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The “Machine and System Safety” Section of the Special Commission on Prevention of
the International Social Security Association (ISSA) has established several working
parties to handle the question of safety of machines, installations, and systems. Working
party members are international experts not only from universities and research
institutions but to a large extent also from industrial enterprises and the prevention
departments of accident insurers. This ensures that practice-oriented proposals for
solutions are developed not only for straightforward but also complex questions relevant
to safety.

In this connection explosion protection is a specific area of responsibility which is handled
by the “Dust Explosions” working party of the Section. The present new edition of “Dust
Explosion Prevention and Protection for Machines and Equipment” brings together the
most up-to-date state of knowledge relating to preventive and constructional protection
measures.

The purpose of this brochure is to provide persons in charge of plant installation but
without specialized knowledge of the field of explosion protection with the information to
evaluate possible dust explosion hazards in their plants. It can also be used as a source
of reference in relation to the requirements under EU law for plants to document hazard
analyses and solutions to problems. However, individual explosion protection measures
must be identified on the spot and not without the participation of experts.

The “Machine and System Safety” Section thus contributes to the maintenance and
further development of a high and - through the active cooperation of the members of its
working parties in commissions of the EU - comparable technological development
among industrial countries. Thanks to its appreciation of the comprehensive, worldwide
importance of effective prevention, the Section can also offer support and guidance in
developing countries.

“Machine and System Safety” Section

Fdy—

Secretary General
(Dr F. Mosetter) (Dr H.-J. Bischoff)




Chairman

Prof. Dr S. Radandt
FSA (Research Centre for Applied System Safety and Industrial Medicine)

With contributions from

Berufsgenossenschaftliches Institut fir Arbeitssicherheit (BIA),

Sankt Augustin (D)
Berufsgenossenschaft der chemischen Industrie, Heidelberg (D)
Berufsgenossenschaft Nahrungsmittel und Gaststatten (BGN),

Mannheim (D)
Kidde-Deugra Brandschutzsysteme GmbH, Ratingen (D)
FSA (Research Centre for Applied System Safety and Industrial Medicine),

Mannheim (D)
Health and Safety Laboratory, Buxton (GB)
StuvEx International Belgium, Kontich (B)
Pellmont Explosionsschutz, Binningen (CH)
FireEx Consultant GmbH, Giebenach (CH)
Suva (Swiss National Accident Insurance Fund), Lucerne (CH)

Dr W. Bartknecht, Freiburg (D)  Dr G. Pellmont, Binningen (CH)
Dipl.-Ing. H. Beck, Sankt Augustin (D) Dipl.-Ing. R. Siwek,

Dr B. Dyrba, Heidelberg (D) Giebenach (CH)
Dr F. Hauert, Mannheim (D) Ir. G. van Laar, Kontich (B)

Ing. H. B. Janssens, Kontich (B)  Drling. K. van Wingerden, Ratingen (D)

Dr G. Lunn, Buxton (GB) Dipl.-<Ing. C. Zockoll, Dortmund (D)

Dr R. J. Ott, Lucerne (CH)

Layout and graphic design

Dr R. J. Ott, Lucerne (CH)
Dipl.-Designer D. Settele (computer graphics) (D)

o



R U TIN5 3 3 3 S0 R S A S S 8
2. EXPlOSION Prevention ...........uecuvieiiieiieimisniiiesiestesssesas s eeessssssnssssssessssasssnnssrasses 10
2.1 Avoiding explosive dust/air MiXtUres ... 10
2.1.1 Eliminating combustible dusts.. SR .10
2.1.2 Limiting the concentration of combustible dusts .10
2.2 Limiting the oxygen concentration .........cccccceviviveciieniecieviieiesceeeessnsnenessenns 11
i A TR WWAEY KB o s e i o s RN NN MR R 11
S eI IR EOHAE .. ... s s s g e i R 16
2.2.8 Uso of VACUUIM .uierssinssis .16
2.3 Avoiding effective ignition SOUMCES ........c...oiioiiieieee et 17
3. Constructional explosion ProfeCtion .........cveiiiiiiieiiiii e e e s e e e eaees 31
3.1 Explosion-resistant design ... 32
3.2 EXPIOSION VENTING .ooviniitiiiiiie it sessscninssse e e sas s asnsss s s sesessssnesseesassnsns OO
3.3 EXPIOSION SUPPI@SSION .......cooieieiicieieieeeeiemceceerae e e ransmenesne e e meens e mnemnreanrasnns s sas 36
3.4 Explosion decoupling, isolation (prevention of explosion propagation) ......... 36
3.4.1 ROtarny VAIVES ... e 37
3.4.2 ExtingUIShiNg DArTIEIS ......ccuviiiiiiicceeiici et e e e s e s sn e e e maenas 38
3.4.3 Rapid-action gate VaIVES ..........cccoviviiiiiiiiiee it ce e 39
3.4.4 Rapid-action Darrier ValIVES ... et e a e e e e e e 40
3.4.5 Explosion diverters......... .. 42

4. Appendix 44
4.1 Terms, definitions and abbrevialions .......coiiimssiissimiisarsssisesisssisssssnsasnss 44
2 PREITENTONNEIES i o i o A i S S o i 47
5. ISSA publications on explosion protection ........cccciiiirriinnnnsssessasnes 49



1 Introduction

The purpose of the present document is to describe the possible explosion hazards that
can occur with machines and equipment in the presence of combustible dusts, to
describe possible preventive and protective measures based on state-of-the-art techno-
logy, and to provide a basis for decisions concerning their application.

A prerequisite for ignition and propagation of combustion is the simultaneous presence
at one and the same location of:

* a substance capable of exothermic oxidation,

» sufficient oxygen, and

* an effective ignition source.
In addition to the above conditions, the following are necessary if an explosion is to occur:

» sufficient fineness of the combustible material

« concentration of the material in the dust/air mixture within the explosion limits.
All measures which eliminate at least one of the three prerequisites, or reduce it to such
an extent that a fire or explosion can be ruled out, are referred to as explosion
prevention measures.
If explosion prevention measures are insufficient to guarantee safety, constructional
explosion protection measures must be applied.

These measures do not prevent a fire or explosion from occurring, but limit its effects to
a harmless level.

Constructional explosion protection measures are:

* explosion-resistant design
= explosion venting
* explosion suppression
« explosion decoupling (isolation)
If risks are still present after explosion prevention and protection measures have been

applied then, the installations must be brought into a non-hazardous state, e.g. by
switching off the power supply.

Dust fires and dust explosions can take place during, for example:
» crushing and drying of coal and the filling of coal dust silos
* the extraction and transport of wood dust in filter and ventilation systems
« the handling and storage of grain

* grinding, mixing and mechanical conveyance of organic products such as grain,
feed, sugar, plastics, dyestuffs and pharmaceuticals

* spray drying of organic products, e.g. milk, coffee, detergent
* drying, granulation and coating in fluid bed equipment

* the grinding of light metals and their alloys

» the manufacture and processing of metal powders

The selection and specification of appropriate prevention and/or constructional protection
measures with respect to safety, ecology in a cost-effective manner requires detailed
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Fig. 1: Prerequisites for the occurrence of explosions

knowledge of the causes and development of fires" and explosions as well as the
effectiveness of prevention and protection measures [1]%, [2]%, [3] - [25].

!} The remaining sections of this brochure deal only with the area of explosion prevention and protection.

2 Since the legal regulations regarding explosion protection differ from country to country, e.g. in Europe with
regard to the approval procedures for apparatuses and protection systems [1], [2], these formal aspects are not
given further consideration in the brochure.
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2 Explosion prevention

The principle of explosion prevention is to avoid (eliminate) at least one of the
prerequisites for the occurrence of an explosion. There are three basic ways of doing this:

¢ avoiding explosive dust/air mixtures by eliminating and/or reducing combusti-
ble dusts

+ avoiding explosive dust/air mixtures by eliminating and/or reducing the oxygen
required for combustion

* avoiding effective ignition sources

2.1 Avoiding explosive dust/air mixtures

2.1.1 Eliminating combustible dusts

Explosions can be avoided when handling dusts by replacing combustible materials with
non-combustible materials, or by adding sufficient quantities of non-combustible material
to the combustible substances.

If the particle size is sufficiently large - e.g. greater than 0.5 mm - the danger of explosion
is reduced or even eliminated. However, even with coarse particles it must be borne in
mind that mechanical processing of the material, for example, can also create fine dust.

The occurrence of explosive dust/air mixtures, or dust deposits, in the vicinity of powder
handling equipment, can be avoided by leak free construction or dust extraction
measures. In practice, however, dust deposits frequently cannot be avoided, and for this
reason regularcleaning to remove dust deposits becomes extremely important. Elimination
of dust from the inside of powder handling equipment is rarely possible, butin some cases
combustible filling materials can be replaced by non-combustible materials.

2.1.2 Limiting the concentration of combustible dusts

Dust explosions are prevented if the dust concentrations are kept outside the explosion
limits. This measure can be used on its own or in addition to other methods, depending
on the process technology and the characteristic properties of the dust.

For example, simply dividing the total amount of dust by the total volume of the vessel
does not provide an accurate value of the concentration at any particular point in the
vessel volume owing to the inhomogeneity of the dust distribution.

In view of the interchange between deposited and airborne dust, the explosion limits for
combustible dusts do not have the same significance as those for flammable gases and
vapours. The dust concentration changes constantly due to dust being deposited on the
one hand and being dispersed into the air on the other, making it extremely difficult to
maintain safe conditions.

In the vicinity of powder handling equipment it is especially important to limit the quantity
of combustible material and thereby reduce the probability that explosive dust/air
mixtures could occur.
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The escape of dust into the surroundings (work areas) must be limited (prevented) by
leak free construction and dust removal measures (low pressures, dust extraction or
vacuum-cleaning of objects). Unavoidable dust deposits must be removed by regular
cleaning.

Explosion prevention measures also include the use of wet scrubbers. These mix water
with the dust so intensively that it becomes a moist sludge and in this condition can no
longer create explosive dust/air mixtures.

In special cases, limitation of the dust concentration is a possible protective measure
when a dust concentration well below the lower explosion limit of the fine dust can be
guaranteed in a plant or plant units.

In the inside of the ducts of room air extraction systems and the ducts after filter
installations, the lower explosion limit is not reached in normal operation. Deposition of
the dust over a period of time must however be taken into account. These dust deposits
can become dispersed and hence constitute an explosion hazard. Regular cleaning can
be employed to remove the hazard.

As a rule, the high product loading in dense-flow pneumatic powder conveying systems
causes the upper explosion limit to be exceeded. However, explosive dust mixtures can
arise on startup and shutdown as well as at the product stream inlet into a filter, cyclone,
or silo.

Above all, if the concentration can be displaced into the explosion range during startup
and shutdown phases, additional preventive measures, e.g. inerting during these
operations may be necessary under certain circumstances.

An appropriate measure to prevent the formation of explosive concentrations involves
binding of the fine dust by spraying with liquids e.g. water or special oils.

2.2 Limiting the oxygen concentration

2.2.1 Inerting with gases

Inerting can be used as a preventive measure to avoid dust explosions [9], [10]. It
prevents the occurrence of explosions by the replacement of the atmospheric oxygen -
at least in part - by an inert gas - usually nitrogen or carbon dioxide. The use of this
particular measure requires specialized knowledge and a thorough understanding of the
inerting process, and presupposes a gas-tight system.

The limiting oxygen concentration in a dust/air/inert gas mixture is determined experi-
mentally by variation of the dust concentration and the oxygen concentration until a dust
explosion is just prevented. It is a value specific to the dust (see Table 1) and the inert
gas. For example, when carbon dioxide is employed as inert gas, higher values of the
limiting oxygen concentration are found than in the case of nitrogen.

If systems operate at elevated temperatures, it should be borne in mind that the limiting
oxygen concentration falls with increasing temperature (approx. 1.5 vol. % per 100° C
temperature increase).
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Dust type Median value (M) Limiting oxygen
concentration (LOC)

[um] [vol. %]

Pea flour 25 15.5
Cadmium laureate < 63 14
Hard (fat) coal 17 14
Barium stearate < 63 13
Rye flour 29 13
Lignite 63 12
Carbon black 13 12
Organic pigment <10 12
Herbicide 10 12
Cadmium stearate <63 12
Calcium stearate <63 12
Wheat flour 60 11
Polyacrylonitrile 26 11
Cellulose 22 10.5
Wood 27 10
Resin 63 10
Methyl cellulose 70 10
Polyethylene (HDPE) 26 10
B-naphthol < 30 95
Bisphenol A 34 9.5
Corn flour 17 9
Wettable sulfur with 20 %

lignin sulfonate 30 7
Paraformaldehyde 23 6
Aluminium 22 5

Table I: Limiting oxygen concentration (LOC) in nitrogen
(1 m” vessel, 1ISO method)
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In general, the highest permissible oxygen concentration for use under practical
conditions should be 2 vol. % below the experimentally determined limiting oxygen
concentration.

Theinerting mustbe monitored to ensure thatthe highest permissible oxygen concentration
is not exceeded. This can be effected by continuous or intermittent measurement.
Particular attention should be paid to the following:

» selection of a suitable measurement parameter (e.g. oxygen concentration)

» selection of a suitable measurement technique (e.g. measurement principle,
transverse sensitivity, limits of error, time constant of the measuring instrument,
time delay of the display due to the separation between measuring instrument and
sampling site)

» selection of a suitable measurement position where, with due consideration being

given to the flow situation, the most adverse conditions for the oxygen concentra-
tion can be detected. If necessary, several measuring positions can be used.

When intermittent measurements are used to monitor the oxygen concentration, it
should also be ensured that:

* completely self-contained systems with continuously defined and reproducible gas
flow direction are present (hazard: cleaning hatches)

» safe operating conditions for inerting have been defined beforehand from trials
over a sufficiently long period of operation

* the operating conditions are checked and redefined if necessary after every
change in the system

» the extent of inerting the plant units in question is known for all operational
conditions

and

« any interruption of the flow of inerting gas is notified by an alarm and further
measures are initiated immediately

Suitable measures must be established in case of operational malfunction:

* shutdown of the plant when the maximum permissible oxygen concentration is
exceeded or the gas concentration required for perfect inerting is not attained
(shutdown should normally be automatic)

* selection of a suitable alarm threshold above which countermeasures are triggered
(automatically/manually)

With the inerting described here dust fires cannot be ruled out: this requires much lower
oxygen concentrations. Inerting is not an effective preventive measure against thermal
decomposition (spontaneous decomposition) which can proceed in the absence of
atmospheric oxygen.

The suitability of the inert gas must always be checked. Light metal dusts can react with
carbon dioxide, for example, and in some cases also with nitrogen.

With hybrid mixtures of combustible dust and flammable gases or vapors, the maximum

permissible oxygen concentration is determined using the flammable material with the
lowest limiting oxygen concentration value (Figures 2 and 3).

13
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In Figures 2 and 3 the values for the limiting oxygen concentration of the gases are lower
than the values stated in the literature (approx. 2 vol. %), which is due to the boundary
conditions specified for the dust testing procedure in 1 m® vessels (ignition energy of
10 kdJ, turbulent mixture).

2.2.2 Inerting with solids

Combustible dusts can be converted into mixtures no longer capable of propagating an
explosion by addition of non-combustible solids (e.g. rock salt, sodium sulfate, or phos-
phates). Generally speaking, the proportion of inert solids must be greater than 50 wt %
(Table 2).

Combustible dust | Median value Non- Median value| Minimum pro-

(M) combustible (M) portion of non-
solid combustible solid

[um] [um] [wt %]

Methyl cellulose 70 CaSO, <15 70

Organic pigment <10 NH,H.PO, 29 65

Hard (fat) coal 20 CaCO, 14 65

Hard (fat) coal 20 NaHCO, 35 65

Sugar 30 NaHCO, 35 50

Table 2: Avoiding of explosive dust/air mixtures by admixture of non-combustible
solids (1 m? vessel, ISO method)

2.2.3 Use of vacuum

A reduction in the pressure to below atmospheric pressure can either prevent the
occurrence of an explosion (this is generally the case for dust/air mixtures with the initial
pressures of approx. 50 mbar) or keep the explosion pressure below the atmospheric
pressure. Since the explosion pressure is dependent on the initial pressure, this situation
is found for dusts with a maximum excess explosion pressure of 10 bar if the initial
pressure is less than 0.1 bar (Fig. 4). Furthermore, as the pressure falls, the minimum
ignition energy increases. The higher the vacuum, the higher the safety level.

The vacuum must be monitored by measurement and if a malfunction occurs (e.g.
ingress of air) this must be prevented by filling with inert gas.
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Fig. 4: Influence of the initial pressure on the explosion characteristics

2.3 Avoiding effective ignition sources

Dust explosions can be prevented if ignition sources which, owing to their properties,
(e.g. energy, temperature, lifetime) are capable of igniting dust/air mixtures, can be
eliminated.

In this connection, a distinction must be made between:

* commonplace ignition sources (e.g. welding, grinding, smoking)

* ignition sources that result from normal operations (e.g. hot surfaces, electrical or
electrostatic sparks)

and

* ignition sources expected in the plant if malfunctions or mishaps occur (e.g. tramp
material in mills, lumps of smoldering material)

17



If the first can be excluded by organizational measures (e.g. written definitions of codes
of behavior and safety measures) and if operational ignition sources and sources
resulting from malfunction can be excluded with certainty (e.g. protection of electrical
installations against dust explosion, perfect electrostatic grounding, no high-speed or
high-performance mechanical drives, tramp material in mills, lumps of smoldering
material), these preventive measures may be regarded as adequate according to the
present state of knowledge. Particular care is needed in the application of this type
of preventive measure in the case of dusts with a low minimum ignition energy
(< 10 mJ) and for hybrid mixtures - i.e. mixtures of combustible dust and flammable gases
or vapors. In these cases, the elimination of ignition sources by itself may be inadequate.

The following important ignition sources (Fig. 5) for dust/air mixtures require particular
attention:

* hot surfaces
flames and hot gases

grinding, friction and impacts which can cause sparks and hot surfaces

L]

electrical equipment (plant) with no facilities for prevention against dust explosions

static electricity (especially spark discharges, propagating brush discharges and
cone discharges) [11] - [13]

and
« strongly exothermic chemical reactions

L]

| Electrically generated sparks Hot surfaces

Static electricity
(spark discharge)

oW

Fire,
flames,
glowing
material

Mechanically generated sparks

Fig. 5: Examples of possible ignition sources
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In connection with the ignition effectiveness of mechanically generated sparks in dust/
air mixtures, analysis of incidents has led to the following values for the relationship
between the ignition ability of rotating parts and their relative speed v:

v < 1m-s' noignition hazard

im-s' < v < 10m-.s' each case must be considered on its own
merits taking into account data for the
specific dust and construction material

v > 10m-s' an ignition hazard exists in all cases

The assumption that no additional ignition hazard exists at very low relative speeds was
confirmed by the results of investigations. Figure 6 shows the relationship between the
contact force F, and the relative speed v during grinding and rubbing of steel pins on steel
discs. At relative speeds of < 1 m . s°', and under these testing conditions, neither the
formation of grinding or friction sparks nor the appearance of hot surfaces are likely to
occur.

To facilitate a comparison of the ignition abilities of mechanically generated sparks with
one another and with the minimum ignition energy of dusts, an equivalent electrical
energy E, is assigned to them. This is the energy of a capacitor discharge which has the
same ignition effectiveness as a theoretical mechanical spark. Figures 7 and 8 show the
relationship between the equivalent electrical energy E, for grinding and impact sparks
which arise from short-term contact of the materials (20 ms to 50 ms) and the minimum
ignition temperature of a dust cloud MIT, of the combustible materials. So-called ignition
limit lines result for the different materials.

Knowledge of the minimum ignition temperature of a dust cloud MIT; and the minimum
ignition energy MIE is thus required for assessment of the ignition capability of
mechanical sparks. The relevant equivalent electrical energy can be determined from
Figures 7 and 8 with the aid of the minimum ignition temperature of a dust cloud and the
ignition limit line of the material in question. Ignition of a dust cloud is possible if the
minimum ignition energy of the dust lies below the equivalent electrical energy.

As Figures 7 and 8 also show, sparks of mechanical origin can ignite dusts with a low
minimum ignition temperature of a dust cloud (e.g. MIT; = 300° C) even if they have a
high minimum ignition energy. If, on the other hand, the dusts possess a high minimum
ignition temperature (e.g. MIT;=600° C) they can be ignited only if they have a very low
minimum ignition energy.

The ignition effectiveness of mechanically generated sparks decreases in the following
order (Figures 7 and 8):

= lighter flint friction and grinding sparks

* zirconium grinding sparks

* titanium grinding and titanium/rust impact sparks
* steel grinding sparks

and

* aluminum/rust impact sparks

19
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Fig. 6: Limiting curves for the formation of grinding and friction sparks as well as
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Disk materials correspond to the pin materials - pin diameter: 4 mm
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Of the examples listed, steel grinding sparks have a very poor ignition effectiveness
(Fig. 9). With a typical minimum ignition temperature of a dust cloud of, for example,
MIT. = 400° C, only dust/air mixtures which have a minimum ignition energy of < 10 mJ
are ignited. The friction sparks which appear when steel is rubbed against steel for a
relatively long time (0.5 s - 2 s) are more effective igniters. For the same minimum ignition
temperature of a dust cloud (MIT: = 400° C), ignition of dust/air mixtures must be
expected when their minimum ignition energy is below 100 mJ.
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In summary, it can be seen that the minimum ignition temperature of a dust cloud, the
minimum ignition energy and the type of material giving rise to sparks are important
factors determining the likely ignition of dust/air mixtures by mechanically generated
sparks (grinding, friction, and impact sparks).

According to the present level of knowledge, it appears that many dusts can be ignited
by capacitor discharges just as easily as the flammable gases methane, butane,
propane, and propylene. These are dusts with a minimum ignition energy of
< 10 mdJ (Fig. 10).
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The minimum ignition energy is influenced considerably by the particle size or particle
size distribution - approximated by the median value (Fig. 11) - by the temperature
(Fig. 12) and the moisture (H,O) content of the product (Fig. 13). The protracted capacitor
discharge used in these tests to determine the minimum ignition energy is a more
effective ignition source than a purely capacitive discharge. However, there are dusts
which ignite just as easily with a purely capacitive discharge.
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Further, it has been shown that several dusts can be ignited ata minimum ignition energy
below 3 mJ. As a consequence, ignition by brush discharges cannot be completely ruled
out for such dusts (Table 3).

Considering the different types of electrostatic discharge (Fig. 14.1to 14.5)[13], itis clear
that:

* the hazards associated with electrostatic spark discharges should be assessed by
comparison with the ignition energy determined using purely capacitor discharge

« propagating brush discharges can cause ignition in situations where the dust has
a minimum ignition energy of upto 1 J

* cone discharges must also be taken into consideration when highly insulating
coarse material (volume resistivity > 10 - m) is handled together with fine
material

The avoiding of effective ignition sources can be assessed only when the appropriate
safety characteristics of the combustible dusts are known; of particular significance are
the minimum ignition energy and the minimum ignition temperature of the dust cloud.

Type of Effectiveness as ignition source
discharge for mixtures with air of:
hydrogen, solvent dry,
acetylene, etc. vapors combustible
dusts
MIE < 0.025 mJ | MIE > 0.025 mJ| MIE > 1 mJ
Spark + + -
Brush + + )"
Propagating
brush %) 0 i
Corona (+) = S
Cone + + +

Y Ignition of dusts highly sensitive to ignition cannot be
completely ruled out.

Table 3: Incendivity of various types of electrostatic discharge [13]
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Fig. 14.1: Spark discharge {photo)

Fig. 14.2: Brush discharge (photo)

Fig. 14.3: Corona discharge (photo)




Fig. 14.4: Propagating brush discharge (photo)

Fig. 14.5:;

Cone discharge
(photo)




3 Constructional explosion protection

Constructional explosion protection measures are necessary if preventive measures
implemented with the aim of avoiding explosions do not achieve this goal completely or
with sufficient certainty. The use of constructional protection measures does not prevent
the occurrence of an explosion. All endangered plant units must therefore be constructed
to resist the expected explosion overpressure if an explosion occurs.

The explosion protection measures described in the relevant guidelines [17] - [20] are
ba