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KURZFASSUNG/ABSTRACT

Kurzfassung:

Um den vorgeschriebenen Sicherheitsanforderungen zu genlgen, muss bei einer
bestehenden Anlage der im Prozess verwendete Staub auf das Explosionsverhalten hin
untersucht werden. Dazu werden mit Hilfe der MIKE 3- Apparatur und der 20- Liter Kugel die
Explosionskennzahlen, wie der maximale Explosionsdruckanstieg, der maximale
Explosionsdruck und die Mindestzindenergie, bestimmt. Eine Mischung aus
Klarschlammasche und einem Kohlenstofftrager wird bei einem bestehenden Prozess als
Einsatzstoff verwendet. Verschiedene Kohlenstofftrager werden bei den Untersuchungen
getestet um die sicherste Staubmischung herauszufinden. Des Weiteren wird die
Kohlenstoffkonzentration in den Mischungen variiert. Ein Zusammenhang zwischen der
Explosionsfahigkeit und der Konzentration von fliichtigen Bestandteilen wird ebenfalls in die
Betrachtung miteinbezogen, um dadurch das sicherste Gemisch aus Klarschlammasche und

Kohlenstofftrager zu erhalten.

Abstract:

To meet the safety requirements in an existing apparatus the used dusts have to be
investigated on their explosive properties. Therefore the explosion indices maximum pressure
rise, maximum explosion pressure and the minimum ignition energy are determined with the
help of the MIKE 3- apparatus and the 20-I- apparatus. The used dust is a mixture of sewage
sludge ash and a carbon carrier. To find out the safest alternative for this mixture, various
carbon carriers are tested. In addition the ratio of carbon in the mixture alter to find the best
mixture in terms of safety. Furthermore an impact of volatilities on explosibility can be seen.
This parameter should also be regarded at the search for the best mixture between sewage

sludge ash and carbon carrier.
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LETTER SYMBOLS
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mbar
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ACRONYMS

Acronyms
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INTRODUCTION

1 Introduction

Because of the scarcity of phosphorus, a European project, called “RecoPhos — Recovery
of Phosphorus”, is investigating the possibility of recovering this element from sewage sludge
ash. The production of phosphorus is carried out in the thermo-reductive RecoPhos-reactor,
where a carbon carrier is needed as reducing agent. Therefore a mixture of sewage sludge
ash and reactive carbon is needed in the RecoPhos process which sets the danger of a
possible dust explosion at the RecoPhos- apparatus. Therefore it is essential to find the
explosive properties of the dust mixture which is used. Various possible carbon carriers will be
tested on explosibility to find out the safest alternative for the RecoPhos-process. These
carbon sources are four types of coal, as brown coal, charcoal, hard coal and anthracite on
the one hand and graphite on the other. For evaluating the possibility of dust explosions, the
critical parameters are the explosion indices maximum explosion overpressure (pmax),
maximum rate of pressure rise ((dp/dt)max) and the minimum ignition energy (MIE). To find
these explosive properties of various dust mixtures of sewage sludge ash and a carbon carrier,
the MIKE 3- apparatus and the 20-l-apparatus from the Kihner AG are used. It can be said
that there is an impact of volatility on explosibility. The more volatile compounds the carbon
carriers contain, the higher is the explosiveness. Therefore various potential carbon carriers
with different volatilities will be tested in order to find the safest mixture for the RecoPhos
process. Besides the variation of carbon carrier material, the ratio of carbon in the mixture will

be varied to find out the concentration where no explosion occurs.
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THEORETICAL PRINCIPLES

2 Theoretical principles

In the process industry, the main causes for major losses are fires and explosions, as shown
in Figure 1. Even though fires and explosions are rare, the great danger hails from the
possibility of loss of life and the damage to the environment. To the industry the loss of
equipment and inventory, together with production interruption cause a high financial damage
up to factory closure and therefore loss of many jobs. A long-lasting consequence for the plant
operator is the loss of public confidence in the industry. A fire or explosion steams from the
presence of combustible substances in the process or in the case of an accident. Every
material which is capable of producing an exothermic oxidation reaction can be regarded as
combustible. These substances which are combustible gases or gas-mixtures, such as natural
gas, methane or other gases. Also combustible liquids, such as waste oil, solvents or other
liquids belong to these substances. The last group are dusts of combustible solids, for example

coal, metals, plastics or food, like grain [1].

30 Total Losses by Type for 100 Largest Losses
40 36
31 30
30
20
10 .
0 ' '
Fires Vapor Cloud Explosions Other

Explosions

Figure 1: Total losses in the process industry worldwide [1]

Crowl defines the difference between a fire and an explosion by the time frame: “Fires are
typically much slower events involving the combustion of materials. Explosions appear due to

the sudden release of energy over a very short period of time and may or may not involve
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THEORETICAL PRINCIPLES

combustion or other chemical reactions. AIChE/CCPS (AIChE, 1994) defines an explosion as
‘a release of energy that causes a blast.” Crowl and Louvar (Crowl and Louvar, 2002) define
an explosion as ‘a rapid expansion of gases resulting in a rapidly moving pressure- or shock-
wave” [1]. Explosions cause various types of damage, based on the resulting blast wave,
including flying fragments and objects and also thermal energy. Also the subsequent fire can
breed more damage and harm. In the chemical industry another impact can result. The risk of
a toxic release as a consequence of a fire or an explosion is possible. Besides the danger of
a subsequent fire, an explosion can also lead to a secondary explosion, if combustible gases

are involved. According to Crowl there are three essential characteristics of an explosion:
“1. Sudden energy release
2. Rapidly moving blast or shock wave
3. Blast magnitude large enough to be potentially hazardous” [1]

The occurrence of explosions and fires is based on three requirements: fuel, oxidant and an
ignition source. A fire or an explosion is only possible if all these three requirements are
present. Figure 2 shows the well-known triangle of the fire/explosion prerequisites. The
difference between a fire and an explosion can also be seen in the fire-triangle. A fire just
needs these three requirements, but for an explosion, the proportion between the oxygen and
the fuel is also a very important point. If one of these three prerequisites is removed, the fire
or explosion does not occur. Therefore fire protection is based on the removal of one

component [1].

Figure 2: Fire-triangle

Basically explosions are divided into two types: detonations and deflagrations. The
difference can be detectable through the sonic velocity and the reaction front. In a detonation
the speed of the reaction front is greater than the sonic speed and the pressure is much greater

than 10 bar. If the speed of the reaction front is less than the sonic velocity, the explosion is
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THEORETICAL PRINCIPLES

called a deflagration and the pressure is around 10 bar or below. Figure 3 shows this in a

more graphic way [1].

DETONATION: DEFLAGRATION:
REACTION PRESSURE REACTION PRESSURE
FRONT FRONT FRONT FRONT

mp e L.

Figure 3: Detonation and deflagration [1] (slightly modified)

The more diverse the material, the more diverse is the behaviour of the explosion. Mainly
three properties of the material influence the behaviour: The physical state of the material, the
physical properties and the reactivity. The physical state is described as solid, liquid or gas, as
well as mist or powder. Apart from the behaviour the type of the explosion or fire also differs
and depends on various factors. According to Crowl the four factors are “the material’s initial
conditions of use or storage, the way in which the material is released, how the material is
dispersed and mixed with air” and “when and how the material is ignited” [1]. There is a
classification for describing explosions. Basically explosions can be classified in two types: the
physical and the chemical explosion. The great difference between these two types is the
occurrence of a chemical reaction. In the first type, the physical explosion, a sudden release
of mechanical energy leads to an explosion without a chemical reaction. Releasing
compressed air can cause such an explosion, which can lead, among other damage to vessel
ruptures. On the contrary chemical reactions, including combustion reactions and other
exothermic reactions, lead to chemical explosions. These explosions have a very dangerous
nature. If it is possible they propagate spatially through the reaction mass and damage the
whole surrounding. Another classification of explosions knows three types of explosions: an
explosive gas (vapour)-air-mixture, an explosive dust-air mixture and hybrid mixtures. A
mixture of air and combustible substances in different aggregate states is called a hybrid

mixture. An explosive dust-air mixture can lead to a so-called dust explosion [1].

This thesis is concerned with dust explosions. The principles of this type of explosions will

be explained in the next chapter.
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2.1 Dust explosions

Caution is advised at the occurrence of dust in general. As known historically great
explosions in mines or grain elevators were based on dust explosions. According to Crowl a
finely ground solid material with 420 um or less in diameter is defined as dust. These fine solids
they can produce both fire and explosions. On the one hand the formation of dust layers on
process equipment can be dangerous. These layers may become hot, start to glimmer and
can even ignite. On the other hand the dust can be dispersed in air forming a combustible dust
cloud, a potential source for an explosion [1]. “A dust explosion is initiated by the rapid
combustion of flammable particulates suspended in air® [2]. Due to this rapid combustion
special risks exist. 70% of dusts processed in industry require special alertness and even more
are combustible and therefor a realistic source for explosions [2]. “The requirements for a dust
explosion are: a combustible dust dispersed in air, a concentration above the flammable limit,
the presence of a sufficiently energetic ignition source, and certain confinements” [3]. A great
danger of dust explosions arises from the course in two or more stages. In the industry dust
layers are present, caused by the production processes. The first stage of a dust explosion
involves a suspension of the dust from these layers in the air. This can be caused by an air
blast or a broken pipe and even by a small dust explosion or by another explosion which is not
related to the dust. The dust forms a combustible cloud. Now the second stage is achieved.
The dust-air mixture causes a dust explosion, which is frequently larger than the previous
explosion. These special hazards cause greater damage. If there is more dust in the

surrounding areas the same procedure happens again and again [1].

The production of dust is diverse. Even if the base product has no fines, handling produces
finer particles. Solids become pulverized during industry processes caused by mechanical
pressure. Pneumatic transfer form segregation and particle size classification. So these fine
particles enrich in clouds and there is a potential explosion. Dust explosion tests required by
the industry are performed on material of smaller size than used in industry. This realization

involves the problem of grinding into a powder [1].

For evaluating the possibility of the occurrence of dust explosions, the critical parameters
are the explosion indices maximum explosion overpressure (puax), maximum rate of pressure
rise ((dp/dt)uax) and the minimum ignition energy (MIE). A basic description of these explosion

characteristics and the ways they are determined will be given in chapter 2.3.
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2.1.1 Mechanism of dust explosions

The course of the explosion is determined by the released volatilities and the solid part of
the dust particle. Due to previous investigations it is known that the volatile part of a particle is
just crucial in the beginning. The explosion mechanism is described for a single coal dust
particle. According to Bartknecht there are three steps for the combustion. The first step
involves the heating of the particle and the resulting pyrolysis. The volatile parts get released
and the development of tar products starts. The ignition and combustion of the pyrolysis
products are the next step in the mechanism. The last and third step involves the solid part of
the dust particle. The ignition and combustion of the residual coal and coke part starts. The
sequence of these three steps differs among the various types of dust. Particle size and
heating rate influence the time sequence. For coal particles a heating rate of 10° to 10° K/min

can be expected [4].

In opposite to this pyrolysis, the mechanism of metal dusts is a chemical surface reaction.
Investigations showed that metal dusts had excessive explosion pressures compared to
organic dusts. Thus this pressure is formed from the expansion of the residual gases, due to
the high temperature of the combustion. According to Bartknecht the reaction of the
combustion of solid parts takes place at the surface with the involvement of oxygen. The
combustible parts react with flame propagation. After an ignition, the combustion process and
the energy are spreading to the contiguous particles. Besides convection, light beam takes

over a great part of the energy transport [4].

2.2 Legal Basis — Directive 1999/92/EG

To establish a maximum of protection of workers the European Commission launched a
Directive for the improvement of safety and health of workers, near or in potential spaces of
explosions. Therefore the Directive 1999/92/EG of the European Parliament and the Council
of 16 December 1999 on minimum requirements for improving the safety and health protection

of workers potentially at risk from explosive atmospheres were adopted.

According to Article 2 of this Directive an “explosive atmosphere’ means a mixture with air,
under atmospheric conditions, of flammable substances in the form of gases, vapours, mists
or dusts in which, after ignition has occurred, combustion spreads to the entire unburned

mixture” [5].
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To cope with the hazard of dust explosions, the Directive classifies zones in hazardous
areas, depending on the duration and the frequency of the occurrence of an explosive

atmosphere. In the context of dust explosions three zones are known:
“Zone 20

A place in which an explosive atmosphere in the form of a cloud of combustable dust in air

is present continuously, or for long periods or frequently.
Zone 21

A place in which an explosive atmosphere in the form of a cloud of combustible dust in air

is likely to occur in normal operation occasionally.
Zone 22

A place in which an explosive atmosphere in the form of a cloud of combustible dust in air
is not likely to occur in normal operation but, if it does occur, will persist for a short period only”
[5].

There are some comments to make for the understanding of these three zones: “Layers,
deposits and heaps of combustible dust must be considered as any other source which can

form an explosive atmosphere” and “normal operation’ means the situation when installations

are used within their design parameters” [5].

So if there occurs an explosive atmosphere, special equipment has to be used. According
to Directive 1999/92/EG, three categories of equipment are known, which are suitable for
gases, vapours or mist and/or dust: In zone 20 equipment of the category 1 has to be used. In
zone 21 equipment of the category 1 or 2 can be used and for the zone 22 equipment of
category 1, 2 or 3 can be used. Pursuant to Article 7(3) there must be a warning sign at such
a hazard zone. A triangular shape is binding, “with black letters on a yellow background with

black edging (the yellow part to take up at least 50% of the area of the sign)” [5].

Figure 4: Explosive atmosphere hazard warning label [6]
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The employer is required to make an assessment of the special explosion risks. The
assessment is regulated in Article 4 of the Directive. This article says that the employer has to
take into account “the likelihood that explosive atmospheres will occur and their persistence,
the likelihood that ignition sources, including electrostatic discharges, will be present and
become active and effective” and “the scale of the anticipated effects”. Furthermore “explosion
risks shall be assessed overall”. In addition there must be an assessment to identify “places
which are or can be connected via openings to places in which explosive atmospheres may

occur” [5].

To meet the requirements of the Directive, special tests on potential explosion scenarios
have to be done. There are various standardized tests to find out if the process brings out an
explosive atmosphere, for example, by producing dust. So tests with this special concentration
and with this special particle size have to be done. The description of standardized tests will

be explicated in the following chapter.

2.3 Explosion indices

2.3.1 Maximum explosion overpressure and maximum rate of pressure rise

To get knowledge about the potential violence of the reactions of dust/air mixtures the
explosion indices maximum explosion overpressure pmax and the maximum rate of pressure
rise (dp/dt)uax have to be determined. These two maximum values from explosion tests with
dust are derived from systematic test series within large concentration range. At the ideal dust
concentration for the tested dust, the two parameters maximum explosion overpressure pmax
and maximum rate of pressure rise (dp/dt)uax can be seen. It has to be taken into account that
the ideal concentration varies between the different types of dusts. The two indices are
determined in a standardized 20-liter-apparatus from the Kiihner AG. “The test chamber is a
hollow sphere made of stainless steel, with a volume of 20 liters. A water jacket serves to
dissipate the heat of explosions or to maintain thermostatically controlled test temperatures.
For testing, the dust is dispersed into the sphere from a pressurized storage chamber via the
outlet valve and a nozzle. The ignition source is a chemical igniter and located in the centre of
the sphere” [7]. At the start of a test trial there must be 600 ml in the container. To get as close
as possible to working conditions, the tests have to be done at normal pressure, so a pre-
evacuation to the absolute pressure of 400 mbar is essential. After this pre-evacuation the dust
is pressed into the 20-liter vessel from the dust storage container with an overpressure of

20 bar. The testing procedure cores tests at different dust concentrations for every mixture.
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For testing various dusts a source of sufficient energy has to be used. According to EN 14034-
1 for industrial testing there is only one mode of ignition for reliable determination of the
explosion indices: Two chemical igniters of 5000 J each are used, so the trials in the 20-I-
apparatus were made with an ignition energy of 10 kJ. In industry such high ignition energy
are extremely unlikely, but the worst case has to be taken into account. With such a high
energy most industrial dusts can be tested. The turbulence at the moment of ignition is very
relevant to the maximum explosion overpressure pmax and the maximum rate of pressure rise
(dp/dt)wax, so for testing the dust mixtures a constant ignition delay time has to be
standardized. The trials were made with an ignition delay time of 60 ms. If the ignition delay
time does not comply with 60 ms, problems with the concentration can be the result. With a
delay time under 60 ms the dust/air mixture is not full made up. On the other hand with a delay
time over 60 ms the dust/air mixture begins to demix, caused by sedimentation [7] [4] [8] [9].

Figure 5 shows the 20-lI-apparatus.
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Figure 5: 20-l-apparatus [7]

The maximum explosion overpressure is effectively volume-independent, because of the
positioning of the ignition source in the middle of the chamber. “The maximum pressure for the
most flammable gases and dusts is in the range of 7-10 bar(g)” [2]. Figure 6 shows the
alteration of the maximum explosion overpressure as a function of the dust concentration in

the vessel.
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Figure 6: Maximum explosion pressure as a function of the dust concentration

Another safety-relevant parameter, measured with the 20-I-apparatus, is the maximum rate
of pressure rise (dp/dt)uax. In contrast to the explosion overpressure, the (dp/dt)max-value
depends on the volume. Based on the cubic law, the (dp/dt)uax-value shrinks with the rising

vessel volume [7].
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Figure 7: Maximum rate of pressure rise as a function of the dust concentration

The Ksr-value is a dust-specific parameter which is based on the (dp/dt)-value. This safety
relevant parameter is used to make measurements from various apparatuses with different
volumes comparable and it is based on the so called cubic law. The cubic law can be applied
to a minimum volume of 20 liters. So this is the reason for using a testing apparatus of 20 liters.

The maximum explosion overpressure is independent of the vessel volume, whereas the
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maximum rate of pressure rise decreases with the rising vessel volume. Caused by this, the

Kst-value is volume independent [7] [4].

1
KoL) o 1)
dt ) ..

To categorize the explosion intensity the Ksrt-value separates the reaction into dust

explosion classes:

Table I: Dust explosion classes [7] (slightly modified)

Dust Ksrt-value
explosion [m*bar/s]
class
St1 >0-200
St2 201-300
St3 > 300

The declaration of the dust explosion class only defines the behaviour of the explosion, not
the ignition behaviour. Therefore the probability of the explosion occurrence or the explosion
impact cannot be predicted by the classification. Most dusts in the industry belong to the

explosion class 1 [4] [7].

2.3.1.1 Influential parameters

For the explosion tests a few influential parameters have to be taken in account. The

effectivity and the impact of these values are described in the next paragraphs.

Turbulence

Turbulence within the dust cloud current is a very important parameter that influences the
progress of the dust explosion. The ignition delay time can be set to adjust the turbulence level.
The time between the onset of the dust dispersion and the start of the ignition source is called
the ignition delay time ty and for testing, a constant ty has to be standardized. The standard
ignition delay time for the 20-I-apparatus is 60 ms. If the ignition delay time does not comply

with 60 ms problems with the concentration can be the result. With a delay time under 60 ms
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the dust/air mixture is not fully mixed. On the other hand with a delay time over 60 ms the

dust/air mixture begins to demix, caused by settling [4] [7].

Particle size

To characterize the particle size of dust the median M of the material has to be taken. Based
on grading the dust, the median is the 50% value of the particle size distribution curve. The
median M has to be taken into account for explosion tests, because of the considerable
influence of the explosion indices. Finer dust has a much more severe reaction than coarsely
ground material, but principally this can be seen in the violence of the explosion, in form of the
Kst-value. Figure 8 from Bartknecht shows that the effect of the median on the explosion

overpressure is not as high as on the violence of the explosion (Kst-value) [4] [7].
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Figure 8: Effect of the median on the explosion overpressure [4] [7]

Based on this influence of the median M on the explosibility, the testing practice for explosion
indices has to be done only with a median lower than 63 ym. This parameter has to be taken
into account to get optimal values of the products. Pursuant to Bartknecht, particles with
diameters of 400 to 500 uym, even in presence of strong ignition sources, react non explosive.
It must be kept in mind that coarse material can also react explosively, caused by particulate
matter formed by abrasion. According to Bartknecht, a fine dust/coarse dust-mixture can allow
an explosion with a content of 5 to 10% fine dust. Particular care has to be taken caused by
the produced maximum explosion overpressure of these mixtures. An under limit for the
content of fine dust to eliminate the requirement of safety equipment for explosions is not

known [4].
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Product Humidity

Another influential parameter for the violence of explosions is the product humidity, the ratio
between water and dry matter. The view which used to prevail, that the content of a few % of
water form inexplosive characteristics is refuted by Figure 9 from Bartknecht. It can be seen
that a minimization of the violence of the explosion arise at a relatively high water content. For
explosion testing trials the product humidity should be clearly below 10% to eliminate the

influence of this parameter and to get optimal values of the product [7].
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Figure 9: Impact of the product humidity [4] [7] (slightly modified)

Products with a water content of more than 10% achieve a lower dispersion capacity,
whereby the danger of forming an explosive dust/air-mixture is shrinking. Contrary to this
behaviour, solvent-containing products show rising explosion indices with a high water content.
The explosion indices of an ethanol-containing product falls first with the rising water content
and later rises with a high product humidity. This behaviour is attributed to the losing of the
dust character of the material. The material is no longer a dust, because the rising solvent-
content caused agglomeration. The agglomerated product forms a solvent/air-mixture in the

explosive space around the product. The occurrence of a spark ignites the solvent/air-mixture

[41 [7].

Initial pressure

Explosions in vessels are influenced by the initial pressure, the pressure at the moment of
ignition. The maximum explosion overpressure and the Ksr-value is directly proportional to the
initial pressure. Also the optimal dust concentrations for the explosion indices rise linearly with

the initial pressure, thus a doubling of the initial pressure leads to a doubling of the explosion
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indices. Due to the fact that the curve does not cross the point of origin Bartknecht says that

dust explosions are not possible under a pressure limit of 10 mbar [4] [7].
Temperature

In the industry dusts are often produced at high temperatures, so the temperature can be a
very important parameter. As seen in Figure 10, the pressure of the explosion (pmax)
decreases linearly with the reciprocal temperature. This temperature dependency is caused

by the falling oxygen content, which can be calculated by the ideal gas law [7].
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Figure 10: Impact of the temperature [4] [7] (slightly modified)

The behaviour of the Ksr-value also shows a linear dependency on the temperature, based
on the oxygen content. Usually a reduction of the oxygen concentration at ambient temperature
leads to a reduction of the maximal rate of pressure rise and so to a falling Ksr-value. There
are two types of reactions and so there are two forms of the dependency. If the dust reacts
more violently, a high temperature leads to a linear reduction of the Ksr-value. If the dust reacts
slowly, the Ksr-value increases. Taken as a whole the influence of an increasing temperature
up to 300°C on the Ksr-value is very low, so for industrial processes the temperature influence
can be neglected if they are below 300°C [4] [7].

2.3.1.2 Appraisal of the trials and definitions of the pressure curve

The software of the 20-l-apparatus (KSEP 6.0f) from Kihner AG produces a pressure curve
for every dust tested. Figure 11 shows such an ideal curve for one experiment. On the
abscissa the time can be seen and on the ordinate the pressure in the vessel is plotted. The
maximum explosion pressure is the highest measured pressure during the test and can be

seen at the peak of the curve. This maximum explosion pressure has to be corrected, because
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of cooling and pressure effects of the chemical igniters. To get the real maximum explosion
overpressure puax of a dust, a wide range of dust concentrations has to be tested. From these
tests the maximum corrected overpressure is the maximum overpressure pmax for the product.
The maximum rate of pressure rise can be calculated by laying a tangent on the pressure time
curve. On the diagram the time t4 describes the duration of the combustion, the time between
the ignition and the culmination point of the curve. The ignition delay time ty can also be seen
in Figure 11. The testing takes place as follows: To get an ambient pressure for the
experiment, the test procedure starts with an evacuation to -0.6 bar. This can be seen in the
curve at the beginning. Then the dust is released from the storage container, seen in Figure
11 as the point between tq and tv. During the ignition delay time the pressure in the vessel
reaches ambient pressure. The red line in the diagram stands for the ignition point. The

pressure in the vessel rises up to the maximum explosion overpressure pex [7].
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Figure 11: Pressure curve from the 20-l-apparatus [7]

2.3.2 Minimum ignition energy

To get an idea of the combustibility, it is necessary to determine the minimum ignition energy
(MIE) of the dust to be used. As described by Eckhoff the “MIE is defined as the lowest spark
energy that gives at least one ignition in ten trials at the same spark energy” [10]. The control

of the time-based behaviour is an essential point of the investigations for the MIE. To alter the

Master’s thesis Katja Hittenbrenner Page 15



THEORETICAL PRINCIPLES

spark energy and the behaviour in time a circuit of capacitors, inductances and resistors is
installed. “By definition, minimum ignition energy data refers to protracted capacitor
discharges. These are generally clearly more incentive than purely capacitive discharges” [10].
“In standard testing for MIE optimal discharge times for ignition is achieved by introducing a 1-
2 mH inductance in the discharge circuit, and this feature is compulsory in the current
international (IEC) and European standard methods for MIE determination for dust clouds” [10]
[11]. The effective minimum ignition energy of an inflammable dust lies within an energy range.
The MIE lies between the lowest energy value (E2) at which ignition occurred at the tests and

the energy (E1) at which no ignition occurred [12].

El<MIE< E2 (2-2)

With these two values a comparison between different apparatuses is not possible, therefore
one value instead of a range is used. It is called the statistic MIE value (Es) and can be

calculated by the use of the probability of ignition: [12]

(2-3)

Es = IOA[logEz _1[E2]*(log E2—10gE1)J

(NI +T)E2)+1

In this formula I[E2] stands for the number of tests with ignition at the energy E2 and
(NI+D)[EZ2] for the total number of tests at the energy E2. For demonstration of the calculations
the following table is taken from the tests with brown coal dust. In Table Il, | stands for the

ignition of dust and NI for no ignition of dust in 10 trials.

Table II: Example of a minimum ignition energy test

IE\mg 1200 1500 1800 2400 3000 Probability
E2 = 100 mJ NI I I I NI — 3of5
E1= 30 mJ NI NI NI

So this means that the minimum ignition energy MIE lies between 30 mJ and 100 mJ. The

statistic MIE value for the minimum ignition energy is calculated with:

E1=30mJ
E2 =100 mJ
[E2] = 3
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(NI+)[E2] = 5

The calculated statistic MIE value (Es) with formula (2-3) is 54.77 mJ. Figure 12 shows the
calculated statistic MIE value (Es). The square stands for no ignition in 10 trials and the orange

square for an ignition.
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Figure 12: The calculated statistic minimum ignition energy [12] (modified)

Examples for other tests can be seen in Figure 13. The statistic MIE value (Es) is always

calculated the same way. Only the occurrence of the ignition differs in the two trials.
O EI\‘(/EI m L 100 mJ L 100 mJ

T—— k36,67 mJ
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Figure 13: Minimum ignition energy tests [12] (modified)

2.3.21 MIKE 3 - apparatus

For testing dusts, the MIKE 3-apparatus from the Kiihner AG was used. An image of the
MIKE 3-apparatus can be seen in Figure 14. According to Kihner AG, for this MIKE 3 “a
modified Hartmann tube made of glass with a volume of 1.2 liter is used as explosion vessel.
The dust dispersion system at the base of the tube is of the ‘mushroom-shaped’-type on which
the sample is loosely scattered. A blast of compressed air at 7 bar is used to disperse the dust
in the glass cylinder where it is ignited by a spark between two electrodes” [12]. For the

determinations of the explosibility of dust, minimum conditions of the apparatus have to be
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fulfilled. When an inductance in the discharge is used, the inductance H should be between
1 mH and 2 mH to produce a time protracted spark. The material of the two electrodes has to
be made of tungsten or stainless steel with a diameter of 2 mm and the space between the

two electrodes must be at least 6 mm [12].
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Figure 14: MIKE 3—-apparatus [12]

2.3.2.2 Influential parameters

For the tests on the minimum ignition energy of dust a few influential parameters have to be

taken in account. These parameters are described in the next paragraphs.

Inductance in the discharge circuit

To generate time protracted sparks, as they are required for MIE tests, inductances have to
be used. These protracted sparks are more incendive than short sparks, formed without an

inductance [12].

Turbulence

The turbulence of the dust current is a very important parameter, which influences the
outcome of the experiments. To adjust the turbulence the ignition delay time can be set. The

time between the actuation of the outlet valve and the sparkover is called the ignition delay
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time tv. The ignition delay time for the trials in the MIKE 3 is more or less 120 ms. A short delay
time induces a high turbulence, and a long delay time leads to a very low turbulence. According
to Bartknecht, in contrast to the explosion indices explosion overpressure and maximum rate
of pressure rise (tv = 60 ms), minimum values for the MIE needs a longer delay time. Therefore
the turbulence in the dust/air mixture has to be low and so more or less 120 ms are used [4]

[12]. The influence of the turbulence can be seen in Figure 15.

N
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Figure 15: Impact of the turbulence [4] [12]

Particle size

The median M of the material is used to characterize the particle size of the dust. Based on
grading the dust, the median is the 50% value of the particle size distribution curve. The median
M has to be taken into account for MIE tests. The finer the dust, the more likely the dust can
be ignited by a time protracted discharge of a capacitor. For characterising the ignition
behaviour of a product the particulate matter has to be tested [4] [12]. Figure 16 shows this

correlation.
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MIE
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Figure 16: Impact of the particle size [12]

Product humidity

Another influential parameter of the minimum ignition energy is the product humidity, the

ratio of water to dry matter. The influence of the humidity is more instinctive than the influence

of the particle size. In general a water content below 5% has just a slight influence, whereas a

product moisture above 10% influences the minimum ignition energy by increasing around one

to the power of ten [12]. Figure 17 shows that the impact of the humidity depends on the dust

used.
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Figure 17: Impact of the product humidity [4] [12]
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Temperature

The temperature has also a great influence on the minimum ignition energy MIE. With
increasing temperature the ignition energy of hard ignited dust is falling down much faster than
the ignition energy of readily ignited dusts. In a log-log plot the straight lines meet at the point
1000°C and 0.088 mJ. It seems probable that the energy limit value related to a temperature
of 1000°C for a wide range of dusts is 0.088 mJ. To get an estimated value of the temperature
dependence of a product, just the minimum ignition energy at room temperature has to be
investigated and this point has to be connected with the point 1000°C / 0.088 mJ [4] [12]. The

impact of the temperature on the MIE can be seen in Figure 18.

MIE 2 & dyestuf
10+ —&— melamine
ul . & sewage sludge
A [} -® pea flour
100mJ - - cormnstarch
& S cellulose
10m :1 o 0 lycopodium
A
Tml a %“
01m) t , ] 21 MIE = 0.088mJ
20 100 300 1000°C

Figure 18: Impact of the temperature [4] [12]

Dust concentration

Also the dust concentration has a negligible impact on the ignition energy of a product. The
relation between these two values is a parabolic curve, as seen in Figure 19. Therefore ignition

tests have to be made over a wide range of concentrations.
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no ighition

dust concentration

Figure 19: Relation between the dust concentration and MIE [4] [12]

Oxygen concentration

Because oxygen is necessary for combustion, the oxygen content has an influence on the
minimum ignition energy. This impact can be seen in Figure 20. Transforming this into a semi-
logarithmic plot, a linear rise of the MIE can be seen. The linear line is explained on the one
hand by the rising nitrogen content, by the falling oxygen content and vise versa. A low oxygen
content results in a high nitrogen content, which has an inerting effect. A high oxygen

concentration provides enough O for combustion and leads to a low nitrogen content.

MIE * .‘,.'
10|
4}
100mJ +
10m) A melamine o
® pea flour "'.‘7__
Tml - & weopodium 4
1] 10 20 30

02 in N2 [vol %]

Figure 20: Impact of the O2-content [12]
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3 Test procedure and sample preparation

3.1 Preparation of the dust

Because a mixture of sewage sludge ash and reactive carbon is needed in the RecoPhos

process the requirements for a dust explosion may exist in RecoPhos-apparatus. Due to this

it is essential to find out the explosive properties of the dust mixture to be used. Various

possible carbon carriers will be tested for explosibility to determine the safest alternative for

the RecoPhos-project. The composition of the used sewage sludge ash can be seen in Table

lll and in Figure 21. The results from the test of the ash blending behaviour are shown in Table

IV and the diagram can be seen in the Annex |.

Table lll: Reference Ash Analysis

Oxides SiO; 32.471%
Fe20s 11.613%

Al,Os 9.080%

MgO 3.157%

K20 1.720%

TiO, 0.852%

NazO 0.525%

MnO, 0.145%
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SrO 0.114%

BaO 0.103%

CaO 0.006%

Phosphates  Ca3(POa4): 27.014%

FePO4 6.980%

AIPO4 3.540%

Sulphides FeS 0.794%

CaS 0.535%

MgS 0.326%

AlS;3 0.040%

Carbides FesC 0.353%

TiC 0.039%

Al4Cs 0.025%

SiC 0.018%

CaC: 0.011%

Halogens TiCl, 0.006%

CaF: 0.004%

Inorganic  As, Cd, Co, 0.498%

components Cr, Cu, Hg,
Ni, Pb, Zn

TOC CisHio to 0.030%

C22H14
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Figure 21: Composition of sewage sludge ash

Table IV: Ash melding behaviour

Sintering 980°C
point
Softening 1090°C
temperature
Flow 1230°C
temperature
Softening 1090°C to
range 1210°C
Yielding 1210°C to
region 1230°C

The first step for the investigations was to find out the particle size distribution of the sewage
sludge ash. A Helos Vario KF Magic from SYMPATEC was used to determine the particle size
distribution contactlessly by laser diffraction. Three tests were made. The results of the tests
can be taken from the Annex Il and the three results from the median M can be seen in Table
V. The sewage sludge ash has a median M of 73.2367 um, so the dust of the carbon sources
has to be around this size, thus the coals and the graphite was ground to 50 ym by a mill. The

drying of the dusts and the sewage sludge ash was the next step.
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Table V: Helos-measurement

Median M
Test 1 79.12 ym
Test 2 67.32 ym
Test 3 73.27 ym

Figure 22: Sewage sludge ash

The conditions of the drying chamber were 24 hours at a temperature of 108°C. Some
products were dried in parts and some completely as one piece, but for all materials, the
conditions were equal. After drying the material had to cool down to room temperature. The

reduction of weight after the drying can be seen in Table VI.
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Table VI: Drying

Material Weight Drying Weight Weight
before the conditions after the loss
artifi_cial artifi_cial [a]
drying drying
[d] [a]

Graphite 2777.4 108°C, 2775.9 1.5
24 hours

Hard coal 2118.6 108°C, 2113.0 5.6
24 hours

Sewage 2285.0 108°C, 2283.2 1.8
sludge ash 24 hours

Sewage 2346.9 108°C, 23451 1.8
sludge ash 24 hours

Charcoal 3039.5 108°C, 2962.0 77.5
24 hours

Sewage 2201.9 108°C, 2200.7 1.2
sludge ash 24 hours

Anthracite 2206.6 108°C, 2155.2 51.4
24 hours

Sewage 2737.2 108°C, 2735.5 1.7
sludge ash 24 hours

Sewage 3630.4 108°C, 3628.4 2.0
sludge ash 24 hours

Brown 4226.7 108°C, 3687.2 539.5
coal 24 hours

Anthracite 2547.2 108°C, 2479.3 67.9
24 hours

To sum up the results, the average reduction of weight after drying is shown in Table VII.
As can be seen the highest weight loss occurs to brown coal, so the volatile matter of brown
coal is very high. In contrast, the weight loss of graphite is very low. This means that graphite
has very few volatile components. Also sewage sludge ash has nearly no weight loss, but in

this case the burning of the sewage sludge has eliminated the bulk of the volatile compounds.
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Table VII: Water content

Material Water
content [%]
Graphite 0.054
Sewage 0.0656
sludge ash
Hard coal 0.264

Anthracite 2.4975

Charcoal 2.549

Brown coal 12.764

After pretreatment the dust was ready for the experiments in the 20-l-apparatus and the
MIKE 3-apparatus. For the testing the coal-dust was mixed with the sewage sludge ash in
various mixture ratios: 20%, 25%, 30%, 35% and 40% of coal dust. The upper limit for the
percentage of the carbon carrier in the mixture sewage sludge ash and carbon carrier for the

RecoPhos reactor is 40%, therefore the highest ratio is 40%.

3.2 Test procedure in the 20-lI-apparatus

At the start of a new trial the 20-l-apparatus has to switched on and the software “KSEP”
has to be started. To get results, which will be as near as possible at working conditions, the
operating temperature should correspond to room temperature. So a water cooling system is
installed and with the help of two thermometers, the temperature of 20°C can be proved and
held. Every series started with a check of the function of the 20-I-apparatus. It helps to check
the system for the correct function in a simple way. The test sequence is made without dust
and without chemical igniters. Before starting with a new trial, after a pause or at the beginning
of a new day this test check has to be done. For this, all valves and the dust chamber have to
be closed. With the software KSEP a new file will be created and so the test check can start.

The pressure curve of a correct test check is shown in Figure 23.
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Info Table Cuve | Graph | Audi
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Figure 23: Curve of the test check [7]

It can be seen that the curve begins below atmospheric pressure caused by the evacuation
of the 20-l-apparatus. At around 40 ms the dust is blown in and the system reaches normal
pressure. After the test check the first dust can be tested. Starting at a low concentration, with
every test the concentration is raised until reaching the highest value for the explosion
overpressure and the rate of pressure rise. According to Kihner AG the following steps should

be used:
60 g/m?3; 125 g/m3; 250 g/m?3; 500 g/m?; 750 g/m?; 1000 g/m3; 1250 g/m3; 1500 g/m?

The next step is to check the observed maxima twice. This means that around the observed
maximum of the explosion overpressure and the maximum rate of pressure rise, a new test
serial has to be done. With these two series, the maximum explosion overpressure, the

maximum rate of pressure rise and the Ksr-value for the dust can be calculated.

A special fitting of the igniters is required. The ignition source should be in the middle of the
20-l-apparatus and the explosion should spread spherically to the wall of the apparatus. One
chemical igniter has the energy of 5 kJ, therefore two igniters have to be mounted on the
electrodes. Figure 24 from the Kihner AG shows the correct mounting of the igniters. With

this fixture the igniters fire in opposite directions [7].

LS| [Z

| | )
5= ol }

Figure 24: Affixing of the igniters [7]
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Figure 25: Ignition in the 20-l-apparatus

3.3 Test procedure in the MIKE 3-apparatus

For the determination of the minimum ignition energy the MIKE 3-apparatus from the Kiihner
AG was used. After starting the apparatus and the software, the sparkover can be tested.
Therefore various spark energies can be used, but without dust. If a spark can be seen, the
system works. After every cleaning the electrode spacing has to be checked with a spacer of
6 mm. For the first series a low dust concentration was used. The test started with a high
energy of 1000 mJ and an ignition delay time of 120 ms. The start was initiated by clicking
“OK” or the “flash”-button. The test had to be observed, because it had to be noted if the dust
ignited or not. The next test started by pressing the button “NO” for no ignition or “YES” if an
ignition occurred. Because dust adheres to the tube wall and the electrodes, with every test a
small amount of dust can escape and therefore the dust concentration decreases. According
to the Kihner AG experiments have shown that it is only possible to do four tests with the

same filling [12]. Kiihner AG recommends the following procedure [12]:
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3 tests

Cleaning the tube
Fresh dust sample
3 tests

Cleaning the tube
Fresh dust sample

4 tests

If an ignition occurred (Figure 27) the spark energy could be lower for the next series. If
there has been no ignition, the concentration can be altered. For the spark energy the following
steps are possible: 1000 mJ, 300 mJ, 100 mJ, 30 mJ, 10 mJ, 3 mJ and 1 mJ. For the
concentration there are also fixed steps: 300 mg, 600 mg, 900 mg, 1200 mg and 1500 mg.

The results of a tested dust can be seen in Figure 26.

o | Table Giaph | Audd

by set
- 1000 mJ Al
@ m  120ms
- 300m)
.1 100 m)
.2 - 30m)
(9) 8 i3 | 5 7
E1 O O O+ 0m
4 6
E2 O O - 3wl
- Tmd
I T I T T
300 600 00 1200 1500 mg

Figure 26: Example for a dust tested in MIKE 3 [12]

The solid squares belong to tests with an ignition and the circles to the series without an
ignition. So this dust was tested first with a concentration of 900 mg and a spark energy of
100 mJ. After an ignition the spark energy was reduced. At the third series the ignition did not
occur at the first test (shown by the T-shaped). The next trial (number 4) was made with a
reduced spark energy of 3 mJ where no ignition occurred. As a result the next step was to get
back to higher energy (10 mJ) and make tests with various concentrations. At test number 5

an ignition occurred, thus another test with lower energy and a concentration of 1200 mg had
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to be made. The results show that the lowest energy value where ignition occurred (E1) was
10 mJ and the energy where no ignition occurred (E2) was 3 mJ. Therefore the minimum

ignition energy lay between these two energy levels.

Figure 27: MIKES ignition
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4 Process description

4.1 Process description for the 20-lI-apparatus

4.1.1 Identification of the process

The first step of process-management is the identification and distinction of the processes.
Therefore a distinct name for the process is needed. The fist and the last step of the process,

as well as the input and output define the process [13].

Table VIII: Identification of the process

Name of the process Investigation on the maximum explosion
overpressure and the maximum rate of
pressure rise

Purpose The purpose of the process is the
determination of the maximum explosion
pressure and the maximum rate of
pressure rise for dust explosions. This
comports to the turnover of the
organisation.

Main customer Industry partner
Chair of Thermal Processing Technology

Prospect of the

customer Results with constant quality

Output Maximum explosion overpressure pmax
Maximum rate of pressure rise (dp/dt)max
Report

Input Special concentration of dust

Igniters of 10 kJ

First step of the process
Start-up operation
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Last step of the process _
Print report

Interface input Industry partner

Chair of Thermal Processing Technology
Interface output Industry partner

Archive (reports)

Accounting
Required resources Lab personnel

Head of laboratory

Project manager
Information, know-how  Enrolment

Submission of report

Working area
Laboratory

Equipment Electricity

Vacuum pump

Dust

20-l-apparatus

Igniters for the apparatus

Synthetic air

Intranet

Personal computer

Scale

Water

Personal protective equipment (PPE)
Factor of success Clear procedure

Communication

Documentation takeover
Applicable documents Standard EN 14034-1

Standard EN 14034-2

Manual

Data base Gestis StaubEx

Know-how

Technical appendix

4.1.2 Actual state of the process

The actual state is the description of the present state of the process. Therefore the process
is described like the lab personnel conducts the working steps. The following figure shows the
sequence of the tasks of the process along the vertical axes. The description of the process
has to be made in a way that every person who does not know the process will be able to

perform it. It has to be obvious and understandable [13].
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Responsibility
Input Sequence of the process Output
Nrl E|D|A]|C
E Exec.uFion
A hessonce
C  Communication

Instruction 1 | HL|HL | LP
delivered

Consultation 2 LP | HL

Defined 3 LP | LP

enough?

nrolement for 20-1F 4 HL
apparatus done?

Enrolment of the 5 | HL LP
personnel

N g article size analyses 6 LP
7 LP
8 | LP
9 | LP
Cool down the
dust 10 | LP

HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
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Responsibility
Input Sequence of the process Output
Nrl EID|JA]| C
E Execution
D  Decision
A Assistance
C  Communication

Determine dry N Computer 11 | LP
matter i storing

LT At Switch on 20-I-

apparatus apperatus 12 | LP

13 | LP
Switch on air
supply 14 | LP
Start KSEP 6.0f
15 | LP

Manual 20-1- Computer
apparatus Creat worksheet > storing 16 | LP

Switch on

exhauster 17 | Lp
Weigh out needed
eigh out needed 18 | Lp

dust guantity

HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
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Responsibility
Input Sequence of the process Output
NrfE|D|A|C
E  Execution
D Decision
A Assistance
C  Communication
Insert the dust in
chamber 19| Lp
Manual 20-I-
apparatus Mount igniters 20| LP
Connection of the
igniters with the 21 | LP
power supply
Close levers 22| LP
Adjust
concentration of 23| LP
the dust
Evacuate
apparatus 24 LP
HL....Head of laboratory °
LP....Lap personnel
AD....Accounts department
|
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Responsibility
Input Sequence of the process Output
Nrl E[D|A|C
E Execution
D Decision
A Assistance
C  Communication
26 | LP
mma Cvaluate the data
27 | LP
Open connection
of the igniters
28 | LP
Open levers
Flush with air 29 | LP
Open storage
chamber 30 | LP
Open cap 31 | LP
Clean apparatus 32 | LP
HL....Head of laboratory
LP....Lap personnel
AD...Accounts department
l
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Responsibility
Input Sequence of the process Output
NrlE|D[A]|C
E  Execution
D Decision
A Assistance
C  Communication
33| LP|LP
Manual 20-I- Are all needed
apparatus concentrations 34 | LP| LP
tested?
Switch off
exhauster 350
&
. storing
Print and save
report
i 36 | LP HL/
@ AD
WELTE]
storing
Switch off 20-1-
apparatus 40 | LP
HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
I
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Table IX: Actual state of the process

Nr Element Explanation
1 Instruction
delivered The needed information are delivered to the lab personnel
5 If some information is not available, the head of laboratory has to be
Consultation consulted
3 Defined The lab personnel has to decide if the instruction she/he got is
enough? enough or if she/he needs more information
Enrolment for
4 20-l-apparatus The head of the laboratory has to prove if the lab personnel has had
done? an enrolment
5 Enrolment of An enrolment for the personnel for the MIKE 3-apparatus has to be
the personnel done
6 Particle size
analyses A particle size analyses has to be done
7 Dust particle With the help of a particle size analysis it has to be decided if the dust
<63um particles are smaller than 63um
8 Dust milling The material has to be milled to reach a size of less than 63um
9 Dust drying The dust has to be dried with the help of the compartment drier
10 Cool down the
dust After the artificial drying the dust has to be cooled down
11 Determine dry
matter The dust has to be weighed to find out the dry matter
12 Switch on 20-I-
apparatus The 20-I--apparatus has to be switched on
13 Turn on water The water has to be turned on for the jacket cooling (around 25°C)
14 Switch on air
supply The air supply has to be switched on
15 Start KSEP
6.0f The software KSEP 6.0f has to be started
16 Create
worksheet A new worksheet has to be created with the help of the software
17 Switch on
exhauster The exhauster has to be switched on
Weigh out
18 needed dust
quality The concentration of dust for the trail has to be weighed out
19 Insert dust in
chamber The needed dust has to be brought up in the storage container
20 Mount igniters  The igniters have to be mounted as described in the manual
Connection of
the igniters with
21
the power
supply The igniters have to be connected with the power supply
22 Close levers The two (red) levers have to be closed

Master’s thesis Katja Hittenbrenner

Page 40



PROCESS DESCRIPTION

Adjust

23 concentration  The concentration of the dust has to be adjusted in the program
of dust KSEP 6.0f

o4 Evacuate The 20-l-apparatus has to be evacuated with the help of the installed
apparatus vacuum pump

25 Start trial The trial has to be started with the start-button in the program

Evaluate the

26 data The trial has to be evaluated with the help of the diagram
Open

27 connection of  The connection between the igniters and the power supply has to be
the igniters unconnected

28 Open levers The levers have to be opened

29 Flush with air  The 20-l-apparatus has to flushed with air

30 Open storage
chamber The storage chamber has to be opened

31 The cap of the apparatus has to be opened and the igniters have to
Open cap be removed

32 Clean The 20-l-apparatus has to be cleaned: hoover it, clean it with a damp
apparatus cloth and dry it

33 Puax is falling ~ With the help of the diagram it can be said if the curve is falling or if
or zero? pmax = 0
Are all needed

34 concentrations With the help of the manual and the European standard all needed
tested? dust concentrations can be found out

35 Switch off
exhauster The exhauster has to be switched off

36 Print and save
report The report has to be saved and also printed

37

Turn off water

The water has to be turned off for the jacket cooling

Switch off air

The air supply has to be switched on and the conductions have to be

38 supply depleted from air
39 Close

KSEP 6.0f The software KSEP 6.0f has to be closed
40 Switch of the

20-l-apparatus

The 20-l-apparatus has to be switched off
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4.1.3 Analysis of the process

4.1.3.1 Moments of truth

According to Wagner the moments of truth are at any time when the customer gets in contact
with the organization or with the product. For the customer the process is a serial of meetings
with the performance of the organization. These moments of truth are important, because they
form the impression of the customer for the product or the organization and therefore they are

crucial to the organization [13].

What happens at the first contact of the customer with the organization?

Normally the first contact is a phone call where the customer describes his problem
and gets information form the organization about the price of the testings, the needed
time and the needed dust quantity.

What happens when the service/product gets used the first time?

The customer gets a quotation from the organization. Also a detail time frame for the
investigations and the exactly needed dust quantity will be discussed.

Which information gets the customer from the organization?

Information about the used procedure, the time frame of the investigation and the
price of the service. This information is committed clearly und adequately.

Which impression gets the customer from the employee?

The employees of the organization make a good and competent impression to the
customer

In which way experiences the customer the organization in case of
complaining?

Those responsible take the complaining serious and deal with it in the right way to
improve the process

4.1.3.2 Voice of the customer

The expectations of the customer and the actually fulfilled expectations have to be found
out. Based on the identification of the process the customers of the organization are known
and so the expectations can be identified. The measurement can be made by operation
numbers or by interviewing the customer. Both qualitative and quantitative statements can

furnish clues [13].
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Table X: Voice of the customer

Voice of the customer Problems in the Requirements of the
process process
Investigations are not Too less human Sufficient human
done on schedule resources resources
Documentation is The submission of the A model report is
inadequate report is not changeable available
| am not used to the Inadequate enrolment Periodic enrolment
procedure

4.1.3.3 Interfaces

In the context of interfaces, processes with interfaces have to be found out. Therefore it is
essential to know what (data and information) and in which way (by letter, oral, electronically)
it is delivered [13].

Table XI: Interfaces

Name of the process: Investigation on the maximum explosion overpressure and the
maximum rate of pressure rise
Point of interface of What is committed on such  How does the committal

the process and points of interface occur
placements
Industrial partner Dust By letter or/and oral
Chair of Thermal Dust, records By letter or/and oral
Processing Technology
Students Dust, records By letter or/and oral
Archives (for the Report By letter
reports)
Industrial partner Report By letter or/and oral
Account department Report By letter

4.1.3.4 Analysis of the treats

Seven catchwords give food for thoughts about potential improvements, which are not
known at the present. All of the seven catchwords stand for a word in the cause-effect diagram

from Ishikawa. To remember these words, all begin with an “M” [13].
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Table XIlI: Analysis of the treats

Management/  Cause: No plan of use
Money Power "egoct:  Calendar of the present month to write in

Machine Cause: No annotation of the axis
Effect: Automatic annotation
Material Cause: The artificial drying is not documented
(includes raw
material) Effect: Documentation

Man power Cause: No frequent meeting
One meeting per year for all persons, who are
Effect: involved in the process

M_easurement Cause: The apparatus is moistly after the cleaning
(inspection)  "Effect:  Double check if the apparatus is really dry
Method Cause: The igniter is installed incorrectly
(process) Effect: Take care by the instalment
Mother nature  Cause: Local exhausted ventilation
(Environment) “Effect.  Complete removal by suction

4.1.4 Identification and classification of the potential improvement

The potential improvements have to be identified from the viewpoint of the process to detect
the so-called “low hanging fruits” (easily identifying potential improvements, which can be
realized quickly). Improvements which belong to the whole process have to be discussed with

the process leader [13]. The potential improvements have to be classified as follows:

importance of the process 1 (low) — 4 (high)
effort of the implementation 1 (low) — 4 (high)

Table XIlI: Classification of the improvements

Name of the process: Investigation on the maximum explosion overpressure
and the maximum rate of pressure rise

Number Room for Importance for the Effort for the
improvement process implementation
1 Use-plan for apparatus 2 1
Software update
2 (annotation of the 1 3
axes)
3 Exhaust hoot over the 2 4

whole apparatus

4 Feedback for the lab 3 1
personnel
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Improvements for the
5 use of the apparatus 4 4
for gas investigations

The classification of the improvements can be seen in the following figure, showing a way

to identify the so-called “low hanging fruits”. These easy improvements are in the bottom right

IS > S P
1%

corner.

I

Effort for the implementation

IR

1 2 3 4
Importance for the process

Figure 28: Low hanging fruits

4.1.5 Future state of the process

Actual sate of the process = future state of the process

4.1.6 Determination of the process objectives and the used indicators

A clear definition of the process objectives helps to control and navigate a process. The
goals should be deduced on the one hand from the strategic objectives of the organization

(“top down”) and on the other hand from the experience und the know-how of the staff (“bottom
up”) [13].
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Table XIV: Determination of the process objectives

Objective Indicator Target Measurement Measurement Responsibility
value method’s frequency
High delivery Amount of the >98% Count of all Once a year Head of
reliability punctual deliveries laboratory
deliveries
High Countof a >95% Conversation Once a year Head of
customer  good feedback with customer laboratory
satisfaction
Better Amount of the  >98% Exam After an Head of
effectiveness employees who enrolment laboratory
of the pass the exam
enrolment

4.1.7 Definition of the reporting for process performance
For the reporting of the process performance it has to be identified which information

regarding the process objectives have to pass on and when. It has to be taken into account

that the way in which the reporting happens has to be clearly and easily [13].

Table XV: Reporting of the performance

Which information? By whom? To whom? In At which
which way? moment?
High delivery reliability: The Negative feedback If required
investigations are done in regarding the delivery
the given time frame reliability from the customer

is point in the next meeting
of the lab personnel and
the head of laboratory
High customer satisfaction Negative feedback from the If required
customer has to be
discussed in the next
meeting of the lab
personnel and the head of

laboratory
Effectiveness of the The examiner has to talk to After exam
enrolment, shown by good the person which enrol the
marks at the exams new employees
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4.1.8 Realization of the potential improvements

With this step the way of implementation to reach the future process is defined [13].

Table XVI: Realization of improvements

Activity Responsibility Appointment State
Use-plan for Lab personnel  From now on Open
apparatus
Software Producer of the If possible Open
update machine
(annotation of
the axes)
Exhausted hoot Head of If possible Open
over the hole laboratory
apparatus
Feedback for Personnel From now on Done
the lab
personnel
Improvements Head of If possible In the works
for the possible laboratory,
use of the head of the
apparatus for organisation
gas
investigations
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4.2 Process description of MIE

4.2.1 Identification of the process

The first step of process-management is the identification and distinction of the processes.

Therefore a distinct name for the process is needed. The fist and the last step of the process,

as well as the input and output define the process [13].

Table XVII: Identification of the process

Name of the process

Investigation on minimum ignition energy

Purpose

The purpose of the process is the
determination of the minimum ignition
energy. This comports to the turnover of
the organisation.

Main customer

Industry partner
Chair of Thermal Processing Technology

Prospect of the

customer Results with constant quality

Output Statistic minimum ignition energy value
Report

Input Special concentration of dust

Energy level of the ignition spark

First step of the process

Start-up operation

Last step of the process

Print report

Interface input

Industry partner
Chair of Thermal Processing Technology

Interface output

Industry partner
Archive (reports)
Accounting

Required resources

Lab personnel
Head of laboratory
Project manager

Information, know-how

Enrolment
Submission of report

Working area

Laboratory

Equipment

Electricity

Vacuum pump

Dust

MIKE 3

Synthetic air

Intranet

Personal computer

Scale

Personal protective equipment (PPE)
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Factor of success Clear procedure
Communication
Documentation takeover
Applicable documents Standard EN 13821
Manual
Data base Gestis StaubEx
Know-how
Technical appendix

4.2.2 Actual state of the process

The actual state is the description of the present state of the process. Therefore the process
is described like the lab personnel conducts the working steps. The following figure shows the
sequence of the tasks of the process along the vertical axes. The description of the process
has to be made in a way that every person who does not know the process will be able to
perform it. This should be obvious and understandable [13].
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Responsibility
Input Sequence of the process Output
Nrl E|D|A|C
E  Execution
D Decision
A Assistance
C Communication
Instruction 1 HLIHL e
delivered
Consultation 2 LP | HL
Defined 3 |LP|LP
enough? T
Enrolement for 4 HL
MIKE 3 done?
Yes Enrolment of the 5 HL LP
personnel
e £ Particle size analyses 6 |LP
Dust particle
<b3um? 7 LP
8 LP
9 LP
Cool down the
dust 10 | LP
HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
|
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Responsibility
Input Sequence of the process Output
Nrfl EID|A]| C
E  Execution
D  Decision
A Assistance
C  Communication

Determine dry N Computer 11 | LP
matter i storing

12 | LP

Switch on air

supoly 13| P

N Computer
Creat worksheet r. 14 | LP

Switch on
exhauster 15 | LP

Weigh out needed
dust quantity 16 | LP

Insert the dust in
MIKE 3 apparatus 17 | LP

Close fasteners 18 | LP

HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
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Responsibility
Input Sequence of the process Output
Nrf E|D|A]| C
E  Execution
D Decision
A Assistance
C  Communication

Limit gauge Measure electrode
6mm gap 191 tp

Insert high voltage 20 | LP
plugs

Close safety door 21 |LP

Adjust energy 23 | LP
level of the spark

Adjust
concentration of 2| Lp
the dust

24 | LP

Observe trial

HL....Head of laboratory o
LP....Lap personnel

AD....Accounts department

25 | LP
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Responsibility
Input Sequence of the process Output
Nrf E|D|A|C
E  Execution
D  Decision
A Assistance
C  Communication
Ignition 26 | LP |LP
occurred? Yes
Open safety door 27 | LP
Standard EN
Tests for no 28 | LP
L2 ignition
Unplug the high 29 | Lp
voltage plug
Ignition
occurred? 30 [LPLP
Clean MIKE 3 31 | 1p
apparatus
Trialled
€N 32 [Lp [P
times?
All needed
concentrations and
energy levels are 33 [ LP |LP
tested?
Open safety door 34 | LP
HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
|
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Responsibility
Input Sequence of the process Output
Nrl E[D|A|C
E  Execution
D Decision
A Assistance
C  Communication
35 | LP
Unplug the high
voltage plug
36 | LP
Switch off 37 | LP
exhauster
Switch off air 38 | LP
supply
N Computer
i storing
Print and save 39 | LP HL/
report > AD
g Manual
storing
40 | LP
HL....Head of laboratory
LP....Lap personnel
AD....Accounts department
I
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Table XVIII: Actual state of the process

Nr Element Explanation
1 Instruction
delivered The needed information are delivered to the lab personnel
5 If some information is not available, the head of laboratory has to be
Consultation consulted
3 Defined The lab personnel has to decide if the instruction she/he got is
enough? enough or if she/he needs more information
4 Enrolment for ~ The head of the laboratory has to prove if the lab personnel has had
MIKE 3 done? an enrolment
5 Enrolment of An enrolment for the personnel for the MIKE 3-apparatus has to be
the personnel  done
6 Particle size
analyses A particle size analyses has to be done
7 Dust particle With the help of a particle size analysis it has to be decided if the dust
<63um particles are smaller than 63um
8 Dust milling The material has to be milled to reach a size of less than 63um
9 Dust drying The dust has to be dried with the help of the compartment drier
10 Cool down the
dust After the artificial drying the dust has to be cooled down
11 Determine dry
matter The dust has to be weighed to find out the dry matter
12 Switch on
MIKE 3 The MIKE 3-apparatus has to be switched on
13 Switch on air
supply The air supply has to be switched on
14 Create
worksheet A new worksheet has to be created with the help of the software
15 Switch on
exhauster The exhauster has to be switched on
Weigh out
16 needed dust
quality The concentration for the trail has to be weighed out
Insert the dust
17 in MIKE 3
apparatus The needed dust has to be brought in the storage chamber
18 Close fasteners The chamber of the dust has to be closed
19 Measure The gap between the two electrodes has to be measured with the
electrode gap  help of the limit gauge
20 Insert high
voltage plug The high voltage plug (the red one) has to be plugged in
o1 Close safety
door The safety door has to be closed
Adjust
22 concentration
of the dust The concentration of the dust has to be adjusted in the program
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Adjust energy
23 level of the

spark The energy level of the spark has to be adjusted in the program
24 Start trial The trial has to be started with the start-button in the program
25 Opserve trial The trial has to be observed to find out if the dust ignites
26 Ignition

occurred? The lab personnel has to say if the dust has ignited

Open safety

27 door The safety door has to be opened
28 Test for no
ignition The trial has to went on if no ignition occurred
Unplug the
29 high voltage
plug The high voltage plug (the red one) has to be unplugged
30 Ignition
occurred? The lab personnel has to say if the dust has ignited
31 Clean MIKE 3
apparatus The MIKE 3-apparatus has to be cleaned
32 Trialled ten To reach the European standard for testing the MIE tests have to be
times? made until ten times no ignition occurred
Are all needed
33 concentrations With the help of the European standard and the manual of MIKE 3 all
and energy needed concentrations of the dust and all needed energy levels can
levels tested?  be found out
34 Open safety
door The safety door has to be opened
Unplug the
35 high voltage
plug The high voltage plug (the red one) has to be unplugged
36 Clean MIKE 3  The MIKE 3-apparatus has to be cleaned
37 Switch off
exhauster The exhauster has to be switched off
38 Switch off air The air supply has to be switched off and the conductions have to be
supply depleted from air
39 Print and save
report The report has to be saved in the program and also printed
40 Switch off
MIKE 3 The MIKE 3-apparatus has to be switched off

4.2.3 Analysis of the process

4.2.3.1 Moments of truth

According to Wagner the moments of truth are at any time when the customer gets in contact

with the organization or with the product. For the customer the process is a serial of meetings

with the performance of the organization. These moments of truth are important, because they
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form the impression of the customer for the product or the organization and therefore they are

crucial to the organization [13].

What happens at the first contact of the customer with the organization?

Normally the first contact is a phone call where the customer describes his problem
and gets information form the organization about the price of the testings, the needed
time and the needed dust quantity.

What happens when the service/product gets used the first time?

The customer gets a quotation from the organization. Also a detail time frame for the
investigations and the exactly needed dust quantity will be discussed.

Which information gets the customer from the organization?

Information about the used procedure, the time frame of the investigation and the
price of the service. This information is committed clearly und adequately.

Which impression gets the customer from the employee?

The employees of the organization make a good and competent impression to the
customer

In which way experiences the customer the organization in case of
complaining?

Those responsible take the complaining serious and deal with it in the right way to
improve the process

4.2.3.2 Voice of the customer

The expectations of the customer and the actually fulfilled expectations have to be found
out. Based on the identification of the process the customers of the organization are known
and so the expectations can be identified. The measurement can be made by operation
numbers or by interviewing the customer. Both qualitative and quantitative statements can
furnish clues [13].

Table XIX: Voice of the customer

Voice of the customer Problems in the Requirements of the
process process
Investigations are not Too less human Sufficient human
done on schedule resources resources
Documentation is The submission of the A model report is
inadequate report is not changeable available
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Voice of the customer Problems in the Requirements of the
process process
| am not used to the Inadequate enrolment Periodic enrolment
procedure

4.2.3.3 Interfaces

In the context of interfaces, processes with interfaces have to be found out. Therefore it is
essential to know what (data and information) and in which way (by letter, oral, electronically)
it is delivered [13].

Table XX: Interfaces

Name of the process: Investigation on minimum ignition energy
Point of interface to What is committed on such How does the commiittal

processes and points of interface occur
placements
Industrial partner Dust By letter or/and oral
Chair of Thermal Dust, records By letter or/and oral
Processing Technology
Students Dust, records By letter or/and oral
Archives (for the Report By letter
reports)
Industrial partner Report By letter or/and oral
Account department Report By letter

4.2.3.4 Analysis of treats

Seven catchwords give food for thoughts about potential improvements, which are not
known at the present. All of the seven catchwords stand for a word in the cause-effect diagram

from Ishikawa. To remember these words, all begin with an “M” [13].

Table XXI: Analysis of treats

Management/  Cause: No plan of use
Money Power £¢oct:  Calendar of the present month to write in

Machine Cause: No annotation of the axis
Effect: Automatic annotation
Material Cause: The artificial drying is not documented
(includes raw
material) Effect: Documentation
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Man power Cause: No frequent meeting
One meeting per year for all persons, who are
Effect: involved in the process
Measurement  Cause: Not cleaned
(inspection) Double check if the apparatus is really cleaned
Effect: enough
Method Cause: Distance between the two electrodes is inaccurate
(process) Effect: Check after every cleaning
Mother nature  Cause: Local exhausted ventilation
(Environment) Effect: Complete removal by suction

4.2.3.5 Identification and classification of the potential improvement

The potential improvements have to be identified from the viewpoint of the process to detect

the so-called “low hanging fruits” (easily identifying potential improvements, which can be

realized quickly). Improvements which belong to the whole process have to be discussed with

the process leader [13]. The potential improvements have to be classified as follows:

importance of the process
effort of the implementation

1 (low) — 4 (high)
1 (low) — 4 (high)

Table XXII: Classification of the improvements

Name of the process: Investigation on minimum ignition energy

Number Room for Importance for the Effort for the
improvement process implementation
Use-plan for the
1 2 1
apparatus
Software update
2 (annotation of the 1 3
axes)
3 Automatic exhausted 5 4
hoot
4 Feedback for the lab 3 1
personnel
5 Permanent spark 2 4
6 Optical recognition of 4 4

the ignition
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The classification of the improvements can be seen in the following figure, showing a way

to identify the so-called “low hanging fruits”. These easy improvements are in the bottom right

corner.

, zszisz

I

Effort for the implementation

| R

73

1 2

Importance for the process

3

Figure 29: Low hanging fruits

4.2.4 Future state of the process

Actual state of the process = future state of the process

4.2.5 Determination of the process objectives and the used indicators

A clear definition of the process objectives helps to control and navigate a process. The

goals should be deduced on the one hand from the strategic objectives of the organization

(“top down”) and on the other hand from the experience und the know-how of the staff (“bottom

up”) [13].
Table XXIII: Determination of the process objectives
Objective Indicator Target Measurement Measurement Responsibility
value method’s frequency
High delivery  Amount of >98% Count of all Once a year Head of
reliability  the punctual deliveries laboratory
deliveries
High Countof a >95% Conversation  Once a year Head of
customer good with customer laboratory
satisfaction feedback
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Objective Indicator Target Measurement Measurement Responsibility
value method’s frequency
Better Amount of >98% Exam After an exam Head of
effectiveness the laboratory
of the employees
enrolment who pass
the exam

4.2.6 Definition of the reporting for process performance

For the reporting of the process performance it has to be identified which information

regarding the process objectives have to pass on and when. It has to be taken into account

that the way in which the reporting happens has to be clearly and easily [13].

Table XXIV: Reporting of performance

Which information?

By whom? To whom? In
which way?

At which
moment?

High delivery reliability: The
investigations are done in
the given time frame

Negative feedback
regarding the delivery
reliability from the customer
is point in the next meeting
of the lab personnel and
the head of laboratory

If required

High customer satisfaction

Negative feedback from the
customer has to be
discussed in the next
meeting of the lab
personnel and the head of
laboratory

If required

Effectiveness of the
enrolment, shown by good
marks at the exams

The examiner has to talk to
the person which enrol the
new employees

After exam

4.2.6.1 Realization of the potential improvements

With this step the way of implementation to reach the future process is defined [13].
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Table XXV: Realization of the improvements

Activity Responsibility Appointment State
Use-plan for Lab personnel  From now on Open
apparatus
Software Producer of the If possible Open
update machine
(annotation of
the axes)
Automatic Head of If possible Open
exhausted hoot laboratory
Feedback Personnel From now on Done
Permanent Head of If possible In the works
spark laboratory,
head of the
organisation
Optical Head of If possible Open
recognition of laboratory,
the ignition head of the

organisation
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5 Material characteristics

Various possible carbon carriers were tested for explosibility to find out the safest alternative
for the RecoPhos-project. There is an impact of volatility on explosibility - the more volatile
compounds the carbon carriers contain, the higher is the explosiveness. Therefore various
potential carbon carriers were tested to find the best fitting mixture for the RecoPhos process.
The carbon sources tested will be described in this chapter. Also the results of the tests of the

explosibility will be discussed.

5.1 Coal

Coal is an organic rock, which is mainly used as a fossil fuel for combustion. It is sedimentary
and the main collocations are carbon, hydrogen and oxygen. Tectonic movements were the
reasons for the formation of coal. Vegetation had been consolidated between rocks and with
the burial of this compound the plant material underwent high temperatures and high
pressures. These extreme conditions caused changes in the structure and the physical and
chemical properties of the material and so a transformation to peat and later to coal began.
The temperature, the pressure and also the length of the time in formation (the so called
“organic maturity”) are attributes for the quality of the coal. After a short period of formation
time, peat converts into lignite or “brown coal”. This coal is characterized by a low organic
maturity and are quite soft. The range of colours moves from dark black to various shades of
brown. More time of transformation and the continuous presence of temperature and pressure
leads to an increase of organic maturity. This state of the transforming produces “sub-

bituminous” coals. Persistent temperature and pressure cause further transformations and so
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the coal becomes harder and blacker. “Bituminous” or “hard coal” is formed. If the
transformation process continues and the right conditions are present, the organic maturity
reaches the maximum and anthracite is formed. The physical and chemical properties
categorise the coal into various ranks. A low rank means that these coals are softer and friable
and the appearance is dull and earthy. The high moisture level and the low carbon content
leads to a low energy content. An example of these coals are lignite or sub-bituminous coal. A
hard and strong structure means that the rank is much higher. A high rank coal contains more
carbon and has a black, vitreous lustre. The energy content is high because the level of
moisture is low and the carbon content is high. Hard coal is an example and anthracite is at
the top of the scale [14]. Table XXVI shows the results of a chemical analysis of dry and ash-

free coals.
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Table XXVI: Chemical analyses on dry and ash-free coals [14]

Ranks & Localities  Humidity Chemical
of analysed coal [%] analysis on
dry, ash-free
basis
Proximate Ultimate
analysis analyses
[%] [%]
Volatile Fixed C H N S O
matter carbon [%] [%] [%] [%] [%]
(calculated)
Peat (Ireland) 90 65 35 58.2 5.2 1.5 0.5 34.6
Brown Lignite 40 55 45 66.6 5.0 1.6 3.2 23.6
(Sile, Istanbul,
Tarkiye)
Lignite (Seyitomer, 35 42 58 69.8 5.0 1.0 20 22.2
Central Anatolia,
Tirkiye)
Black Lignite 20 40 60 70 5.3 2.3 1.9 20.5
(Soma, Western
Anatolia, Tlrkiye)
Black Bituminous 15 38 62 79 54 0.7 3.5 11.4
Coal (Gediz,
Western Anatolia,
Tarkiye)
Black Bituminous 10 30 70 84 5.2 1.2 0.6 9.0
Coal (Zonguldak,
Northern Anatolia,
Turkiye)
Anthracite (South 2 7 93 92.4 3.0 0.7 0.5 3.4
Wales)
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5.1.1 Brown coal

A large range of rocks are known under the term brown coal. Both the brownish hard and
soft coals and the black and earthy-brown bituminous coals belong to the group of brown coals.
Thanks to the evolution of fossil plants, remaining pieces of plants can be identified in such
coals. Petrographic investigations show that these coals have no homogeneous substance, so
categorical attributes are very difficult to define. Calorific values and therefore the heating value
are lower than the values of hard coals. Heating values of the average coal can be seen in
Table XXVII, every value referred to an ash and water free substance. Based on the
composition shown in Table XXVII it can be seen that the concentration of oxygen falls with

the grade of coalification, while the concentration of carbon increases [15].

Table XXVII: Brown coal [15] (slightly modified)

Occurrence C H O,N, S Higher

[%] [%] [%] calorific

value

[kcal/kg]

Wood 50 6 44 4600
Peat North Germany 59 6 35 5600
Bituminous Hungary 75.5 6 18.5 7800

coal

Pitch coal West Germany 73 5.5 21.5 7550
Czechoslovakia 77 6 17 8000

Bright coal Austria 75 5 20 7600
Czechoslovakia 78 5.5 16.5 7750

Besides water, brown coals have a great part of ash-forming mineral matter. This matter
does not count as part of the mineral components, even if the content of ash varies between
1 and 30% and up to 40% for low-quality coals. The ash of these coals are lime-based and
sulphate-based, in contrast to hard coal, based on the high rate of lime in brown coals. The
content of bitumen, soluble humic acid, lignite and cellulose characterises this sort of coal. To
determine the composition of brown coals, the bituminous part can be identified by an
extraction with benzene-alcohol. The bituminous part is made up of resin and cere and ranges

between 7 and 31%, but brown coals with a bituminous content as low as 3.5% are known. It
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is important to know the percentage of bitumin, because tar formation is caused by bitumen.
The higher the content of bitumen, the higher the tar formation. This rule only applies for brown
coals, not for hard coals, because of the thermal decomposition, starting at a temperature
under 200°C for brown coal. Even the humic part can produce some tar. The content of the
humic acid range between 3 and 93% and it can be said that coals with a content of more than
10% are brown coals. The minerals Al-, Si-, and Fe- compounds are known, but also Mg, K,

Na and even Mg occur in coals [15].

BROWN COAL

Figure 30: Brown coal

5.1.1.1 Briquetting of brown coal

Briquetting was developed to combine various characteristics of different coals; the
briquettes can be formed with or without binder. “The binder helps in agglomeration and also
gives cohesive strength to briquettes” [14]. Another positive side effect is the improvement of
properties, for example to maintain of ignitability, the lowering of volatility, the reduction of
smoke and of sulphur emissions. Because of the high content of moisture and a very low
calorific value, brown coal has a very low commercial value. To produce a more attractive
commercial product, brown coal has to be briquetted. As described, it is possible to form
briquettes without a binder, a popular way to form briquettes out of brown coal. To achieve
success, high pressure and the preparation of the coal are important. Therefore a press,
originally designed by Exter for the manufacturing of peat briquettes in Ireland, is used [14].
For the investigations of brown coal, described in this thesis, briquettes without a binder were

used.
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5.1.1.2 Investigations on pure brown coal - maximum explosion overpressure pmax,

maximum rate of pressure rise (dp/dt)max and Ksr-value

The concentration of the brown coal dust varied from 30 g/m? to 2250 g/m?3, with maximum
values of the explosion between 500 g/m® and 1000 g/m3. The maximum explosion
overpressure puax of the tested brown coal dust is 7.6 bar and a maximum rate of pressure
rise (dp/dt)max is 475 bar/s. So the Ksr—value is 129 m*bar/s, thus brown coal dust has a dust
explosion class 1. The trend of the explosion can be seen in Figure 31 and the results of the
tests can be taken from Table XXVIII.

Table XXVIII: Results: brown coal

Series Concentration  Maximum Maximum Ignition Chemical
[a/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 30 0 0 60 10kJ
1 60 0.7 13 60 10kJ
1 125 5.2 102 60 10kJ
1 250 6.9 374 60 10kJ
1 500 7.6 444 60 10kJ
1 750 7.4 465 60 10kJ
1 1000 6.7 391 60 10kJ
1 1250 6.3 240 60 10kJ
1 1500 5.8 283 60 10kJ
1 1750 54 217 60 10kJ
1 2000 4.4 230 60 10kJ
1 2250 4.4 224 60 10kJ
2 125 4.7 84 60 10kJ
2 250 6.1 238 60 10kJ
2 500 7.5 409 60 10kJ
2 750 7.1 462 60 10kJ
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2 1000 6.7 485 60 10kJ
2 1250 5.9 277 60 10kJ
2 1500 5.4 207 60 10kJ
explosion overpressure ressure rise
overpressure dprdt
[bar] [baris]
100 L 1000
p W __ + - 75 - 750
3 g
i— B | 5o il - 500
| 'l T /’I’/f“_&_ﬁk\
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Figure 31: Brown coal

5.1.1.3 Investigations on pure brown coal - minimum ignition energy (MIE)

The next step to get an idea of the explosibility of brown coal dust, the minimum ignition
energy (MIE), investigated with the MIKE 3-appartus from Kuhner AG, is required. The ignition
delay time was adjusted to 120 ms and the inductance to 1 mH. Because the dust ignited with
an ignition energy of 1000 mJ, also 300 mJ, 100 mJ and also 30 mJ were tested. The dust
ignited at the energy steps of 1000 mJ, 300 mJ and 100 mJ with a concentration range of
300 mg to 3600 mg. With an ignition energy of 30 mJ the tests were made with concentrations
of 1500 mg, 1800 mg and 2400 mg and there was no ignition, so an ignition energy of 30 mJ

is too low to ignite a brown coal dust. The course of the explosion is shown in Figure 32 and

the results can be seen in Table XXIX.

Master’s thesis Katja Hittenbrenner Page 69



MATERIAL CHARACTERISTICS

Table XXIX: Results MIE — brown coal

Series Concentration Ignition Ignition Effective Induction Ignition Number of
[mg] energy delay time ignition the test,
set delay time when the
[ms] [ms] ignition
occurred
1 300 1000 mJ 120 122 1 mH NO
2 600 1000 mJ 120 122 1 mH YES 1
3 900 1000 mJ 120 122 1 mH YES 1
4 1200 1000 mJ 120 122 1 mH YES 1
5 1500 1000 mJ 120 122 1 mH YES 1
6 1800 1000 mJ 120 123 1 mH YES 1
7 2400 1000 mJ 120 122 1 mH YES 2
8 3000 1000 mJ 120 122 1 mH YES 2
9 3600 1000 mJ 120 123 1 mH YES 1
10 600 300 mJ 120 121 1 mH NO
11 900 300 mJ 120 121 1mH YES 1
12 1200 300 mJ 120 121 1mH YES 4
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Series Concentration Ignition Ignition Effective Induction Ignition Number of
[mg] energy delay time ignition the test,
set delay time when the
[ms] [ms] ignition
occurred
13 1500 300 mJ 120 121 1 mH YES 1
14 1800 300 mJ 120 121 1 mH YES 4
15 2400 300 mJ 120 122 1 mH YES 1
16 3000 300 mJ 120 122 1 mH YES 2
17 3600 300 mJ 120 121 1 mH YES 3
18 900 100 mJ 120 121 1 mH NO
19 1200 100 mJ 120 121 1 mH NO
20 1500 100 mJ 120 121 1 mH YES 4
21 1800 100 mJ 120 121 1 mH YES 4
22 2400 100 mJ 120 121 1 mH YES 6
23 3000 100 mJ 120 121 1 mH NO
24 1500 30 mJ 120 121 1 mH NO
25 1800 30 mJ 120 121 1 mH NO
26 2400 30 mJ 120 121 1 mH NO
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Figure 32: MIE — brown coal

,The minimum ignition energy MIE lies between the lowest energy value (E2) at which
ignition occurred and the energy (E1) at which in at least 10 successive experiments no ignition
was observed” [12]. To find out this energy Figure 32 has to be consulted. The unfilled circle
means that there was no ignition in at least ten successive experiments. In contrast, the filled
square means that there has been an ignition. The red , T* above some squares show that the

ignition did not occurred at the first test.

.For the purpose of comparison between different apparatuses, only one statistic MIE value
(Es) instead of the energy range (E1, E2) should be used. This single value (Es) can be

estimated by the use of the probability of ignition as follows:

k —
s =10 log £2 I[E2]*(log E2—log E1) 4-1)
(NI +I)\E2]+1
Where: I[E2] = number of tests with ignition at the energy E2.
(NI+1)[EZ2] = total number of tests at the energy E2“ [12]
IE\mg 900 1200 1500 1800 2400 3000 Probability
E2 = 100 mJ NI NI I I I NI — 3of 6

E1= 30 mJ NI NI NI
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| = ignition of dust
NI = no ignition of dust in 10 trials

This means that the minimum ignition energy MIE lies between 30 mJ and 100 mJ. The

statistic MIE value for the minimum ignition energy is calculated with the formula (4-1).
E1=30mJ
E2 =100 mJ
I[E2] =3

(NI+I)[E2] = 6

(4-2)

* —
Es =10 (IOgIOO 3 (logIOO log 30))

6+1

So the calculated statistic MIE value (Es) is 59.69 mJ. The results from the software of

MIKE 3 can be seen in Figure 33.

EZ= 100 < 100
Ez= 60 mJ B0 .
El1= 30 » 30 md
L=1mH v 120 ms

Figure 33: Results from the software

5.1.2 Charcoal

For the most part the porous material charcoal contains fixed carbon, ash and volatile
components. These are oxygen and hydrogen, which are chemically bounded. Also some tar
is possible. If there is an increase of temperature, these volatile components can escape as
hydrogen, carbon monoxide, carbon dioxide and higher-valence hydrocarbons. One
characteristic of charcoal is the high possibility of the water content. So the “European
Standard DIN EN 1860-2:2005 Appliances, solid fuels and firelighters for barbecuing — Part 2:
Barbecue charcoal and barbecue charcoal briquettes — Requirements and test methods” says
that the moisture content has to be lower than 8% for barbecue charcoal and barbecue
charcoal briquettes. An important quality criterion of charcoal is the fixed carbon, which differs
for the various purposes. The source of the material affects the specific gravity and the ash
content. It is difficult to say anything about the energetic efficiency, because this value has a

high fluctuation, because of different base materials. The energetic efficiency lies around “one
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third to two fifths” related to the lower heating value of the utilised solid fuel. The characteristics

of charcoal in comparison to wood can be seen in Figure 34 [16] [17] .

wood charcoal

weight | kg D (kg 20%

volume m? > > m# |  50%

heating value | kJ/kg D klkg | 200%

Figure 34: Comparison wood — charcoal [16] (slightly modified)

To produce charcoal wood has to be heated under exclusion of air. The most common way
to generate charcoal goes back to the Middle Ages: the coal piles. For this charcoal burning a
so-called charcoal kiln has to be built. To form these kilns, big logs of wood have to be set up
to form conical piles (kilns). In the middle of these kilns there are three pickets, providing the
base on which the logs are arranged. Grass, earth and waste of coals are used to cover the
outside of these kilns, so the air can be regulated to control the burning of the wood. Essentially
just the gases which form from the process should be burned and the temperature should rise

to reach to temperature of carbonising [16].

CHARCOM

Figure 35: Charcoal
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5.1.2.1 Investigations on pure charcoal - maximum explosion overpressure pwmax,

maximum rate of pressure rise (dp/dt)max and Ksr-value

Dust from pure charcoal was tested. For the investigations on the maximum explosion
overpressure and the maximum rate of pressure rise a concentration range of 30 g/m? to
2250 g/m®was used. The maximum of the charcoal dust was between 500 g/m*®and 1000 g/m3.
So the maximum explosion overpressure puax of the tested charcoal dust is 7.6 bar and a
maximum rate of pressure rise (dp/dt)uax is 475 bar/s. The Ksr—value, calculated by the
(dp/dt)uax-value, is 129 m*bar/s. From this it can be seen that charcoal dust has a dust
explosion class 1. The course of the explosion can be seen in Figure 36 and the results of the

tests can be taken out from Table XXX.

Table XXX: Results: charcoal

Series Concentration  Maximum Maximum Ignition Chemical
[a/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PMAX rise
[bar] (dp/dt)max
[bar/s]
1 60 0 0 60 10kJ
1 125 0 0 60 10kJ
1 250 7.2 268 60 10kJ
1 500 7.3 377 60 10kJ
1 750 6.9 453 60 10kJ
1 1000 6.1 249 60 10kJ
1 1250 5.6 149 60 10kJ
2 125 0 0 60 10kJ
2 250 6.7 169 60 10kJ
2 500 7.4 384 60 10kJ
2 750 6.9 509 60 10kJ
2 1000 6.2 246 60 10kJ
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explosion overpressure

5.1.2.2

overpressure
[bar]

100

1000 1250
concentration [g/m?]

pressure rise

dp/dt
[bar/s]

= 1000

= 750

_7_7%. = 500

) e E 20
—

60 125 250

Figure 36: Curve Charcoal

T T
500 750 1000 1250
concentration [g/m?]

Investigations on pure charcoal - minimum ignition energy (MIE)

Investigations in the MIKE 3-apparatus for detecting the minimum ignition energy were made

with pure charcoal dust. The tests were made with a concentration range of 300 mg up to

1500 mg. Because no concentration ignited with a spark energy of 1000 mJ, tests with a lower

spark energy were not necessary. The testing result was that charcoal dust of 50 ym has a
MIE above 1000 mJ. The results from the MIKE 3 tests can be taken from Table XXXI and the

course can be seen in Figure 37.

Table XXXI: MIE - charcoal

Concentration Ignition Ignition Effective Induction Ignition
[mg] energy delay time ignition
set [ms] delay time
[ms]
300 1000 mJ 120 121 1 mH NO
600 1000 mJ 120 120 1 mH NO
900 1000 mJ 120 120 1 mH NO
1200 1000 mJ 120 120 1 mH NO
1500 1000 mJ 120 121 1 mH NO
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spark energy
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Figure 37: MIE - charcoal

5.1.3 Hard coal

Hard coals were produced from land plants and marsh plants at the flood zone. Caused by
the exclusion of air, mouldering of the dead plants was not possible and so the coalification
started. This process has two steps. The first step is characterised by the decomposition
processes and transformation processes by the microorganisms. Peat and brown coal is the
result. The next step proceeds under more temperature and more pressure with the result of
a tighter coal, the hard coal. A mixture of shiny and matt stripes is a typical sign of hard coals
because these types of coal are not homogenous. Hard coals consist of various constituents.
These depends on the coalification process. In general it can be said that the shiny stripes
have a structure of wood cells and the matt parts of the coals have unlignified tissues, for
example spores. The calorific value of hard coal rises with the coalification grade. Also the
amount of volatile substances falls with the rising coalification grade. As a consequence
various hard coals exist. To describe the coalification grade the ratio between the carbon atoms
and the hydrogen atoms is used. The chemical structure is not yet resolved. Most coals consist
of ring-shaped hydrocarbons (aromatics) and, for a small part, of aliphates (linear hydrocarbon

compounds) [18].
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HARD COAL

Figure 38: Hard coal

5.1.3.1 Investigations on pure hard coal - maximum explosion overpressure pwmax,

maximum rate of pressure rise (dp/dt)max and Ksr-value

Pure hard coal was the first coal dust investigated. The concentration ranged from 60 g/m?
to 1250 g/m3, with a maximum pressure between 250 g/m?® and 500 g/m3. The tests showed
that hard coal has a maximum explosion overpressure puax of 7.6 bar and a maximum rate of
pressure rise (dp/dt)uwax of 510 bar/s. The Ksr—value can be calculated to be 139 m*bar/s, thus
hard coal belongs to the dust explosion class 1. The course of the explosion is shown in Figure

39 and the results can be seen in Table XXXII.
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Table XXXII: Results: hard coal

Series Concentration  Maximum Maximum Ignition Chemical
[g/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 60 1 29 60 10kJ
1 125 6.4 159 60 10kJ
1 250 7.7 323 60 10kJ
1 500 7.4 550 60 10kJ
1 750 6.7 371 60 10kJ
1 1000 5.6 235 60 10kJ
1 1250 5.6 331 60 10kJ
2 125 6.2 170 60 10kJ
2 250 7.5 272 60 10kJ
2 500 7.1 470 60 10kJ
2 750 6.2 367 60 10kJ
2 1000 4.9 166 60 10kJ

explosion overpressure

overpressure pressure rise

dpldt
[bar] [barls]

100
1000

- 75
~ 750

500

- 25
250

T T T T T T
B0 125 250 500 750 1000 1250

concentration [g/m]

T T T T T T
B0 125 250 500 750 1000 1250

concentration [g/m?]

Figure 39: Curve hard coal
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5.1.3.2 Investigations on pure hard coal - minimum ignition energy (MIE)

The next step to determine the explosibility of the hard coal dust, the minimum ignition

energy (MIE), was investigated with the MIKE 3-appartus from Kiuhner AG. The test was made

with an ignition delay time of 120 ms and ignition energy of 1000 mJ. All tests were made with

an inductance of 1 mH. Pure hard coal dust did not ignite for ten times. Because it is not

possible for the MIKE 3-apparatus to provide ignition energies above 1000 mJ the testing result

is, that a dust of pure hard coal has a MIE above 1000 mJ. The course of the explosion is

shown in Figure 40 and the results can be seen in Table XXXIII.

Table XXXIII: Results MIE - hard coal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1mH NO
600 1000 mJ 120 122 1mH NO
900 1000 mJ 120 122 1mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1mH NO

spark energy
& O O & Q- 1000m)

300 mJ

100 mJ

Iml

300 BO0 a0 1200 1500
concentration [mg]

Figure 40: MIE — hard coal
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5.1.4 Anthracite

Anthracite is a lustrous hard black coal. In the ranking of coal, anthracite belongs to the
highest rank, because of its high carbon content of more than 93%. The volatile matter is lower
than 8% and it is not possible to carbonize anthracite coal. A special characteristic is that it
emits no smoke when it burns. Therefore anthracite is the most preferable coal for domestic
stoves and central heating installations. The caloric values range from 8000 Kcal/kg to
8600 Kcal/kg [14].

Characteristics of anthracites are a high porosity and a highly developed orientation,
because the crystalline layers are parallel to the bedding plane. Anthracites are like non
graphitable carbons in heat treatments up to 1600°C, becaused of the high porosity and the
high number of interconnections. Heat-treatment at a temperature of 2500°C breaks these

interconnections and so anthracites are graphitable [19].

Figure 41: Anthracite

5.1.4.1 Investigations on pure anthracite - maximum explosion overpressure pwmax,

maximum rate of pressure rise (dp/dt)max and Ksr-value

For the investigations of anthracite on the maximum explosion overpressure and the
maximum rate of pressure rise, a concentration range of 500 g/m?® to 2250 g/m® was used.
Some problems happened at the first series. Tests with the concentration of 1500 g/m® and
1700 g/m® had to be done again because no explosion occurred the first time. The maximum

explosion overpressure puax of the tested anthracite dust is 4.5 bar. It has to be taken in
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account that the divergence between the first and the second trial is 10.7%. The acceptable
divergence is 10%. The maximum rate of pressure rise (dp/dt)uax from investigations in the
20-l-apparatus is 29 bar/s. The Kst—value is 8 m*bar/s. As a result anthracite dust has a dust
explosion class 1. The course of the explosion can be seen in Figure 42 and the results of the

tests can be seen in Table XXXIV.

Table XXXIV: Results: anthracite

Series Concentration  Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PmAX rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 3.6 22 60 10kJ
1 1500 4.0 10 60 10kJ
1 1750 3.3 28 60 10kJ
1 2000 2.2 18 60 10kJ
1 2250 0 0 60 10kJ
2 750 0 0 60 10kJ
2 1000 4.9 30 60 10kJ
2 1250 4.6 30 60 10kJ
2 1500 3.8 28 60 10kJ
2 1750 3.8 30 60 10kJ
2 2000 3.1 17 60 10kJ
2 2250 2.2 18 60 10kJ
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explosion overpressure pressure rise
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Figure 42: Curve anthracite

5.1.4.2 Investigations on pure anthracite - minimum ignition energy (MIE)

The next test with pure anthracite dust was made with the MIKE 3-apparatus from Kihner AG.
The tests were made with an inductance of 1 mH to produce a time protracted spark. The
anthracite dust did not ignite for ten times, so the result is that anthracite dust with a median
of 50 ym has a minimum ignition energy above 1000 mJ. The results of the software of MIKE 3-

apparatus can be seen in Figure 43 and the values of the tests are shown in Table XXXV.

Table XXXV: Results MIE - anthracite

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO
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Figure 43: MIE - anthracite

5.2 Graphite

Graphite is a mineral with a colour of iron black to steel grey and in transmitted light graphite
appears deep blue. The chemical formula is “C” and the crystal-system is a hexagonal system.
According to the Mohs-scale graphite has a hardness of 1 to 2. Graphite occurs in
metamorphosed rocks, caused by the sedimentary carbonaceous material, and by the

reduction of carbon compounds [20].

The excellent electrical and thermal conductivity is a well-known characteristic of graphite.
Furthermore, this mineral has a variety of other properties, such as chemical influence
resistance. Moreover graphite has a good resistance to high temperatures and also a
moderate resistance to temperature changes. Therefore this material is used in industry for
various processes. Under normal conditions graphite is not meltable and a sintering of the

single particles is also not possible [19].
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Figure 44: Graphite

There are three forms of graphite known: The nearly ideal graphite, the artificial graphite and

the pyrolytic graphite.

Natural graphite and heat-threated synthetic carbons (more than 3000°C) are called nearly
ideal graphite. Heat-threated synthetic carbons need a very high temperature (more than

3000°C) and the raw materials must be very easily graphited [19].

The second form, the artificial graphite, includes all polycrystalline industrially formed
graphites with a middle graphitization grad. They are a mixture of fine carbon material
(anthracite powder, carbon black and so on) and organic binding material, such as bitumen or
tar. Artificial graphites are high-purity graphites for metallurgicaly processes, reactor graphites
and special electro graphites. These special graphites include impermeable graphite and hot-

formed graphite for electrodes and carbon brushes [19].

Pyrolytic graphites, or pyrographites, are developed by the thermal decomposition of
gaseous hydrocarbons onto a substrate surface. The heat treatment with temperatures over
2500°C graphitizes this material [19].

A high thermal conductivity is a well-known characteristic of graphite. Original material,
conditions of the production, the gravity, the size of the crystallites and the orientation influence

the thermal conductivity. Tests show that the heat flow like lines to the graphite layers [19].
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5.2.1 Graphitization

Graphitization is a process, which starts with a carbon-containing material and after a heat-
treatment graphite will be the result. The final state of this graphitization is a state of equilibrium
[19].

The graphitizing process has 3 temperature steps: the first step is under 1600°C, the next
step between 1600 and 2000°C and the last step takes place at temperatures higher than
2000°C. The first step — the pyrolysis — creates an aromatic ring structure, formed out of the
carbon-containing material. The higher the temperature, the more hydrocarbons will go away
and so a structure of parallel ring structures will form. This material is called “turbostratic
crystallites” and is characterized by hexagonal arrangement of the C-atoms in the planes, but
with no ordered sequence of the layers. The temperature between 1700 and 2500°C is the
real temperature to provide a graphitization, but so-called “cross-linked structure” (graphite
with the occurrence of high bonding between the single layers) will retard the graphitization up
to 3000°C [19].

Basically the best material for graphitization will be fine granules with optimally thickening

material. Carbon dust can be disturb the graphitization because of the collided character [19].

5.2.2 Investigations on graphite dust

5.2.2.1 Maximum explosion overpressure pmax, maximum rate of pressure rise

(dp/dt)max and Ksr-value

The investigation on graphite dust was made with the 20-l-apparatus to determine the
maximum explosion overpressure and the maximum rate of pressure rise from a 50 ym
graphite dust. The concentration of the dust ranged from 500 g/m? to 2000 g/m®. There was a
large fluctuation range between the first two series and because this fluctuation was too large,
two new series had been done. The fluctuation between the next tests was smaller, so the
results of the last two series count for this dust. The maximum explosion overpressure puax is
1.4 bar, the maximum rate of pressure rise (dp/dt)uax was 3 bar/s and the Ksr—value was
1 bar*m/s, thus the dust explosion class was 1. The results of the explosion tests can be seen

in Table XXXVI and the course of the explosion is shown in Figure 45.
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Table XXXVI: Results: graphite dust

Series Concentration Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10 kJ
1 750 0 0 60 10 kJ
1 1000 0 0 60 10 kJ
1 1250 0 0 60 10 kJ
1 1500 1.5 2 60 10 kJ
1 1750 0 0 60 10 kJ
1 2000 0 0 60 10 kJ
2 1000 0.2 4 60 10 kJ
2 1250 1.3 1 60 10 kJ
2 1500 0 0 60 10 kJ
explosion overpressure pressure rise
r:::lpressure P r::;i]
15 % -3
L 10 -2
" 7+\ /\\
/ \.\ o5 / \\\ /-l\\ F o
) \ YN
+ — ' ' + + / ' ' ' \¥
50 = o%0 0 ssuoncentrai?an [gfrz':ilo 500 750 100 1280 'tﬁsﬂnmnir:iﬁzn lsf:;?n
Figure 45: Curve graphite
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5.2.2.2 Minimum ignition energy (MIE)

The next parameter to define the explosibility of graphite dust, the minimum ignition energy
(MIE), was investigated in the MIKE 3-appatatus from the Kihner AG. The concentration of
the dust for the tests ranged from 300 mg to 1500 mg. The tests were made like the previous
tests of the coal, but with graphite dust a special phenomenon occurred. During the tests
electrostatic discharges were presents around of the electrodes. Figure 46 shows three such
discharges in the MIKE 3-apparatus. They can be seen in the green circle in the pictures near

the right electrode.

Although it has been known, static electricity is still a frequent ignition source for powders
and dusts. In the process industry, fires and explosions caused by electrostatic charges are a
existing problem and such electrostatic charges represent a source of ignition which can be
hazardous. Therefore the characterisation of the incendivity of discharges is an important field
of study. According to Glor “about one dust explosion occurs each day in Germany and every
tenth explosion is caused by static electricity” [21]. Electrostatic discharges do not necessarily
ignite a dust cloud, the fatal combination is when a process produces both, dangerous high
charge potentials and an explosive atmosphere. Special care should be taken when feeding a
powder into silos, because the dust gets dispersed in the air. The dispersed dust accumulates
varying degrees of electrostatic charge due to triboelectrification against the walls. High space-

charge densities can be the result and so an ignition can occur [22] [23] [24].

Table XXXVII to Table XLI show the testing procedure. It should be noted that these
electrostatic discharges only occurred after the first ignition test. One explanation can be that
the dust has to be charged up with the first test. After this charging the electrostatically charged
dust congregated close to the surrounding of the electrodes and then the discharges occurred.
Because of this phenomenon the investigations on graphite were not conclusive. The electrical
conductivity is a well-known characteristic of graphite and therefore the electrostatic discharge

was to be expected.
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Figure 46: Electrostatic discharges

Table XXXVII: Graphite 300 mg

Concentration Test number Ignition Ignition Induction Result
[mg] energy delay time
set
[ms]
300 1 1000 mJ 120 1mH NO ignition
300 2 1000 mJ 120 1 mH electrostatic
discharge
300 3 1000 mJ 120 1mH NO ignition
300 4 1000 mJ 120 1mH NO ignition
300 5 1000 mJ 120 1 mH electrostatic
discharge
300 6 1000 mJ 120 1mH NO ignition
300 7 1000 mJ 120 1 mH NO ignition
300 8 1000 mJ 120 1mH NO ignition
300 9 1000 mJ 120 1 mH electrostatic
discharge
300 10 1000 mJ 120 1mH NO ignition
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Table XXXVIII: Graphite 600 mg

Concentration Test number Ignition Ignition Induction Result

[mg] energy delay time

set

[ms]
600 1 1000 mJ 120 1 mH NO ignition
600 2 1000 mJ 120 1 mH NO ignition
600 3 1000 mJ 120 1mH NO ignition
600 4 1000 mJ 120 1 mH NO ignition
600 5 1000 mJ 120 1 mH NO ignition
600 6 1000 mJ 120 1 mH NO ignition
600 7 1000 mJ 120 1 mH NO ignition
600 8 1000 mJ 120 1mH NO ignition
600 9 1000 mJ 120 1 mH NO ignition
600 10 1000 mJ 120 1mH NO ignition

Table XXXIX: Graphite 900 mg

Concentration Test number Ignition Ignition Induction Result

[mg] energy delay time

set

[ms]
900 1 1000 mJ 120 1 mH NO ignition
900 2 1000 mJ 120 1 mH NO ignition
900 3 1000 mJ 120 1 mH NO ignition
900 4 1000 mJ 120 1 mH NO ignition
900 5 1000 mJ 120 1 mH NO ignition
900 6 1000 mJ 120 1 mH NO ignition
900 7 1000 mJ 120 1 mH NO ignition
900 8 1000 mJ 120 1 mH NO ignition
900 9 1000 mJ 120 1 mH NO ignition
900 10 1000 mJ 120 1 mH electrostatic

discharge
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Table XL: Graphite 1200 mg

Concentration Test number Ignition Ignition Induction Result
[mg] energy delay time
set
[ms]
1200 1 1000 mJ 120 1 mH NO ignition
1200 2 1000 mJ 120 1mH electrostatic
discharge
1200 error 1000 mJ 120 1 mH electrostatic
discharge,
error
Cleaning
1200 3 1000 mJ 120 1 mH NO ignition
1200 error 1000 mJ 120 1 mH error
1200 error 1000 mJ 120 1mH electrostatic
discharge,
error
Cleaning
1200 4 1000 mJ 120 1 mH NO ignition
1200 5 1000 mJ 120 1 mH NO ignition
1200 error 1000 mJ 120 1 mH electrostatic
discharge,
error
1200 6 1000 mJ 120 1 mH NO ignition
Cleaning
1200 7 1000 mJ 120 1 mH NO ignition
1200 error 1000 mJ 120 1mH error
Cleaning
1200 8 1000 mJ 120 1 mH NO ignition
1200 9 1000 mJ 120 1 mH NO ignition
1200 10 1000 mJ 120 1 mH NO ignition
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Table XLI: Graphite 1500 mg

Concentration Test number Ignition Ignition Induction Result
[mg] energy delay time
set
[ms]
1500 1 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
1500 error 1000 mJ 120 1 mH error
cleaning
1500 2 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
cleaning
1500 3 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
cleaning
1500 4 1000 mJ 120 1 mH NO ignition
1500 5 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
cleaning
1500 error 1000 mJ 120 1mH electrostatic
discharge
cleaning
1500 6 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
cleaning
1500 7 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
1500 8 1000 mJ 120 1 mH NO ignition
1500 error 1000 mJ 120 1mH electrostatic
discharge
1500 9 1000 mJ 120 1 mH NO ignition
1500 10 1000 mJ 120 1 mH NO ignition
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6 Investigations on dust mixtures

6.1 Minimum ignition energy (MIE)

The first tested parameter was the minimum ignition energy (MIE), investigated with the
MIKE 3-appartus from Kiihner AG. The tests were made with an ignition delay time of 120 ms
and ignition energy of 1000 mJ. An inductance of 1 mH was used to produce time protracted

sparks.
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6.1.1 Brown Coal

6.1.1.1 Investigation of 40% brown coal and 60% sewage sludge ashes

With the MIKE 3-apparatus the first mixture of brown coal and sewage sludge was 40%
brown coal dust and 60% sewage ash. The concentration ranged from 300 mg to 1500 mg.
The mixture of these dusts did not ignite for ten times. Because it is not possible for the MIKE 3-
apparatus to provide ignition energies above 1000 mJ the testing result is that mixtures of 40%
coal and 60% sewage sludge ash have a MIE above 1000 mJ. The course of the explosion is

shown in Figure 47 and the results can be seen in Table XLII.

Table XLII: MIE — 40% brown coal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1mH NO
900 1000 mJ 120 122 1mH NO
1200 1000 mJ 120 122 1mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 47: MIE - 40% brown coal
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6.1.1.2 Investigation of 35% brown coal and 65% sewage sludge ashes

The next test with the MIKE 3-apparatus was made with 35% brown coal dust and 65%
sewage ash, in a concentration range of 300 mg to 1500 mg. The mixture 35% coal dust with
65% sewage sludge ash did not ignite for ten times, so this means that these mixtures have a

MIE above 1000 mJ. The results can be seen in Table XLIIl and the course of the test is shown

in Figure 48.
Table XLIII: MIE — 35% brown coal
Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1mH NO
600 1000 mJ 120 122 1mH NO
900 1000 mJ 120 122 1mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1mH NO

spark energy
¢ O O Q O 1000m)

300 )

100 m)

10wl

3ml

Tml

300 £00 300 1200 1500
concentration [mg]

Figure 48: MIE - 35% brown coal
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6.1.1.3 Investigation of 30% brown coal and 70% sewage sludge ashes

With a concentration of 30% brown coal dust and 70% sewage ash the third trial for the MIE
was made. The dust concentration varied from 300 mg to 1500 mg. During the tests no ignition
occurred with an ignition energy of 1000 mJ. Because it is not possible for the MIKE 3-
apparatus to provide ignition energies above 1000 mJ the testing result is, that mixtures of
30% coal and 70% sewage sludge ash have a MIE above 1000 mJ. The course of the

explosion is shown in Figure 49 and the results can be seen in Table XLIV.

Table XLIV: MIE- 30% brown coal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 49: MIE - 30% brown coal
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6.1.1.4 Investigation of 25% brown coal and 75% sewage sludge ashes

The next trial was made with 25% brown coal dust and 75% sewage ash, in a concentration
range of 300 mg to 1500 mg. Twenty-five percent of coal dust with 75% sewage sludge ash
did not ignite for ten times at an ignition energy of 1000 mJ. So the result is, that mixtures of
25% coal and 75% sewage sludge ash have a MIE above 1000 mJ. The results of the tests

can be seen in Table XLV and the course of the explosion is shown in Figure 50.

Table XLV: MIE — 25% brown coal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 50: MIE - 25% brown coal
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6.1.1.5 Investigation of 20% brown coal and 80% sewage sludge ashes

The mixture of 20% brown coal dust and 80% sewage ash was used for the last trial. The
dust concentration ranged was from 300 mg to 1500 mg. Even with an ignition energy of
1000 mJ and an ignition delay time of 120 ms, 20% coal dust with 80% sewage sludge ash did
not ignite for ten times. This means that mixtures of 20% coal and 80% sewage sludge ash
have a MIE above 1000 mJ. The results of the tests can be seen in Table XLVI and the course

of the explosion is shown in Figure 51.

Table XLVI: MIE — 20% brown coal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 121 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy

1000

Fan
WL
Fain)
A
Ty
wLf
Fan
AL
Y
A

300 ml

100 m)

30 ml

3ml

300 £00 300 1200 1500
concentration [mg]

Figure 51: MIE - 20% brown coal
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6.1.2 Charcoal

6.1.2.1 Investigation of 40% charcoal and 60% sewage sludge ashes

The first mixture for the MIKE 3-apparatus was 40% charcoal and 60% sewage sludge ash.
The concentration ranged from 300 mg to 1500 mg. The mixture 40% coal dust with 60%
sewage sludge ash did not ignite for ten times. Because it is not possible for the MIKE 3-
apparatus to provide ignition energies above 1000 mJ the testing result is, that mixtures of
40% coal and 60% sewage sludge ash have a MIE above 1000 mJ. The course of the

explosion is shown in Figure 52 and the results can be seen in Table XLVII.

Table XLVII: MIE - 40% charcoal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark enerqy
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Figure 52: MIE - 40% charcoal
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6.1.2.2 Investigation of 35% charcoal and 65% sewage sludge ashes

The next trial was made with a lower coal content. The concentration for 35% charcoal and
65% sewage ash varied from 300 mg to 1500 mg. This mixture did not ignite for ten times, so
the testing result is, that mixtures of 35% charcoal and 65% sewage sludge ash have a MIE
above 1000 mJ. The course of the explosion can be seen in Figure 53 and the results can be
taken from Table XLVIII.

Table XLVIII: MIE - 35% charcoal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 121 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 53: MIE - 35% charcoal
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6.1.2.3 Investigation of 30% charcoal and 70% sewage sludge ashes

A mixture of 30% charcoal and 70% sewage sludge ash was the next to be tested. Like all
other tests, the concentration ranged from 300 mg to 1500 mg. This mixture did not ignite for
ten times. Because it is not possible for the MIKE 3-apparatus to provide ignition energies
above 1000 mJ the testing result is, that mixtures of 30% coal and 70% sewage sludge ash
have a MIE above 1000 mJ. The course of the explosion is shown in Figure 54 and the results

can be seen in Table XLIX.

Table XLIX: MIE - 30% charcoal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 54: MIE - 30% charcoal

Master’s thesis Katja Hittenbrenner Page 101



INVESTIGATIONS ON DUST MIXTURES

6.1.2.4 Investigation of 25% charcoal and 75% sewage sludge ashes

The next to the last investigation for charcoal with the MIKE 3-apparatus was made with
25% coal dust and 75% sewage ash. The concentration ranged from 300 mg to 1500 mg. The
mixture did not ignite for ten times. Because it is not possible for the MIKE 3-apparatus to
provide ignition energies above 1000 mJ the testing result is, that mixtures of 25% coal and
75% sewage sludge ash have a MIE above 1000 mJ. The course of the explosion is shown in

Figure 55 and the results can be seen in Table L.

Table L: MIE - 25% charcoal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 121 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 55: MIE - 25% charcoal
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6.1.2.5 Investigation of 20% charcoal and 80% sewage sludge ashes

The last trial was made with 20% brown coal dust and 80% sewage ash. The mixture of 20%
coal dust with 80% sewage sludge ash did not ignite for ten times, so the testing result is, that
mixtures of 20% coal and 80% sewage sludge ash have a MIE above 1000 mJ. The course of

the explosion is shown in Figure 56 and the results can be seen in Table LI.

Table LI: MIE - 20% charcoal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 56: MIE - 20% charcoal
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6.1.3 Hard coal

6.1.3.1 Investigation of 40% hard coal and 60% sewage sludge ashes

The mixture of 40% hard coal dust and 60% sewage ash was the first investigated mixture

of the hard coal dust in the MIKE 3-apparatus. The concentration varied from 300 mg to

1500 mg. 40% coal dust and 60% sewage sludge ash did not ignite for ten times. Because it

is not possible for the MIKE 3-apparatus to provide ignition energies above 1000 mJ the testing

result is, that mixtures of 40% coal and 60% sewage sludge ash have a MIE above 1000 mJ.

The course of the explosion is shown in Figure 57 and the results can be seen in Table LII.

Table LII: MIE - 40% hard coal

Concentration Ignition Ignition Effective Induction Ignition
[mg] energy delay time ignition
set delay time
[ms] [ms]
300 1000 mJ 120 121 1 mH NO
600 1000 mJ 120 121 1mH NO
900 1000 mJ 120 121 1mH NO
1200 1000 mJ 120 120 1mH NO
1500 1000 mJ 120 120 1 mH NO
spark energy
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100 md
30 ml
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Figure 57: MIE - 40% hard coal
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6.1.3.2 Investigation of 35% hard coal and 65% sewage sludge ashes

The next test was made with 35% hard coal dust and 65% sewage ash, in a concentration
changed of 300 mg to 1500 mg. 35% coal dust with 65% sewage sludge ash did not ignite for
ten times, so this means that these mixtures have a MIE above 1000 mJ. The results can be

seen in Table LIl and the course of the test is shown in Figure 58.

Table LIII: MIE - 35% hard coal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 58: MIE - 35% hard coal

Master’s thesis Katja Hittenbrenner Page 105



INVESTIGATIONS ON DUST MIXTURES

6.1.3.3 Investigation of 30% hard coal and 70% sewage sludge ashes

With a concentration of 30% hard coal dust and 70% sewage ash the third trial was made.
The dust concentration ranged from 300 mg to 1500 mg. Because it is not possible for the
MIKE 3-apparatus to provide ignition energies above 1000 mJ the testing result is, that
mixtures of 30% coal and 70% sewage sludge ash have a MIE above 1000 mJ. The course of

the explosion is shown in Figure 59 and the results can be seen in Table LIV.

Table LIV: MIE - 30% hard coal

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 59: MIE - 30% hard coal
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6.1.3.4 Investigation of 25% hard coal and 75% sewage sludge ashes

The next trial was 25% hard coal dust and 75% sewage ash, in a concentration range of
300 mg to 1500 mg. The mixture of 25% coal dust with 75% sewage sludge ash did not ignite
for ten times. So the result is that mixtures of 25% coal and 75% sewage sludge ash have a
MIE above 1000 mJ. The results of the tests can be seen in Table LV and the course of the

explosion is shown in Figure 60.

Table LV: MIE - 25% hard coal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 120 1 mH NO
600 1000 mJ 120 120 1 mH NO
900 1000 mJ 120 120 1 mH NO
1200 1000 mJ 120 120 1 mH NO
1500 1000 mJ 120 120 1 mH NO

spark energy
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Figure 60: MIE - 25% hard coal
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6.1.3.5 Investigation of 20% hard coal and 80% sewage sludge ashes

With a concentration of 20% hard coal dust and 80% sewage ash the last trial was made.
The dust concentration varied was from 300 mg to 1500 mg. Even with an ignition energy of
1000 mJ and an ignition delay time of 120 ms, 20% coal dust with 80% sewage sludge ash did
not ignite for ten times. This means that mixtures of 20% coal and 80% sewage sludge ash
have a MIE above 1000 mJ. The results of the tests can be seen in Table LVI and the course

of the explosion is shown in Figure 61.

Table LVI: MIE - 20% hard coal

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 122 1 mH NO

spark energy
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Figure 61: MIE - 20% hard coal
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6.1.4 Anthracite

6.1.4.1 Investigation of 40% anthracite and 60% sewage sludge ashes

The first mixture for the MIKE 3-apparatus was 40% anthracite and 60% sewage sludge
ash. The concentration ranged from 300 mg to 1500 mg. This mixture did not ignite for ten
times. Because it is not possible for the MIKE 3-apparatus to provide ignition energies above
1000 mJ the testing result is, that such mixtures have a MIE above 1000 mJ. The course of

the explosion is shown in Figure 62 and the results can be seen in Table LVII.

Table LVII: MIE - 40% anthracite

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1mH NO
900 1000 mJ 120 122 1mH NO
1200 1000 mJ 120 122 1mH NO
1500 1000 mJ 120 122 1mH NO

spark energy
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Figure 62: MIE - 40% anthracite
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6.1.4.2 Investigation of 25% anthracite and 75% sewage sludge ashes

Because it is known that anthracite dust does not react, the next trial was made with a much
lower anthracite content of 25% anthracite. If this mixture did not react, tests between 25%
and 40% anthracite would not be necessary. The concentration for 25% anthracite and 75%
sewage ash varied from 300 mg to 1500 mg. This mixture did not ignite for ten times, so the
testing result is, that such mixtures have a MIE above 1000 mJ. The course of the explosion

can be seen in Figure 63 and the results can be taken from Table LVIII.

Table LVIII: MIE - 25% anthracite

Concentration Ignition Ignition Effective Induction Ignition

[md] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 122 1 mH NO
600 1000 mJ 120 122 1 mH NO
900 1000 mJ 120 122 1 mH NO
1200 1000 mJ 120 122 1 mH NO
1500 1000 mJ 120 123 1 mH NO

spark energy
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Figure 63: MIE - 25% anthracite
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6.1.5 Graphite

6.1.5.1 Investigation of 40% graphite and 60% sewage sludge ashes

The mixture of 40% graphite dust and 60% sewage ash was the first investigated dust. The
concentration changed from 300 mg to 1500 mg and the test was made with an ignition delay
time of 120 ms and ignition energy of 1000mJ. Forty percent of graphite dust with 60% sewage
sludge ash did not ignite for ten times. So the testing result is that mixtures of 40% graphite
and 60% sewage sludge ash have a MIE above 1000 mJ. The course of the testing is shown

in Figure 64 and the results can be seen in Table LIX.

Table LIX: MIE - 40% graphite

Concentration Ignition Ignition Effective Induction Ignition

[mg] energy delay time ignition

set delay time

[ms] [ms]
300 1000 mJ 120 120 1 mH NO
600 1000 mJ 120 120 1 mH NO
900 1000 mJ 120 120 1 mH NO
1200 1000 mJ 120 120 1 mH NO
1500 1000 mJ 120 120 1 mH NO

spark energy
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Figure 64: MIE — 40% graphite
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6.1.5.2 Investigation of 25% graphite and 75% sewage sludge ashes

The last trial was made with a concentration of 20% graphite dust and 80% sewage ash.
The dust concentration varied was from 300 mg to 1500 mg. Even with an ignition energy of
1000 mJ and an ignition delay time of 120 ms, 20% graphite dust with 80% sewage sludge
ash did not ignite for ten times. So these mixtures have a MIE above 1000 mJ. The results of
the tests can be seen in Table LX and the course is shown in Figure 65. Because this mixture

did not react, tests between the content of 40% to 25% graphite were not necessary.

Table LX: MIE - 25% graphite

Concentration Ignition Ignition Effective Induction Ignition
[md] energy delay time ignition
set delay time
[ms] [ms]
300 1000 mJ 120 120 1 mH NO
600 1000 mJ 120 120 1 mH NO
900 1000 mJ 120 120 1 mH NO
1200 1000 mJ 120 120 1 mH NO
1500 1000 mJ 120 120 1 mH NO
spark energy
& o D O O 1000m)
300
100 md
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Tmd
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Figure 65: MIE — 25% graphite
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6.2 Maximum explosion overpressure pmax, maximum rate of

pressure rise (dp/dt)max and Kst-value

Although MIKE 3 investigations showed that the MIE is above 1000 mJ, explosion scenarios
cannot be eliminated. Therefore investigations about the possibility of the dust mixtures

building explosive atmospheres had to be conducted in the 20-l-apparatus.

6.2.1 Brown Coal

6.2.1.1 Investigation of 40% brown coal and 60% sewage sludge ashes

The upper limit for the percentage of coal in the mixture for the RecoPhos reactor is 40%,
so the first investigations in the 20-I-apperatus were made with a dust mixture of 40% brown
coal and 60% sewage ash. The concentration ranged from 250 g/m® to 2750 g/m3. The
maximum was between 750 g/m?® and 1250 g/m?3 Based on these results the maximum
explosion overpressure pmax is 5.5 bar and the maximum rate of pressure rise (dp/dt)uax is
164 bar/s. The calculated Kst—value is 44 m*bar/s, that corresponds to the dust explosion
class 1. The course of the explosion is shown in Figure 66 and the results can be seen in
Table LXI.

Table LXI: Values 40% brown coal

Series Concentration  Maximum Maximum Ignition Chemical
[a/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 250 0 0 60 10kJ
1 500 0.4 3 60 10kJ
1 750 5.2 92 60 10kJ
1 1000 5.5 159 60 10kJ
1 1250 5 119 60 10kJ
1 1500 4.7 126 60 10kJ
1 1750 5 132 60 10kJ
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Series Concentration  Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 2000 4.5 133 60 10kJ
1 2250 4.3 133 60 10kJ
1 2500 4.5 136 60 10kJ
1 2750 4.4 149 60 10kJ
2 500 2.8 13 60 10kJ
2 750 54 133 60 10kJ
2 1000 5.4 159 60 10kJ
2 1250 5.2 169 60 10kJ
2 1500 5.1 154 60 10kJ
2 1750 5.3 157 60 10kJ

explosion overpressure pressure rise

overpressure
[bar]

dpldt
[barls]

100 - 200

.
T T T T T T T T T T
250 GO0 750 1000 1250 1500 1750 2000 2350 2500 2760

concentration [gim?]

T T T T T T T T T T
250 B0 750 1000 1260 1500 1750 2000 2950 2500 2750
concentration [g/m?]

Figure 66: Explosion overpressure and rate of pressure rise — 40% brown coal
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6.2.1.2 Investigation of 35% brown coal and 65% sewage sludge ashes

The second trial was made with 35% brown coal dust and 65% sewage ash, in a
concentration range of 250 g/m? to 2000 g/m3. The maximum was between 1000 g/m?® and
1250 g/m3. To ensure the accuracy of the results, two series of testings were executed. Based
on these results the maximum explosion overpressure puax was 5.5 bar and the maximum rate
of pressure rise (dp/dt)uax was 148 bar/s. So the calculated Ksr—value was 40 bar*m/s. This
means that a mixture of 35% brown coal dust and 65% sewage ash belongs to the dust
explosion class 1. The results can be seen in Table LXIl and the course of the explosion is

shown in Figure 67.

Table LXII: Values 35% brown coal

Series Concentration Maximum Maximum Ignition Chemical
[a/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 250 0 0 60 10kJ
1 500 3.3 26 60 10kJ
1 750 5.2 93 60 10kJ
1 1000 5.6 100 60 10kJ
1 1250 54 164 60 10kJ
1 1500 5.2 138 60 10kJ
1 1750 5.3 159 60 10kJ
1 2000 5.2 125 60 10kJ
2 500 21 6 60 10kJ
2 750 4.3 42 60 10kJ
2 1000 5.5 113 60 10kJ
2 1250 54 132 60 10kJ
2 1500 5.2 103 60 10kJ
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Figure 67: Explosion overpressure and rate of pressure rise — 35% brown coal

6.2.1.3 Investigation of 30% brown coal and 70% sewage sludge ashes

The next trial was 30% brown coal dust and 70% sewage ash. Based on the results of this

series, the maximum explosion overpressure pmax was 5.2 bar, the maximum rate of pressure

rise (dp/dt)uax was 102 bar/s and the Kst—value was 28 bar*m/s. The categorisation with these

values means a dust explosion class of 1. The results of the tests can be seen in Table LXIII

and the course of the explosion is shown in Figure 68.

Table LXIII: Values 30% brown coal

Series Concentration  Maximum Maximum Ignition Chemical
[9/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 4.5 42 60 10kJ
1 1000 4.4 31 60 10kJ
1 1250 4.9 38 60 10kJ
1 1500 4.8 97 60 10kJ
1 1750 5.2 113 60 10kJ
1 2000 4.3 90 60 10kJ
1 2250 4.5 70 60 10kJ
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Series Concentration  Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
2 1000 4.4 36 60 10kJ
2 1250 5.1 91 60 10kJ
2 1500 5 89 60 10kJ
2 1750 4.9 82 60 10kJ
explosion overpressure pressure rise
overpressure dp.’dt
[bar] i [baris]

100 100
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Figure 68: Explosion overpressure and rate of pressure rise — 30% brown coal

6.2.1.4 Investigation of 25% brown coal and 75% sewage sludge ashes

The fourth trial was made with a concentration of 25% brown coal dust and 75% sewage
ash. The dust concentration ranged from 750 g/m® to 2500 g/m3. After the two series, the
results were pwax = 4 bar, (dp/dt)uax = 42 bar/s and the Kst—value was calculated to 11 m*bar/s,
so this dust mixture belongs to the dust explosion class 1. The results are shown in Table LXIV

and the course of the explosion can be seen in Figure 69.
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Table LXIV: Values 25% brown coal

Series Concentration  Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 3.2 16 60 10kJ
1 1500 3.7 26 60 10kJ
1 1750 3.2 11 60 10kJ
1 2000 4 24 60 10kJ
1 2250 3.7 40 60 10kJ
1 2500 3.5 39 60 10kJ
2 750 0 0 60 10kJ
2 1000 4.1 44 60 10kJ
2 1250 3.7 22 60 10kJ
2 1500 3.9 22 60 10kJ
2 1750 3.7 19 60 10kJ
explosion overpressure pressure rise
overpressure dpidt
[bar] [baris]
i *
L 40  —

F 20 % \:/ - 20
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780 1000 1250 1500 1750 2000 2250 2500 750 1000 1250 1500 1750 2000 2250 2500
concentration [g/m] concentration [g/m]

Figure 69: Explosion overpressure and rate of pressure rise — 25% brown coal
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6.2.1.5 Investigation of 20% brown coal and 80% sewage sludge ashes

With a concentration of 20% brown coal dust and 80% sewage ash the last trial was made.
The dust concentration ranged from 750 g/m*® to 2000 g/m3. With this large range of
concentration and the strong igniter of 10 kJ, no explosion occurred. Therefore a mixture of
20% brown coal dust and 80% sewage sludge ash is not explosive. So the maximum explosion
overpressure puax, the maximum rate of pressure rise (dp/dt)uax and the Ksr—value cannot be

found. The results of the tests can be seen in Table LXV.

Table LXV: Values 20% brown coal

Series Concentration  Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PmAX rise
[bar] (dp/dt)max
[bar/s]
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 0 0 60 10kJ
1 1500 0 0 60 10kJ
1 1750 0 0 60 10kJ
1 2000 0 0 60 10kJ
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6.2.2 Charcoal

6.2.2.1 Investigation of 40% charcoal and 60% sewage sludge ashes

Because the upper limit of coal dust in the RecoPhos reactor is 40%, the first investigations
in the 20-I-apperatus were made with a dust mixture of 40% charcoal and 60% sewage ash.
The concentration of the dust for the two series varied from 500 g/m?® to 2500 g/m3. The results
of the tests can be taken from Table LXVI. These results are the base for calculating the
maximum explosion pressure and the maximum rate of pressure rise. The values for the dust
40% charcoal and 60% sewage ash are: maximum explosion overpressure puax was 5.5 bar,
the maximum rate of pressure rise (dp/dt)uax was 102 bar/s and the calculated Ksr—value was
28 bar*m/s. The categorisation with these values results in a dust explosion class of 1. The

course of the explosion tests are shown in Figure 70.

Table LXVI: Values 40% charcoal

Series Concentration  Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 4.6 34 60 10kJ
1 1000 5.6 103 60 10kJ
1 1250 4.8 47 60 10kJ
1 1500 4.5 57 60 10kJ
1 1750 4.1 29 60 10kJ
1 2000 3.9 83 60 10kJ
1 2250 3.2 26 60 10kJ
1 2500 3.5 41 60 10kJ
2 500 0 0 60 10kJ
2 750 0 0 60 10kJ
2 1000 54 100 60 10kJ
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Series Concentration  Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
2 1250 4.9 51 60 10kJ
2 1500 4.7 64 60 10kJ
2 1750 4.5 52 60 10kJ
explosion overpressure pressure rise
overpressure dp/dt
[bar] [baris]
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Figure 70: Explosion overpressure and rate of pressure rise — 40% charcoal

6.2.2.2 Investigation of 35% charcoal and 65% sewage sludge ashes

The second trial was made with a lower percentage of charcoal in the mixture coal and
sewage ash. The concentration was 35% charcoal and 65% sewage sludge ash. In a
concentration range of 500 g/m? to 2250 g/m?®. Investigations showed that a maximum of the
explosibility is in the range of between 1500 g/m*® and 2000 g/m?3. The results of the trial can
be seen in Table LXVII. Out of these results the maximum explosion overpressure puax was
4.8 bar and the maximum rate of pressure rise (dp/dt)uax was 34 bar/s. With the help of the
rate of pressure rise the Kst—value was calculated. The Ksr—value of 35% charcoal and 65%
sewage sludge ash was 9 bar*m/s. This value signifies that the dust belongs to the dust

explosion class 1. The course of the trials is shown in Figure 71.
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Table LXVII: Values 35% charcoal

Series Concentration  Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 1.2 2 60 10kJ
1 1500 5.1 35 60 10kJ
1 1750 4.8 28 60 10kJ
1 2000 0 0 60 10kJ
2 1000 0 0 60 10kJ
2 1250 0 0 60 10kJ
2 1500 4.5 24 60 10kJ
2 1750 4.1 22 60 10kJ
2 2000 4.2 32 60 10kJ
2 2250 4.1 15 60 10kJ
explosion overpressure pressure rise
overpressure dpidt
[bar] [bar/s]
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Figure 71: Explosion overpressure and rate of pressure rise — 35% charcoal
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6.2.2.3 Investigation of 30% charcoal and 70% sewage sludge ashes

This experiment was performed with a concentration of 30% charcoal dust and 70% sewage
ash. The dust concentration range was from 500 g/m? to 2000 g/m?3. Despite performing the
tests with such a large range of concentration and the strong igniter of 10 kJ, no explosion
occurred. As a result it can be said that a mixture of 30% charcoal dust and 70% sewage

sludge ash is not explosive. The results of the trial can be taken from Table LXVIII.

Table LXVIII: Values 30% charcoal

Series Concentration  Maximum Maximum Ignition Chemical
[9/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PMAX rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 0 0 60 10kJ
1 1500 0 0 60 10kJ
1 1750 0 0 60 10kJ
1 2000 0 0 60 10kJ

6.2.2.4 Investigation of 25% charcoal and 75% sewage sludge ashes

Although the previous trial had not produced an explosion, more tests with less charcoal
were made to ensure the accuracy of the results. A mixture of 25% charcoal and 75% sewage
ash did not ignite, even with a strong igniter of 10 kJ. The concentration range was wide and
went from 500 g/m? to 2000 g/m3. Therefore a mixture of 25% charcoal and 75% sewage

sludge ash is not explosive.
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6.2.2.5 Investigation of 20% charcoal and 80% sewage sludge ashes

The last trial was made with a mixture of 20% charcoal and 80% sewage ash. The
concentration range was very wide, from 500 g/m? to 2000 g/m?3. Despite performing the tests
with such a large range of concentration and the strong igniter of 10 kJ, no explosion occurred,

so this mixture can be taken as non-explosive.
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6.2.3 Hard coal

6.2.3.1 Investigation of 40% hard coal and 60% sewage sludge ashes

The mixture of 40% hard coal dust and 60% sewage ash was the first to investigate. The
concentration varied from 60 g/m?® to 1750 g/m?, with explosions at the concentration level of
750 g/m3 to 1750 g/m3. The maximum was between 1000 g/m® and 1500 g/m?3. To check the
results, two series of testings were executed. Based on these results the maximum explosion
overpressure puax was 5.8 bar and the maximum rate of pressure rise (dp/dt)uax was 144 bar/s.
So the calculated Ksr—value was 39 m*bar/s, that accords to the dust explosion class 1. The

course of the explosion is shown in Figure 72 and the results can be seen in Table LXIX.

Table LXIX: Values 40% hard coal

Series Concentration Maximum Maximum Ignition Chemical
[g/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PmMAX rise
[bar] (dp/dt)max
[bar/s]

1 60 0 0 60 10kJ
1 125 0 0 60 10kJ
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 5.7 96 60 10kJ
1 1250 5.3 67 60 10kJ
1 1500 5.5 104 60 10kJ
1 1750 0 0 60 10kJ
2 750 5.1 57 60 10kJ
2 1250 5.7 133 60 10kJ
2 1500 5.8 180 60 10kJ
2 1750 5.6 184 60 10kJ
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Figure 72: Explosion overpressure and rate of pressure rise — 40% hard coal

6.2.3.2 Investigation of 35% hard coal and 65% sewage sludge ashes

The second trial was made with 35% hard coal dust and 65% sewage ash, in a concentration
range of 500 g/m® to 1500 g/m?3. For this mixture the maximum explosion overpressure pmax
was 5.4 bar, the maximum rate of pressure rise (dp/dt)uax was 122 bar/s and the Kst—value
was 33 bar*m/s, so the dust explosion class is 1. The results can be seen in Table LXX and

the course of the explosion is shown in Figure 73.

Table LXX: Values 35% hard coal

Series Concentration Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]

1 500 0 0 60 10kJ
1 750 4.5 34 60 10kJ
1 1000 5.2 100 60 10kJ
1 1250 4.6 80 60 10kJ
1 1500 4.0 94 60 10kJ
1 1750 4.0 89 60 10kJ
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Series Concentration Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)MAx
[bar/s]
2 250 0 0 60 10kJ
2 500 4.5 58 60 10kJ
2 750 5.6 123 60 10kJ
2 1000 5.5 145 60 10kJ
2 1250 4.7 82 60 10kJ
2 1500 4.4 120 60 10kJ
2 1750 3.8 75 60 10kJ
explosion overpressure pressure rise
overpressure dpfdt
[bar] [baris]
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Figure 73: Explosion overpressure and rate of pressure rise — 35% hard coal

6.2.3.3 Investigation of 30% hard coal and 70% sewage sludge ashes

With a concentration of 30% hard coal dust and 70% sewage ash the third trial was made.
The dust concentration range was from 500 g/m?® to 2000 g/m?3. It must be taken into account
that there was a large fluctuation range between the two series of one concentration. To ensure
the results one more series was done. After the third series the fluctuation was smaller, so the
results were pmax = 5.1 bar, (dp/dt)uax = 81 bar/s and the Kst—value is 22 m*bar/s, so this dust
mixture belongs to the dust explosion class 1. The results can be seen in Table LXXI and the

course of the explosion is shown in Figure 74.
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Table LXXI: Values 30% hard coal

Series Concentration Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PMAX rise
[bar] (dp/dt)max
[bar/s]

1 500 0.0 0 60 10kJ
1 750 3.9 20 60 10kJ
1 1000 5.1 87 60 10kJ
1 1250 4.1 50 60 10kJ
1 1500 5.0 59 60 10kJ
1 1750 3.0 49 60 10kJ
1 2000 3.0 65 60 10kJ
2 500 0.0 0 60 10kJ
2 750 3.4 16 60 10kJ
2 1000 3.3 14 60 10kJ
2 1250 5.1 77 60 10kJ
2 1500 3.9 37 60 10kJ
3 500 0.2 4 60 10kJ
3 750 3.2 14 60 10kJ
3 1000 5.0 78 60 10kJ
3 1250 4.6 47 60 10kJ
3 1500 4.2 32 60 10kJ

Master’s thesis Katja Hittenbrenner Page 128



INVESTIGATIONS ON DUST MIXTURES

explosion overpressure

overpressure
[bar]

— 100

g
g

1000

T
1250

T T
1500 1750 2000
concentration [g/m?]

pressure rise

wikn

dpldt
[bari/s]

750

T
1000 1250

T T
1500 1750 2000
concentration [g/m?]

Figure 74: Explosion overpressure and rate of pressure rise — 30% hard coal

6.2.3.4 Investigation of 25% hard coal and 75% sewage sludge ashes

The next trial was 25% hard coal dust and 75% sewage ash. Based on the results of this

series, the maximum explosion overpressure pwax was 3.8 bar, the maximum rate of pressure

rise (dp/dt)uax was 36 bar/s and the Kst—value was 10 bar*m/s. The categorisation with these

values resulted in a dust explosion class of 1. The results of the tests can be seen in Table

LXXII and the course of the explosion is shown in Figure 75.

Table LXXII: Values 25% hard coal

Series Concentration Maximum Maximum Ignition Chemical
[g/m?] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 3.7 17 60 10kJ
1 1500 3.8 36 60 10kJ
1 1750 3.6 34 60 10kJ
1 2000 29 4 60 10kJ
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Series Concentration Maximum Maximum Ignition Chemical
[g/m?3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)MAx
[bar/s]
2 750 0 0 60 10kJ
2 1000 29 6 60 10kJ
2 1250 0 0 60 10kJ
2 1500 0.1 7 60 10kJ
2 1750 3.3 13 60 10kJ
2 2000 3.2 19 60 10kJ
2 2250 3.2 22 60 10kJ
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overpressure dp/dt
[bar] [baris]
40 - 40
- L] * .E'\ L] il
f - % _..—4': n - L
fj - "l'll
p— 20 ’.__7" - N u A xn
10 / L -
+ l
+ J.-'.. [} A ’ -

concentration [g/m?]

concentration [g/m?]

Figure 75: Explosion overpressure and rate of pressure rise — 25% hard coal

6.2.3.5

Investigation of 20% hard coal and 80% sewage sludge ashes

With a concentration of 20% hard coal dust and 80% sewage ash the last trial was made.

The dust concentration range was from 750 g/m?® to 1750 g/m3. With this large range of

concentration and the strong igniter of 10 kd, no explosion occurred. Therefor a mixture of 20%

hard coal dust and 80% sewage sludge ash is not explosive. So the maximum explosion

overpressure puax, the maximum rate of pressure rise (dp/dt)uax and the Ksr—value cannot be

found. The results of the tests can be seen in Table LXXIII.
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Table LXXIII: Values 20% hard coal

Series Concentration Maximum Maximum Ignition Chemical
[g/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]

1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 0 0 60 10kJ
1 1500 0 0 60 10kJ
1 1750 0 0 60 10kJ
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6.2.4 Anthracite

6.2.4.1 Investigation of 40% anthracite and 60% sewage sludge ashes

The concentration of the mixture 40% anthracite and 60% sewage sludge ash for the two
trials varied from 500 g/m?3 to 2250 g/m?3. The results of the tests can be taken from Table
LXXIV. Despite performing the testing with such a large range of concentration and the strong
igniter of 10 kJ, no explosion occurred. Therefore this mixture can be taken as non-explosive.
The course of the explosion tests are shown in Figure 76. Because this mixture was not
explosive, mixtures with less than 40% anthracite dust can be supposed to be safe. For the
RecoPhos reactor this investigation is sufficient, because the upper limit of the carbon source
is 40%.

Table LXXIV: Values 40% anthracite

Series Concentration  Maximum Maximum Ignition Chemical
[g/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
PMAX rise
[bar] (dp/dt)max
[bar/s]
1 500 0 0 60 10kJ
1 750 0 0 60 10kJ
1 1000 0 0 60 10kJ
1 1250 0 0 60 10kJ
1 1500 0 0 60 10kJ
1 1750 0 0 60 10kJ
1 2000 0 0 60 10kJ
1 2250 0 0 60 10kJ
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Figure 76: Explosion overpressure and rate of pressure rise — 40% anthracite
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6.2.5 Graphite

6.2.5.1 Investigation of 40% graphite and 60% sewage sludge ashes

40% graphite dust and 60% sewage ash was the first mixture investigated. The
concentration went from 750 g/m® to 1500 g/m?3, but there was no explosion. So there is no
maximum explosion overpressure puax and also no maximum rate of pressure rise (dp/dt)max.
Thus it is not possible to calculate a Ksr-value. This result means that a dust of 40% graphite
and 60% sewage ash is not explosive, despite the large range of the tested concentration and
the strong igniter of 10 kJ. The results — that there was no explosion - can be taken from Table
LXXV. For the RecoPhos reactor mixtures of 40% or less graphite was used. Because 40%
graphite and 60% sewage sludge ash was not explosive, mixtures with 40% graphite dust or

less can be supposed to be safe.

Table LXXV: Values 40% graphite

Series Concentration Maximum Maximum Ignition Chemical
[9/m3] explosion rate of delay time igniter
overpressure  pressure [ms] energy
Pmax rise
[bar] (dp/dt)max
[bar/s]
1 750 0 0 60 10 kJ
1 1000 0 0 60 10 kJ
1 1250 0 0 60 10 kJ
1 1500 0 0 60 10 kJ
1 1750 0 0 60 10 kJ
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Figure 77: Explosion overpressure and rate of pressure rise — 40% graphite
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7 Results

7.1 Carbon Sources

The results of the investigations on the carbon carriers with the help of the MIKE 3-apparatus
and the 20-l-apparatus are summed up in Table LXXVI. For the minimum ignition energy the
MIKE 3-apparatus was used, which can only produce sparks with an energy of 1000 mJ. Just
one coal — brown coal - ignited. This means that the other substances have minimum ignition
energies above 1000 mJ. In the 20-l-apparatus the ignition energy was higher, so all

substances reacted.

Table LXXVI: Results carbon carriers

Carbon Explosion Rate of Kst- value Dust Minimum
carrier overpressure  pressure [bar*m/s] explosion ignition
Pmax rise class energy
[bar] (dp/dt)max [mJ]
[bar/s]
Brown coal 7.6 475 129 St 1 59,69
Charcoal 7.4 481 131 St 1 MIE above
1000 mJ
Hard coal 7.6 510 139 St 1 MIE above
1000 mJ
Anthracite 4.5 29 8 St 1 MIE above
1000 mJ
Graphite 1.4 3 1 St 1 MIE above
1000 mJ
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There is an impact on the explosibility of dust caused by the volatility. According to Eckhoff,
pulverized coal and coal dust do not have explosion properties unless there is a content of
seven to eight percent of volatiles [25]. This dependency can also be seen in Figure 78, which
shows the five investigated carbon sources. Anthracite has a volatile matter of 8% and it can
be seen that this dust reacts in the 20-I-chamber. The reaction is not as intense as from hard
coal, charcoal or brown coal, but it can be hazardous. On the contrary, graphite has a low
reaction of just 1.4 bar with a strong igniter of 10 kJ. If a decision about safety requirements
was just made using the explosion overpressure, safety equipment would have to be installed
for all tested coals. But all the dusts are within dust explosion class 1. For the tests with the
sewage sludge ash, it has to be determine if the strong reaction of hard coal, charcoal and
brown coal can lead to a minimization or if the inert part of sewage ash is too low to influence

the explosion properties.
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Figure 78: Explosion pressure in relation to volatile components

The second investigated parameter is the maximum rate of pressure rise. This gives an idea
of how fast the explosion occurred. Figure 79 shows the maximum rate of pressure rise of the
five carbon carriers. Graphite and anthracite dust have a low rate of pressure rise, so the
reaction is slow and more like a combustion than an explosion. The hazard for using these two
carbon carriers in a process is confined to their burning and therefore just fire prevention is

needed.
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Figure 79: Rate of pressure rise in relation to volatile components

Hard coal has the highest rate of pressure rise with 510 bar/s. If the ignition is strong enough
to ignite hard coal dust, the dust reacts very fast and also very strongly, as seen by the high
explosion overpressure of 7.6 bar. In contrast brown coal reacts more slowly, but it has a
minimum ignition energy of about 60 mJ, so a lower energy is necessary to produce an

explosion.

Another point to explain the different values for the explosion pressure and the rate of
pressure rise is the caloric value. As seen in Figure 80 the caloric value of brown coal is lower
than the value of hard coal. So if an ignition source is strong enough to ignite hard coal, this
coal has a higher caloric value and so the reaction is much stronger. For the ignition of brown
coal the ignition source needs less energy, but also the reaction is slower. Anthracite and
graphite have also a very high caloric value, but the ignition energy has to be very high too.
The higher the volatile matter, the lower the caloric value, because of the high energy needed

to eliminate the volatile components.
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Figure 80: Calorific value in relation to the volatile components

A comparison among the five Kst- values is also possible. Figure 81 shows the Ksr- value

as a function of the volatile components of the carbon carrier. All five carbon sources belong

to the dust explosion class 1. This class has Ksr- values from 1 to 200 m*bar/s. Hard coal,

charcoal and brown coal have Kst- values around 130 to 140, so they are in the upper range

of class 1. By contrast anthracite and graphite have very low values and so they will be really

safe to use. It has to be taken into account that these two substances are more expensive

than, for example, charcoal. So the costs for the material and the plant should be calculated

before the decision is made as to which carbon carrier will be taken.
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Figure 81: Kst- value in relation to volatile components
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7.2 Brown Coal and sewage sludge ash

7.2.1 Minimum ignition energy (MIE)

Results of the tested minimum ignition energy in the MIKE 3-apparatus can be seen in Table
LXXVII. Because it is not possible for the MIKE 3-apparatus to provide ignition energies above
1000 mJ the testing result is that mixtures of 20% to 40% brown coal and the rest sewage
sludge ash have a MIE above 1000 mJ. Brown coal dust on its own has a minimum ignition
energy of about 60 mJ. This means that the inert part — the sewage sludge ash — helps to

minimize the hazard of an explosion by increasing the ignition energy.

Table LXXVII: Results MIE brown coal — sewage sludge ash

Brown coal Sewage Ignition No ignition
dust sludge ash at 1000 mJ
[%] [%] ignition
energy
40 60 X
35 65 X
30 70 X
25 75 X
20 80 X

7.2.2 Maximum explosion overpressure and maximum rate of pressure rise

To get an overview of all the tested dust mixtures, all important values can be seen in Table
LXXVIIL. It can be seen that a reduction of the coal dust in the mixture sewage sludge ash

(inert part) and coal dust results in a minimization of the explosibility.
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Table LXXVIII: Results brown coal — sewage ash

Brown coal Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion
[%] [%] overpressure  pressure class

[bar] rise
[bar/s]
100 0 7.6 475 129 St1
40 60 5.5 164 44 St1
35 65 5.5 148 40 St1
30 70 5.2 102 28 St1
25 75 4 42 11 St 1
20 80 0 0 0 StO0

Between 100% brown coal dust and 40% brown coal dust, the maximum explosion

overpressure falls from 7.6 bar to 5.5 bar. Also the maximum rate of pressure rise shows a

great reduction from 475 bar/s to 164 bar/s, so the inert part has an impact on the explosibility.

Another large reduction occurs between 25% and 20% brown coal dust. At the percentage of

20% brown coal dust and 80% sewage sludge ash, the mixture is not explosive. The reduction

of the maximum overpressure in relation to the brown coal dust can be seen in Figure 82. For

a safe process a mixture of just 20% brown coal or less and the rest of sewage sludge ash has

to be used.
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In Figure 83 the maximum pressure rise as a function of the brown coal can be seen. The
rate of pressure rise is nearly linear with the ratio of brown coal dust between 20% and 40%

brown coal in the dust mixture.
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Figure 83: Pressure rise as a function of brown coal

Figure 84 shows the rising Ksr-value in dependence on the mixture of brown coal dust and
sewage sludge ash. Ksr-values from 1 to 200 belongs to the dust explosion class 1, so the
mixtures are in the lower limit of the class 1. This figure also shows that the Ksr-value is also

rising linearly.
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Figure 84: Dependence of Kst-value
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7.3 Charcoal and sewage sludge ash

7.3.1 Minimum ignition energy (MIE)

The results from tests made with the MIKE 3-apparatus of the minimum ignition energy can
be seen in Table LXXIX. Because it is not possible for the MIKE 3-apparatus to provide ignition
energies above 1000 mJ the testing result is that mixtures of 20% to 40% charcoal and the

rest sewage sludge ash have a MIE above 1000 mJ.

Table LXXIX: Results MIE charcoal — sewage sludge ash

Charcoal Sewage Ignition No ignition
dust sludge ash at 1000 mJ
[%] [%] ignition

energy
40 60 X
35 65 X
30 70 X
25 75 X
20 80 X

7.3.2 Maximum explosion overpressure and maximum rate of pressure rise

To get an overview of all the tested dust mixtures in the 20-l-apparatus, all important values
can be taken from Table LXXX. It can be seen that a mixture with 30% charcoal or less is not
explosive. So the limit of the content of charcoal is 30%. If the process needs more than 30%
charcoal, safety equipment has to be installed. For the RecoPhos project this means that the
reactor should be operated with less than 30% charcoal. Figure 85 shows the maximum

explosion pressure as a function of the charcoal content.
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Table LXXX: Results charcoal — sewage ash

Charcoal Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion
[%] [%] overpressure  pressure class

[bar] rise
[bar/s]
100 0 7.4 481 313 St1
40 60 5.5 102 28 St1
35 65 4.8 34 9 St1
30 70 - - - StO0
25 75 - - - StO0
20 80 - - - StO0
Pwax  ©
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Figure 85: Explosion pressure as a function of charcoal content

The maximum rate of pressure rise in relation to the charcoal in the mixture is shown in

Figure 86. It can be seen that the explosion pressure with a coal content of more than 30%

the hazardousness is rising. The Ksr-value dependence on the carbon content is shown in

Figure 87. Even with a content of 40% charcoal this value is very low, therefore a mixture of

60% sewage sludge ash and 40% charcoal can be said to be safe.
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Figure 86: Rate of pressure rise in relation to charcoal content
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Figure 87: Dependence of Kst-value
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7.4 Hard coal and sewage sludge ash

7.4.1 Minimum ignition energy (MIE)

All results of the tested minimum ignition energy of hard coal can be seen in Table LXXXI.
Because it is not possible for the MIKE 3-apparatus to provide ignition energies above 1000 mJ
the testing result shows that mixtures of 20 to 40% hard coal and the rest sewage sludge ash
have a MIE above 1000 mJ.

Table LXXXI: Results MIE hard coal — sewage sludge ash

Hard coal Sewage Ignition No ignition
dust sludge ash at 1000 mJ
ignition
energy
40 60 X
35 65 X
30 70 X
25 75 X
20 80 X

7.4.2 Maximum explosion overpressure and maximum rate of pressure rise

An overview of all the tested hard coal — sewage sludge ash mixtures in the 20-l-apparatus
can be seen in Table LXXXII.

Table LXXXII: Results hard coal — sewage ash

Hard coal Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion

[%] [%] overpressure  pressure class

[bar] rise
[bar/s]

100 0 7.6 510 139 St1

40 60 5.8 144 39 St 1

35 65 54 122 33 St1
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Hard coal Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion
[%] [%] overpressure  pressure class
[bar] rise
[bar/s]
30 70 5.1 81 22 St 1
25 75 3.8 36 10 St1
20 80 - - - -

Apparent from the results from the first tests, a reduction of the coal dust results in a

minimization of the explosibility. As shown in Figure 88, the maximum explosion overpressure

greatly reduced nearly 1 bar between 30% and 25% hard coal dust and between 20% and

25% there is a minimization of the maximum explosion overpressure to 0 bar. The minimum

required ratio of ashes to achieve this effect is 80% sewage sludge ash. Figure 89 shows the

maximum rate of pressure rise (dp/dt)uax in relation to the ratio of hard coal dust. It can be

seen that the maximum rate of pressure rise is increasing nearly linearly between 20% and

40% hard coal in the mixture. Thus a falling inert part of the mixture impacts the velocity of an

explosion.
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Figure 88: Explosion pressure in relation to the ratio of hard coal
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The Kst—value as a function of the hard coal dust is shown in Figure 90. Values from 1 to

200 bar*m/s are counted for the dust explosion class 1, so it can be seen that all mixtures have

a very low value in the first class.
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7.5 Anthracite and sewage sludge ash

7.5.1 Minimum ignition energy (MIE)

All results of the tested minimum ignition energy of anthracite and sewage sludge ash can
be seen in Table LXXXIIl. Because it is not possible for the MIKE 3-apparatus to provide
ignition energies above 1000 mJ the testing result is that mixtures of 25 to 40% anthracite coal

and the rest sewage sludge ash have a MIE above 1000 mJ.

Table LXXXIII: Results MIE anthracite — sewage sludge ash

Anthracite Sewage Ignition No ignition
dust sludge ash at 1000 mJ
ignition
energy
40 60 X
25 75 X

7.5.2 Maximum explosion overpressure and maximum rate of pressure rise

The first tested mixture of anthracite and sewage sludge ash was 40% anthracite dust and
the rest was sewage ash. Despite performing the testings with such a large range of
concentrations and the strong igniter of 10 kd, no explosion occurred, so this mixture can be
taken as non-explosive. Because this mixture was not explosive, mixtures with 40% or less
anthracite dust can be assessed to be safe. For the RecoPhos process the upper limit of the
carbon source is 40%, so no more investigations were needed. Table LXXXIV shows the

results from the test.

Table LXXXIV: Results anthracite — sewage ash

Anthracite Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion
[%] [%] overpressure  pressure class
[bar] rise
[bar/s]
100 0 4.5 29 8 St1
40 60 - - - St0
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7.6 Graphite and sewage sludge ash

7.6.1 Minimum ignition energy (MIE)

All results of the tested minimum ignition energy can be seen in Table LXXXV. Because it
is not possible for the MIKE 3-apparatus to provide ignition energies above 1000 mJ the testing
result is that mixtures of 25 to 40% graphite and the rest sewage sludge ash have a MIE above
1000 mJ.

Table LXXXV: Results MIE graphite — sewage sludge ash

Graphite Sewage Ignition No ignition
dust sludge ash at 1000 mJ
ignition
energy
40 60 X
25 75 X

7.6.2 Maximum explosion overpressure and maximum rate of pressure rise

40% graphite dust and 60% sewage ash was the first investigated mixture in the 20-I-
apparatus. No explosion occurred. Therefore a dust of 40% graphite and 60% sewage ash is
not explosive, even for the large range of the tested concentrations and the strong igniter of
10 kd. For the RecoPhos process mixtures of 40% or less graphite are used. For this reason
no more tests were made, because mixtures with 40% graphite dust or less and the rest
sewage sludge ash can be assessed to be safe. Table LXXXVI shows the results from the

tests in the 20-I-apparatus.

Table LXXXVI: Results graphite — sewage ash

Graphite Sewage Maximum Maximum Kst- Value Dust
dust sludge ash explosion rate of [bar*m/s] explosion
[%] [%] overpressure  pressure class
[bar] rise
[bar/s]
100 0 1.4 3 1 St1
40 60 - - - St0
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8 Conclusions

Historically many explosions in the process industry have their origins in dust explosions.
For a dust mixture of sewage sludge ash and a carbon carrier this hazard is present. The aim
of this thesis was to find out the safest dust mixture of sewage sludge ash and a carbon source.
Brown coal, charcoal, hard coal, anthracite and graphite were used to perform the experiments

for evaluating the possibility of the occurrence of dust explosions.

The critical parameters for such tests are the explosion indices maximum pressure rise,
maximum explosion pressure and the minimum ignition energy. The tests were made with two
apparatuses from Kihner AG (MIKE 3 and 20-l-apparatus) with different ratios of carbon
carriers. During the tests the impact of the composition of the different coals became apparent.
It can be said that volatility plays a role in the explosibility. The more volatile the carbon carriers,
the higher the explosiveness. Brown coal has the highest percentage of volatile material, so it

is possible to ignite brown coal dust with an ignition energy lower than 1000 mJ.

Furthermore various mixtures with different ratios of the carbon carrier in the mixture were
tested to find the concentration where no explosion occurs. Sewage sludge ash is the inert
part of the mixture, therefore the amount of inert material necessary to supress an explosion,
has to be found. Figure 91 shows the maximum explosion overpressure in dependent on the
ratio of the carbon carrier in the dust mixture and in Figure 92 the maximum rate of pressure

rise as a function of the ratio of the carbon carrier can be seen.
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Figure 91: Maximum explosion pressure in relation to the ratio of carbon carrier
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Figure 92: Maximum rate of pressure rise in relation to ratio of carbon carrier

It can be seen that graphite and anthracite (in the figure as red and purple points) are
nonreactive and even with a low part of the inert material (60%) no explosion occurs. In
contrast brown coal and hard coal need more than 75% of the inert material to prevent an
explosion. With charcoal an explosion of the mixture sewage sludge ash and charcoal dust
can occur with a content of more than 20% charcoal dust. All results for evaluating the
possibility of the occurrence of dust explosions can be taken from Table LXXXVII. The content
of the carbon carrier in the mixture sewage sludge ash and carbon source can be seen in

column one. The red line shows the boundary between explosive and non-explosive.
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Table LXXXVII: All results

Brown coal Maximum Maximum Kst value Minimum Dust
[%] explosion rate of [bar*m/s] ignition explosion
pressure pressure energy class
Pmax rise MIE
[bar] (dp/dt)max [mJ]
[bar/s]

100 7.6 475 129 59,69 St1

40 5.5 164 44 above St1
1000 mJ

35 5.5 148 40 above St1
1000 mJ

30 5.2 102 28 above St1
1000 mJ

25 4 42 11 above St1
1000 mJ

20 0 0 - above St0
1000 mJ

Charcoal

[%]

100 7.4 481 313 above St1
1000 mJ

40 5.5 102 28 above St1
1000 mJ

35 4.8 34 9 above St 1
1000 mJ

30 0 0 - above St0
1000 mJ

25 0 0 - above St0
1000 mJ

20 0 0 - above St0
1000 mJ

Hard coal

[%]

100 7.6 510 139 above St1
1000 mJ

40 5.8 144 39 above St1
1000 mJ

35 54 122 33 above St1
1000 mJ

30 5.1 81 22 above St1
1000 mJ

25 3.8 36 10 above St1
1000 mJ

20 0 0 - above St0
1000 mJ
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Anthracite Maximum Maximum Kstvalue Minimum Dust
[%] explosion rate of [bar*m/s] ignition explosion
pressure pressure energy class
Pmax rise MIE
[bar] (dp/dt)max [mJ]
[bar/s]
100 4.5 29 8 above St1
1000 mJ
40 0 0 - above St0
1000 mJ
35 0 0 - above St0
1000 mJ
30 0 0 - above St0
1000 mJ
25 0 0 - above St0
1000 mJ
20 0 0 - above St0
1000 mJ
Graphite
[%]
100 1.4 3 1 above St1
1000 mJ
40 0 0 - above St0
1000 mJ
35 0 0 - above St0
1000 mJ
30 0 0 - above St0
1000 mJ
25 0 0 - above St0
1000 mJ
20 0 0 - above St0
1000 mJ

If the RecoPhos process needs a mixture of 40% carbon carrier only graphite and anthracite
can be used to produce an explosion-safe mixture of dust. The utilization of charcoal assumes
a percentage of 30% or lower for the carbon dust. If the process just needs carbon carriers of
20% or less, hard coal and brown coal can be used for a safe process. For all other mixtures

of sewage sludge ash and carbon source, safety equipment has to be installed.
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13,00 18,34 52,50 44,33 215,00 83,82 B75, 00 100, 00
15,50 20,74 62,50 aa, 31 255, 00 86,32
Vertellungzdichte (log.)
Im/nm qilz In/pm qalg In/pm qils Im/uim qilz
1,50 a,07 16,93 a,35 66,47 0,55 278, BB 0, 5B
4,97 a, 18 19,94 a,38 az,16 0,61 333,65 0,52
5,98 a,z21 23,18 0,43 97,21 0,66 198,47 0,40
6,98 0,22 27,39 0,45 114,56 0,71 473,31 0,00
8,22 a,zd 33,54 a,48 136,93 o, 74 562,76 0,00
2,95 a, 26 41,08 a, 50 164,32 o, 72 672,33 0,00
11,96 0,29 4B, 61 0,51 196, 72 D, 64 BO1, 95 o, 00
14,20 a,31 57,28 0,53 234,15 0,61
Awswertung: WINDOX 4210, HRLD Produki: LB1

Verteilungsdichte q31gix)
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ANNEX Il

Eevalidierung: Dhchte: 7,80 g/on®, Formfaktor: 1,00
Referenzmessung: 3009 13:11:28 Disp.-Meth.: LB2
Eontamination: 0,00 % Cop=1361%
Mefibedingung: md4 Benutzerparameter:
Zeitbasis:  1000,00 ms Parameter 1:
Start: Startknopd Parameter 2:
Galtizkeit: immer Parameter 3:
Stopp: 3,00s Echtzeil Parameter 4:
Systems Patkel Techmk HELOS-Partikelgrofenanal yse

SYMPA
IT :c WINDOX 4
TPFT -

HELOS (H1473) & RODOS, R5: 0.5/4.5...875pnm 30.09.2013, 13:14:03.90530

w =687 pm x50 =79,12 pm zop = 314,98 pm SMD =18,86 pm VMD =122.79 pm
% =12.06 um %a =240.70 um e = 488,07 um Sy =037miem®  Sn  =407.93 cmie
100 Tl 0.8
90 o—t-. o7
= EE. LY
s
= ) ol /’F/ ™ 196 ¢
= 10 =
= ’_,ri / \l\ =
@ 2
E o Y] R 5
E 50 o ' 04 =2
'/l/ ] | E
g a0 A J‘,J-l/ 2
& J/f -3 =
= = =
z 30 e T ﬁ
8 a = | o2 2
= 20| ﬂ' {
e I —{0.1
10 _,-——'.’#' II
0 ol ol &d 1
4 6 & 10 20 440 60 B0 100 200 400 600 B00L00D

Partikelgrofie / pm
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ANNEX Il

Iy nm
1B, 50
21,50
25, 00
30, 00
37,50
45,00
52, 50
62,50

Im/pm
16,93
19,94
231 18
27,39
33 54
41,08
46,61
57,28

3000 13:13:49

Vertetlungzsumme
Tp/pm Qa'%
4,50 6,87
5,50 8,27
&, 50 9,56
7,50 10,74
3,00 12,36
11,00 14,28
13,00 16,03
15,50 18,08
Vertetlungzdichte (log.)
Im/um qilz
1,50 0,06
4,97 0,16
5, OF 0,1B
5,98 0,19
8,22 0,20
9,95 0,22
11,96 0,24
14,20 0,26
Awswertung: WINDOX 4.2.1.0, HELD
Eevalidierung:
Referenrmessung:
Eontamination: 0,00 %
Mefibedingung: md4
Eeitbasis:  1000,00 ms
Start: Startknopd
Galtizkeit: immer
Stopp: 3,0s Echtzeii

Q1%

za,32
22,49
24,91
za,18
32,63
16,56
40,05
44,16

ailg
a,30
0,33
a,3a7
0,41
a,46
0,50
o, 52
0,54

o/pm
305,00
365,00
435,00
515,00
615,00
735,00
B75,00

ImID
278, BB
333,65
198,47
471,31
562,78
672,33
801,95

Ipm Qi
75,00 46,59
90,00 53,47
105, 00 57,75
125,00 62,90
150, 00 6B, 59
180,00 74,35
215,00 79,77
255, 00 84,65
In/pm LE
&6, 47 0,57
82,16 0,60
97,21 0, 54
114,56 0,68
136,93 0,72
164,32 0,73
196,72 0,70
234,15 0, 66
Froduki- LB1
Dichte: 7,80 g/om®, Formfsktor: 1,00
Disp.-Meth.: LB2
Cop= 1648 %
Benutzerparameter:
Parameter 1:
Parameter 2:
Parameter 3:
Parameter 4:

Q%
89,12
93,42
96,03
100, 0D
100,00
100, 0D
100,00

o, &0
0,52
0,46
0,42
@, 00
o, 00
@, 00
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