three to four
times lower for the 1m®-vessel. For these reasons the 20L-sphere is more widespread today
worldwide.
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3. Experimental Methods

3.1. Ignition sources and experimental methods for their
characterization

In this work the four types of ignition source mentioned in table 2.1 are characterized exper-
imentally. The net ignition energy introduced into the system as well as the reproducibility
was compared by calorimetric measurements. The burning duration and the igniting volume
have been compared by high-speed recordings and schlieren-imaging. Finally, the influence of
the orientation of the electrodes was studied for the exploding wire igniter. In the case of the
exploding wire, the ignition energy was also determined directly by electrical measurements.

3.1.1. Ignition Sources
Induction spark

The induction spark as described in EN 1839 [42] was used. It has a secondary open circuit
voltage of 15 kV (peak). In the setup used in this work the cables between the transformer
and the electrodes had a length of 3,2 m, a cross-section of 4 mm 2, an inductance of 4,7
pH, and a capacitance of 0,257 nF. The distance between the electrodes was kept constant
with 5 £ 1 mm.

Surface gap spark

Two different surface gap spark devices were used. One had a loading voltage of 450 Volt
and a capacitance of 220 uF, the other one had a capacitance of 600 uF and an adjustable
voltage in steps of 50 Volts from 300 Volts to 450 Volts.

In the setup used in this work the cables between the capacitor and the electrodes had a
length of 3,2 m, a cross-section of 4 mm?, an inductance of 4,7 uH, and a capacitance of
0,257 nF (without pencil lead) or rather 0,991 nF (with pencil lead). For one test series to
determine the influence of the cable length, cables with an overall length of 21 m were used.
These were not checked on resistance, capacitance and inductance.

Chemical igniters

The chemical igniters as described in the EN 14034 series ([45], [59], [46], [47]) were used
for most of the explosion tests with ignition energy of 1 kJ if not stated otherwise. In each
explosion test in the 20L-sphere two igniters were used facing in opposite directions. For
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one comparing test series 5 kJ igniters were used and the calorimetric measurements were
performed with (single) 100 J, 250 J, 500 J and 1 kJ igniters.

Exploding wire

The standardized exploding wire ignition device as described in EN 1839 [42] and EN 15967
[43] and described in section 2.2.4 was investigated.

Additionally a new exploding wire ignition device, differing from the standardized one, was
built, also investigated and used for the explosion tests in this work for the following reasons:

e Higher ignition energies of up to 1000 J have to be applied

e Two igniters have to be triggered at the same time to compare the results with standard
tests for dusts with the two chemical igniters

e The igniters have to be triggered very precisely and directly after the trigger-signal
comes in

After being triggered externally the phase-fired controller always waits for the beginning
of the next positive half-wave of the sine-shaped voltage from the power grid. So when the
trigger-signal comes an additional delay of up to 20 ms arises with a lower level of turbulence
and with that a lower value for (dp/dt). In figure 3.1 the trigger signal 1 would cause an
additional delay of 18 ms, trigger signal 2 would cause an additional delay of 5 ms.

400 — ‘ ‘ ‘
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200 |- — Trigger signal 2 | |
E — Ignition
8
o) 0 a
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=
°
> —200 |
_400 : ! I | | | |
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Figure 3.1.: Additional delay for the standard exploding wire device

That this additional delay causes different values, especially for the (dp/dt)g,-values of
dusts was investigated with a constant concentration of 500 g/m? for corn starch, niacin and
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lycopodium while all other parameters were kept constant (see Appendix E.9 for values).

For the device that was used in this work capacitors with an operating voltage of 450 V
and a capacity of up to 21000 uF was used. To achieve a comparable burning duration of 4
ms to 10 ms an inductance was introduced to the circuit (see figure 3.2).
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Figure 3.2.: Schematic of a high-energy exploding wire ignition source based on capacitors

The ignition devices for the exploding wire had built-in isolation amplifiers, which provided

the voltage and current during the ignition process galvanically isolated with a defined factor
as measuring voltage. The galvanic isolation and the factors were necessary to prevent
voltages of 450 volts from being applied to the front panel, which would pose a significant
hazard to the user.
By summing up the product of the measured ignition voltage and the measured ignition
current for n samples in the given period of time and by dividing it by the number of
samples. The ignition power Pig,ition and energy Ejignition can be calculated according to the
equations

Pigniti@n =Ux1I (31)
Eignition = Z(

k=1

) (3.2)

n

The voltage is measured with a voltage divider, the ignition current by means of a shunt
resistor with a resistance of 0.5 mf2. The voltage drop due to the resistance of the cable is
subtracted from the measured voltage according to the following equation:

copper X lca e X Imeas.
U'res - Umeas. - Peop i (33)
Acable

Example plots of the voltage, the current and the ignition energy can be found in Appendix
E.1. The ignition device for the explosion wire used in this work is described in detail in
Appendix A.
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3.1.2. Calorimetric measurements of the net energy of different
ignition sources

For the measurement of the ignition energy, a bomb calorimeter was used. This method has
the benefit, that the actual energy, that is normally introduced into the system, is measured
and not the gross energy, that is stored in capacitors or in the chemical charge. Another
benefit regarding the comparability is, that all ignition sources (electrical and chemical) were
measured with the same apparatus.

The calorimeter was made of brass and had an inner diameter of 2 cm, an outer diameter
of 6.5 cm and a total height of 7 cm (see figure 3.3, a CAD drawing is added in Appendix
B). It was isolated by foamed polystyrene with a thickness of at least 90 mm (not shown in
the figure). The temperature increase of the calorimeter was measured with a high-precision
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Figure 3.3.: Adiabatic brass calorimeter (left side) in the calibration set-up with a time
controlled relay and a 100 W lamp

semiconductor thermistor, TS-NTC-203, Hygrosens Instruments GmbH, and a self-designed
circuit board transforming the changing resistance into a changing voltage. The increase
of the recorded voltage signal is proportional to the temperature increase and thus to the
released energy. The calorimeter was calibrated with a 100 Watt lamp, a 12.5 V DC power
source adjusted to an output of 8 A and a timed relay that was set to several switching times
to get a calibration curve according to the equation

E=UxIxt (3.4)

By means of the calibration a sensitivity of 69.8 mV /kJ and a mean deviation of 1.63 %
(max. 4 %) was obtained. In figure 3.4 the calibration curve is shown together with the
results of several validation tests.

With approximately 14 m(2 the energy loss of the connecting cables can be neglected.
Compared to the resistance of the lamp (theoretical value: 1.56252) the voltage drop across
the cables is less than one percent and can be neglected, so most of the energy is introduced
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Figure 3.4.: Calibration line of the adiabatic calorimeter and three verification test series
with a maximum deviation of 4 %, electric measuring signal of the thermistor
against the electrical energy brought into the system

into the calorimeter.

The calculation of the energy is the difference between the voltage measured before triggering
the ignition and when the values has stabilized again divided by the 0.0698 mV/J (see also
Appendix B).

The exploding wire, the chemical igniters were single shots inside the calorimeter. Since the
energy of the surface-gap spark and the induction spark is very low and with that harder to
measure multiple shots were performed. The surface-gap spark was triggered several times
and the measured energy then divided by the number of shots. The induction spark was
triggered ten times in each test and the duration was varied with 200 ms, 500 ms and 1000
ms.

3.1.3. Determination of the burning duration of standardized ignition
sources - Highspeed Recordings

Three different high-speed cameras (MotionCorder Analyzer Model SR-1000 from Kodak,
FASTCAM APX RS from Photron and HPV-1 from Shimadzu) were used for filming the
ignition sources with maximum framerates of 1 000, 20 000 and 1 000 000 frames per second.
The last one can only take 100 pictures that are stored inside the pixel (so called “In-situ
storage image sensor” or ISIS [133]). Therefore, it was only used for the fastest ignition
source with the shortest burning duration after the other two cameras failed to record the
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process in detail. In table 3.1 the three cameras are listed with their characteristics.

Table 3.1.: Properties of the cameras used for determining the burning duration

Camera Maximum framerate | Color Resolution
in fps
MotionCorder 1000 Color 400 x 248
Fastcam 20 000 B/W 512 x 512
HPV-1 1 000 000 B/W 936 x 780
only 100 frames

All the test setups consisted of the camera, the ignition source and a black paper in the
background to reduce artifacts from shining and reflection (Figure 3.5).
After filming the pictures in which the ignition source was visible were simply counted and

Tested
Ignition
sources

!

N
Black Paper

/ Camera

Figure 3.5.: Setup for the highspeed-imaging tests

divided by the framerate. The burning duration of the induction spark is defined in the
standards and set with a timed relay, hence it was not tested in this work.

The burning duration of the other three standardized ignition sources was determined using
high-speed cameras. In each case, several ignitions were filmed and the images subsequently
counted.

As chemical igniters several tests with different ignition energies of 100 J, 250 J, 500 J, 1
kJ and 5 kJ were conducted.
The exploding wire had a loading voltage of 450 V, a capacitance of 21 000 uF, a cable
length from the ignition device to the electrodes of 3.2 m with a cross-section of 4 mm? and
an electrode distance of 6 mm.
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3.1.4. Determination of the burning volume of standardized ignition
sources

The optical inhomogenities caused by the density differences are called schlieren and there
are different methods to visualize these differences that are called schlieren techniques [134].
For this study a set-up with one parabolic mirror, a knife-edge (razor blade) and a point
source of light was used. The smaller and brighter the source of light, the better results
could be seen. For this reason, an LED light was used in the experiments. The camera from
Fastcam (described in section 3.1.3) was used to record a video during the execution of an
experiment. The schematic of these individual components is shown in the following figure
3.6, for replications and optimization of the components see [134].

2f N

light source
(|

I camera

Figure 3.6.: Optical setup for the Schlieren-imaging tests
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In this series of experiments the light source was positioned at a defined distance (2f) away
from the parabolic mirror. The camera and the razor blade were placed right next to the
light source. The light was focused on the double focal length (f) of the parabolic mirror!.
This is given by Equation 3.5:

f=r/2 (3.5)

At the end the camera was placed in the path of the light, behind the radius, respectively
behind the razor blade. The razor blade then shields some of the reflected light from the
mirror. If more light is blocked the schlieren-effect is more visible but the image gets darker.
The testing area was as close as possible to the mirror otherwise the image would have gotten
blurry. The basic theory of schlieren depends mostly on geometrical optics with additional
consideration of diffraction affects. For the influence of the gases see Appendix E.3.

All four ignition sources stated in table 2.1 were put close (0,05m < d < 0,15m) to the

Léradius of curvature (r)”, that means the distance from the pole to the focal point. The author is aware
of the fact, that a parabola has no radius and a spherical mirror has no focal point. For this set-up both
types of mirrors work. For such a small part, a sphere and a parabola are pretty similar and the equation
works as well
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parabolic mirror and several ignitions were filmed with a high-speed camera (Photron FAST-
CAM) with 10 000 frames per second.

3.1.5. Distance and angle between the electrodes of the exploding wire

The influence of the distance and angle between the electrodes on the ignition energy and
its scattering of the exploding wire was investigated using a U-shaped polypropylen rack. In
this device the electrodes can be placed in different angles with 180 ° (A1 and A2, Adjacent),
90 ° (R1 and R2, Right-angled) and 0 ° (P1 and P2, Parallel) with a distance of 6 mm, see
figure 3.7).

|
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Figure 3.7.: Schematic of the electrode-rack, all holes with a diameter of 4 mm
The adjecent ones (Al and A2) were also used for the tests with different distances between

the electrodes. For the tests with distances above 100 mm one electrode was placed outside
the device.

3.2. Preconditions for explosion tests - substance analysis
and mixing procedures

The mixture preparation for the determination of safety characteristics of gases, the partial
pressure method, is mostly used in the standards (see [42], [70] and [43]). The 20L-sphere
is not designed to maintain a vacuum for a long period of time, one of the prerequisites for
the partial pressure method. If the test vessel is air tight the concentration of the gas can
still be flawed by imperfections of the pressure sensors, dead ends of the piping in which the
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amount of gas gets pushed in or other uncertainties.
For these reasons a series of pre-tests was performed.

3.2.1. Mixing Procedures

For all the experiments a standard 20L-sphere with a rebound nozzle was used. Two piezo-
resistive pressure sensors (company: Keller, type: PA-10, linearity: better than 0.5 % full
scale) were additionally installed for the tests, one with a resolution of 0.1 mbar and a range
of 1 bara, the other with a resolution of 1 mbar and a range of 10 bara. The first one was just
used for the filling process and had to be closed before initiating the ignition. An additional
highly sensitive vacuum pressure sensor (pirani gauge) with a resolution of 0.1 mbar was
installed to measure the absolute pressure during evacuation prior to each test.

For the determination of the leakage-rate the 20L-sphere was evacuated, then all valves were
closed and the pressure was measured. Since the mixing process can take up to five minutes
(depending on the type of connections and connecting lines) the pressure was recorded for
at least ten minutes. With the time and pressure the leakage-rate was determined according
to the equation

Pend — Pbegin
(dp/dt)Leakage = d beg (36)
tend - tbegin

If the leakage rate is less than 1 mbar/min it can be seen as within an acceptable range.

The mixture preparation was carried out optionally according to one of two different
mixing procedures (Method I or Method II).

Method |

Prior to each test the mixture of flammable gas and air was prepared in a separate pressure
resistant cylindrical 6L-mixing vessel that was connected to both the 20L-sphere and the
dust chamber (see figure 3.8). The mixtures were prepared according to the partial pressure
method in the mixing vessel, evacuating the mixing vessel to less than 5 mbara first and
filling in the components of the mixture subsequently according to their partial pressures.
The mixing vessel was equipped with a PC-fan for homogenizing the mixtures. The pressure
in the mixing vessel was measured with a piezoresistive pressure sensor (company: Keller,
type: PA-10, linearity: better than 0.5 % full scale) with a resolution of 5 mbar and a range
of 50 bara (PIR 300 in figure 3.8). The mixtures were prepared at a final pressure of 26
bara for each test. For safety reasons, the set-up was installed in a safety room and operated
by remote control. For the tests without dust the dust container was also evacuated prior
to filling the gas mixture from the mixing vessel to the sphere and the dust container by
opening the fast-acting valve between the dust container and the 20L-sphere several times,
until the pressure in the 20L sphere did not rise anymore.
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Figure 3.8.: Schematic of the standard 20L-sphere with adaptations for hybrid mixture test-
ing (Method I), having premixtures inside a premixing vessel that can be filled
to the 20L sphere and the dust container, valve V8 and the pump P2 are used for
the gas analysis with QI-100 (O2 measurement) and QI-200 (CO5 measurement)

Method Il

Filling the required amount of flammable gas for the mixture only into the 20L-sphere is
safer, faster and needs less modifications than method I (see figure 3.9). After the evacuation
the flammable gas was filled in the 20L-sphere up to the desired partial pressure and air was
added afterwards to 400 mbara + 2 mbar. With this method, mixtures with a flammable
gas fraction of maximum 40 mol% can be tested. It is not appropriate for mixtures with air
fractions of less than 60 mol% corresponding to an oxygen fraction of at least 12.6 mol%.

Figure 3.9.: Schematic of the standard 20L-sphere with adaptations for hybrid mixture test-
ing (Method II, gas amount just inside the 20L sphere, valve V8 and the pump
P2 are used for the gas analysis with QI-100 (Oy measurement) and QI-200 (COq
measurement,)
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3.2.2. Pressure measurements

Since the mixing procedures in the standards for gases and dusts vary two things were
investigated: The influence of the allowed range of the pressure increase when injecting the
dust (pre-ignition pressure rise) and the pressure drop after injection of the dust due to
compression and subsequent cooling of the air (post-injection pressure drop).

Variation of the pre-ignition pressure rise (PIPR)

For determining the influence of the PIPR on the safety characteristics of dusts in the 20L-
sphere the allowed range according to the European dust standards of + 100 mbar ([45],
[59], [46], [47]) was tested. According to the standards the dust container is pressurized
with air up to 21 bar a, which is theoretically necessary to achieve a pressure rise up to 1
bara. But this does not take into account that clogging or friction of the dust might slow the
injection, so that the pressure in the dust container at the ignition moment is still elevated
and in the 20L-sphere the pressure is lower than atmospheric pressure. For the tests the air
pressure in the dust container was adjusted with a pressure reducer between 16 bara and
27 bara to achieve the variety of PIPRs on purpose and investigate their influence on the
safety characteristics of dust clouds.

Determination of the post-injection pressure drop (PIPD)

The post-injection pressure drop is the difference between the 400 mbara plus the PIPR and
the residual pressure after thermal equilibration. For determining the post-injection pressure
drop in the 20L-sphere several tests without triggering the ignition source and without dust
were carried out. The PIPR was varied from 0.5 bar to 0.7 bar. In additional tests the
pressure in the 20L-sphere before injecting the dust was varied from 0.3 bara to 0.5 bara. In
each test, it was waited for at least two minutes before injection of air to be sure, that the
sphere and the air inside were fully thermally equilibrated. After the injection the pressure
was recorded for three minutes with the 10 bara pressure sensor and additionally checked
with the precise 1-bara pressure sensor. The recorded pressures were compared to the initial
pressure before air injection plus the PIPR the manufacturer software stated.

3.2.3. Gas Analysis

The accuracy of the composition of the gas mixtures was determined by gas analysis in
separate tests without triggering the ignition. For these tests the flammable gas methane
was replaced by CO2, which is easier and safer to handle. A COs-measuring system (Infralyt
Junkalor) with a range of 0 % to 20 % and a resolution of 0.01 % was connected to the 20L-
sphere via a gas pump behind a valve (see figure 3.8 and 3.9). The measuring system was
calibrated with a reference gas. An additional Oy-measuring system (Servomex MINI MP)
with a range of 0 % to 100 %, a resolution of 0.1 %, a linearity of + 0.1 % and an accuracy
of £ 0.1 % was installed between the COs-measuring system and the pump (see figure 3.8
and 3.9).
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For determining the accuracy of the gas preparation, mixtures with partial pressure fractions
of 6%, 9% and 12% COs in air were prepared with the two mixing methods described above.
The injection of the gas from the dust chamber was carried out without dust and without
igniters. Afterwards the fraction of CO, was measured with the analytic devices by taking
samples directly from the 20L-sphere via the gas pump. Possible systematic deviations
between the gas fraction calculated from the partial pressures and the measured gas fraction
due to clearance volume, leakage, residual air or imprecise pressure sensors as well as the
scattering were determined in this way. Considering the low pressures and being far away
from boiling temperatures ideal gas behavior was assumed for all the mixture components.

3.2.4. Comparison of the safety characteristics for gases between
Method | and Method |I

Two of the three mixing procedures were compared by conducting explosion tests with the
same fractions of methane and comparing the p., and K-value with otherwise constant
parameters. The values were also compared to literature values.

The third method was not tested, because it is not very common and requires additional
safety measures due to the compressed explosive atmosphere in the dust container.

For the comparison of the mixing methods hybrid tests with dust were not performed because
the dust container could not have been evacuated resulting in an error of the gas amount
for Method I.

3.2.5. Dust analysis

The particle size distribution was determined optically several times for the corn starch
and at the beginning of the tests with the niacin, lycopodium and the quartz sand using
a MALVERN Mastersizer 2000. It uses the diffraction of a laser beam and measures the
scattering of the light. The samples were always tested three times and the results were
averaged.

The moisture content of the corn starch was checked on a weekly basis while performing
the tests using a Sartorius moisture analyzer (a picture is shown in Appendix D). It dries
the dust sample for 15 minutes at a temperature of 115 °C and calculates the weight loss
between the weights at the beginning and at the end of the drying process.

3.3. Experimental methods for the determination of safety
characteristics of hybrid mixtures

Several explosion test series were conducted to determine different safety characteristics and
to investigate other phenomena. In general they were all conducted the same way according
to a newly developed standard operating procedure. This one was later also taken for the
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round robin test (see chapter 5) and is now part of the new standard for hybrid mixtures.
If not stated otherwise all the tests were conducted according to the following steps.

3.3.1. Standard Operating Procedure

The sphere and all connecting lines were evacuated to a pressure lower than 2 mbara prior to
each test. This was checked with a pirani gauge and the 1 bara and 10 bara pressure sensor
were adjusted to the value of the pirani gauge (zero-point adjustment). Afterwards either the
premixtures were filled from a mixing vessel to the 20L-sphere and the dust chamber (Method
I) or air was filled in until 400 mbara minus the gas amount (for example 300 mbara for 10
mol%) with subsequent filling of the gas into the 20L-sphere and the dust chamber was filled
with air (Method II). In each test the pressure in the 20L-sphere was 400 mbara + 2 mbar
before dust-injection. The pressure development was recorded with the two piezo-electric
pressure sensors that are installed in the 20L-sphere in the default configuration of the
manufacturer (internal resolution of 1 mbar, displayed in the software with 10 mbar and
a measurement frequency of 5 kHz) and with the additional piezo-resistive sensor with a
measuring range up to 10 bara. As igniters two 1 kJ chemical igniters or optionally two
exploding wires with a net energy of 1 kJ each were used, pointing in opposite direction
placed in the center of the sphere according to the standards for the determination of safety
characteristics of dusts ([45], [59], [46], [47], [57]).

The ignition delay time was kept constant at 60 ms (except for the quiescent tests) and the
pre-ignition pressure rise (PIPR or Pd) was narrowed to 0.64 bar 4+ 0.04 bar by adjusting
the pressure in the dust container.

For the tests on the limiting oxygen concentration, the dust container was pressurized with
nitrogen. Because of the dust it was not possible to evacuate the dust container before the
tests. Oxygen, nitrogen and methane were filled into the sphere according to the partial
pressure method. Before each test series the amount of lammable gas and of oxygen were
validated with pre-tests (see 3.2.3). Again, for the pre-tests the methane was exchanged
with carbon dioxide for safety reasons.

The amount of burning gas was calculated with the equation stated in section 4.2.3 and the
oxygen fraction was calculated according to the following equation

LOzygen = pOxygen/(Pv + PIPR — PIPD) * 100 — 0.68mol% (37)

With Pogygen [bar] being the partial pressure of the oxygen, PV the Partial Vacuum before
injection of the dust (0.400 bar a £ 0.002 bar) and a pre-ignition pressure rise (PIPR) of
0.64 bar + 0.01 bar

The residual air before filling the sphere with nitrogen was also considered for determining
POzygen DUt since the sphere was always evacuated to less than 2 mbara this increases the
oxygen content by 0.045 mol% and may therefore be neglected. The value of 0.68 mol% is
added because of the residual air inside the dust container and was determined experimen-
tally. The PIPD was also determined experimentally and a constant value of 80 mbar was
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inserted into the equation.

3.3.2. The influence of the ignition energy and source on dusts

For the determination of p.. and (dp/dt)mne. of dusts in the 20L-sphere two 5 kJ chemical
igniters are normally used according to the European Standards ([45], [59]), for the LEL
and the LOC two 1 kJ igniters are normally used ([46], [47]). Since the high energies of
10 kJ were found to cause overdriving in the 20L-sphere while 2 kJ seemed to match the
1 m3-results ([129], [135])? it was first checked, whether a decrease from 10 kJ to 2 kJ with
chemical igniters would change the safety characteristics of the chosen dust. Afterwards the
chemical igniter with 2 kJ was compared to the exploding wire with the same ignition energy.
To further investigate the influence of the ignition energy on the explosion characteristics of
dusts the energy of the exploding wire was reduced to 200 J and 20 J. For all these tests all
other parameters like ignition delay time and pressures were kept constant.

3.3.3. Experimental method for the variation of the turbulence of gases

Since hybrid mixtures can not be tested in quiescent conditions, the influence of the tur-
bulence, that is normally present in the dust testing conditions, on the gas component was
checked. For this reason three test series were conducted varying the turbulence in the
following way to have a proper A-B-comparison:

e Turbulence: The gas was added to the sphere and air was injected from the dust
container. The mixture was ignited after 60 ms

e Quiescence: The gas was added to the sphere and air was injected from the dust
container. The mixture was ignited after more than 3 minutes 3

These tests were performed with hydrogen and methane at different fractions and methane
was additionally checked on the limiting oxygen concentration. The ignition source and
energy was also varied with two times 1 kJ chemical igniters and two exploding wires with
10 J, 100 J and 1000 J each (see table 3.2, for the results see chapter 4.3).

2in both publications 2.5 kJ were used but since 1.25 kJ igniters are very uncommon we chose two 1 kJ
igniters

3In the European standard for the determination of the maximum explosion pressure and the maximum
rate of pressure rise of gases it is mandatory to wait two minutes after mixing to have quiescence [43].
Since the conditions here have a higher level of turbulence three minutes were assumed to be enough.
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Table 3.2.: Conditions under which the turbulence was investigated with amounts stated

| \ [ Prae and (dp/dt)mas | LOC |
Hydrogen Methane Methane
Two each mol% mol% mol%
1 kJ chemical igniters | 1, 2, 3,4, 5,6, 7, 9 5.8, 8.8, 11.8 stoichiometric line
1 kJ exploding wires | 1,2, 3,4,5,6,7,9 5.8, 8.8, 11.8 stoichiometric line
100 J exploding wires 1,2,3,4,5 - stoichiometric line
10 J exploding wires 2,3,4,5,6 - stoichiometric line

3.3.4. Test series evaluation

For the determination of safety characteristics several tests have to be conducted according to
the standard operating procedure varying the amount of combustible substance - lammable
gas and/or combustible dust. The step-sizes, ignition criteria and other variations are de-
scribed in this chapter.

Ignition criteria

The ignition criteria for gases and dusts are defined in different ways (a full overview is in
Appendix E.8):

In the gas standard 'the criterion for an explosion (self-propagating combustion) is the
occurrence of an explosion overpressure equal to or greater than the overpressure produced
by the ignition source activated only in air, plus (5 & 0.1) % of the initial pressure" [42]

In the standard for dusts an "ignition of the dust (dust explosion) shall be considered to
have taken place, when the measured overpressure (influence of chemical igniters included)
relative to the initial pressure p; is greater or equal to 0.5 barg [pe, > (p; + 0.5 barg)]([46],
[47]).

The different explosion criteria arise from the main two differences of the test methods, the
turbulence and the ignition source. Since both cause a higher scattering of the measured
values for dusts the criterion has to be higher?.

Since the different ignition sources cause different overpressures, the dust criterion was used
for the tests with two 1 kJ chemical igniters and lowered for the ignition sources causing a
lower overpressure when activated only in air (see table 3.3).

4The pressure sensors for dusts have a typical resolution of 10 mbar, while for gases the resolution is stated
with £+ 0.5 mbar
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Table 3.3.: Pressure rise of different ignition sources and energies in air

Ignition source total ignition | used value for | ignition

energy the calculation | criterion

mn J in bar g in bar g
two chemical igniters 2000 0.3 0.5
two exploding wires 2000 0.2 0.4
two exploding wires 200 0 0.2
two exploding wires 20 0 0.2

Lower explosion limit and limiting oxygen concentration

Since the scattering for the gas fraction is higher with the mixing method for hybrid mixtures
than for gases alone a step-size of 1 mol% was chosen. All the stated values of gas fractions
are calculated except for those where it was directly measured. Test series were performed
with hydrogen and methane at different fractions and methane was additionally checked
on the limiting oxygen concentration. The limiting oxygen concentration was determined
along the stoichiometric line of methane and air with nitrogen. The step-size was on purpose
varied by 1 mol% (in 10 mbar steps) but the calculated gas fractions are stated with one digit
after the comma. The ignition energy and source were varied and the tests were conducted
in quiescence and under turbulent conditions. The obtained values were compared to the
literature value of methane of 10.7 mol%.

The ignition source and energy was also varied with two times 1 kJ chemical igniters and
two exploding wires with 10 J, 100 J and 1000 J each (see table 3.2).

All fractions for gases, all concentrations for dusts and the combinations of gases with dust
at which the tests did not exceed the ignition criterion were conducted at least three times
for the LEL and LOC according to the European dust standards ([46], [47]).

Determination of the maximum explosion pressure and maximum rate of pressure rise
of hybrid mixtures

Ignition tests involving three combustible dusts (corn starch, niacin and lycopodium) were
carried out in the 20L-sphere based on the procedures of the EN 14034-series.

Additionally one inert dust, quartz sand, was checked with the same procedure to see,
whether it is the combustion of the dust that causes a higher value of (dp/dt)me, or not.
Two 1 kJ chemical igniters (Fa. Sobbe) were used as ignition source throughout all test series.
At the concentrations with the highest values for (dp/dt) and around these concentrations
the tests were repeated twice. The presented values for p,,., were all corrected with the
equations (2.1, 2.2) explained in 2.1.2.

The Kpgy-values (H is for hybrid) were calculated according to the cubic root relationship
(see 2.3) in 2.1.2.

Niacin, lycopodium and corn starch were tested at the concentrations stated in table 3.4.
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Table 3.4.: Tested combinations of methane and dust concentrations of niacin IN, lycopodium
L and corn starch C

0 [ 20 | 60 | 125 | 250 | 500 [ 1000 | 1500 | 2000
CH, in mol% in 45

0 NLC [ NLC | NLC | NLC [ NLC | NLC | NLC | NLC | NLC
1 C C C C C C C C C
2 C C C C C C C C C
3 NLC | NLC | NLC | NLC | NLC | NLC | NLC | NLC | NLC
4 C C C C C C C C C
5 C C C C C C C C C
6 C C C C C C C C C
7 C C C C C C C C C
8 C C C C C C C C C
9 NLC | NLC | NLC | NLC | NLC | NLC | NLC | NLC | NLC
10 C C C C C C C C C
12 C C C C C C C C C
15 C C C C C C C C C

The quartz sand was only tested around the stoichiometry of methane from 7 mol% to 11
mol% in steps of one percent and additionally at 9.5 mol% and low concentrations of dust
at 0 45, 20 45, 40 %, 60 % and 125 5.

g9
m3) m3) m

Dust characterization

The 10" percentile (d(0.1)), the median value (d(0.5)) and the 90*th percentile (d(0.9)) are

stated in table 3.5.
The corn starch had a stable moisture content between 6 weight% and 8 weight% (for

details see Appendix D).

Table 3.5.: Particle size distribution of the three tested dusts

Dust d(0.1) | d(0.5) | d(0.9)
mopm | opum | in um
Corn Starch 9 13 21
Lycopodium 23 32 43
Niacin 4 17 54
Quartz sand 117 198 306
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4. Results and Discussion

4.1. Comparative Study on standardized ignition sources

4.1.1. Results of the calorimetric measurements
Induction spark

Ten tests with ignition times of 10 x 200 ms, 10 x 500 ms and 10 x 1000 ms with an electronic
induction spark device and an electrode distance of 6 mm showed a power of 11.9 W with a
mean variance of 4.4 %. This matches the standard for the determination of the explosion
limits of gases [42] as well as the standard for the determination of the maximum rate of
pressure rise of gases [43] in which the power of this ignition source is specified with circa 10
W. In the standard gas explosion tests the burning duration is adjusted to 200 ms [42], 200
ms - 500 ms [43] or 200 — 400 ms [70] so the net energy released by the induction spark is
between 2.2 J and 6.2 J (maximum deviation included). The energy can only be varied by
the burning duration. A standard transformer (non-electronic, 30 mA short-circuit current
and a peak-voltage of 15 kV) and one for standard tests from another testing laboratory
were checked as well with similar results (see figure 4.1). Higher energies for dust explosions
of at least a few hundred joules cannot be provided with the induction spark devices in a
reasonable time span.

In practice, the mistake is often made of calculating the open-circuit voltage of the high-
voltage transformer with the current intensity of the short-circuit current, which leads to an
incorrect result (~ factor 45), since the internal resistance is neglected: In the standard for
the determination of fire potential and oxidizing ability for the selection of cylinder valve
outlets [69] the same transformer (15 kV, 30 mA) is specified with an energy of 10 J per
spark, leading to an energy of 200 J to 240 J. Thus, in this standard, the energy specification
is obviously an error (for a full overview see E.T7).
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Figure 4.1.: Calorimetric measured power (energy divided by the overall burning duration)
of three different induction sparks

Surface-gap Spark

Twenty-two tests with a surface-gap spark igniter were carried out. The energy was provided
by capacitors with an operating voltage of 450 V and a capacitance of 220 pF. In the tests an
average of the net ignition energy of 7.9 J with a maximum deviation of 4.5 % was measured.
The efficiency in this set-up is 35 % related to the gross energy of 22.75 J. In order to obtain
a better signal-to-noise ratio in calorimetry, several ignitions were performed in succession
and the total energy was measured and then divided by the number of ignitions (see figure
4.2).

Another test with a capacitance of 600 uF and different loading voltages led to the results
shown in the following diagram (see figure 4.3). The delivered energy increases while the
efficiency was decreasing between 41 % and 29 % with higher voltages, which indicates that
a simple calculation of the delivered energy using the stored net energy is imprecise without
prior testing. Each test was performed twice.

The influence of the cable length was determined with two cables of the same cross section
of 4 mm? and lengths of 3.2 m and 21.7 m. The inductance and capacitance of the longer cable
was not measured, though it should be measured in future works. The efficiency decreased
with the longer cable from 40 % on average to 32 % on average (maximum variation: 2 %,
see figure 4.4). This may be caused by the higher resistance, the higher capacitance or the
higher inductance of the cables.

The influence of the cable cross-section was not tested but should lead to a smaller re-
sistance of the cable with increasing cross-section and thereby to a higher efficiency. The
increase of the capacitance or inductance of the cables though not tested should lead to a
lower efficiency. Another influencing factor is the number of the ignitions carried out with
one pencil lead mainly consisting of graphite. In the first few ignitions the released energy is
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Figure 4.2.: Normalized energy (total energy /number of ignitions) as a function of the num-
ber of ignitions
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Figure 4.3.: Calorimetric measurements of a surface-gap spark with a capacitance of 600 uF,
calorimetrically measured energy against operating voltage

decreasing from test to test, then after about 5 ignitions the released net energy is constant.
This may be because of the lacquer or something else that is burned from the surface at the
first ignitions. The resistance of the pencil lead was measured in an additional test showing
the dropping resistance over the first three ignitions (see figure 4.5).

The surface-gap spark has many parameters influencing the energy and the efficiency. For
every set-up, calorimetric tests should be made or the set-up conditions (cable length, cable
cross- section, number of ignitions, resistance and length of pencil lead) should be described
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Figure 4.4.: Calorimetric measurements with a surface-gap spark with a capacitance of 600
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Figure 4.5.: Resistance of a 10 mm (length) * 2 mm (diameter) pencil lead against the
number of ignitions

precisely to have a chance to determine the net energies in subsequent tests.

Chemical Igniters

Three tested chemical igniters with a specified energy of 1000 J had a calorimetric energy of
1090 J £ 24 J. For the igniters with smaller specified energies (three tests each) the differ-
ence between the the ignition energy stated by the manufacturer and the measured ignition
energy was higher. The calorimetrically measured energies were 660 J £ 32 J instead of 500
J, 477 J + 35 J instead of 250 J and 425 J £ 51 J instead of 100 J. The chemical igniters
consist of an explosive mixture (40 weight% zirconium, 30 weight% barium nitrate and 30
weight% barium peroxide) and an electrical fuse head. It was assumed, that the weight
of the explosive is adjusted by the manufacturer to produce igniters with different ignition
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energies, and the energy of the electrical fuse head is disregarded. To prove this, chemical
igniters of different specified energies were disassembled, and the explosive weight measured.
Afterwards the ignition pills were ignited in the calorimeter without explosive.

The measured weights of the explosives are shown in table 4.1 and the calorimetric values
are plotted in figure 4.6. The igniting pill with the explosive mixture removed was set equal
to a specified ignition energy of 0 J in this graph, although the calorimetric measurements
lead to values of 288 J £ 38 J, lying exactly around the extrapolated linear fit of the other
tests.

Subsequent tests with a new batch of chemical igniters were performed one year later. The
results are also displayed. The ignition pills were smaller in this second batch but the igniters
still had an energy more than twice the value stated by the manufacturer.
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Figure 4.6.: Calorimetrically measured energy of chemical igniters against specified energy
according to the manufacturer, three tests each except “0 J” (just the ignition
pill, explosive removed) with four tests
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Table 4.1.: Measured weights of the chemical igniters, with and without explosive and dif-
ference (mass of explosive without ignition pill)

Sample | Specified | Gross | Gross | Difference - Ratio of mass of the
number | energy | weight | weight Mass of explosive mixture to the
filled | empty | explosive mass of the explosive
mixture mixture in the 1 kJ igniters
in J ing ing in g -
1 1000 5,23 5,01 0,22 1
2 1000 5,28 5,05 0,23 1
3 1000 5,25 5,01 0,24 1
4 500 5,11 4,98 0,13 0.5
5 500 5,09 4,98 0,11 0.5
6 500 5,10 4,97 0,13 0.5
7 100 5,01 4,98 0,03 0.1
8 100 4,99 4,96 0,03 0.1
9 100 5,02 5,00 0,02 0.1

Exploding wire

The calorimetric tests with the exploding wire showed a low scattering and thus a good
reproducibility. All the tests were carried out twice over a range from 6.6 J to 1 400 J vary-
ing the capacity and the loading voltage. The comparison between the calorimetric and the
electrical measurements (voltage and current) showed that the ignition energy determined
by calorimetric measurements was higher by 7% on average compared to the ignition energy
determined by electric measurements (see figure 4.7). The exploding wire is the only igni-
tion source allowing the determination of the ignition energy with two completely different
methods.
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Figure 4.7.: Calorimetrically and electrically measured ignition energy against the gross en-
ergy of the loaded capacitors (double-logarithmic scale)

4.1.2. Determination of the burning duration
Induction spark

According to the standard, the burning time of the induction spark is set with a relay
to 200 ms [42], between 200 ms and 400 ms [70] or 200 ms or 500 ms [43]. This makes
it the only ignition source with a clearly defined and standardized burning duration. Also
it is the one with the longest burning duration from the ignition sources studied in this work.

Surface-gap spark

To achieve an idea of the ignition procedure a camera with up to 1 000 000 fps was used.
It turned out, that the whole burning duration is less than 170 us long, with a core-time
(where one can clearly see a light) of about 60 us (see figure 4.8). In general the ignition
duration for gases is shorter than for dusts ([136], [63]). A short burning duration would
lead to the experimental determination of wrong safety characteristics for dusts .

110 ps K 170 ps t

Figure 4.8.: Full ignition procedure of a surface-gap spark with a capacity of 220 uF and a
loading voltage of 450 V, "main" burning duration of ~ 60 us
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Chemical igniter

With chemical igniters, the determination of the burning time is more difficult, since indi-
vidual particles sometimes continue to burn or glow for up to one second. Thus, when a 5kJ
igniter was recorded, the fireball went out after 15-20 ms, individual particles still glowed
after more than 300 ms after ignition (see figure 4.9).

Figure 4.9.: Sequence of high-speed recordings of an ignition of a chemical igniter with a
nominal ignition energy of 5 kJ, main burning time approx. 15 ms, single glowing
particles visible from after 20 ms up to almost 350 ms after ignition

A total of eleven chemical igniters with stated energies from 100 J to 5 kJ were recorded.
The values of the "main" burning duration (in which a clear flame is visible and not just
sparks) range from 5 ms to 18 ms (see table E.1 in Appendix E.5).

Exploding wire

With the exploding wire, the burning time can be adjusted within a certain range, typical
values are between 2 and 10 ms (see figure 4.10 and 4.13). The inductance and the capacitors
of the exploding wire igniter are selected in a way, that the burning duration is with 8 ms
to 12 ms comparable to the chemical igniters.

4.1.3. Influence of the angle between the electrodes of the exploding
wire

Figure 4.10 is a series of images from high-speed recordings of ignitions with different angles
of the electrodes. One can clearly see the well-controlled ignition with adjacent (180 °)
electrodes with the lightning arc staying between the electrodes and lightning arcs pushed
away from the electrodes if the angle is smaller.

This is especially visible, if the measured voltage is plotted against time for the ignition
process of different angles (see figure 4.11).

This leads to a higher variation of the net energy with increasing angles (see figure 4.12).

The scattering of the ignition energy changes clearly with different angles. With parallel
electrodes a mean variation of 11.2 % (max. 30.1 %) while with orthogonal electrodes a
mean variation of 7.0 % (max. 28.8 %) and with adjacent electrodes a mean variation of 5.4
% (max. 23.1 %) was determined.
The above described correlation between increasing angle and decreasing variation does not
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Figure 4.10.: Three different ignition procedures of the exploding wire with different elec-
trode angles; 180° (adjacent) with 20.5 J in top row, 90° in the middle with
26.5 J and 0° (parallel) in the bottom row with 29.5 J
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Figure 4.11.: Measured voltage and current against time from the exploding wire at angles
of 180° (adjacent) and 0° (parallel)

apply for higher energies above ~ 100 J. Parallel electrodes show a comparable mean varia-
tion of 3.0 % (max. 12.1 %) to orthogonal electrodes of 3.2 % (max. 13.9 %) and adjacent
electrodes of 2.6 % (max. 11.5 %).

The reason for this may be that at high ignition energies the lightning arc is not staying
between the electrodes with adjacent electrodes as it was observed for lower ignition energies
and is pushed besides due to thermal and electromagnetic effects (see sequence in figure
4.13).

This causes a higher turbulence and therefore a higher scattering, comparable to the
scattering of parallel electrodes. It was also observed, that parallel electrodes show higher
net energies with otherwise identical set-ups of the ignition system, especially with higher
energies (see figure 4.14).

The energy, that is needed to melt the wires of 4 mm to 8 mm of length, is with less than
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Figure 4.12.: Electrically measured ignition energy against ignition time and angle of the
electrodes, ten tests were carried out for each set-up, || for parallel, |- for 90°
and — — for adjacent electrodes

Figure 4.13.: Sequence of high speed recordings of the ignition with an exploding wire with
820 J and an electrode angle of 180° (adjacent)

0.5 J neglectable (see Appendix E.2).
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Figure 4.14.: Electrically measured ignition energy against angle of the electrodes, capaci-
tance value (2 = 940 uF, 3 = 1880 uF, 4 = 4700 puF, 5 = 9400 uF, 6 = 20 680
uF) and ignition time, unvaried loading voltage of 450 V, || for parallel and —
— for adjacent electrodes

4.1.4. Determination of the burning volume of standardized ignition
sources

Different types of phenomena were visible with the schlieren-technique. For the chemical
igniters and the exploding wire the visible burning volume (flame) was not smaller than the
heated volume, that was observed with the schlieren-imaging, in the first 10 milliseconds in
which most of the energy is released. This is caused by the short burning duration and, with
that, no convection can take place. In figure 4.15 it is displayed, when the exploding wire
shows the first sign of ignition, after 5 ms, 10 ms, 15 ms and 50 ms.

Figure 4.15.: Exploding Wire filmed with the Schlieren-Setup, 1kJ of net energy (2,2 kJ
electrical (gross) energy)
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In figure 4.16 it is displayed, when the chemical igniters show a first flame, when the
shockwave front reaches the half diameter of the sphere, flame reaches half of the diameter
of the sphere (normally it is placed in the middle), the full diameter and after 50 ms when
the last sparks end to glow for one 1 kJ igniters and one 5 kJ igniter. One should keep in
mind, that two ignition sources are used for the determination of safety characteristics.

/AN

0,8 ms 2,5 ms | 9 ms

0,5ms 1,2 ms 4 ms

Figure 4.16.: Chemical Igniters filmed with the Schlieren-Setup, 1kJ (upper and middle row)
and 5kJ (bottom row)

With that, the schlieren-images of the exploding wire and the chemical igniters were quite
similar in volume and behaviour: During the first 10 ms no surrounding heated atmosphere
was observed around the visible flame.

For the induction spark convection of the air in between the two electrodes was observed
(see figure 4.17), that means the ignition energy does not stay in place but gets shifted away
within 0,2 s and especially within 0,5 s. This is especially astonishing since in the European
standard about the determination of maximum explosion pressure and the maximum rate of
pressure rise of gases and vapors it is allowed to increase the burning duration from 0,2 s to
0,5 s, if the mixture is not ignitable [43]. If the energy is carried away because of convection
from the electrodes, increasing the burning duration is increasing the number of sparks from
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20 to 50 single sparks all having the same effect on the substance. A reason, why increasing
the number of sparks donated to the mixture made a difference in the past may be an artifact
of the gear used: Testing the induction spark of another laboratory it was observed, that
the relay closing the circuit had an unwanted delay-time of about 30 ms when closing but
none when opening. Some older gear might be even worse, so shifting the closing time of
the relay from 0,2 s to 0,5 s might have resulted in an increase of the burning duration from
some Milliseconds to at least over 0,3 s respectively from a few sparks to at least over 30,
what leads to a real difference in probability of igniting the mixture.
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Figure 4.17.: Induction spark filmed with the schlieren-setup, 0,2 s (200 ms) of ignition du-
ration (top) and 0,5 s (500 ms) ignition duration (bottom)

The schlieren images of the surface-gap spark showed a shockwave and an igniting volume
about the same size as that produced by the induction spark (see Figure 4.18, filmed under
quiescent conditions). Both, the shockwave pushing the dust away and the comparably small
igniting volume may be the reason, why the surface-gap spark is considered unsuitable and
is not used for dusts.

It shall be mentioned that for the ignition sources the heat, that was visible with the
schlieren technique did not exceed the visible light except for the induction spark.
The height and width of the visible difference from the background was measured and with
that the volume was approximated as a cylinder. The stated values in Table 4.2 for the
ignition sources were determined at the following times:

e For the induction spark the volume was determined after 200 ms and after 500 ms
since no extra energy is introduced into the system afterwards.

e For the exploding wire the volume after 10 ms was determined for the same reason.
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Shockwave

Figure 4.18.: Surface-gap spark filmed with the schlieren-setup, 7.9 J of net energy (22.3 J
electrical (gross) energy)

e To compare the results (the focus was the comparison between exploding wires and
chemical igniters), the volume of the chemical igniters was also taken after 10 ms even
though the combustion of the firing charge might not have ended at this time.

e For the surface-gap spark the volume was determined after 1 ms since the visible light
decreased afterwards.

This comparison also showed, that because of the turbulent conditions, that are normally
present in dust testing conditions and the fast decay of this turbulence the induction spark
and the surface-gap spark are not suitable, the first because it is burning too long, the latter
because it is burning too fast. One should keep in mind, that the distance from the center
of the 20L-sphere to the wall is 17 cm and the diameter of the mirror is 33,5 cm, so the full
images resemble a 2D-impression of the whole sphere.

Table 4.2.: The initial ignition volume of the four investigated ignition sources (n.i.: not

investigated)
Chemical Exploding Induction Surface-gap
Igniter Wire Spark Spark
Burning duration No / No No / Yes Yes / Yes No / No
Defined / Adjustable
Tgniting 856 (1x 1 kJ) | 0.057 (15 J) | 0.063 (200 ms) | 0.088
volume (1) 6.74 (1x1kJ) | 4.6 (1kJ)
~20 (1 x 5 kJ)
~17.8(1 x 5 kJ)
Power (W) n.i. known known n.i.

The pictures from which the volumes in table 4.2 are determined are displayed in figure
4.19. For the chemical igniter with 5 kJ just one picture is shown since the other one was
overexposed at 10 ms. In figure 4.19 a) and b) the different behavior of the chemical igniters
can be observed since both were filmed under the same conditions.
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10 ms 200 ms

Figure 4.19.: All ignition sources filmed with the Schlieren-Setup; a) chemical igniter 1 kJ,
b)chemical igniter 1 kJ, ¢) chemical igniter 5 kJ, d) surface-gap spark 7.9 J, e)
exploding wire 15 J, f) exploding wire 1 kJ, g) induction spark 2 J, h) induction
spark 5 J

4.2. Influence of the mixing procedure on the test results

4.2.1. Leakage-rate

The pressure rise with which the leakage-rate of the 20L-sphere used in this work was deter-
mined is presented in figure 4.20. With a typical time for mixture preparation of about three
minutes, the influence of the leakage-rate that was measured in the sphere on the accuracy
of the gas mixtures can be neglected. After three minutes the detected pressure rise was 0.3
mbar leading to an error of the gas fraction of 0.03 mol%.

Considering the great effort to achieve low leakage-rates in the 20L-sphere that was de-
signed for dust-testing, the maximum permissible value of 1 mbar per minute was chosen
for the standard operating procedure and the round robin test contributing to the overall
uncertainty of the mixture composition by 0.5 mol%. If the tests are always conducted in
the same way and in a comparable time this deviation is systematic and can therefore be
adjusted.
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Figure 4.20.: Measured pressure inside the 20L-sphere, initial pressure set to 0. The division
of the leakage by the time is the leakage-rate.

4.2.2. Influence of pre-ignition pressure rise (PIPR) and post-injection
pressure drop

Influence of the PIPR on the explosion overpressure

In figure 4.21 the explosion overpressure measured for 500 g/m? corn starch is presented
against the intentionally varied PIPR. The allowed ranges according to the European stan-
dards of £ 100 mbar ([45], [59], [46], [47]), the American standards of + 60 mbar [57] and
the manufacturer’s software of -50 mbar to +100 mbar are also displayed.

The maximum explosion overpressure for the cornstarch sample was measured at 750 g/m?
before, so it can be assumed that the oxygen was available in excess in each test. Thus,
the result was not influenced by the stoichiometric ratio, an effect that could be observed
on the oxygen-lean side at higher amounts of corn starch. All tests were performed with 2
kJ ignition energy. Chemical igniters and exploding wires were used but no difference was
observed so they are presented with the same symbols.

One can clearly see the increasing explosion overpressure with increasing PIPR, which is
mainly due to the higher initial pressure at the moment of ignition in the 20L-sphere. In-
creasing the PIPR within the permitted range according to the European standards from
0.5 bar to 0.7 bar, the measured average pg, will increase from 6.5 bar g to 8.5 bar g which
is an increase of 30%. A similar tendency though tested in wider steps is stated as well in
the literature [100]. To correct this very obvious error caused by different PIPRs and leading
to different initial pressures at the moment of ignition, a normalized explosion pressure can
be used according to equation 4.1, derived from the standards for the maximum explosion
pressure of gases [43]. Pressures in the standards for gases are always stated as absolute
pressures [43], in the ones for dusts as overpressures ([45], [59], [46], [47], [57]). Therefore
the original equation used in the standard for gases using absolute pressures was adapted
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for dusts with the following equation.
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Figure 4.21.: Explosion overpressure of 500 g/m?® cornstarch and calculated values of the
normalized overpressures according to equation 4.1 as a function of the PIPR
with allowed ranges according to different standards

With this correction, the maximum variation from the mean value of pg, decreases from
+18 % to 8 % for PIPRs between 0.5 bar and 0.7 bar. Considering the corrected values
of the explosion pressures, the uncertainty of only £0.1 bar within the range of variation
of the PIPR can be considered as insignificant. So, it can be concluded that pg, is only
negligibly influenced by the PIPR, with a pressure average increase of only 3 % if the effect
caused by different initial pressures is compensated. The allowed range of the PIPR should
still be narrowed in future standards since the amount of oxygen changes as well and the
different PIPRs also influence the (dp/dt)-values even though this is less obvious because of
the higher scattering (see figure 4.22).

If hybrid mixtures are tested, variations of the PIPR additionally have a strong influence on
the accuracy of the gas mixture, if the mixing is conducted by Method II or III (according to
figure 2.10), what is usually the case. Therefore the allowed variations should be narrowed
and the PIPR should be stated with all test results. Leaving the range for the PIPR at
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Figure 4.22.: Influence of the PIPR on the (dp/dt)-value of 500 g/m?® corn starch

+100 mbar would lead to a wrongly calculated gas fraction of +10 % rel.

With a dust container of 5.6 liters pressurized with 20 bar g, the PIPR in the 1 m® chamber
with one pressurized dust container was with 115 mbar lower than the PIPRs in the 20L-
sphere [80].

For tests with higher dust amounts two dust containers can be used in the standard 1 m3
chamber so theoretically the PIPR may be around 200 mbar. For the reported values of
Pmaz this means, the explosion pressures may be 10 % to 20 % higher than if they were
measured under ambient pressure. In future standards, especially for hybrid mixtures, this
should be taken into account and investigated further, since usually the tests are conducted
with initial pressures of 1.1 bara or 1.2 bara in the 1 m® [60]. Only few test facilities conduct
the tests in the 1 m?® with initial pressures of 1 bara because it is not in accordance with the
standards for tests in the 1 m? ([92], [137]).

Influence of the post-injection pressure drop

In figure 4.23 the pressure development in the 20L-sphere during and after injection of air is
shown without the activation of the ignition source. The pressure increases directly up to the
peak pressure. Afterwards the pressure decreases slightly and slowly because of dissipation
of the heat that was induced previously by the fast compression. The end pressure after
equilibration was measured after at least 180 s, even though after about 14 to 30 s the value
did not change anymore.
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Figure 4.23.: Recorded pressure against time after opening the fast-acting valve without
igniter and without dust (no explosion), close-up on the right side

Normally the ignition takes place at the peak pressure of the injection process. Due to
the explosion this pressure after equilibration can not be recorded in regular tests (see figure
4.23).

The post-injection pressure drop is dependent on the PIPR and is slightly higher with higher
initial pressures, even though this effect is less obvious (see figure 4.24).
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Figure 4.24.: Post-injection pressure drop against PIPR (acc. to the software) with 3 differ-
ent initial pressures

With a constant pressure of 400 mbara before injection and a PIPR of 0.64 bar (acc. to the
software) an average pressure drop of 80 mbar £+ 10 mbar was measured. If this is neglected
in the calculation it leads to an error of about 8% rel. for the calculation of the gas fraction.
Calculating the fraction of flammable gas by partial pressures considering the post-injection
pressure drop, the remaining variation of the final pressure (within + 10 mbar) causes a
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variation for the calculation of the gas component of about 1 % rel. For a methane fraction
of 10 mol% this would be a mistake of 0.1 mol% and with that very small.
For determining the safety characteristics of hybrid mixtures greater variations in the con-
centration of the flammable gas have an influence on the test result, so it is necessary to
reduce this variation to an acceptable level with the described techniques.

Estimation of the temperature rise due to compression

The initial temperature at the ignition moment can be estimated by the ideal gas law as-
suming homogeneous mixtures:

pxV =n*xRxT (4.2)

Because the number of moles of substance (n), the gas constant (R) and the volume (V) do
not change after closing the fast-acting valve the equation can be converted into

Ty="T 2 (4.3)
b1

Assuming that the pressure at the moment of ignition is p2 = 1.013 bara = 1013 mbar
a and due to the PIPD of 80 mbar, the pressure after equilibrium is pl = 933 mbara at
a temperature after equilibrium of T1 = 293.15 K (water jacket temperature is set to 20°
C), the temperature at the moment of ignition is determined at T2 = 318.3 K or 45.1° C.
This temperature increase of 25 K is comparable to the results of Poletaev who measured a
temperature increase of 14 K and estimated, because of the intertia of the thermocouple, that
the real temperature increase is about 30 K [104]. Cashdollar [105] used different dimensions
and volumina for the test vessel, the dust container and different beginning and injection
pressures. So the values of his work can not be compared to this work.
The temperature increase should be considered because it could lead to an error in the
determination of the safety characteristics. While most of the dusts react faster under
higher temperatures others (for example the often-used niacin) are harder to ignite [138].
It shall be considered to use the equation 4.4 from EN 15967 [43] for conditions other than
the standard (for gases this is 25 © C and 1 bara) which leads to higher explosion pressures
([100], [101]).

. pmam(Tlvpl) * TI *p

Pmaz(T,p) = Tepn (4.4)

For all further tests the 0.64 bar £ 0.01 bar as PIPR were chosen, because with a pressure
drop of 80 mbar it is the best compromise between being close to 1 bara at ignition and not
too far away for the calculations and from comparison with literature values for dusts.
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4.2.3. Verification of the gas amount

Several test series were carried out to compare the gas compositions determined according
to the partial pressure method considering PIPR and PIPD with directly measured gas
compositions using gas analysis. For safety reasons CO, was used as test gas instead of a
fuel gas.

Figure 4.25 illustrates the deviations of the measured partial pressure fractions from the
mole fractions measured directly with the gas analyzer. The CO,-fractions determined from
the partial pressures were always slightly higher than the directly measured fractions, no
matter if the gas mixtures were prepared in a separate vessel or directly in the 20L-sphere.
This may be caused by residual air in the connecting tubes or a systematic error by the
linearity of the pressure sensor. When the mixtures were prepared in a separate mixing
vessel (Method I), a mean deviation of 0.24 mol% was determined that was subsequently
substracted from the test gas fractions determined from to the partial pressuress resulting in
a scattering of + 0.11 mol% (see figure 4.25). When the gas mixtures were prepared directly
in the 20L-sphere (Method IT) the fraction of the added gas measured with the gas analyzer
was also lower than the fraction calculated from the partial pressures. The scattering was
higher than the scattering obtained for the mixtures prepared in the separate mixing vessel
(see figure 4.25). The mean deviation was subtracted from the calculated partial pressure
fractions in the following tests as well. This results in a decreasing scattering of maximum
=+ 0.15 mol%, so still comparable to the the scattering of the other method.
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Figure 4.25.: Difference between the calculated fraction after correction considering system-
atic deviations and the directly measured fraction of gas against the calculated
fraction

Subsequently, the test gas fractions were calculated according to following equation, if the
mixtures were prepared directly in the 20L-sphere (Method II):
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CGas = Pcas/(PV + PIPR — PIPD) — Deviation average (4.5)

with pgas [bar] being the partial pressure of the flammable gas, PV the Partial Vacuum
before injection of the dust (0.400 bara £+ 0.002 bar) and a pre-ignition pressure rise
(PIPR) of 0.64 bar £ 0.01 bar

If the mixtures were prepared in a separate vessel (Method I) the average systematic devia-
tion of 0.24 mol% was always substracted from the calculated test gas fractions subsequently.
For Method II the values were fraction dependent and therefore different values of 0.2 mol%,
0.35 mol% and 0.5 mol% were subtracted (see figure 4.25).

Considering a standardized test procedure, pre-test with a gas analysis should be mandatory
for testing hybrid mixtures since the accuracy of the gas mixture seems to be an important
source of error.

4.2.4. Influence of the mixing method on the safety characteristics

The explosion characteristics p., and Kg-value were measured preparing the gas mixtures
with two different mixing methods (Method I and Method II, see section 3.2.1) and with
two standard chemical igniters with 1 kJ each. The values for p., are comparable with the
two mixing procedures. The average of the explosion overpressure values at methane con-
centrations with the highest values is only slightly higher for the mixing procedure according
to Method IT (with 7.4 barg + 0.2 bar scattering), compared to the other mixing procedure
(7.3 barg + 0.2 bar scattering). This difference is not significant according to EN 15967
[43] which states 10 % as deviation being inside the allowed range for verification of the test
apparatus. When the data is compared to the explosion pressures measured according to EN
15967 at quiescent conditions from a reference database [40] the values from the 20L-sphere
in this work are slightly higher close to the stoichiometry (see figure 4.26). The difference
increases at the methane lean side. This is presumably caused by the turbulence, that low-
ers the heat losses on the walls of the test vessels due to a faster combustion and is and
with that increases the determined values for pg,, especially for non-stoichiometric mixtures
([111], [139], [110]).

The average K-values are also comparable for both mixing methods as shown in figure
4.27, but the variation is higher when the mixtures are prepared according to Method II. A
comparison with the reference database is not possible, because gases are usually tested under
quiescent conditions and in contrast to p., the K-values are highly affected by turbulence.
The literature values for the three tested fractions are 10 bar/s, 240 bar/s and 140 bar/s
and thus lower by a factor of 40, 6 and 6 compared to the values presented.

The highest K-value for the mixing procedure with separate mixing vessel (Method I) is

'Tt shall also be mentioned, that other facilities had deviations of more than 2 mol%, which led to the
determination of false safety characteristics
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Figure 4.26.: Explosion overpressure of methane; two different mixing procedures mixing of
the gases directly in the 20L-sphere and with pre-mixtures filled in the 20L-
sphere and in the dust container (DC) and data from reference database [40]

381 bar/s (£ 9 %) and thus slightly lower, than for the other mixing procedure (Method
IT) with 390 bar/s (£ 14 %), but the values are within the scattering of each other and
can thereby be seen as comparable (Fig. 4.27). Following the standard procedure DIN EN
15967 [43] for determination of the maximum rate of pressure rise of gases a deviation of
less than 10 % (which was observed) between the two mixing methods is not considered
as significant. Consequently, it can be concluded that the mixing method has no influence
on the explosion characteristics p.x and K-value measured in the 20L-sphere. Obviously,
homogenization of the gas mixtures can be obtained sufficiently by the turbulence that is
caused by the injection from the dust container within the 60 ms between injection of the
dust and triggering the ignition source.

The outcome of the investigated influence of the different mixing methods can be summa-
rized with the following two main conclusions:

e The three different mixing methods for hybrid mixtures can be expected to be inter-
changeable. A full mixing has taken place after the standard ignition delay time of 60
ms.

e The accuracy of the gas fraction has to be measured and calibrated considering sys-
tematic deviations before starting the explosion tests. Inaccuracies in the gas compo-
sition cannot be quantified without gas analysis and they can influence the test results
strongly.
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Figure 4.27.: K-values of methane; two different mixing methods: flammable gas inside the
20L-sphere only and premixture in the 20L sphere and the dust container (DC)
and data from reference database (chemsafe (2021))

For testing hybrid mixtures, preparation of the gas mixtures is much easier directly in the
20L-sphere, but the gas fraction should be validated before conducting explosion tests. More-
over, the accuracy of the pressure sensors that are usually installed in the 20L-sphere for
dust explosion testing is too low for preparing gas mixtures. Consequently, for testing hybrid
mixtures, the standardized 20L-sphere must be modified by installing a pressure sensor with
a higher accuracy that can be blocked before triggering the ignition to avoid destruction.
Also, a gas measuring system must be used and the tightness of the 20L-sphere should be
ensured by leakage tests before conducting the explosion tests. For tests with flammable gas
fractions of more than 40 mol% Method I has to be applied for preparing the gas mixtures.

4.3. Influence of turbulence, ignition energy and type of
ignition source on the safety characteristics of gases

4.3.1. The influence of turbulence on the lower explosion limit of
hydrogen

Because of its high sensitivity (the MIE is with 0.017 mJ [140] lower by a factor of 17

compared to methane with an MIE of 0.29 mJ [141]) for the test series on the lower explosion

limit hydrogen was chosen. For all other investigations in the laboratory and the round robin
test methane was chosen.
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The ignition source did not affect the explosibility of hydrogen but the energy did: The
determined lower explosion limit was always determined at 4 mol% with a clear explosion at
5 mol% using the exploding wire with 200 J and 2 kJ and with two 1 kJ chemical igniters,
both with turbulence and without turbulence. An ignition energy of 20 J seemed to be
insufficient to ignite the mixture with 5 mol% under turbulent condtitions. Just two out of
five tests had a significant pressure rise in the tests (figure 4.28). In all tests under quiescent
conditions no ignition was observed with 4 mol% and in all tests with 5 mol% an ignition
was observed with the same ignition energy.
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Figure 4.28.: Explosion overpressure of hydrogen air mixture with different ignition energies
and sources under turbulence

This is especially remarkable since hydrogen has a minimum ignition energy of 0.017 mJ

and even the lowest tested ignition energy of 20 J is higher by a factor of one million. But
the fact, that the minimum ignition energy rises at the ends of the explosive region and the
high level of turbulence seem to be enough to lower the explosion probability to 40 mol%.
Askar and Schroder also saw, that the lower explosion limit of methane does not vary with
higher ignition energies tested under quiescent conditions.[53]
These findings lead to the conclusion, that hybrid mixtures shall not be tested with ignition
energies that are normally used for gases. Especially with turbulence the ignition energy
gets distributed so that no ignition can be observed anymore with lower ignition energies.
An overdriving effect was also not observed since both, the exploding wire and the chemical
igniters did not exceed the ignition criteria at 4 mol%.
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4.3.2. The influence of turbulence on the limiting oxygen
concentration of methane

The ignition source and energy did not affect the determined limiting oxygen concentration of
methane when tested under quiescent conditions. However, under turbulent conditions that
are normally present when hybrid mixtures are tested, the measured LOC-value increased
from 11 mol% determined at quiescent conditions to 13 mol% with an ignition energy of 20
J (4.29, left side). The determined LOC might lead to unsafe safety measures since inerting
is typically applied with the LOC minus a safety distance of three mol% [25].

Increasing the ignition energy from 20 J to 200 J, the determined value of the LOC decreased
from 14 mol% to about 12 mol% under turbulence. This is closer to the literature value of
10.7 mol% but the deviation is still on the unsafe side (4.29, right side).
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Figure 4.29.: Explosion overpressure for stoichiometric methane - mixtures with different
oxygen fractions with 20 J (left) and 200 J (right) ignition energy

A further increase of the ignition energy to 2 kJ led to the same value for the LOC under
turbulent conditions of 10.7 mol% (or with 11 mol% close to that) as found in the literature
determined according to the standard procedure for gases [42] under quiescent conditions
and with an ignition energy of 20 J (see 4.30, left side). Under quiescent conditions the
ignition criterion (pressure rise) was just reached at an oxygen fraction of 10.8 mol% and
clearly exceeded when the oxygen fraction was further increased by 1 mol%. Using the
exploding wire with 2 kJ the explosion pressure was clearly increased, if the oxygen fraction
was increased from 11 mol% to 12 mol% allowing a clear distinction between "ignition" and
"non-ignition" for both quiescent and turbulent conditions.

With the chemical igniters the LOC was as well 11 mol% with a pressure rise exceeding the
ignition criterion at 12 mol% for turbulent conditions.

However, the increase of the explosion pressure with increasing oxygen fraction is so flat that
the distinction between "ignition" and "non-ignition" is difficult and that small changes in
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the experimental parameters might have resulted in unsafe values. A clear ignition with an
explosion pressure clearly exceeding the ignition criterion of 0.5 barg was not detected under
turbulent conditions until 14 mol% (4.30, right side). In the upcoming figures the methane
fraction is half the oxygen fraction (stoichiometric mixture) and the plotted value of 10.7%
is taken from the Chemsafe database [40].

7 7 \
6.5 |- 2 6.5 |- ° .
6| 2 6 ® 2
551 2 5.5 2
5 5 1 51 :
o 45 x | o 45) |
5 8 4 :
£ 351 8 g 35 -
Sl I ]
& 200 IR ]
151 @ X quiescent | | 151 @® quiescent | |
11 X turbulent | | 11 ® turbulent | |
0.5} %% X e Chemsafe | | 0.5 90 & ® e Chemsafe | |

n | | I I I x| | | I I I
010 1 12 13 14 15 16 17 010 1 12 13 14 15 16 17
Oxygen in mol% Oxygen in mol%

Figure 4.30.: Explosion overpressure for stoichiometric methane - mixtures with different
oxygen fractions with 2 kJ ignition energy and exploding wires (left) and chem-
ical igniters (right) as ignition source

This might be a result of the fact, that the chemical igniters consume oxygen or might be
influenced if the oxygen amount is decreased.

4.3.3. The influence the ignition energy on the explosion pressure and
the rate of pressure rise of methane

The variation of the ignition energy from 200 J to 2 kJ does not affect the explosion pressure
of methane with fractions, that were clearly within the explosion region (see figure 4.31, left
side). This is in accordance to earlier findings from other researchers, that the explosion
limits can be influenced by the ignition energy but the explosion pressures measured at
fractions that are further away from the limits are unaffected ([99], [32], [53]). The variation
of the ignition energy from two times 100 J to two times 1 kJ did not affect the maximum
rate of pressure rise at the near stoichiometric fraction of 8.8 mol% and for the lean mixture
with 5.8 mol% of methane as well. However, it did affect the values for the rich mixture with
11.8 mol% with lower values for 2 kJ (1010 £ 71 bar/s) than for 200 J (1205 £+ 98 bar/s)
(see figure 4.31, right side).
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Figure 4.31.: Explosion pressure (left) and maximum rate of pressure rise (right) of methane
with the exploding wire as ignition source with different ignition energies

Changing the ignition source from exploding wires to chemical igniters with the same
ignition energy of two times 1 kJ the maximum explosion pressure stayed the same (see
figure 4.32, left side).
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Figure 4.32.: Explosion pressure (left) and maximum rate of pressure rise (right) of methane
with exploding wires and chemical igniters as ignition source

However, the maximum rate of pressure rise determined at a fraction of 9 mol% was lower
for the chemical igniters by 10 % on average (see figure 4.32, right side). This may be caused
by the shape of the ignition volume. While investigating ignition source requirements for
gases Hertzberg. et. al. found, that spark ignitions cause a higher dp/dt-value than chemical
igniters. They conclude, that "the result is an artifact of the differences in the source geome-
tries: the spark is a point-source, whereas the chemical igniter approximates a line source.
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The spark generates a spherical wave front that contacts the wall almost simultaneously
everywhere along the flame front surface at the instant combustion is complete. For the line
source chemical igniters, the wave front is not spherical and the wave surfaces initiated near
ends of the line contact the wall before other volume elements are consumed. As a result,
combustion from the line source is less adiabatic, resulting in slightly lower Kg-values." [99]
Here it might be another explanation, because the exploding wire and the chemical igniters
were found to be quite similar in the shape of the igniting volume: The chemical igniters
have an additional time delay because the energy source that ignites them can take up to
10 ms for that. So the exploding wire ignites the mixture at an earlier time when the level
of turbulence is higher.

Chatrathi et. al. [32] measured the exploding characteristics of propane in a 1m® comparing
exploding wires and chemical igniters. There, no difference was measured between the two
ignition sources.

4.3.4. The influence of turbulence on the explosion pressure and the
rate of pressure rise of methane

The influence of turbulence on the explosion characteristics of methane was investigated with
chemical igniters and the exploding wire, both with an overall energy of 2 kJ.

The maximum explosion pressure was slightly higher, when tested under turbulence for both,
the chemical igniters. However, no difference was observed between the two ignition sources
in quiescence (see 4.33, left side) and under turbulent conditions (see 4.33, right side).
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Figure 4.33.: The explosion pressure of methane with exploding wires and chemical igniters
of two times 1 kJ under quiescence (left) and under turbulent conditions (right)

The rate of pressure rise is highly affected by the turbulence level. At the near stoichiomet-
ric mixtures (8.8 mol% methane) the values were twelve times higher at turbulent conditions
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(1768 £ 123 bar/s compared to 152 + 23 bar/s). For the lean and the rich mixture the effect
was even higher with factors of 17 (708 £ 62 bar/s compared to 42 + 9 bar/s for 5.8 mol%
methane) and 13 (1010 £ 71 bar/s compared to 76 + 26 bar/s, see figure 4.34, left side).
Exchanging the chemical igniters with exploding wires having the same ignition energy did
not change the results by more than 10 % as described in the section before for the turbulent
conditions (see figure 4.34, right side).
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Figure 4.34.: Turbulence effect on the maximum rate of pressure rise of methane with chemi-
cal igniters of two times 1 kJ (left) and exploding wires of two times 1 kJ(right)

This matches the findings by Skjold [108] and Chatrathi et. al. [32] for propane and also

the conclusions from Wheeler [110], that the combustion is faster with turbulence and that
this is not a fixed factor but more prone to mixtures with a lower laminar burning velocity.
Because of the limits discussed in section 2.5 the connection between the laminar burning
velocity and (dp/dt)m.. was not further investigated.
These findings lead to the conclusion, that hybrid mixtures can be tested with ignition
energies higher than the ones that are usually taken for gases. Also they should not be tested
with lower ignition energies since under turbulent conditions no ignition can be observed at
fractions near the explosion limits or limiting oxygen concentrations where an explosion
would take place under quiescent conditions. An overdriving effect was also not observed
since the LOC and the LEL did not change to lower values than those stated in the literature.
At near stoichiometric mixtures and lean or rich mixtures, that are further away from the
explosion limits the ignition energy did not have an effect on both, pye. and (dp/dt),a.. The
exploding wire and the chemical igniters with two times 1 kJ seem to produce comparable
results when explosion limits, the maximum rate of pressure rise or the maximum explosion
pressure are determined. For the limiting oxygen concentration only the exploding wire
produces satisfying results.
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4.4. The influence of the ignition energy and type of
ignition source on the safety characteristics of dusts

4.4.1. Influence of the ignition energy on the explosion characteristics
of dusts

Chemical igniters: 2 kJ vs. 10 kJ

Explosion tests with the 20L-sphere and corn starch as dust sample were performed over a
wide range of concentrations. All parameters, other than the ignition energy were kept in
a narrow range according to chapter 3.3.1. The first test series was aimed at the reduction
of the ignition energy of the chemical igniters from two times 5 kJ to two times 1 kJ. One
can clearly see the differences in the explosion pressures for small amounts of dust below
250 g/m? (see figure 4.35, left side). At higher amounts of dust no significant difference can
be found with different ignition energies. At the dust amounts of 750 g/m? the explosion
pressures determined with lower ignition energy are even slightly higher. However, this effect
is with less than 9 % (8.5 barg for 2 kJ against 7.8 barg for 10 kJ at 1000 g/m?) lower than
the range of scattering for the same testing parameters. With that the explosion pressure is
hardly influenced by the reduction of the overall ignition energy from 10 kJ to 2 kJ.

The maximum rate of pressure rise also shows a significant influence of the ignition energy
at low concentrations of dust but small variations for higher dust concentrations. At concen-
trations of 1000 g/m? the difference of the average values is with less than 2 % neglectable
(540 bar/s for 2 kJ vs. 533 bar/s for 10 kJ, see figure 4.35, right side).
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Figure 4.35.: Influence of the ignition energy on pg, and (dp/dt)g, of corn starch
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Exploding wire: 20 J vs. 200 J vs 2 000 J

The energy was further reduced with the exploding wire. Every reduction of the ignition
energy by a factor of ten increased the lower explosion limit by one step: From 60 g/m? with
2 kJ over 125 g/m?® with 200 J to 250 g/m? with 20 J. However, once the explosion region
was entered no difference could be observed anymore (see figure 4.36, left).

The values for the maximum rate of pressure rise did not change either with varying ignition
energy (see figure 4.36, right). Again, the scattering seems to be lower with the highest
ignition energy of 2 kJ but more experiments are necessary to prove this.
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Figure 4.36.: Influence of the ignition energy on the explosion pressure (left) and the maxi-
mum rate of pressure rise (right) of corn starch

Both, the maximum explosion pressure and the maximum rate of pressure rise, seem to be
unaffected by the reduction of the ignition energy. However, this should be tested for more
dust samples. If coarse dusts are tested they might be so hard to ignite, that the ignition
energy does affect the determined safety characteristics®: A test series with coarse soy flour
with a median value for the particle size distribution of over 125 um showed the following
values for pg, that were determined with different ignition energies of chemical igniters (see

2 According to the European standard for the determination of safety characteristic of dusts, the EN14034-
series and the international ISO80079-2, solid particles with a diameter below 500 pum are called dusts
([45], [59], [46], [47], [58]). According to the American standard ASTM1226e particles above 75 pm shall
be ground and sieved before testing [57]. The German compulsive regulatory VDI2263-Part1 differentiates
between dust layers and elevated dusts: "If a representative sample cannot be taken, e.g., in the case of
plants at the planning stage or with frequent changes in process variables, the sample material delivered
can/should be appropriately prepared in the laboratory. As a rule, this includes drying the sample
material in a way that is gentle on the product (e.g., approx. 50 ° C in a vacuum) and producing a
defined particle size fraction (<250 pum for dust layers and <63 pm for dust clouds). This procedure
leads to characteristics which also ensure a high degree of safety" [142]. However, the superordinate
VDI12263 defines everything below 500 pm as dust.[143]
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figure 4.37).
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Figure 4.37.: Explosion pressure of coarse soy flour tested with chemical igniters of different
ignition energies

Since the explosibility is tested with an ignition energy of 2 kJ according to ISO 80079
[58] it does not make sense to increase the ignition energy afterwards to 10 kJ for the de-
termination of pye, and (dp/dt),aee. Also, it does not seem to affect the values inside the
explosion region for dusts with typical particle size distributions below 100 pym. Whether
the combustion of the coarse soy flour was forced and would normally not take place under
normal circumstances as described by Going et. al. [129] with these high ignition energies
was not investigated because no 1m? was available. Since Addo et. al. also recommend the
investigation of marginally explosive dusts in the 1m? instead of the 20L-sphere [130] they
might be excluded from the standard on hybrid mixtures.

For these reasons the overall ignition energy of 2 kJ was chosen for the SOP in this work.

4.4.2. Influence of the type of ignition source on the explosion
characteristics of dusts

No difference was observed between the explosion pressures determined with chemical ig-
niters and with exploding wires of the same ignition energy. (see figure 4.38, left side). The
points are overlapping for all concentrations and the value for the lower explosion limit was
also the same with 60 g/m3. With that it can be said, that the exchange of the ignition
sources does not influence the safety characteristics maximum rate of pressure rise and max-
imum explosion pressure. The measured values for the maximum rate of pressure rise are
also overlapping when the ignition source is changed from chemical igniters to exploding
wires for all concentrations of corn starch. The scattering seems to be slightly lower for the
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Figure 4.38.: Influence of the ignition source on the explosion pressure (left) and the maxi-
mum rate of pressure rise (right) of corn starch, Exploding wire and chemical
igniters with the same ignition energy of 2 x 1 kJ

exploding wires but this effect might be an artifact of the small number of tests (see figure

4.38, right side)?.

3With the typical number of three tests for dust explosions it is always hard to tell the difference between a
"signal" and "noise" if the parameter of interest influences the measured value only slightly (see Appendix

E.10)
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4.5. Safety characteristics of hybrid mixtures

4.5.1. Influence of the type of ignition source on the explosion
characteristics of hybrid mixtures

Corn starch was tested with the addition of methane with 3 mol%, 6 mol% and 9 mol% with
chemical igniters and exploding wires, with an overall ignition energy of 2 kJ. All tests were
conducted twice. The results are comparable for the measured explosion pressures for all
three gas fractions (see figures 4.39 to 4.41, left side).

The rate of pressure rise showed comparable results for 3 mol% of methane (see figure 4.39,
right side) and slightly higher values for the exploding wire for 6 mol% and 9 mol% (see
figures 4.40 and 4.41, right side). The reasons for that are presumably the same than the
ones that were identified for the rate of pressure rises of gases without dust (see 4.3.4). With
about 20 % the values are still within the scattering of each other and with that within an
acceptable range.
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Figure 4.39.: Influence of the ignition source on the explosion pressure and the maximum
rate of pressure rise of corn starch with 3 mol% methane

Figure 4.41 also shows, that the addition of corn starch to the (near) stoichiometric mixture
of 9 mol% of methane in air leads to a decrease of the determined values of pq. and
(dp/dt)maz, presumably because the dust acts as a heat sink and by that lowers the flame
temperature. Also some of the dust might be forced to combust and with that consumes
oxygen that is not available anymore for the combustion of the methane.
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Figure 4.40.: Influence of the ignition source on the explosion pressure and the maximum
rate of pressure rise of corn starch with 6 mol% methane
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Figure 4.41.: Influence of the ignition source on the explosion pressure and the maximum
rate of pressure rise of corn starch with 9 mol% methane

4.5.2. Influence of the ignition energy on the explosion characteristics
of hybrid mixtures

Corn starch was tested with the addition of methane with 3 mol%, 6 mol% and 9 mol%
with two exploding wires, with an overall ignition energy of 200 J and 2 kJ. All tests were
conducted twice.

The results of the maximum values are comparable for the measured explosion pressures for
all three fractions. The lower explosion limit was again one concentration step higher for the
lower ignition energy with 3 mol% of methane (see figure 4.42), because methane fractions
of 6 mol% and 9 mol% are inside the explosion region of methane even without dusts. No
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difference was observed here (see figure 4.43 a and b).
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Figure 4.42.: Influence of the ignition energy on the explosion pressure of corn starch with 3
mol% methane
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Figure 4.43.: Influence of the ignition energy on the explosion pressure of corn starch with 6
mol% (left) and 9 mol% (right) methane

The rate of pressure rise showed comparable results for all three tested fractions of methane
(see figures 4.44 and 4.45).

This was expected since - as discussed above - the reduction of the ignition energy did neither
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affect the values of the dust nor the values of the gas.
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Figure 4.44.: Influence of the ignition energy on the maximum rate of pressure rise of corn
starch with 3 mol% methane
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Figure 4.45.: Influence of the ignition energy on the maximum rate of pressure rise of corn
starch with 6 mol% (left) 9 mol% (right) methane
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4.5.3. Influence of the ignition energy on the limiting oxygen
concentration of hybrid mixtures

The limiting oxygen concentration of the corn starch was determined according to the Eu-

ropean standard [47] with different ignition sources and energies. The dust concentrations,

that were tested were 125 g/m3, 250 g/m?, 500 g/m?® and 750 g/m3. The results are pre-
sented in table 4.3. It can be seen clearly, that the ignition energy should not be reduced

Table 4.3.: Limiting oxygen concentration of corn starch with different ignition sources and

energies
Ignition source | Ignition energy LOC LOC with 1 % CH4 | LOC with 3 % CH4
- in Joule in mol% in mol% in mol%
Chemical Igniter 2000 12 12 11
Exploding wire 2000 11 11 11
Exploding wire 200 13 13 13
Exploding wire 20 17 16 14

below 2000 J for dusts when determining the limiting oxygen concentration since this would
lead to conclusions on the unsafe side. However, the influence of the addition of 1 mol% and
3 mol% of methane was checked with the result, that the lowest ignition energy of 20 J did
ignite at a closer value to the ones determined with high ignition energies, still being unsafe
and not applicable. The determined value for 200 J and 2 kJ for the exploding wire did not
change for all tested dust concentrations. The determined value for the chemical igniters
was slightly lower and at the same level as the exploding wire with 2 kJ.

With that it can be said, that the SOP works for hybrid mixtures and produces reproducible
results. The connection to the single phase substances is given as well (see also chapter
4.3.2). The ignition energy should be higher than the ones that are used for gases under
quiescent conditions. An ignition energy of two times 1 kJ delivered the best results and
especially for the LOC the exploding wire had the advantage of a clearly detectable pressure
rise inside the explosion region (see figure 4.30).

4.6. The explosion characteristics of hybrid mixtures
determined according to the SOP

The ppae and (dp/dt),,q. respectively the Ky-values that were determined for all substances
and combinations are listed in table 4.4. Detailed information about the dust samples can
be found in Appendix D.

The results for the hybrid maximum explosion overpressure values were as expected. Since
the ppaz of corn starch and niacin is higher than the p,,q, for methane this value was the
same as for the dust component alone and occurred when no gas was added to the system
(see figure 4.46). For lycopodium the pj. is slightly lower than the one for methane and
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Table 4.4.: Tested single materials and hybrid mixtures and their maximum values. Values
in italic are the same than those of the single substances. They are either on the
x-axis in the hybrid field of figure 4.46 and on the y-axis of figure 4.48 and no
additional effect was observed

Hybrid mixture Prmaz (dp/dt)mas | Kpu-value
in bar g | in bar/s | in bar*m/s
Corn starch 9.2 629 171
Corn starch - CHy 9.2 1556 422
Niacin 8.5 865 235
Niacin - CHy 8.5 1515 411
Lycopodium 7.8 606 164
Lycopodium - CH, 7.9 1506 409
CH,4 7.9 1471 399
Quartz sand
Quartz sand - CHy 7.9 1518 412

hence was the pj,q, for the hybrid mixture the same than for methane alone (see figure 4.47).

For the investigated system of the non-combustible quartz sand and methane, the highest
values were observed with methane only or with very small quantities of dust where the heat
capacity of the inert particles additionally injected into the explosion chamber did not result
in lower explosion pressures (see figure 4.48).

The values for (dp/dt)q. however where doubling for all the hybrid mixtures compared to
the combustible dusts alone. The values for (dp/dt),q4. of the hybrid mixtures were all even
slightly higher than the (dp/dt),q.-value of turbulent methane alone, though the effect was
with three to twelve percent relatively small. It seemed not to matter, which one of the four
dusts were added. The methane fraction with the highest (dp/dt)-value was always found
at 9 mol% to 10 mol% of methane (stoichiometric) and at 20 -% to 125 4 ((0.4 g to 2.5 g)
of combustible dust in the 20L-sphere (see figure 4.49, 4.50 and 4.51). It shall be mentioned,
that especially for figure 4.49 the scale had to be adjusted, otherwise the difference would
have been too small to be seen.
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Figure 4.46.: Explosion overpressure for hybrid mixtures of methane and corn starch, black
dots indicate the measuring points or their average
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Figure 4.47.: Explosion overpressure for hybrid mixtures of methane and lycopodium, black
dots indicate the measuring points or their average
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Figure 4.48.: Explosion overpressure for methane and quartz sand, black dots indicate the
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Figure 4.49.: (dp/dt) for methane and corn starch, black dots indicate the measuring points
or their average
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Figure 4.50.: (dp/dt) for methane and niacin, black dots indicate the measuring points or
their average
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Figure 4.51.: (dp/dt) for methane and lycopodium, black dots indicate the measuring points
or their average
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It shall be mentioned that all values were obtained having the same level of turbulence

and that especially the values of methane alone cannot be compared to literature values that
are usually obtained under quiescent conditions [67]. This is especially highlighted because
the (dp/dt)mqe. of methane under quiescent conditions is with 239.8 bar/s for 9 mol% or
277.4 bar/s for 10 mol% smaller by a factor of about six.
The determined value for the explosion pressure of methane was wih 7.9 barg slightly higher
than the literature value of 7.3 barg. This is presumably caused by the faster combustion
due to the higher level of turbulence and with that the lower heat losses on the walls of the
test vessel (see also chapter 4.2.4, all values from CHEMSAFE [40]).

The fact, that three different combustible dusts with different safety characteristics all
resulted in slightly increased values for (dp/dt),n..: when added to stoichiometric methane-
air-mixtures, although the (dp/dt),q.-values for all three dusts alone were clearly lower than
the (dp/dt)me. of methane alone, proves the idea, that it is not necessarily the combustion
behaviour of the dust, that enhances the combustion rate. This effect was with 10 % to 20
% rather small and by further increasing the dust concentration the values decreased.
However, to further investigate the presumption that its not the combustion of the dust,
tests with an inert dust (quartz sand) were performed around the stoichiometry of methane
and with very little amounts of dust only (see figure 4.52). It was observed that the highest
value of this hybrid system was as well at the stoichiometric fraction of the gas and the
smallest tested concentration of dust. If the dust concentration was further increased it
acted as a heat sink and thereby decreased the values for (dp/dt).
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Figure 4.52.: (dp/dt) for methane and quartz sand as inert dust, black dots indicate the
measuring points or their average

88



CHAPTER 4. RESULTS AND DISCUSSION

This phenomenon of slightly higher values for (dp/dt) at stoichiometric gas mixtures with

very small amounts of dust was observed by other researchers in the 20L-sphere ([144], [145]
[146]), in the standard 1m?® ([26], [32]) and in larger vessels with a volume of 8 m® [147] and
also simulated [148].
The observation, that even inert dust leads to a higher rate of the explosion pressure rise at
very little amounts was also mentioned in a research paper published in 1983 [149] in which
the authors concluded this is caused by the higher turbulence. They chose a very fine step-
size for the dust and the gas on the lower end and a large one with higher concentrations,
presenting their data in a logarithmic scale for the dust component. This unusual choice
for the step-size and the presentation of the data also showed an optimum in the explosion
region around the stoichiometry of the gas component and very low dust concentrations,
though it cannot be seen in their research paper, that the value actually increased but that
the concentration, where the maximum value occurs, widens (see figure 4.53). Unfortunately,
for the explosion intensity they defined an own unit and called it “k—ez”, not to be confused
with the K-value. This k,-value is the square-root of the (dp/dt) multiplied with the highest
occurring pressure for the chosen concentration (pe,) divided by the time from ignition to
the highest pressure (At), so a comparison to new data is difficult.
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Figure 4.53.: Explosion intensity of methane with inert rock dust, taken from [149], p. 11,
colors and legend added by the author

Another explanation, why small amounts of any dust enhance the flame propagation and
thereby the (dp/dt) is given by Ivanov et. al. [150] who simulated the ignition of gas mixtures
ahead of the flame front and identified a radiative preheating of suspended inert particles
as a cause for this behavior: Because the gas is transparent the infrared radiation does not
heat up the atmosphere around the ignition point. The solid particles are nontransparent,
heat up and act as distant distributed ignition sources. Torrado et. al. come to the same
conclusion with a numerical study of the combustion process of turbulent gas flames with
nano-particles and both, combustible and non-combustible dusts [151]. That sole radiation
may really be igniting distant dust clouds (though tested in slower time scales) has been
investigated experimentally before [152].
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The assumption also occured, that the dust simply slowes the injection process down.
Since normally the injection process is finished after about 50 ms and the turbulence decays
from this moment on, this prolonged injection process causes an ignition at a higher level of
turbulence. This assumption was disproved by taking a closer look on the injection curves
that did not show any differences for stoichiometric mixtures of 9.5 mol% methane with air
and 0 g, 0.4 g, 0.8 g and 1.2 g of quartz sand (see figure 4.54).

0.4+ |
0.2 |
>
~
S
S Or —_— |
o
5
2 02/ |
@ — 0 g/m? dust
A 2 — 20 g/m? dust
—0.4 1 d — 40 g/m3 dust | |
// 60 g/m? dust
061 i |
0.6 e
| | | | | | | | |
—10 0 10 20 30 40 50 60 70 80 90

Time in ms

Figure 4.54.: Measured pressure of the injection process in ms after the first detectable pres-
sure rise for different quartz sand dust concentrations

One other theory is, that the dust, being inert or not, causes the gas phase to react via
different reaction mechanisms by catalytic effects or by playing the role of condensation ker-
nel during soot formation. This was investigated by Torrado et. al. [153] for the hybrid dust
gas mixtures of methane and carbon black by analyzing the combustion products.

Another explanation for this phenomenon could be, that the dispersed particles are spiking
through the flame front and by further mixing and wrinkling of it cause a faster combustion.
This theory was not investigated yet.

The whole effect of increasing the value of (dp/dt),q. is often hidden by the scattering of
the values, that is of the same magnitude and thus it takes several tests and averaging to
clearly see this effect [128].

Lower values in research were obtained presumably because this maximum point is usually
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at very low concentrations of the dust and the usual step-sizes are too coarse [27].

Higher values in research were obtained presumably because the hybrid mixture was com-
pared to the non-turbulent gas mixture [14], different ignition sources were used or other
experimental parameters were changed.

Furthermore, it was shown, that it is presumably not the combustion of the dust leading to
higher values by conducting tests with a lammable gas and an inert dust, which showed the
same effect. There are several assumptions why this is the case but for the implementation
of safety measures, it does not matter, which of them is right.
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5.

5.1.

International Round Robin Test

Approach and Objectives

An international round robin test on the determination of the explosion pressure and the
rate of pressure rise for hybrid mixtures based on the SOP described in chapter 3.3.1 was
organized. A mixture of methane and corn starch was used as reference system. Altogether
eleven institutions participated in the round robin test (see also figure 5.1):

Bundesanstalt fiir Materialforschung und -priifung (BAM), Berlin, Germany
Physikalisch Technische Bundesanstalt (PTB), Braunschweig, Germany
Otto von Guericke University, Magdeburg, Germany

INERIS, Verneuil-en-Halatte, France

Université de Lorraine, Nancy, France

Adinex NV, Herentals, Belgium

Technicka Univerzita, Ostrava, Czech Republic

GIG Research Institute, Mikotow, Poland

Simtars Sponcom, Redbank, Australia

Northeastern University, Shenyang, P. R. China

EnvSafe Test, Suzhou, P. R. China
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Figure 5.1.: Map with the facilities involved in the round robin test (CC BY-SA 3.0 https:
//commons.wikimedia.org/wiki/User:Alexrk2, image cut and marked by the
author)

The objectives of this round robin test were to identify the international interest on such
a new standardized procedure and to determine the reproducibilty of the test procedure by
comparing the results of the different test facilities.
For gases a scattering of less than 10 % for py,ae and (dp/dt),g. is valid according to the
European standard [43]. The scattering of the reference values given in this standard is in
the range between 2.3 % and 20 % for p,q. and 3.1 % and 6.8 % for (dp/dt)mae [43].
For dusts no statements about the scattering were found. A deviation of 10 % for pes
is allowed in the European standard [45]. The allowed deviation for the (dp/dt)..-values
of dusts is decreasing with higher values in the European standard (see figure 5.2). In the
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Figure 5.2.: Allowed deviation of (dp/dt),,.. for dusts according to the European standard
[46]

American standard for dusts a deviation is allowed up to 10 % for the value of p,,, and 20
% for (dp/dt)max [57].

5.2. Test procedure and specifications

Shortly before the dispatch of the dust samples the moisture content was measured. After-
wards the dust was filled in bottles and sealed. The receiving facilities were asked to open
the dust samples shortly before conducting the hybrid explosion tests and to check for the
moisture content again. The moisture content tested at BAM over the whole time of the
round robin was between 7 weight% and 8 weight% (for details see Appendix D). Methane
with a purity of higher than 99.9 mol% had to be procured by the participating facilities.
All facilities participating in the round-robin test were asked to determine the leakage-rate
as well as the Post-injection pressure drop (PIPD, see chapter 3.2.2) and to confirm the
accuracy of the gas mixtures by gas analysis prior to the tests. The leakage rate of three
facilities is displayed in figure 5.3, one handed in first results and had to adjust the sphere
and the connections until it was tight.

The leakage-rate was determined by evacuating the 20L-sphere to 100 mbara. Afterwards
all valves were closed and the pressure was recorded for at least 10 minutes. A maximum
leakage-rate of 1 mbar/min was allowed. If the leakage-rate was higher, the test vessel had
to be tightened before starting the tests (see 4.2.1).

Altogether three tests had to be carried out to determine the PIPD and to carry out gas
analysis. In the tests the gas mixtures were prepared in the test vessel without dust injection
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Figure 5.3.: Measured pressures inside three 20L-spheres, beginning pressures all set to 0 for
a better comparison

and without ignition source. The pressure was recorded for at least three minutes after the
injection process to determine the post-injection pressure drop. Then, the gas was pumped
from the test vessel to a gas analyzer and the difference between the aimed fraction of gas
and the obtained fraction was calculated. If the mean deviation was less than 0.2 mol% the
round robin tests could start. If not, the calculation of the gas fraction had to be adjusted
with that value and three more tests had to be conducted.

The explosion tests were conducted according to the standard operating procedure described
in 3.3.1. The starting pressure in the test vessel before injection of the dust sample had
to be 400 mbara £ 2 mbar, the pre-ignition pressure rise had to be kept constant at
0.64 bar 4+ 0.02 bar and the ignition source was two 1kJ chemical igniters. The tested
gas fractions were 0 mol% (pure dust), 3 mol% and 9 mol%. The dust concentrations tested
for each of these gas fractions were 0 g/m3, 20 g/m3, 60 g/m?, 125 g/m?, 250 g/m3, 500
g/m3 750 g/m?® and 1 000 g/m>. The ignition delay time was constant with 60 ms for the
20L-sphere and 600 ms for the 1 m® vessel.

The type of gas-analyzer, the type and number of pressure sensors, the quality of the air
(pressurized or synthetic air) and the type of nozzle were not specified.
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5.3. Results and Discussion

The presented values for the explosion pressures were corrected with the equations 2.1 and
2.2 according to EN 14034-1 [45] and ASTM 1226 [57].

The results from all the test facilities were averaged, if several results were sent for one
point according to the dust standards. For all the test points the results from all the facilities
were averaged and the highest deviation was calculated. No outliers were excluded.

The results for p,,qe. for 3 mol% of methane from the different facilities are shown in figure
5.4. The deviation between the different facilities is small for the highest values but for the
determination of the LEL (respectively the MEC) this procedure seems to have too many
degrees of freedom: For 3 mol% of methane and 20 g/m® corn starch half of the institutions
detected an explosion, one with an explosion pressure of 5 barg, while the other half could
not measure explosions (p., being under 0.3 barg). One facility even detected a very slight
explosion with a p., of 0.5 barg with no dust at all.

However, for the aimed characteristic p,,q, this method showed comparable results with a
deviation of less than 10 %.
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Figure 5.4.: Explosion pressures of corn starch with 3 mol% methane

The results for (dp/dt) for 3 mol% of methane from the different facilities are shown in
figure 5.5. The maximum deviation from the mean value between the different facilities is
less than 20 % for the highest values. The highest values were also obtained by all facilities
at the same concentration of 750 g/m? or one step up or down. This could be an effect of
different distribution systems, that were not specified in the operating procedure.
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Figure 5.5.: Rate of pressure rise of corn starch with 3 mol% methane

The results for p., for 9 mol% of methane from the different facilities are shown in figure
5.6. The maximum deviation from the mean value for all tested concentrations was less than
11 % and thus lower than for p., tested at 3 mol% methane with an increasing tendency
with increasing dust concentration (below 5 % with no dust, 9 mol% with 60 g/m?® and 11
% with 1000 g/m?). It should also be mentioned, that the values for p,,q, determined by all
test facilities are below the values of the dust tested alone.

The results for (dp/dt) for 9 mol% of methane from the different facilities are shown
in figure 5.7. Except for one facility all measured the highest value of (dp/dt) with small
amounts of dust added. This exception occurred at a facility with a self-written testing
program and could be caused by one or more of the following reasons:

e This facility took synthetic air with 20 mol% oxygen and 80 mol% nitrogen

e The effect is with 10 % about the same magnitude as the scattering and thereby hard
to spot anyways

e The ignition delay time is defined on an event-basis in the different standards and
could have an impact, if it is implemented otherwise !

!The ignition delay time is defined as the time between the first measurable pressure rise inside the sphere
until activation of the ignition source (ASTM 1226, EN 14034-series). This event-based definition is
often misunderstood as the time between activation of the fast-acting valve and activation of the ignition
source (descriptive definition). Since the ignition source takes 0-10 ms to ignite and the fast-acting valve
takes 20-50 ms to open this is the main source of error if equipment is self-built.
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Figure 5.6.: Explosion pressures of corn starch with 9 mol% methane
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Figure 5.7.: Highest rate of pressure rise of corn starch with 9 mol% methane
However, the highest points were still within two steps apart from each other at the very
fine scale (it shall be pointed out, that the x-Axes in figure 5.4 to 5.7 are not linear). The

decreasing value for pg, with increasing fuel gas fraction may be an effect of the decreasing
amount of oxygen in the vessel.
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All results are summarized in table 5.1. All in all it was found that the maximum deviation
from the average values of p,q: and (dp/dt),,q. were not higher for the hybrid mixtures than
for the dust alone with 0 mol% of methane. Thus it was concluded that the applied test
procedure is appropriate for determining the explosion characteristics of hybrid mixtures.

Table 5.1.: Overall results for the different concentrations of methane and corn starch
in bar/s in bar g

0 mol% methane | 540 £ 120 +22% |85+ 0.7 £8 %

3 mol% methane | 693 £105 +15% [ 82+0.7 +£9%

9 mol% methane | 1380 £240 +17% |76 £0.7 £9%

5.4. Remarks and conclusions for the round robin test

This round robin test is a first step to a standard for the determination of the safety char-
acteristics of hybrid dust gas mixtures. Since there has never been a comparison between
different facilities on the same mixtures it was proven for the first time, that it is possible
to obtain comparable results, if many of the test parameters are narrowed. For example the
type of the ignition source and the ignition energy were the same for all test facilities and
with that this influencing parameter was excluded.

This round robin test also showed, that the measurement of the gas fraction is a crucial
step, when testing hybrid mixtures: Some facilities had deviations of more than 2 mol%
performing the pre-tests what would lead to the determination of highly flawed safety char-
acteristics. The calculation of the gas fraction by the partial pressure of the gas, especially
when the beginning pressure is estimated to be 1 bara leads to deviations of more than 1
mol%. This step has not been undertaken by any research facility so far and might be the
decisive factor for the reproducibility of the results.

Some of the following parameters that were not specified yet might be narrowed or stated
at all in the upcoming standard:

e Pressurized air and no synthetic air (or describing it further with the amount of oxygen
and oil-free)

e Distribution system and nozzle type

e Vessel temperature

e Length and thickness of the connecting pipes for the admixture of gas
o Leakage-rate

e Gas analyzing system
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However, taking into account that all the parameters for the determination of the safety
characteristics of hybrid mixtures of gases and dusts have an impact, the deviation observed
in the tests is reasonable being of the same magnitude as the variation that is stated in the
standards for dusts. This round robin proved, that the operating procedure is feasible and
accurate enough to obtain reproducible results.
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6. Conclusions

6.1. Key Findings

The influence of the ignition source on the safety chararcteristics of hybrid mixtures was
investigated systematically in this thesis. The key findings are presented in this section.

The chemical igniters and the exploding wire are suitable ignition sources for
the determination of safety characteristics of hybrid mixtures. Their ignition
energy is high enough to ignite dusts with higher minimum ignition energies
and they can be triggered quick enough to avoid sedimentation of the injected
dusts before ignition.

As a first step four different ignition sources, chemical igniter, surface-gap spark, induction
spark and exploding wire, were compared and their main features evaluated on suitability
for the determination of safety characteristics of hybrid mixtures. Special focus was on the
ignition energy, the burning duration and their combination, the power. Because of its low
ignition energy and since the timing of the activation of the ignition source influences the
safety characteristics significantly the induction spark was dismissed for further tests. The
surface gap-spark was also not further investigated because of its low ignition energy and
because of its burning duration, that might be too short to ignite dusts.

The partial pressure method works for mixing hybrid mixtures but the pres-
sures should be measured very accurately and the amount of gas should be
validated by gas analysis.

There are three different ways of mixing hybrid mixtures in the 20L-sphere: With pre-
mixtures having the same gas amount in the 20L-sphere and in the dust container, with a
higher amount of gas inside the 20L-sphere and only air in the dust container or with air
inside the 20L-sphere and a higher amount of gas inside the dust container before the injec-
tion process. So far they were used interchangeably in other works and it was not proven, if
the mixing has been complete after the injection. The amount of gas was not validated for
any method with the 20L-sphere before.

It was shown, that the mixing method has no influence on the test results concluding that
homogeneous mixtures are present after the short time of 60 ms between injection of the dust
and ignition. But the gas amount has to be calculated with a more sophisticated equation
than using only the ratios of the partial pressures measured with the default equipment of
the 20L-sphere. The heating and cooling that is caused by the compression while injecting
the dust must be taken into account. Moreover it was shown that the accuracy of the gas
composition can be increased clearly by a correction based on gas analysis tests.
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The pre-ignition pressure rise must be kept constant by variation of the pressure
in the dust chamber and used for the calculation of the gas amount.

For obtaining reproducible test results the injecting pressure has to be adjusted depend-
ing on the type and amount of dust injected and the pressure rise has to be kept constant
throughout all tests. If not kept constant it influences the gas fraction, the maximum explo-
sion pressure, the (dp/dt)-value and the dust concentration.

The chemical igniters and exploding wires produce comparable results for the de-
termination of maximum explosion pressure, lower explosion limit and maximum
rate of pressure rise of gases under turbulence. For lower oxygen concentration
only exploding wires with two times 1 kJ work.

Only a very slight influence of the type of ignition source on the ppsa, and (dp/dt)me. was
found. Both safety characteristics for methane were investigated with chemical igniters of
two times 1 kJ and exploding wires of two times 100 J and two times 1 kJ. The differences
were neglectable.

The exploding wire and the chemical igniters were further investigated and the results of
ignitions of gases under turbulence were compared.

It was possible to determine the lower explosion limit of hydrogen under turbulence with
chemical igniters of two times 1 kJ and with exploding wires with two times 1 kJ and two
times 100 J. When the energy was lowered to two times 10 J only 2 of 5 tests showed an
ignition. So this low energy might produce unsafe results.

The limiting oxygen concentration of methane under turbulence was only clearly detectable
with exploding wires of two times 1 kJ obtaining similar results to the literature values
measured at quiescent conditions. With chemical igniters the ignition criterion was slightly
exceeded but small variations of the experimental parameters might have resulted in "false
negatives" and with that to unsafe safety characteristics. A clear pressure increase was not
detected until the literature value was exceeded by 3 mol%. Lower ignition energies of the
exploding wire also resulted in higher and and thus more critical values compared to the
literature value determined under quiescent conditions.

The maximum explosion pressure of hybrid mixtures usually corresponds with
the highest maximum explosion pressure of the single substances.

Three different combustible dusts and an inert dust were tested with methane over a wide
range of concentrations. If the p,,q. of the combustible dust exceeded the one from methane
this was also the maximum obtained value for the hybrid system, if it was lower the value
for methane was the highest one. With the inert dust the highest value was also the same
as for methane alone. For hybrid systems with components that are able to react with each
other deviations might occur.

The chemical igniters and exploding wires produce comparable results for the

determination of maximum explosion pressure and maximum rate of pressure
rise of dusts if the ignition energy is kept constant. Decreasing the ignition
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energy does not affect the maximum explosion pressure and maximum rate of
pressure rise.

The maximum rate of pressure rise and the maximum explosion pressure of corn starch were
investigated with chemical igniters of two times 1 kJ and two times 5 kJ and exploding wires
of two times 10 J, two times 100 J and two times 2 kJ. The differences on the maximum
rate of pressure rise and the maximum explosion pressure were neglectable!.

The exploding wires with an overall energy of 2 kJ produces values, that match
literature values for the limiting oxygen concentrations of hybrid mixtures.

The limiting oxygen concentration was determined for methane gas and for corn starch with
different ignition energies of the exploding wire and with chemical igniters. The clearest
pressure rise above the ignition criterion inside the explosion region was obtained with the
exploding wires with two times 1 kJ. The chemical igniters however produced comparable
results and were 1 mol% higher or the same when tested on hybrid mixtures. The weak rise
inside the explosion region and the slightly higher values may arise from the fact, that the
chemical igniters need oxygen themself to burn.

The reduction of the ignition energy produced LOC-values that were 2 mol% to 6 mol%
higher and with that unsafe. A reduction is not recommended.

The maximum rate of pressure rise of hybrid mixtures is about 10 % to 25
% higher than the value of the stoichiometric gas mixture under turbulence.
The maximum rate of pressure rise of the hybrid system is usually found at the
stoichiometric gas fraction with very little amounts of dust.

For all tested dusts including the inert gas the maximum rate of pressure rise was found
around 9 mol% of methane with dust concentrations of 20 g/m? or 30 g/m3. These concen-
trations are lower than the concentrations that are tested usually according to the standard
procedures for dusts ([45], [46], [57], [47], [59]). This corresponds with the findings from
other researchers who tested hybrid mixtures at these concentrations.

A standardized test method for the determination of safety characteristics of
hybrid mixtures was developed and internationally tested in 11 facilities in 7
countries. The results were comparable within a reasonable range concluding
that the applied standard operating procedure delivers reproducible test results
for the determination of explosion characteristics of hybrid mixtures.

An operating procedure was developed and dust samples were sent to test facilities in Ger-
many, France, Belgium, Czech Republic, Poland, Australia and China. This round robin
test proved the test procedure that will now be implemented in the standard. It also showed
the reliability and reproducibility of safety characteristics of hybrid mixtures.

!The lower explosion limit changed from 60 g/m? using 2 kJ as overall energy (for both, exploding wires
and chemical igniters) over 125 g/m? using 200 J to 250 g/m?® with 20 J. With chemical igniters of two
times 5 kJ it would depend on the ignition criterion whether the lower explosion limit is 20 g/m?® or 125
g/m3: According to the German criterion it would be counted as ignition, according to the American
standard not (see Appendix E.8)
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6.2. Alternative ignition source for the determination of
explosion characteristics

The exploding wire is a suitable ignition source for hybrid dust gas mixtures. It has an
adjustable energy output and a defined burning duration with a precisely triggerable start.
This makes it the perfect ignition source concerning the decay of turbulence in the 20L-
sphere.

Comparable tests with dusts and gases were performed and showed, that no difference was
observed between two 1 kJ chemical igniters and two 1 kJ exploding wires.

It is possible to use it for many kinds of dusts except for metal dusts since the conductivity
of these dusts influence the resistivity of the arc.

Two features that have not been discussed before, because they are not technical but fi-
nancial and legal, are worth mentioning: Once the exploding wire ignition device is built it
has almost no costs what might help poorer countries to found their own safety companies
and perform tests to determine the safety characteristics of dusts and hybrid mixtures. With
the standard chemical igniters, in the moment the determination is rather expensive, even
for German or American companies.

Another aspect is, that the igniters stated in the dust standard are not allowed at all in
some countries including China and India or very hard to obtain. In Brazil the military
has to deliver them making one facility in Sao Paulo the only one in whole South America
determining safety characteristics of dusts in the 20L-sphere. In Australia the delivery is
comparably complicated with changing policies. With the exploding wire these problems
don’t occur. It is also rather simple (see figure 6.1) to built if the components are all tested
(which they have been now).
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Figure 6.1.: Schematic of a precisely triggerable exploding wire device
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6.3. Outlook

Many problems of the single-substance standards had to be investigated before going on with
the hybrid mixtures. The following topics may give an overview of what has been initiated
as an outcome of this thesis:

e A standard on the determination of the maximum explosion pressure and the maximum
rate of pressure rise of hybrid dust gas mixtures has been developed and will soon be
published

e Narrowing the values for the PIPR in the European and in the American standards
for the determination of safety characteristics of dusts has been initiated

e A recurring international round robin test on hybrid dust gas mixtures

Additionally several topics have been identified that should be investigated further. Some
are already being investigated as a result of this work, some myths still have to be enlight-
ened and other joint research projects have been initiated:

e A standardized procedure for the determination of safety characteristics of hybrid vapor
dust mixtures is initiated with an international round robin test

e A criterion for the applicability of the exploding wire igniter for dusts with low electrical
resistance (especially metals) will soon be developed

e The implementation of the exploding wire in the dust standard has been taken into
account

e A round robin test with the exploding wire as ignition source will be initiated

e An international joint research on the newly implemented mushroom-cup-nozzle in the
European standard for dusts respectively on new methods to inject higher amounts
of dust than usual or dusts, that can not be injected because of their poor conveying
properties (long, edgy) has been initiated

e An investigation on the correction equation 6.1 for the maximum explosion overpressure
of dusts has been initiated with the PTB (Germany), BAM (Germany), the University
of Bratislava (Slovakia) and the University of Ostrava (Czech Republic)

pEz[barg] = 0.775 % pjl‘ji:?QOL [barg] (6.1)
It seems, that if the beginning pressures at the moment of ignition in the 20L-sphere
and the 1m® chamber are the same, the explosion pressures are also the same and that
the lower explosion pressures, that were measured in the past in the 20L-sphere were
casued by these differing pressures and not by heat losses.
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A. Appendix | - Exploding wire

In this chapter the exploding wire is described and construction notes are presented. If
everything is built correctly the ignition device shall form two light arcs, that are a similar
ignition source, than two chemical igniters (see figure A.1).

Figure A.1.: Exploding wire fired in two opposing directions with 1 kJ each two milliseconds
after triggering

A list of all suitable stock devices is also presented. Since it is dangerous and complex for
someone not familiar with electricity it should only be built by electricians. However, the
full schematic of the high voltage circuit is rather simple (see figure A.2).

The Capacitor Ignition System (CIS1) consists of a voltage source, capacitors, one induc-
tance per channel, electrodes, probes and cables, one thyristor per channel, 2 isolation am-
plifiers per channel (one for voltage, one for current), and the control unit.
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APPENDIX A. APPENDIX I - EXPLODING WIRE
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Figure A.2.: Schematic of the CIS1 without control unit and isolation amplifiers
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APPENDIX A. APPENDIX I - EXPLODING WIRE

A.1. Voltage source

The Voltage source consists of a transformer with 230 Volts on the primary side and two
times 340 Volts on the secondary side. This is the nominal voltage, so the peak value is

Voltagepear = Voltagenomina * V2 = 480V olts! (A1)

The transformer is switched on by a relay with a maximum rated voltage of 250 Volts, a
maximum Current of 10 A and triggerable by a 5 Volts-signal. After the transformer the
voltage is rectified by four 1IN4007-Diodes. After the rectification a high power resistor with
270 Ohms protects the voltage source against break-down (and short-circuit current) in the
first moment of loading (see figure A.3).

L+ L-GND

C1-GND
D1
5Volt-Trigger
250 V — 10 A 1N4007
pul
o
=
; 2
1 -
| D3 R3
!
RY - 4 1y
1N4007

220 v
50 Hz

C2-GND

Sec. 2 x 3H0V 1N4007

a
B
| ‘
1N4007
D4

Z7701-C2%

1N4007

Figure A.3.: Schematic of the high voltage source

A.2. Capacitors

Five capacitors with a capacity of 4700 uF and a loading voltage of 450 Volts are used per
channel. The capacitors are wired in parallel so the overall capacitance is 23 500 pF per
channel. To ensure a full discharge at the end of the tests and if accidently loaded the
capacitors are connected with six 22 kOhm resistors with a power rating of 11 watts (see
figure A.4).

'Because of the safety resistors and other losses the maximum loading voltage should not exceed the 450
Volts stated on the capacitors.
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Figure A.4.: Schematic of one line of capacitors; this device has to be built twice

A.3. Inductance

To stretch the circuit breakdown and with that the duration of the light arc to 8 - 15 ms it
is necessary to place either a resistor or an inductance into the circuit. For this circuit a so
called "zero-Ohm-inductance" with an inductance of 5.6 mH and a resistance of 0,05 Ohm
was chosen. It is placed between the capacitor bank (L1-IN) and the electrodes (L1-OUT).

A.4. Electrodes, probes and cables

The electrodes are connected to the ignition device with cables of 4 mm? cross section, when
they are shorter than 4 m and 10 mm? when they are under 10 m. The voltage can be
measured by a voltage divider (R17-R20) with a ratio of 500:1. The potentiometer (R20)
is for the fine adjustment of the voltage divider. The current can be measured by a shunt
resistor (R21) with a ratio of 2000:1 (see figure A.5).

Figure A.5.: Schematic of one line of electrodes with the resistors and probes necessary to
measure the voltage and the current; this device has to be built twice

A.5. Thyristor

The ignition is switched by a thyristor with a voltage rating of more than 1kV and a maximum
peak one-cycle surge current of more than 1800 kA under full voltage. The thyristor is placed
between the ground of the capacitor bank (T1-GND) and the ground of the electrodes(T1+)
after the probes.
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APPENDIX A. APPENDIX I - EXPLODING WIRE

A.6. Isolation amplifier

PCB for the measurement unit available under https://aisler.net/p/AAESKNFR

A.7. Control unit

The control unit has to switch the two thyristors galvanically isolated with the required
current and voltage. In this case it is at least 150 mA and 9 Volts. The different 20L-spheres
have different triggersignals (or better fusing voltages) for the chemical igniters: Kiithner has
24 Volts for 2 seconds, ANKO Lab has 12 Volts for 1 second and the chinese manufacturer
gives a range of 5-10 volts. Using a z-diode an optocoupler and a mosfet this is realized.

A PCB for the control unit is available under https://aisler.net/p/VMVPSICC

A.8. List of suitable stock parts

The following list provides suitable parts for the building of the CIS1. If the parts are
commonly used and not rare they are not specified further. If the parts are very special a
potential supplier and the URL is stated.

8 Diodes 1N4007

1 Transformer with two 340 Volts secondary voltages. https://www.buerklin.com/
de/Netztransformator-Netz--110%C2%A0V-240%C2%A0V/p/12C160

e 10 capacitors with 4700 pF and 450 V
https://de.rs-online.com/web/p/aluminium-elektrolytkondensatoren/1251084

e 2 Inductances with 5.6 mH and 0.05 Ohm https://www.mundorf.com/audio/de/
shop/coils/ei_coils/MCoil-FERON-Null-0Ohm/?card=6130

e 2 Thyristors

https://www.tme.eu/de/details/t100n12-gg/thyristoren-mit-schraubverb/greegoo/

t100n12/
or https://www.semic-shop.de/skt-100-18e-15/

e 12 Resistors with 22 kOhm and 11 Watt

8 Resistors with 270 Ohm and 17 Watt

1 Relay with 250 Volts, 10 A and 5 V control voltage

2 Resistors with 10 MOhm

2 Resistors with 50 kOhm
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APPENDIX A. APPENDIX I - EXPLODING WIRE

2 Resistors with 27 kOhm
2 Potentiometers with 10 kOhm

2 Shunt resistors with 0,5 mOhm or 3,3 mm? copper wires with soldered connections
98 mm apart from each other

1 Arduino nano

2 Moving iron voltmeters to show the loading voltage
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B. Appendix Il - Bomb Calorimeter

Schnitt A-A

— 05 x 45°
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315

36

Figure B.1.: Closure of the calorimeter with holes for insulated electrodes
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Figure B.2.: Top of the calorimeter with thread for the cap



APPENDIX B. APPENDIX II - BOMB CALORIMETER

60

Sthnitt A-A

Figure B.3.: Hollow cylinder with threads for fastening the top and hole for the measuring
sensor

Switch2  Syitchq

o0

LED-GND  gp,,

Figure B.4.: PCB for the calorimeter, available under https://aisler.net/p/EWHXKDFG
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APPENDIX B. APPENDIX II - BOMB CALORIMETER

The calorimetric energy was a calculation of the determined value - 0.0698 mV/J or its
reciprocal value 14.33 J/mV - and the difference between the measured voltage before trig-
gering the ignition source and the new stabilized value after about 5 minutes, when the
energy was fully distributed inside the brass cylinder.

—~110
o &
§ 1201 | N O e Difference .
£ S :
T —130| - :
&0 290 | : .
-a m :

_ | ) .
"§ 140 3
= =}
& —150 g 0

— — — w —
(o]
=~ =

| | | | | |
—1600 100 200 300 400 500 600700 0 100 200 300 400 500 600 700
Time in s

Time in s

Figure B.5.: Measured voltage of the brass calorimeter for one single test, on the right the
offset value is subtracted

In figure B.5 the calculated energy is 35.7 mV * 14.33 J/mV = 497 J.
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C. Appendix 1l - History of Hybrids

1844 2]
1876 3]
1879 [154]
1881 [155], [156]
1882 6]
1884 [157]
1885 [5]
1886 [158]
1887 [159], [8]
1891 [160]
1892 [161]
1907 4]

1910 | [162], [163]
1911 | [164], [165], [166]

1913 7]
1927 | [167], [168]
1929 [169]
1930 [170]
1933 [171]
1940 [172]
1941 [173]
1956 [174]
1957 [175]
1960 [176]
1961 [177]
1963 [178]
1964 [10]
1977 [9], [179]
1978 [180], [63]
1979 [12],[11]

Table C.1.: History of publications for hybrid mixture explosions until 1980, only coal and
methane, gas amount was verified



APPENDIX C. APPENDIX III - HISTORY OF HYBRIDS

1980 [72]
1981 [181]
1982 [81]
1983 [149]
1985 [26], [1], [182]
1987 1183], [184], [13]
1990 [185]
1991 [82],[186]
1992 [89]
1993 [187], [188]
1994 [32]
1995 [189]
1996 [105],[190], [191],[192], [193]
1997 [194]
1998 1195], [196]
1999 [197], [198]
2000 1199, [200]
2001 [201]
2002 [202], [203]
2003 [204], [205], [206]
2004 [207]
2005 [208], [209]
2006 [210], [98], [21]
2007 211], [17], [212]
2008 [28]
2009 [86], [84], [144]
2010 [213], [114], [214]
2011 215], [216], [88], [145], [217], [218]
2012 1219], [220], [221], [222]
2013 1223], [224], [14], [225], [226], [146]
2014 [227], [15], [228], [229]
2015 [230], [231], [232], [18], [233], [85], [234], [235], [236], [237]
2016 1238], [239], [240], [241], [242], [243] [244], [245], [246], [247]
92017 [153], [248], [249], [250], [251], [252]
[253], [254], [255], [256] [257], [258], [30], [259], [260], [261], [262], [151]

2018 1263], [264], [265], [266], [94], [267], [268], [269], [270], [271]
2019 272], [273], [87], [92], [274], [275], [20]
2020 | [276], (271, [91], [277], [278], [279], [280], [281], [96], [282], [283], [279]
2021 284], [285], [286], [287], [288], [289], [290], [291], [292], [293], [294]
9022 [295], [296], [297], [298], [299], [300]

[301], [302], [303], [31], [304], [305], [306], [307], [308], [309]
2023 310], [311], [312], [313], [314], [315], [316], [317], [318]

Table C.2.: History of publications for hybrid mixture explosions since 1980, only coal and

methane, gas amount was verified
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D. Appendix IV - Sample data

Corn Starch

Size (pm) | Vol Under % Size (um) [ Vol Under %
4.000 0.00 25.000 97.43
5.000 0.00 31.500 99.92
6.300 0.75 40.000 100.00
8.000 6.55 45.000 100.00
10.000 20.62 50.000 100.00
12.500 42.95 63.000 100.00
16.000 70.01 80.000 100.00
20.000 88.29 90.000 100.00

Figure D.1.: Values of the particle size distribution tested in December 2021
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APPENDIX D. APPENDIX IV - SAMPLE DATA

Date Moisture content | Median diameter
in weight-% in pum
03.09.2020 6.57 13
10.09.2020 6.28 -
17.09.2020 6.52 -
24.09.2020 5.78 -
01.10.2020 7.08 -
06.10.2020 6.41 -
07.04.2021 7.70 13.789
12.04.2021 7.43 -
19.04.2021 7.56 13.869
26.04.2021 7.46 13.866
01.05.2021 7.50 13.788
18.05.2021 7.23 13.324
26.05.2021 7.94 13.261
04.06.2021 7.55 13.253
06.07.2021 7.35 -
10.07.2021 7.31 13.595
14.07.2021 7.19 -
22.07.2021 7.37 -
17.09.2021 7.28 13.079
24.09.2021 7.28 13.078
09.10.2021 7.23 13.556
20.12.2021 7.4 13
20.01.2022 7.5 -
21.01.2022 7.9 -
09.02.2022 7.7 -
10.03.2022 7.6 -
16.03.2022 7.1 -
31.03.2022 7.7 -
06.04.2022 7.7 -

Table D.1.: Moisture content and particle size distribution over time
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APPENDIX D. APPENDIX IV - SAMPLE DATA

Volume (%)

Particle Size Distribution

-OOM-F-G')m

1 10 100 1000 2000

Particle Size (um)

Figure D.2.: Particle size distribution tested in December 2021

Particle Size Distribution

100
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1 10 100
Particle Size (um)

Figure D.3.: Summed particle size distribution tested in December 2021
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APPENDIX D. APPENDIX IV - SAMPLE DATA

Figure D.4.: Moisture analyzer from Sartorius



APPENDIX D. APPENDIX IV - SAMPLE DATA

Quartz Sand

; BAM Bundesanstalt fiir Materialforschung und —prifung 12205 Berlin
Fachbereich 2.1 ,Explosionsschutz Gase, Staube" Unter den Eichen 87

PartikelgréBenanalyse

Probenbezeichnung: Messung: Mittwoch, 23. Februar 2022
Averaged Result Quartzsand Dispergiereinheit: Scirocco 2000 (A)
Probenherkunft:  AK Consulting Modellname: Fraunhofer

BAM-Nr.: 222/3XXxXX/3XXX RittelmaRk: 30%

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.200 0.00 4.000 0.06 25.000 211 100.000 5.76 400.000 98.93
0.400 0.00 5.000 0.22 31.500 3.10 125.000 12.07 500.000 100.00
0.500 0.00 6.300 0.45 40.000 4.05 140.000 18.04 630.000 100.00
0.630 0.00 8.000 0.66 45.000 433 160.000 28.60 800.000 100.00
1.000 0.00 10.000 0.80 50.000 443 180.000 40.08 1000.000 100.00
1.250 0.00 12.500 0.88 63.000 443 200.000 51.47 1250.000 100.00
2.000 0.00 16.000 1.05 80.000 447 250.000 7482 1600.000 100.00
2.500 0.00 20.000 1.42 90.000 482 315.000 91.75 2000.000 100.00

d(0.1): 118.859 um d(0.5):  197.346 um d(0.9): 304 809 um
Particle Size Distribution
100
90
80
B’g 70
GE) 60
= 50
O

> 40
30
20
10
0

0.1 1 10 100 1000 2000

Summenverteilung Particle Size (um)

Particle Size Distribution

18
16
14
— 12
=
° 10
5
S 8
>
6
4
2
0 i,
0.1 1 10 100 1000 2000
Dichteverteilung Particle Size (um)

Bemerkungen: Average of 3 measurements from BAM_2022.mea
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APPENDIX D. APPENDIX IV - SAMPLE DATA

Niacin
; BAM Bundesanstalt fiir Materialforschung und —priifung 12205 Berlin
Fachbereich 2.1 ,Explosionsschutz Gase, Staube" Unter den Eichen 87
PartikelgroRenanalyse
Probenbezeichnung: Messung: Mittwoch, 23. Februar 2022
Averaged Result Niacin Dispergiereinheit: Scirocco 2000 (A)
Probenherkunft:  AK Consulting Modellname: Fraunhofer
BAM-NI.: 222/xx000/3X%X Ruttelmal: 30%

Size (pm) | Vol Under % Size (um) | Vol Under % Size (pm) | Vol Under % Size (pm) | Vol Under % Size (um) | Vol Under %
0.200 0.08 4.000 91 25.000 63.84 100.000 97.57 400.000 100.00
0.400 086 5000 12 05 31.500 72 06 125.000 99 10 500000 100.00
0.500 1.39 6.300 16.31 40.000 79.58 140.000 9953 §30.000 100.00
0630 203 8.000 22 16 45000 82 88 160.000 99 82 800000 100.00
1.000 325 10.000 2894 50.000 8561 180.000 99 93 1000.000 100.00
1.250 375 12.500 36.82 63.000 90.80 200.000 99.99 1250.000 100.00
2.000 485 16.000 46.37 80.000 94 93 250.000 100.00 1600.000 100.00
2500 5.66 20.000 5525 90.000 96.47 315.000 100.00 2000.000 100.00

d(0.1): 4317  um d(0.5): 17.526 um d(0.9): 60.577 um
Particle Size Distribution
100
90
80
- 70
qE, 60
El 50
o

> 40
30
20
10
Q

0.1 1 10 100 1000 2000

Summenverteilung Particle Size (um)

Particle Size Distribution

6.5
6
5.5
5
4.5
4
3.5
3
25
2
1.5
1
0.5

00.1 1 10 100 1000 2000

Dichteverteilung Particle Size (um)
Bemerkungen: Average of 3 measurements from BAM_2022 mea

Volume (%)
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APPENDIX D. APPENDIX IV - SAMPLE DATA

Lycopodium

; BAM Bundesanstalt fir Materialforschung und —priifung 12205 Berlin
Fachbereich 2.1 ,Explosionsschutz Gase, Staube" Unter den Eichen 87

PartikelgroRenanalyse

Probenbezeichnung: Messung: Mittwoch, 23. Februar 2022
Averaged Result Lycopodium Dispergiereinheit: Scirocco 2000 (A)
Probenherkunft: AK Consulting Modellname: Fraunhofer

BAM-N. 222/XXX0XX/ 3XXX RiittelmaB: 30%

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.200 0.00 4.000 0.00 25.000 15.64 100.000 100.00 400.000 100.00
0.400 0.00 5.000 0.00 31.500 49.48 125.000 100.00 500.000 100.00
0.500 0.00 6.300 0.00 40.000 8415 140.000 100.00 630.000 100.00
0.630 0.00 8.000 0.00 45000 93.88 160.000 100.00 800.000 100.00
1.000 0.00 10.000 0.00 50.000 98.20 180.000 100.00 1000.000 100.00
1.250 0.00 12.500 0.00 63.000 100.00 200.000 100.00 1250.000 100.00
2.000 0.00 16.000 0.01 80.000 100.00 250.000 100.00 1600.000 100.00
2.500 0.00 20.000 1.79 90.000 100.00 315.000 100.00 2000.000 100.00

d(0.1): 23.364 um d(0.5): 31.597 um d(0.9): 42.691 um
Particle Size Distribution
100
90
80
§ 70
g 80
s 50
©

> 40
30
20
10
0

0.1 1 10 100 1000 2000

Summenverteilung Particle Size (um)

Particle Size Distribution

25

20

15

Volume (%)

10

00.1 1 10 100 1000 2000

Dichteverteilung Particle Size (um)
Bemerkungen: Average of 3 measurements from BAM_2022.mea




E. Appendix V - Miscellaneous

E.1. Voltage, Current, Power and Summed Power
(=lgnition Energy) of the exploding wire

— Voltage
£ 400 |
~
8§

&
& 200 :
=
o A Agurun A
>
O | | | | | | | | |

Time in ms

Figure E.1.: Voltage curve at 450 V ignition voltage and 1070 J ignition energy
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Figure E.2.: Ignition current curve at 450V ignition voltage and 1070 J ignition energy
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APPENDIX E. APPENDIX V - MISCELLANEOUS
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Figure E.3.: Power curve at 450 V ignition voltage and 1070 J ignition energy; product of
ignition voltage and ignition current
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Figure E.4.: Summed power at 450 V ignition voltage and 1070 J ignition energy

E.2. Melting energy for the exploding wire

The distance between the two electrodes was additionally varied between 5 mm and 200 mm.
The melting energy of the wire E,,cyings was calculated with the following equation:

s
2
Emelting = lwire * Z * dwire * PNickelin * AT * CPNickelin (El)

with lyire: length of the wire in mm, dyire: diameter of the wire in mm, PNickelin: densitiy

of nickeln in kg/m?, A T: difference between ambient temperature (21 ° C) and the melting

temperature of Nickelin (1180 °) being 1159 K, cpyicketin: Specific heat capacity of Nickelin
being 0,4 J/(9*K)
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APPENDIX E. APPENDIX V - MISCELLANEOUS

< A
g a
~ A i
s 10f .ot
A .

20 .
23 ﬁ a0 A
o NI
Q 4 a
® 5f ]
2 ; A A
&
5 A A A Melted
2 4 g. . A Not melted
M 4. "A g ------ Theoretical melting energy

0 |

0 50 100 150 200

Wire length in mm

Figure E.5.: Wire length against electrical energy pushed through them

E.3. Influence of the gas on the schlieren images
There is a simple relationship for the air and other gases between the refractive index n and
the gas density p of a fluid, see Equation E.2:

n—1=kp (E.2)

This coefficient k is a constant for a given fluid. For air this coefficient is approximately
0.23 “33 at standard atmospheric conditions, given visible illumination. Other gases may

cm3

have a variety from 0.10 ? until 1.5 , but the refractive index varies only in the third
or fourth decimal place for common gases ([319], [320]). Also, Equation E.2 is not too
deeply dependent upon p. The refractivity of a gas (n-1) depends upon gas composition,
temperature, density and the wavelength of illumination. Simple perfect-gas state Equation
E.3 could be used in many cases when the temperature, density and pressure of gases is not
too far from atmospheric conditions. In this equation, R is the specific gas constant.

p/p=RxT (E.3)

Due to temperature differences or high gas speeds velocities, flowing gases with variable
density can arise. These possibilities lead to the fact, that gases are capable of refracting
light. This refraction may be then visualized. In the schlieren image the gradients dn/dx

and on/dy are visible which are perpendicular to optical axis and the knife-edge orientation
([319], [320]).
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APPENDIX E. APPENDIX V - MISCELLANEOUS

E.4. Influence of the turbulence on the minimum ignition
energy

Ballal and Lefebvre investigated the influence of turbulence on the minimum ignition energy
and give an explanation for their experimental findings: "Initial passage of the spark creates
a cylindrical volume of hot gas between the electrodes. As the spark discharge proceeds the
effect of the flow is to extend this volume in a downstream direction, as illustrated in" Fig.
10. "Under favorable conditions, the rate of heat generation by chemical reaction at the
kernel surface may exceed the rate of heat loss by turbulent diffusion. If this happens the
spark kernel will continue to expand and a successful ignition is assured." [321]

-——Electrode

MAVAYAVAVAYAY/A
(Y ZAVAVAVAYATA LW,

de

dC = 261’

Figure E.6.: Proposed idealized model for formation of spark kernel, taken from [321]
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APPENDIX E. APPENDIX V - MISCELLANEOUS

E.5. Burning duration of chemical igniters

Table E.1.: Main burning duration of chemical igniters and time of the last visible glowing

particle

Stated energy | (Main) burning duration | last glowing particle
- m ms m ms
100 J, Nr. 1 15 110
100 J, Nr. 2 5 100
100 J, Nr. 3 6 100
250 J, Nr. 1 18 160
250 J, Nr. 2 6 75
500 J, Nr. 1 17 167
500 J, Nr. 2 9 105
1 kJ, Nr. 1 8 205
1 kJ, Nr. 2 9 80
5kJ, Nr. 1 15 332
5 kJ, Nr. 2 13 260
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APPENDIX E. APPENDIX V - MISCELLANEOUS

E.6. The need for an alternative ignition source - political
and financial reasons

The need for an alternative ignition source is also visible if the countries having dust testing
laboratories are marked. The countries, which are allowed to import chemical igniters that
are necessary for the determination of the maximum explosion pressure and the maximum
rate of pressure rise, are marked in red (see figure E.7).

Figure E.7.: Worldmap with the countries, that perform dust explosion tests (CC BY-SA 3.0
https://en.wikipedia.org/wiki/User:Cbrittainl0, image cut and marked
by the author)

Brazil is marked reddish, since there is only one facility that is allowed to import the
igniters and they have to be delivered by the military. Chinese dust testing laboratories
manufacture their own igniters since the restrictions are very high. In Russia there are dust
testing laboratories but the standard igniters are not allowed to be delivered anymore. In
India there is no single facility for the determination of p,,q, and (dp/dt).. of dusts since
the igniters are prohibited. So the companies have to either ship the dust samples to the
United Kingdom or forego the tests. The same applies for Southern America except for the
one facility in Sao Paulo. In Africa there is also just one dust testing facility in South Africa,
making it almost impossible to implement safety measures all over the continent.
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APPENDIX E. APPENDIX V - MISCELLANEOUS

E.7. Standards in which the transformer is specified

Table E.2.: Specifications on the induction spark in different standards; values, that are

presumably wrong are in red; calculated values in brackets

Standard Primary | Secondary Stated Electrode Spark Power
Voltage Voltage Current Distance | Duration
in Volt n kV in mA mn mm in ms in Watt
ISO 80079-1 [322] - 15 30 4 200 -
(short-circuit)
ISO 80079-2 [58] - 15 - 4 continuosly | 200
ISO 10156 [69] - 15 30 5 200-500 (1000)
(no further @50Hz
information) (1200)
@60Hz
EN 1839 [42] - 15 30 5+1 200 10
(short-circuit)
EN 15967 [43] - 13 - 16 20 - 30 5+ 0,1 | 200 or 500 10
(short-circuit)
EN 15794 [323] - 13 - 16 20 - 30 5+ 0,1 | 200 or 500 10
EN 17624 [71] - 13 - 16 20 - 30 5+ 0,1 | 200 or 500 10
ASTM E 681 [70] 120 15 30 6,4 200 - 400 (450)
ASTM E 789 [75] 115 12 - 6,35 continuosly -

There are also new electronic transformers on the market, that change the frequency from
50 Hz to 20 kHz before transforming the voltage to 15 kV. These are smaller and today
easier to obtain, produce sparks only at the positive wave (so just 50 instead of 100 sparks
per second) but with higher energy. The power and the ignition behavior is similar to the
standard type. Since they are the standard today it may even be overseen, that this one is
in use instead of the standardized type .

E.8. Ignition Criteria

There are several ignition criteria for the determination of safety characteristics of dusts and
gases. Since the chemical igniters cause a significant pressure rise that depends also on the
test vessel size a clear statement shall be done what was counted as an ignition.

The values vary from 0.05 bar g (EN 1839) to 2.3 bar g (ASTM1226) because the ignition
energy is with 2 J and 10 000 J also different by a factor of 5 000. However, to overcome
this weakness or as a first approach here are several ignition criteria that are stated in the
standards. This may be a first help, if confusion arises about the ignitability of various

IThis occured to two facilities that were not aware of the fact, that they used this type.
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APPENDIX E. APPENDIX V - MISCELLANEOUS

Table E.3.: Ignition criteria stated in different standards

Standard Equation Pressure Comment
in bar g
EN 14034-1:2011 Pe: > pr + 0.5 bar 0.5 Theoretically every test an
[45] ignition since the igniters
cause an overpressure of
around 1 bar g
KSEP changes pg. to pm 1.96
EN 14034-2:2011 PEz > pr + 0.5 bar 0.5 Theoretically every test an
[46] ignition since the igniters
cause an overpressure of
around 1 bar g
KSEP changes pg. to pm 1.96
without stating the equation
EN 14034-3:2011 Pez > pr + 0.5 bar 0.5
[46]
KSEP changes pg: to pm 0.62
without stating the equation
EN 14034-4:2011 Pez > pr + 0.5 bar 0.5
47)
KSEP changes pg, to pm, 0.62
without stating the equation
prEN14034:2022 | pg, > pr + per + 0.2 bar 1.2 KSEP would take 1.96 bar g

[324]

ASTM1226:2011 Pm > 1 bar 2.3 KSEP would take 1.96 bar g
[57]

ISO 80079-2 PEz > Ppr +pcr+ 0.3 bar 0.6 KSEP would change value
[58] slightly to 0.62 bar g
EN 1839:2017 Pz > pr ¥ 1.05 + Pyg 0.05 depending on

[42]

beginning pressure,
ignition source and
volume of the test vessel

pe.=Explosion overpressure; pcr=0verpressure caused by chemical igniter
prs=Overpressure caused by the ignition source; p,,=corrected explosion overpressure

pr=Initial pressure

concentrations of combustible substances. The author also wants to mention, that there is
no right or wrong as long as everybody agrees on the same value and as long as everybody

knows, what criterion was chosen for what reason.

Again, it should also always be clearly stated what ignition energy was chosen, what the
beginning pressure was, what value for the ignition criterion was chosen and whether the
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corrected value was taken or the measured one.

E.9. Additional Ignition Delay Time

The effect of the decay of turbulence on the safety characteristics of gases and dusts was
investigated several times. The following list might give an overview of what has been
investigated:

e The flow characteristics of the dust were simulated [113]

e The effect of the decay of turbulence on the safety characteristics of several dusts was
investigated with ignition delay times of 60 ms, 100 ms and above [107],on coal dust
with ignition delay times of 15 ms, 30 ms, 60 ms, 90 ms and 150 ms [325] and on
methane and nicotinic with ignition delay times of 60 ms, 90 ms and 120 ms [217] and
with ignition delay times of 60 ms, 120 ms and 240 ms [326]

e The effect of the decay of turbulence on the safety characteristics of a hybrid dust gas
mixture was investigated with ignition delay times of 30 ms, 45 ms, 60 ms, 75 ms, 90
ms, 105 ms and above [91]

e The effect of the decay of turbulence on the safety characteristics of corn dust was
investigated in a 5L-sphere with ignition delay times of 60 ms, 80 ms, 100 ms, 150 ms
and 200 ms (for the 1m?® 600 ms is the standard) [116]

e The effect of the decay of turbulence on the safety characteristics of several dusts was
investigated in the 1m?® with ignition delay times of 115 ms, 200 ms, 300 ms, 400 ms,
500 ms and 600 ms (for the 1m?® 600 ms is the standard) [118]

Thus, most of the investigations chose a rather coarse step-size. The very narrow variation
of the ignition delay time of + 10 ms (50 ms to 70 ms in total) that might occur due to
inertia of the ignition source was not found in the literature.

That this additional delay causes different values for the (dp/dt) of dusts was investigated
with a constant concentration of 500 g/m? for corn starch, niacin and lycopodium while all
other parameters were kept constant. The (dp/dt)-value decreased from 505 bar/s for 60 ms
over 452 bar/s with 70 ms to 424 bar/s with 80 ms for corn starch (see figure E.8, all values
averaged). The values of the other two samples are also displayed in figure E.9 and E.10
and in table E.4. In general the difference between 60 ms and 80 ms causes a reduction of
(dp/dt) of 15 % to 35 %.

The additional delay time of the exploding wire using a simple transformer would be espe-
cially annoying since it would be unpredictable and different in every test.

A coupling of the 20L-sphere controller to the power grid is possible but difficult and, since
there is the other presented method with capacitors, not necessary.
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Figure E.8.: Influence of the ignition delay time on the (dp/dt)-value of 500 g/m? corn starch
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Figure E.9.: Influence of the ignition delay time on the (dp/dt)-value of 500 g/m? niacin
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Figure E.10.: Influence of the ignition delay time on the (dp/dt)-value of 500 g/m?3 Ly-
copodium

Table E.4.: Maximum rate of pressure rise of three different dust samples against ignition
delay time

ignition delay time

Dust 50ms\60ms\70ms\80ms‘90ms
Corn Starch | 614 505 452 424 347
Lycopodium | 548 541 516 466 423
Niacin 1009 810 T 604 481
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E.10. Inherent scattering of pp, and (dp/dt)z, of dusts

The deviations and scattering of dust explosions are known in the dust explosion community
but no statements were found in the literature.

The above mentioned corn starch was tested twenty times at concentrations of 500 g/m? and
750 g/m?.

All other parameters were kept within a very narrow range so that they can be seen as
constant:

Chemical igniters with two times 1 kJ

Pressure before injection: 400 mbar £ 0.2 mbar

Pre-ignition pressure rise: 640 mbar + 15 mbar

Mass of corn starch: 10 g + 0.03 g (for the concentration of 500 g/m?)

Mass of corn starch: 15 g + 0.01 g (for the concentration of 750 g/m?)

The moisture content of the corn starch was tested before each testing day and was between
7.4 weight-% and 7.6 weight-%.

All presented values of the explosion pressures were corrected with the equation 2.2 stated
in chapter 2.1.2.

The explosion overpressure and the rate of pressure rise are shown in figure E.11 and E.12
as histograms. This rather unusual way of presenting the values was chosen because most
of the points were overlapping in the "standard" way of presenting while the outliers were
harder to spot.

The scattering for the explosion pressures is with 8.4 bar g + 0.4 bar (500 g/m?*) and 9
bar g + 0.4 bar (750 g/m?) below 5 %. However, the (dp/dt)-values have with values of
492 bar/s 4+ 117 bar/s (500 g/m?®) and 493 bar/s £+ 113 bar/s (750 g/m?) a scattering of
24 % respectively 18 %. Since it is mandatory in both standards to perform at least three
test series the deviation of the stated values between different test facilities might be smaller
because they are averaged but since the influence of other parameters can be excluded here
the arising deviations might still be larger than the allowed 20 %.
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F. Appendix VI - Scientific publications

The corresponding author is always marked in bold letters.

F.1. Peer-reviewed 1st author papers published during the
dissertation

Comparative study on standardized ignition sources used for explosion testing

Stefan Spitzer, Enis Askar, Arne Krietsch, Volkmar Schroder

This paper compares the chemical igniters, the induction spark, the surface-gap spark and
the exploding wire regarding the burning duration and the net energy, that is usually intro-
duced into the test vessel.

Published in July 2021 in Journal of Loss Prevention in the Process Industries
https://doi.org/10.1016/j.jlp.2021.104516
Previously published in the proceedings of the 13" ISHPMIE

Comparative Study on standardized ignition sources Part 2: Exploration of the initial
igniting volume of standardized ignition sources for the determination of explosion
characteristics

Stefan Spitzer, Vojtech Jankuj, Arne Krietsch

This paper compares the chemical igniters, the induction spark, the surface-gap spark and
the exploding wire regarding their burning volume with a Schlieren-Setup.

Published in May 2022 in Chemical Engineering Transactions
https://doi.org/10.3303/CET2290087

This paper was chosen for a special Issue of Process Safety and Environmental Protection.
An extended wersion with the title "Igniting Volume of four Ignition Sources" was published
in March 2023 under the following addres:
https://doi.org/10.1016/j.psep.2022.12.076
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Influence of pre-ignition pressure rise on safety characteristics of dusts and hybrid
mixtures

Stefan H. Spitzer, Enis Askar, Alexander Benke, Bretislav Janovsky, Ulrich Krause, Arne
Krietsch

The influence of the allowed range of the initial pressures in the different standards is inves-
tigated as well as the pressure drop due to the compression when injecting the dust in the
20L-sphere.

Published in March 2022 in FUEL
https://doi.org/10.1016/j.fuel.2021.122495

The maximum rate of pressure rise of hybrid mixtures

Stefan H. Spitzer, Enis Askar, Kristin J. Hecht, Paul Geoerg, Dieter Gabel, Ulrich Krause,
Olivier Dufaud, Arne Krietsch

The first part of this paper focuses on the confusion around the different statements about
(dp/dt)mae of hybrid mixtures and where they come from. In the second part of this paper
experimental results are presented that elaborate how to clarify the different findings of past
research and show what to expect as a real worst-case-value for hybrid mixtures.

Published in December 2023 in Journal of Loss Prevention in the Process Industries
https://doi.org/10.1016/j.j1p.2023.105178
Previously published and presented in July 2022 at the 14" ISHPMIE

Requirements for a hybrid dust-gas-standard: Influence of the mixing procedure on
safety characteristics of hybrid mixtures

Stefan H. Spitzer, Enis Askar, Kristin J. Hecht, Dieter Gabel, Sabine Zakel, Arne Krietsch

Beside the ignition source, the mixing procedure is the main difference between the single-
phase standards for dusts and gases. The preparation of hybrid mixtures containing a
flammable gas and a combustible dust in the 20L-sphere can be realized in different ways.
Either the flammable gas is filled only in the sphere or only in the dust container or in both.
In previous works, almost always the first method is applied, without giving any information
on the accuracy of the gas mixtures. In this work the accuracy of the gas mixtures and the
results of the tests applying two methods of mixing were studied.

Published in August 2022 in fire
https://doi.org/10.3390/fire5040113
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1% International Round Robin Test on Safety Characteristics of Hybrid Mixtures

Stefan H. Spitzer, Enis Askar, Alexander Benke, Chris Cloney, Sebastian D’Hyon, Olivier
Dufaud, Zdzislaw Dyduch, Dieter Gabel, Paul Geoerg, Vanessa Heilmann, Vojtech Jankuj,
Wang Jian, Ulrich Krause, Arne Krietsch, Miroslav Mynarz, Frederik Norman, Jan Skrinsky;,
Jerome Taveau, Alexis Vignes, Sabine Zakel, Shengjun Zhong

In this first round robin test on hybrid mixtures ever, with methane as gas component and
a specific corn starch as dust sample, the practicality of the whole procedure, the scattering
of the results and the deviation between the testing apparatuses is investigated. This pa-
per summarizes the experimental procedure adopted and objectives of the first round-robin
phase involving three of the four original German companies, plus volunteering laboratories
from Australia, Belgium, Czech Republic, France, Poland and P.R. China.

Published in December 2022 in Journal of Loss Prevention in the Process Industries
https://doi.org/10.1016/j.jlp.2022.104947
Previously published and presented in July 2022 at the 14" ISHPMIE

Experimental Parameter Study and Inherent Scattering of Safety Characteristics of
Dusts

Stefan H. Spitzer, Arne Krietsch, Vojtech Jankuj

Several laboratory parameters influence the determined values when performing the test se-
ries such as the initial pressure, the ignition source, the ignition energy, the burning du-ration
and volume or the concentration of the combustible substance. In the different standards
for the determination of safety characteristics of dusts there is no statement about the scat-
tering or the deviation when parameters are chosen or occur on the borders of their allowed
range. Thus, two laboratories might determine values that are hardly comparable for the
same given substance.

This article summarizes some of the influential factors that cause a deviation and shows
the inherent scattering of dust tests when all other parameters are kept constant.It also pro-

vides some advice how to minimize the deviation and the scattering with very little effort.

Submitted to the 1st International Conference on Fires and Ezplosions in the Process In-
dustries (FEz23) and the related Chemical Engineering Transactions
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F.2. 1st author papers and presentations published during
the dissertation

Influence of the pressure difference on the safety characteristics of dusts and
potential ignition sources for hybrid mixtures

Stefan H. Spitzer

A presentation about the early key findings of pressure dependencies and the influence of
the different mixing procedures.

Presented in March 2021 at the 2021 Global Dust Safety Conference

Entwicklungen zu Bestimmungsverfahren fiir sicherheitstechnische KenngroBBen des
Explosionsschutzes fiir hybride Gemische

Stefan Spitzer, Enis Askar, Arne Krietsch, Volkmar Schroder

For the determination of safety characteristics of hybrid mixtures (mixture of at least two
combustible phases, eg. dust/gas- or gas/vapor-mixture) there is no existing standard so far.
In the standards for the evaluation of the safety characteristics of dusts, gases and vapors
there are big differences. For example, in the standards for dusts, gases and vapors different
types of ignition sources are listed and there is a difference in the mixture preparation. For
the development of a new standard for hybrid mixtures the influence of these two parame-
ters must be investigated to obtain a relationship to the safety characteristics of the single
substances and to be able to interpret and evaluate the results of the actual research.
Published and presented in November 2020 at the VDI-Fachtagung "Sichere Handhabung
brennbarer Stiube"

F.3. Co-authored papers published during the dissertation

Safety of alternative energy sources: A review

Vojtech Jankuj, Stefan H. Spitzer, Arne Krietsch, Petr Stroch, Ales Bernatik

The article summarizes a short review of the literature focused on safety in the field of al-
ternative energy sources. With an increasing orientation towards sustainable and renewable
energy sources, new technologies will come to the fore. These facts must be demonstrated
in occupational health and safety. Several studies focused on alternative energy sources are
mentioned and show the trends for the future. Especially in the area of hydrogen and bat-
tery technologies, systems should pay attention to acquisitions as a normal part of our lives.
Safety research is essential for the acceptance of cleaner, efficient, and sustainable future.

Published in May 2022 in Chemical Engineering Transactions
https://doi.org/10.3303/CET2290020
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Where one plus one equals three: the MIT of hybrid mixtures

Paul Geoerg, Stefan Spitzer, Dieter Gabel, Ulrich Krause

To determine minimum ignition temperatures for frequently used hybrid mixtures, first,
the minimum ignition temperatures and ignition ratios were determined in the modified
Godbert-Greenwald furnace for solids (Lycopodium, Corn starch), liquids (n-Heptane), and
gases (Methane, Hydrogen). Second, the minimum ignition temperature and ignition ratios
were determined for several combinations as hybrid mixtures of dust and liquid or gas.

A noticeable decrease of minimum ignition temperatures below the MIT of the pure gases
was observed for the hybrid mixtures. For vapors, the effect is not that strong. The MIT of
the hybrid mixture is in the region of the MIT of the dust component. Additionally, more
widely dispersed areas of ignition can be achieved. Following previous findings, the results
demonstrate a strong relationship between the likelihood of explosion and the amount of
added solvent or gas. Consequently, the hybrid mixture is characterized by a different min-
imum ignition temperature than that of the single components.

These findings and the conclusions during the development of the GG oven are summa-
rized in recommendations for further progressing the underlying standards.

Published and presented in July 2022 at the 14" ISHPMIE
https://doi.org/10.7795/810.20221124

Experimental Investigation of the Consequences of Acetylene Pressure Cylinder
Failure under Fire Conditions

Jankuj Vojtech, Miroslav Mynarz, Arne Krietsch, Stefan H. Spitzer, Petr Lepik
Acetylene pressure cylinders are widely used in the industrial sector for welding, flame cut-
ting, or heating. Sometimes during work, not only with acetylene cylinders, fires occur and
in this case the risk of destruction increases and the behavior of such an exposed cylinder
is unpredictable. The purpose of this study is to identify those critical conditions when
acetylene cylinders burst and explode in fires. In the present study, acetylene cylinders were
exposed to fire conditions. For this purpose, a woodpile as a source of fire was chosen, tested,
and evaluated.

In addition to the fire condition, this option guaranteed reproducibility and similar con-
ditions for all tests. The individual cylinders were equipped with thermocouples measuring
the shell temperature, and half of them were prepared in order to measure the temperatures
inside the cylinder. An important factor was the measurement of the amount of pressure
that was achieved during the destruction of the cylinder. For this purpose, a pressure trans-
ducer was attached to the outlet of the cylinder valve. Exposed to direct fire, they can
explode in 10 min, which was confirmed. The critical pressure of 40 bar has been reached
in 6 min, followed by destruction after 7 min in fire. Cylinders with internal thermocouples
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were destroyed when lower pressure was achieved.

This confirms the fact that any change of the pressure cylinder affects the original prop-
erties. After the tests, the fragments of the selected cylinders were subjected to material
tests. The results obtained in these tests are the main source of information for understand-
ing the behavior of acetylene cylinders in fire and the possibility of increasing the safety of
intervening rescue services in an emergency.

Published in December 2022 in Journal of Loss Prevention in the Process Industries
https://doi.org/10.1016/j.jlp.2022.104874

A review on hybrid mixture explosions: Safety parameters, explosion regimes and
criteria, flame characteristics

Dejian Wu, Peng Zhao, Stefan H. Spitzer, Arne Krietsch, Paul Amyotte, Ulrich Krause
The hybrid mixture of combustible dusts and flammable gases/vapors widely exist in vari-
ous industries, including mining, petrochemical, metallurgical, textile and pharmaceutical.
It may pose a higher explosion risk than gas/vapor or dust/mist explosions since the hybrid
explosions can still be initiated even though both the gas and the dust concentration are lower
than their lower explosion limit (LEL) values. Understanding the explosion threat of hybrid
mixtures not only contributes to the inherent safety and sustainability of industrial process
design, but promotes the efficiency of loss prevention and mitigation. To date, however,
there is no test standard with reliable explosion criteria available to determine the safety
parameters of all types of hybrid mixture explosions, nor the flame propagation and quench-
ing mechanism or theoretical explanation behind these parameters. This review presents a
state-of-the-art overview of the comprehensive understanding of hybrid mixture explosions
mainly in an experimental study level; thereby, the main limitations and challenges to be
faced are explored. The discussed main contents include the experimental measurement for
the safety parameters of hybrid mixtures (i.e., explosion sensitivity and severity parameters)
via typical test apparatuses, explosion regime and criterion of hybrid mixtures, the detailed
flame propagation/quenching characteristics behind the explosion severities/sensitivities of
hybrid mixtures. This work aims to summarize the essential basics of experimental studies,
and to provide the perspectives based on the current research gaps to understand the explo-
sion hazards of hybrid mixtures in-depth.

Published in April 2023 in Journal of Loss Prevention in the Process Industries
https://doi.org/10.1016/j.j1p.2022.104969
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