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Abstract:

The article describes an attempt to assess the electrostatic properties of mechanical friction-induced sparking.
Such sparks are the cause of numerous accidents in hard coal mines. The article summarizes accidents in hard
coal mining in Poland in recent years. In most cases, the initials were mechanical sparks. Mechanical sparks con-
tain energy, a part of which is related to their excess electrostatic charge, whereas the other part is of a different
origin (kinetic or thermal energy, for example). The article tries to estimate how much of this energy is energy
impact generated by electrostatics impact. It is hard to measure the dynamic electrostatic parameters like electric
charge. Authors select four measuring methods. This test methods are prepared based on authors knowledge of
electrostatic parameters and European standards dedicated to measure the electrostatics parameters. These cir-
cuits were prepared for four different spark parameters. Measurement methods of electrostatic field of sparks
stream are not able to measure field potential of sparks. The measuring instruments do not have such a fast
response time, adequate to the speed of the sparks. Spark generation and parameter measurement experiments
were performed. The only method to determine the amount of electrostatic charge on sparks is to measure the
entire charge by collecting sparks at the measuring electrode. The measuring system requires that the entire
stream of sparks falls on the electrode. Tested transferred electrostatic charge of stream of sparks is about 10 nC.
It means that this charge can be an effective ignition source for some explosive atmospheres. Electrostatic charge
with Certain methods were rejected as inadequate following result analysis. A claim for one of the methods was
submitted to the Patent Office of the Republic of Poland.
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INTRODUCTION

Mechanical sparking is most often the result of various
kinds of technical processes that involve friction, impact
and motion. Frequently, mechanical friction-induced
sparking becomes a source of explosive atmosphere igni-
tion. The goal of this paper was to develop a method for
mechanical spark electrostatic property determination in
such a way so as to enable the assessment of an electro-
static hazard level and its subsequent elimination. The re-
search goal is highly complex due to the dynamics of the
phenomenon and the low electrostatic potential of the
sparks. The picture below (Fig. 1) presents a thermal cam-
era image depicting a cutting process by means of an an-
gle grinder (mechanical spark generation) and the gener-
ated spark stream.

Fig. 1 Mechanical sparks generated by cutting
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LITERATURE REVIEW

Measurements of electrostatic charges in dynamic
phenomena are difficult to accomplish. Resistance
measurement is the most common method for
determining electrostatic parameters, due to the ease of
applying the method and the repeatability of the
obtained results. The development of a method for
measuring the electrostatic charge during a discharge or
a technical process is difficult to accomplish and often
ends in failure. Modern electrostatic sensors operate on
acoustic, capacitive, optical and electromagnetic bases.
The principles for measuring the electrostatic charge
during the pneumatic transport of materials can be
found in literature [1]. One such method is the
measurement of the surface charge obtained by means
of electrostatic field meters [2]. Electrostatic charge
measurements also present problems related to the
influence of the environment, the flow of the charge
between materials or the influence of air on the
transferred electrostatic charges [3].

Solutions involving charge measurement by means of an
inductive sensor for examining the degree of electrifica-
tion of powder particles are also known [4]. This method
is not suitable for measuring the degree of electrification
of mechanical friction sparks, mainly due to the charac-
ter of the sparks (their resistance parameters). Pneu-
matic transport also exhibits a character different than
the spark stream. A simpler method is to collect the gen-
erated electrostatic charge on a capacitor [5]. This
method is easier to apply, while modifying the measure-
ment system may enable the collection of the entire cha-
otic stream of mechanical friction sparks that carry the
electrostatic charge. An interesting method for measur-
ing the amount of electrostatic charge accumulated on a
material is the grid probe method [6]. The method con-
sists in passing an aerosol through a metal probe com-
posed of three grids, where the two extreme ones are
grounded and the middle one is connected to a multime-
ter. There are also methods that use specialized cameras
and oscilloscopes (up to 2 GS/s) for such dynamic phe-
nomena as electrostatic charge flow [7]. The aforemen-
tioned method is similar to one described in this article.

The literature analysis demonstrates that the methods
yielding a chance of success will include those involving
measuring the total charge carried by the sparks, i.e.
performing measurements in such a way so as to
determine the electrostatic charge of the spark stream.

METHODOLOGY OF RESEARCH

Background of research

Mechanical sparks are generated as a result of friction
and as is well known, one of the basic methods of elec-
trification according to the triboelectric series is in fact
contact and friction [8]. During contact and friction elec-
trification an electric double layer is induced on two ma-
terials that remain in contact which results in electron
transfer [9]. The layer is a factor that leads to the oppo-
site electrification of the two materials.

Mechanical friction-induced sparks contain energy, a
part of which is related to their excess electrostatic
charge, whereas the other part is of a different origin (ki-
netic or thermal energy, for example).

Sources from the Polish State Fire Service state that the
temperature of white sparks is approximately 1200°C,
while the temperature of the remaining orange sparks is
800°C. Experts of the State Fire Service have classified
welding and grinding as types of hot work, that produces
potential source of ignition, as they involve the genera-
tion of mechanical sparks [10]. Such sparks may consti-
tute a source of fires, considering that their temperature
can reach 1000°C, whereas the distance over which they
are emitted is approximately 10 metres. Even at the
point when the sparks are extinguished, they still exhibit
a temperature of approximately 500°C [11]. Such a tem-
perature is sufficient to ignite numerous flammable sub-
stances, including potentially explosive atmospheres
present in mines.

Mechanical sparks occur relatively frequently in under-
ground hard coal mining, often resulting in hazards and
accidents, including fatal accidents [12].

Table 1 presents a compilation of accidents in Polish
hard coal mines in the years 2002-2013.
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Table 1
Accidents in hard coal mining
Course Injuries
No. Mine Date Initiating event (fatal/serious/
of event !
light)
1. “Ryduttowy” 23.03.2002 mechanical sparking (from a conveyor) explosion 3/5/2
w ” friction-induced sparking R
2. Budryk 17.07.2002 of rocks in gobs ignition 0/0/0
3 “Pridwek” 05.09.2002 mechanical sparking |gn|t|on_ 1/7/5
(from a shearer) and explosion
4, “Bielszowice” 24.02.2003 spontaneous fire ignition 0/13/19
5. “Brzeszcze” 01.04.2003 mechanical sparking (from a shearer) ignition 1/6/5
6. “Zofiowka” 10.06.2003 mechanical sparking (from a shearer) ignition 0/0/0
7. “Sosnica” 07.11.2003 spontaneous fire |gn|t|on_ 3/1/6
and explosion
8. “Budryk” 17.08.2004 mechanical sparking (from a shearer) ignition 0/0/0
9. “Halemba” 03.03.2005 mechanical sparking (from a shearer) ignition 0/0/0
10. “Sosnica” 17.05.2005 blasting works ignition 0/0/0
11. “Staszic” 25.10.2005 cigarette smoking ignition 0/2/0
rock
12. “Zofiéwka” 22.11.2005 rock mass pressure and methane 3/0/5
outburst
“ . electric arc I
13. Szczygtowice 11.05.2006 (sparks from a locomotive pantograph) ignition 0/0/8
electric arc (damaged electrical equipment),
14, “Halemba” 21.11.2006 or electrostatlF dlschargg (Ut'I|I$ed screen),' |gn|t|on. 23/0/1
or spontaneous fire, or friction-induced sparking and explosion
of rocks in gobs
15. “Halemba” 23.05.2007 mechanical sparking (from a shearer) ignition 0/0/0
16. “Pokoj” 28.07.2007 blasting works ignition 0/0/4
17. “Bielszowice” 02.09.2007 blasting works |gn|t|on'and 0/0/0
explosion
18. “Budryk” 30.10.2007 mechanical sparking (from a shearer) ignition 0/0/0
19. “Mystowice-Wesota” | 13.01.2008 spontaneous fire |gn|t|on. 2/0/1
and explosion
spontaneous fire, or spontaneous binding agent ienition and
20. “Borynia” 04.06.2008 combustion, or electric arc (damaged electrical g . 6/5/12
explosion
cables)
21. “Zofiéwka” 20.10.2009 mechanical sparking (from a shearer) ignition 0/0/0
22. | “Wujek” Ruch $lask | 18.09.2009 | electricarc Ignition 20/25/9
(electrical device short circuit) and explosion
“Mystowice-Wesota” . N
23. Ruch Wesofa 16.05.2010 spontaneous fire double ignition 0/0/2
“Murcki-Staszic” Ruch mechanical sparking N
24, Staszic 13.03.2011 (from a shearer) ignition 0/0/0
25. “Krupinski” 05.05.2011 mechanical sparking (from a conveyor) ignition 3/9/2
sparks induced by mechanical friction against rock,
“ni . mechanical sparks iction — .
26. Bielszowice 12.08.2011 or mechanical sparks (metal element friction ignition 0/0/0
shearer, conveyor, longwall support),
or friction-induced sparking of rocks in gobs
“Murcki-Staszic” Ruch . . Lo
27. Staszic 28.01.2013 mechanical sparking (from a shearer) ignition 0/0/0
28. Murcklé:zzsizclc Ruch 06.02.2013 mechanical sparking (from a shearer) ignition 0/0/0
29. “Ryduttowy-Anna” 25.02.2013 mechanical sparking (from a shearer) ignition 0/0/0
30. Knurow—SzczygioYV|ce 25.03.2013 mechanical sparking (from a shearer) ignition 0/0/0
Ruch Szczygtowice
Source: based on [13].
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The majority of these accidents were caused by mechani-
cal friction-induced sparking.

Figure 2 presents the types of electrostatic discharges, to-
gether with the energy characteristic of such discharges.
The minimum energy necessary for methane ignition — 0.
28 mlJ [14].
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Fig. 2 Compilation of electrostatic discharges with explosive
atmosphere ignition energy

Analysis of the data in Table 1 reveals that the mechanical
sparks which led to ignition or explosion initiation must
have exhibited energy comparable to high-energy electro-
static spark discharges.

An electrostatic spark discharge, also known as a capaci-
tive discharge, occurs between conductive objects with
different electric potentials (most frequently an object
with high potential and another with potential equal to
zero).

A spark discharge is characterised by high instantaneous
power, related to a high current pulse.

METHODS
Mechanical spark electrostatic parameter measurements
are difficult to perform due to the dynamics of the sparks,
their size and velocity, and the limited number of electro-
static parameters characterised by measurements that
could be modified and utilised for measuring spark
streams.

During the first stage of the work, four methods of me-

chanical spark parameter measurement were developed

based on analyses, with subsequent plans for the assem-
bly of test setups and the conduction of prototype tests.

The tests were meant to reveal whether a given measur-

ing method was suitable for performing spark electro-

static property measurements.

Electrostatic property measurements are divided into two

categories:

— Material property measurements (resistance),

— Electrostatic charge and derivative measurements
(electric field potential and intensity, charge magni-
tude).

Due to the size of the sparks, it is impossible to measure

their resistance.

Electric field potential and intensity measurements are

based on the phenomenon of electric induction. An elec-

trostatic voltmeter based on this principle uses a measur-
ing probe to induce a charge of an equal quantity and op-
posite sign in relation to a charge on a tested object.

The charge magnitude measurement is based on collect-
ing a given electrostatic charge and measuring the
amount of the charge.

The following were developed and assembled at the Cen-
tral Mining Institute as part of this work:

— A mechanical spark generation system,

— Spark electrostatic parameter measuring circuits:

e The circuit for measuring electrification ability in
volts employs a test setup according to standard
EN 61340-4-5 [15, 16] and is intended for electro-
static voltage measurements using an electrostatic
voltmeter with high input impedance. The inten-
tion is to generate a spark stream and direct it to-
wards an insulated metal sheet, and subsequently
take an electrostatic voltage measurement of the
sheet.

e The circuit for measuring electrostatic voltage in
volts utilises an electrostatic fluxmeter and a
charged plate monitor (CPM). The intention is to
measure the electrostatic voltage of a spark
stream at a short distance from where it is gener-
ated. Directing the sparks to a metal sheet and
measuring its electrostatic voltage, i.e. the field
generated by the electrostatic charge, was also
planned.

e The circuit for measuring electrostatic potential in
V/m employs an existing electrostatic fluxmeter.
The intention is to measure the potential of a spark
stream at a short distance from where it is gener-
ated.

e The circuit for testing a generated charge collected
on a condenser and measuring the voltage in Vem-
ploys a measuring circuit in accordance with stand-
ard EN 80079-36 [15, 17]. The tests utilise a con-
denser connected to a laboratory multimeter. The
generated sparks are projected towards an insu-
lated metal sheet. Afterwards an electrostatic dis-
charge is directed from the sheet to the grounded
condenser connected to the multimeter. The mul-
timeter measures the voltage on the condenser.
The amount of the electrostatic charge on the
sheet is determined by way of calculations.

Spark electrostatic potential test

The principle of the first proposed measuring method en-
tailed the generation of a spark stream and the measure-
ment of the spark stream electrostatic voltage (potential)
[18]. The measurement employed an electrostatic fluxme-
ter, which is used to measure the electrostatic potential
generated by an electrostatic charge, diagram shows Fig-
ure 3. After determining the measuring distance from the
source of the electrostatic charge, the fluxmeter
measures its electrostatic potential in [V]. Test was done
by electrostatic field meter EFM51. This electrostatic field
meter has rotating chopper to measure electrostatic field.
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Fig. 3 Spark potential measuring circuit diagram, where:
1 - electrostatic field meter, 2 — mechanical sparks

Considering the high spark velocity and the relatively long
measuring time, due to the principle of the operation of
the fluxmeter, this measuring method was deemed inad-
equate and the results obtained deemed unreliable.

Spark electrostatic field intensity test

The second method entailed the intensity measurement
of an electrostatic field generated by an electrostatic flux-
meter together with its (automatic) conversion into elec-
trostatic field intensity in [V/m] — diagram on Figure 4.
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+
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Fig. 4 Spark electrostatic field intensity measuring circuit
diagram, where: 1 - electrostatic field intensity meter,
2 — mechanical sparks

In this case the experiment did not yield the expected re-
sults due to the principle of the operation of the fluxmeter
and the spark velocity [19]. Test was done by electrostatic
field meter EFM51.

Electrostatic charge magnitude test

The third measuring method involved the use of an elec-
trostatic property testing method that is common and
well-known in mining. The method, according to standard
EN 80079-36 [16], involves the electrification of a tested
element and the performing of a controlled electrostatic
discharge towards a spherical electrode connected to a
capacitor — Figure 5. A voltage measurement is conducted
on the capacitor. The amount of the electrostatic charge
collected on the capacitor in [C] is determined from the
ratio of the capacitor capacity and voltage [20].

Fig. 5 Spark electrostatic charge magnitude measuring circuit

diagram where: 1 — metal plate, 2 — mechanical sparks,
3 - electrode, 4 - capacitor, 5 — electrostatic voltmeter

When considering the law of conservation of energy, it
should be assumed that mechanical sparks of a specific
electrostatic potential are projected onto an insulated
metal sheet (with electrostatic potential equal to 0 V). The
electrostatic charge is transferred from the sparks to the
sheet. As a conductor, the sheet is capable of carrying
electric and electrostatic charges, which makes it possible
to easily transfer the entire electrostatic charge from the
sheet to the condenser.

As follows from the law of conservation of energy, the to-
tal charge collected on the condenser is equal to the
charge on the sheet, which in turn is equal to the charge
carried by the sparks that were projected onto the sheet.
The method for testing electrification ability and measur-
ing electrostatic charges collected on a measuring con-
denser is commonly employed in hard coal mining to as-
sess the degree of product electrification. All materials are
capable of electrification. The purpose of the test method,
as per standard EN 80079-36 [16], is to assess the magni-
tude of an electrostatic charge generated on a product
and to compare it to a boundary value — the amount of
charge that is capable of igniting an explosive atmos-
phere. Transferred charge was collecting on metal plate,
which was used as capacitor. Charge from metal plate was
collected to electrode with capacitor, whose capacity was
0.1 puF. Voltage on capacitor was tested by electrostatic
voltmeter with range 0 V to 10 V and input resistance
higher than 10° Q. Electrostatic charge was calculated by
voltage on it and its capacitance. Tested transferred elec-
trostatic charge of stream of sparks is about 10 nC. It
means that this charge can be an effective ignition source
for group | or IIC explosive atmospheres, described in [17].

Electrification ability test

The fourth method of measuring spark electrostatic pa-
rameters entailed the measurement of the electrostatic
voltage (Fig. 6) generated by the sparks. The measuring
circuit was similar to the circuit described. It was assumed
that the mechanical friction-induced [21] sparks would be
projected onto a metal sheet insulated from the ground
and connected to an electrostatic voltmeter with high in-
put impedance. An input impedance greater than 100 TQ
ensures that any losses on account of the electrostatic
voltmeter are minor and it also enables the measurement
of such small and short surges in the first place. A standard
electric voltmeter would not be sufficient for this type of
measurement.

Fig. 6 Spark electrification ability measuring circuit diagram
where: 1 - metal plate, 2 — mechanical sparks, 3 — electrostatic
voltmeter, 4 — osciloscope
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The electrification ability measuring circuit (together with
the electrostatic voltmeter) is employed in the walking
test as defined in standard EN 61340 [15]. The test entails
the measurement of electrostatic voltage generated on
the human body.

The electrification ability measuring circuit using an elec-
trostatic voltmeter and insulated metal sheet involves the
measurement of the electrification produced by sparks
that collide with the sheet (contact and friction electrifi-
cation). Voltage on plate was tested by electrostatic volt-
meter with range 0 V to 500 V and input resistance higher
than 10° Q

RESULTS OF RESEARCH

Four described in this paper measuring circuits were de-
signed and assembled as part of the work. Measurements
of four different electrostatic parameters of sparks were
conducted using the circuits.

An analysis of the obtained results suggests that not all of
the designed test methods are adequate and suitable for
the assessment of spark electrostatic properties.

Direct methods, involving spark stream measurements,
are characterised by errors related to the phenomenon
dynamics — spark velocity is much greater than the elec-
trostatic fluxmeter measuring rate.

Intermediate methods, involving the electrification of an
insulated metal sheet by means of spark projection, do
not provide a direct result concerning spark electrostatic
properties, but instead offer data about an object (the
sheet) electrified by the sparks.

The Table 2 presents a compilation of the maximum meas-
urement values obtained according to the methods de-
scribed in the article.

Table 2
Spark electrostatic property measurement results
Parameter Result Unit
Spark electrostatic potential test -51 Vv
Spark electrostatic field intensity test 0.43 kV/m
Electrostatic charge magnitude test 10 nC
Electrification ability test -40 \

By analysing the results in Table 2, it can be concluded
that the measurements entailing electric induction by
means of an electrostatic fluxmeter provide understated
values. Four measured parameters determine a com-
pletely different electrostatic spark properties, hence it is
hard to compare them. It seems that the measurement of
the spark stream is not reliable, because the stream can
have different forms and density. The EFM51 meter only
measures in a specific space around it. In the author's
opinion, the last two methods are reliable, which deter-
mine the entire stream, because all sparks fall on the
measuring electrode, and the assessment is comprehen-
sive.

The results obtained by means of intermediate measure-
ments provide real values. This is guaranteed by the meas-
uring method, as the measurement includes the entire
spark stream.

DISCUSSION

Measurements of dynamic electrostatic parameters are
not easy. Most of the phenomena accompanying dynamic
processes, such as cutting, impact or friction, are impossi-
ble to model due to their dynamic character.

Work was undertaken at the Central Mining Institute to
verify whether mechanical friction sparking results in the
presence of a friction-induced electrostatic charge on the
generated sparks, or whether all the energy of the sparks
is thermal and related to their temperature.

The work was of an experimental nature, and its result
could be the conclusion regarding the impossibility of
performing such tests.

Four methods that provide the highest chances of accom-
plishing the experiment and performing the measure-
ments were selected based on a literature analysis.

The two proposed methods involving the measurement of
the electric potential and the electrostatic voltage of the
spark stream did not yield the expected results. The faults
of this system included the high spark stream velocity and
the slow measuring instrument response time.

The other two methods determine the actual electrostatic
charge level exhibited by the spark stream.

The charge level expressed in coulombs can be directly
transposed into the minimum explosive atmosphere igni-
tion energy.

CONCLUSIONS

As a result of the measurements conducted under various

generated spark configurations, the following results

were obtained:

1. The spark stream electrostatic field intensity measure-
ment does not register any values, which conse-
quently means that this measuring circuit is not suita-
ble for assessing mechanical spark electrostatic prop-
erties,

2. The spark stream electric potential measurement does
not register any values, which consequently means
that this measuring circuit is not suitable for assessing
mechanical spark electrostatic properties,

3. An insulated metal sheet exposed to a spark stream
was capable of collecting an electrostatic charge,
which was subsequently collected on a condenser by
means of a controlled electrostatic discharge, and the
electric voltage on the condenser was then measured.
Under no circumstances did the determined electro-
static charge exceed a value of 10nC, which consti-
tutes a safe value that is incapable of initiating me-
thane explosion [21], as per applicable laws.

4. The electrostatic potential measurement of the metal
sheet exposed to sparks yielded results at a level of —
0V and continued to increase together with the spark
generation time.

The electrostatic charge magnitude measurement

method is well-known, and testing conducted at the Cen-

tral Mining Institute has proven its suitability for measur-
ing the amount of electrostatic charge carried by sparks

[23].
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The electrification ability test method was developed at
the Central Mining Institute. Testing conducted at the
Central Mining Institute has also proven the method's
suitability for spark stream electrostatic parameter deter-
mination. A setup for the mechanical spark test with a
suggested performance method was submitted as a pa-
tent claim to the Patent Office of the Republic of Poland
[24].
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