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i
ABSTRACT

Lightning causes electrical shocks to people, the premature ignition of
explosives, and the ignition of methane underground in coal mines. This
study examines this problem using a theoretical study and the results of an
extensive measurement programime that was conducted in several coal mines.
The work that has been done, particutarly in South Africa, is also reviewed.

Two mechanisms are responsible for the penetration of lightning surge
currents into the underground workings. A direct strike to the service
structures leading into a shaft is one of the two mechanisms, and the second
is tnat resulting from lightning sirikes to the strata above the nnwlerground

workings.

The frequency and amplitude with which ‘such surgss can be expected is
quantified using the theoretical study. This model correlates well with the
observed frequencies of the empirival studies.

The sensitivity of methane to lightning-type sparks is investigated. Currents
as low as 10 mA have been proved to be capable of igniting methane, The
sensitivity of conventional detonators is also investigated. The thesis
proposes a generalised test which can be applied to both the low-impedance
protection method and a high-impedance protection method. The test
methodologies have been generalised to make provision for amy new
innovative detonators that may be used by the industry.

A risk evaluation of mines is developed which ailows g mine to be
categorised according to the likelihood of lighining cansing an accident in a
mine.

The South African Recommended Practice for avoiding such accidents is also
reviewed.
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CHAPTER 1

,
i

LIGHTINING-INDUCED INCIDENTS IN
SHALLOW COAL MINES

INTRODUCTION

g minitt. and tunneiling operations underground in shallow coal mines, incidents or
Setiacbances have occurred which were frequently related to fightning storms being present
g the surface. These inckients included electrical shocks, visible sparking from
prground equipment, the premature detonatior ~f explosives, and methane explosions.,

“This thesis is aimed in particular at quantifying the risk of lightning underground in
“collieries in engineering terms, and proposes practical measures to manage the risk.

2 THE EXPL,OSION HAZARDS ADVISORY COMMITTEE OF
THE SOUTH AFRICAN COAL-MINING INDUSTRY

The South African coal-mining industry has experienced a large number of incidents,
These incidents were particularly prevalent in shallow collieries and are of great concern
to the mining industry. A number of wide-ranging investigations wete initiated and these
culminated, in 1978, in the formation of a Subcommitiee of the Explosives Hazards
Advisory Committee of the South African Coal Mining Research Controlling Council
{CMRCC). The task of this Subcommittee was to carry out an in-depth study of the
problem and to formulate appropriate safety measures. This thesis is a contimiation of the
initial work done,

The Subcommittee concluded that a number of actions had to be taken to improve the
safety of personnel and equipmunt in coal mines, including:

- The compilation of a safety code (The Soutlt African Coal Mining Research
Controlling Council, 1981)

- The Development and implementation of a "Lightning Warning System” in
affected mines (Eriksson et al, 1984)

- The introduction and use of a "Stat Safe” detonator for use in all affected mines,



3 INCIDENTS IN SOUTH AFRICAN COLLIERIES

Table 1.1 is a summary of a number of incidents in South African collieries (up to 1984).
It iz worth noting thay accidents involving the ignition of explosives are much more
frequent than accidents involving methane explosions. In the former type of accident,
ouly one person was usually involved and it is only in rare cases that a person was killed.
However, aitbough methane explosions are less frequent, wihen they do occar the

consequences are much more devastatmg, often killing even tens of miners in a single

mcldeﬂt

Since the measures recommended by the CMRCC were implemented, the number of
incidents has been greatly reduced, Cloete (1994) of the Office of the Inspector of Mines
for the Eastern Transvaal reported that no incidents have been reported in the last six
years.

H

Methane explosions are caused when methane is allowed to accumulate in co ations

between 5 % and 15 % CH, and, to prevent these explosions, it is very imporsant to

prevent these conceniradons of methane. This is usually done by providing adequate
ventxlauon tkroughout the mine, .

When an ignitabvie concentration of methane oceurs, it can be ignited by either mechauical
friction, open flaies, or electric sparks, Lightning is a potential source of electric sparks
and the visible sparks observed underground are a potential source of ignition.



Table 1.3 .  Summary of lightning-related incidemss is. South African coliieries

Incident Remarks Fatalities and
Injuries {when
available)
Ang. 1972 | Methane explosion § Worked-out section, .
[ ' 100 m depth, dyke '
Jan. 1974 | Methane explosion | &0 m depth, dyke 13 killed
Jan. 1975 | Shothole detonation - No injury
§ Dec. 1976 | Methane explosion 100 m depth, dyke -
! Oct, 1977 | Methane explosion - -
Nov. 1979 ; Shothole detonation - -
Feb. 1980 | Methane explosion | Sealed vertical shaft -
L April 1980 | Shothole detonation |_Shocl:s recorded 1 killed
§ Sep. 1980 | Shothole detonation ; Shocks recorded, sparks -
_ observed, 42 - 50 m
i | depth
§ Dec. 1980 | Shothole detonation - -
Feb. 1982 . Electric shock, flash " Ne ijury
observed between
borehole and power
cable, 34 m depth |
March . Electric shocks, 25 m -
1982 depth
Nov. 1983 | Methane explosion | Sinking incline shaft 1 killed, 1 injured
Dec. 1983 | Shotholg detonation | Near borghole, flashes -
observed, 20 m depth
Feb. 1984 | Shothole detonation | Near borehole .




I

3.1 Examples of a detonator explosion

The most extensive accident caused by the premature detonation of explosives oceurred in
Souch Africa in 1980. From an analysis of the accident, it is assumed that it had been
cmlbythgwdngmkctotheheadgearofﬂwshaﬂ rather than a lightning strike to
thmsbowﬁnworkmgarea

Em 11 am\B) are schematic drawings of the south end of the mine where the
m ooemered. A comprehensive report on the incident was compiled by the Inspector
&% {De Wes, 1980).

mmmmedwmleahghmmg storm was active on the surface. Four charged
Mh&&f&edlﬁermtsecﬂons of the mine (shown in Figure 1.1A) detonated
spostsmecusly. It can be seen in this figure that as rauch as 300 m separates the different
locations where detonators were ignited prematurely. From apalyses made later (in

 hapters 2 and 3}, it is evident that it i3 only when a surge is conducted through the

gaderground structures that simultaneots accidents can occur at sites that are as owck as
800 m apart,

Tiwe depth of the seam (No. 2 seam) in the mine being worked was about 48 m. When
the aceident oceurred, the working faces were in different phases of preparation, In one
case, the miner had just interconnected the detonator wires, while in other cases, the
exploder cables had been connecte! to the detonators at the face, but had not yet been
connecied to the exploder., A schematic drawing of the section where detonations occurred
at two faces is given in Figure 1.8, All the faces were within a digtance of 30 ot from
electrical equipment that was botan.d to the power system earth via their teailing cables.
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3.2 Example of a methase explosion

An accident that occurred while a new inclined shaft was being sunk in a mine is used here
as an example of an explosion caused by lightning igniting methane. The explosion
occurred at approximately 16:45 on Surday 6 November 1983.

" The events leading up to the explosion were as follows:

A lightning storm was approaching the shaft area from a distance. At approximately 30
minutes before the accident, the lightning tripped the overhead medium-voltage power
Supply line, leaving the shaft without power. Being a Sunday afterncom, only two
labourers were on duty at the shaft which meant that there was nobody in a position to
request that the power be restored,

The shaft is in an area with a relatively high level of methane emission. On the day that
the accident wag investigated, methane could be observed bubbling from the floor of the
mine about halfway down the shaft. The power interruption caused by the lightning
stopped the temporary ventilation system that had been installed to epable the shaft to be
sunk., This, in turn, allowed methane to accumulate in the middie of the shaft.

The storm moved into the diregt vicinity of the shaft 30 minutes after the power
interruption. It is assumed that a strike from the storm struck the highest security light
(33 m high) at the entrance of the shaft. This could have caused a spark somewhere in the
middie of the shaft where the methane had accumulated to flammable concentrations,

From observations of the temperature to which various objects had been exposed, it was
decided that the main explosion had taken place in the middle of the shaft. The explosion
did not propagate all the way down to the bottom of the shaft,

One of the labourers wus in the middle of the shaft, at the highest temperature zone, He
was killed. The second labourer was in the bottom of the shaft. He survived the accident
with only his eardruins being ruptured.

Fortunately, this explosion took place in an area of the mine where there was no coal dust.
Many methane explosions ignite coal dust, causing further explosions, normally resulting
in much more severe explosions (Landinan, 1992),

It is interesting to note that, in this cage, lightming was both the primary cause and the
secondary cause of the explosion. It firs interrupted the ventilation and then ignited the
methatsie,



4 INTERNATIONAL EXPERIENCE

Marshall (1941) points out that severat blasting accidents cccurred between 1915 and 1940
in spies of all precauions being taken and the issue of safety instructions. For many years,
-t exact cause of premature explosions during electric Storms was a complete raystery and
si! that waes known was that “static charges set off the detonator somehow”.

“Sforaball aleo reported on some field experiments where the standard detonators used at

S tiane weve counected to an aerial. A lightning strike more than 2 km away caused 47

ffﬂﬂfﬁm to ignite, He described a shunt to the detonator metal tube which was
‘wsed 28 8 protection measure and which completely protected the detonators from this
futlare mochanism, 1t is clear from his description of the experiment that the detonators
esed then were extremely sensitive to static and lightning.

"The question of detonator shells that are made of, or covered with, dielectric material will
be deslt with in Chapwr 9. It is interesting to note that this idea was mentioned by
Mireghall and by Forsyth (1959) but that it had not been practical or econonucal to
manufacture such detonators then.

The most comprehensive analysis published to date on the issue of lighting setting off
detonators was carried out by Berger {(1977), focusing on tunnelling accidents that had
been reported by Fourestier (1°30). Berger postulates two mechanisms throngh which
induction can take place through lightning either striking the equipment at a tunnel
entrance, or penetrating through the rock strata.

Berger’s postulation of induction through the strata via resistive conduction is broadly the
basis of much of the analysis done in this thesis. However, rather different techniques and
approaches are taken to arrive at evaluations. This thesis is based on a much deeper
analysis and on data measured in ihe field.

Very little is mentioned in the international literature on the risk of methane being set off
by lightning. Golde (1973) mentions it (almost incidentally) in Chapter 9.4 of his book
Lighming Protection, on the lightning protection of mining and blasting. However, this
risk is a2 major concern in South African collieries; this type of accident seldom occurs
but when they do occur they lead to a number of fatalities. One such event caused the
death of 37 miners.

The problem of lightning setting off electrical detonators goes back many years, but
accidents are still reported (ICI, Sep. 1983 and Santis, 1988). A significant step taken
recently in improving the electrical detonator safety was the introduction of transformer-
coupled detonators. Geldenbatys (1980) showed that even very large unipolar discharges



(> 2 000 A) cannot set off such detonators if the current is passing through the primary
circuit.

5 CODE OF PRACTICE FOR THE AVOIDANCE OF HAZARDS
- UNDERGROUND IN COLLIERIES DUE TO LIGHINING

Resulting from the work of the Lightning and Stray Current Rescarch Subcommittee of the
Explogion Harards Advisory Commitiee of the Coal Mining Research Controlling Council,
the above-mentioned code was published in 1981.

The code was produced by a group of practical mine engineers and lightning experts, Tt

was based largely on their experience and knowledge and was synthesised through their
*gn feclings” into the code, This code was published timeously and it laid an excellent

haseforthcreducﬁmofhgﬂmgmcldents in coal mines.

The main recommendations of this code were:

5.1 Earthing of metal work

The code recommends the extensive bonding and earthing of the underground service
structures, such as the conveyor-belt structure, the elecirical cables, and ventilation pipes.
This recommendation was made to minimise the potential between the mine strata and the
structures in order to prevent electrical sparking which may set off methane.

Earthing of the structures and services at the shaft entrance was recommended to reduce
the surge voltages that may be created by lightning striking the mine structures on the
surface then being conducted into the underground workings via the conveyor-belt structure
and other structures. :

5.2 The cessation of handling of explosives when there is a
lightning warning

The South African Mines and Works regulations require that all charging of explosives
should cease when a thunderstorm is in #he vicinity of a working face in a colliery. To
effectively implement this precaution, the warning process must be automatic. For this
reason, it was recommended thyt an effective lightning warning instrument bad to be
instalied at mines which had hisiwories of accidents, or in mines where the working areas



and depths were similar to those of mines where incidents had happened.

Through the initiative of the committee, the CSIR developed a lighining warning unit
(Erikssont et al, 1984). Units were installed in more than 30 coal mines in the Eastern
Transveal, Figure 1.2 shows the performance of this warning uait during a typical

" thunderstorn. The data on the top part of the figure represent lightning strikes in real
tims, The distance along the Y axis of the, figure represents the distance in kilometres of
the ligheing strikes from the location of the warning unit. The botom three lines show
th gpexstion of the warning unit,

The green alarm switched on at about six minutes afier the automatic operation of the
waming unit, the amber alarm ar 17 minutes and the red alarm at about 21 minutes.

| FLASH DISTANCE
0y Km 16 {—a—e ——a scp T
* . o \.__ " e o e ./
L N e
2 ~N° - /7

, N\, L

L 4
&

i i 1 L 1 I
b i0 20 30 40 50 . 60
MINUTES
5 km iy Bt

10 km} Ltl A0 W IH SRRl 4
2okl 1IL 1 21 INUIR 1M JRIOGIY W BLE D8

4 KV/M e 1 L

10 kv/m i B — -l
GREEN [l !
AMBER } | i

RED H— L

Figure 1.2 Performance of the CSIR lightning warning unit during an approaching
storm,
* The wp divze in shows the appronch of the storm
¢ Registration of lightning flashes at § km, 16 km, and 20 km, 1,
¢ Electric field measurements that exceed the set values of 4 and 10 kKV/m.
¢ Green, amber and red are the three alanm levels of the warning unit
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The concept of using lightning warning units to protect blasting operations has also been
propagated in the USA (Santis, 1989).

The potential effectiveness of this approach was demonstrated (ironically) when there was
a premature detonation of explosives at a mine where » lightning warning unit had been
installed (Naude, 1585). The warning instrument sounded an alarm but, unfortunately, the
telephone to the underground section was engaged. The warning could not be relayed 1o
the section of the mine in time and & detonator was set off by the storm. Better
co... njcation procedures were subsequently recommended.

5.3 The integrity of the insulation of the detonator electrical circuit

The code recommended that the integrity of the detonator wires be maintained. Only
blasting cable in good condition should be used. The bare ends of the detonators should
never be allowed to come in comact with the work face or the floor.

5.4 Separation of the blasting area from the service structures

it was recommended that the service equipment, such as coal drills, shuttle cars, efc. be
withdrawn to no less than 25 m from the face before charging takes piace.

6 THE AIM OF THE STUDY

As indicated above, much is understood about the problem, but very little has been
quantified in engineering terms. The aim of this thesis is to advance this guantification of
the mechanisms and the risks involved.

6.1 Understanding and quantifying the busic mechanisms through
which lightning can enter a mine
The core of this thesis is the quantification of the above basic mechanisms to obtain

engineering quantities and models.

Chapter 2 focuses on three mechanisms through which lightning can possibly enter into a
mine. The mechanisms are compared to determine their relevance to the induction
process.



it

g
]

The models in Chapter 2 are somewhat simplistic, Through laboratory testing and from

Omodels in literature combined with computer-based numerical modelling, one of the

mechanisms discussed in Chapter 2 is refined in Chapter 3 to a ievel where the absolute
and relative frequencies of detonator accidents can be determined.

6.2 The sensitivity of detonators and methane

The threshold levels that are of concern in determining the frequency of accidents
obwiously depend on the “object” at risk, the detonator or methane-gas mixture. For ihis
roason, the gensitivity of both detonators and methane was studied. The results are
reported in-Chapters 6 and 7. -

Electrical detonators are traditionally constructed by an electrical bridge wire coated with
a thermally semsitive explosive. By passing current through the bridge wire thereby
teating it, the explosion is inittated. The detonator canister is invariably made of metal,
specifically of copper in fiery coal mines.

New types of detonator ars gradually becoming available, These detonaiors often use
electronic timing circuits to improve the timing of sequential firing, The body of the
detonator may be made of plastic. The bridge wire of the detonator may. not be of the
conventional design.

The traditional approach to ensuring the lightning and electrostatic safety of detonators
does not necessarily apply any more. This thesis suggests a specific battery of tests for
the use of alternatively designed detonators.

The energy/spark conditions required to se" off a methane-air mixture sparks that originate
from ordinary electrical apparatus are well known. This is widely adopted in intrinsicaily-
safe codes of practice. Very little has been reported in the literature about lighining-like
spatks. Chapter 6 deals with the sensitivity of methane-air mixtures to the type of sparks
caused by lightning.

6.3 The evalaation of mine risk and the Code of Practice

The understanding of the basic niechanisms and the sensitivity of detonators and methane
allows the refinement of the code of practice. The implications of the models wili be
examiued and comments are rnade in the final chapter on improvements to the code of
practice,
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ot all mines ‘are exposed 0 the same nsk Factors such as

- . Ny - lightnicg flash density

- strata resistivity

- mining depth

- coal-seam resistivity and thickness

all play a role in making a particuiar mine more or less hazardous because of lightning,
As evalnation algorithun has been developed in Chapter 10 which will allow management
to determine the risk to which 2 mine is exposed. This also allows informed decision

_making on the ¢ ‘ssures required in a particular mine to reduce he risk to acceptable
levels,



CHAPTER 2.

MECHANISMS WHEREBY LIGHTNING DISCHARGES
MAY PENETRATE INTO AN UNDERGROUND MINE

1 INTRODUCTION

" In this thesis, three possible ways ai¢ caatained by which lightning may enter an electyical
circuit underground in a mine. Two of these .cechanisms are graphically illustrated in

Figue 2.1

'y ! 4TRIKE YO STRUCTURE
F AT SHAFT ENTERANCE

STRIKE ABOVE
WORKING AREA

DISTANCE: 100 Wl TO B8EVERAL kin

Figure 2.1 A simplified diagram depicting how lightning surges may enter
collieries
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The mechanisims are:

- A direct sirike to the structures at a shaft entrmce The surge is then conducted into
the eise via underground services, e.g. the electrical cables, waterpipes and
" conveyor-belt structures.

- A direct strike to the surface above 2 working area. The lightning current is
resistively conducted and conpled 0 any vulaerable circuits.

- Adirect strike to the surface above a working area. Energy is coupled to vulnerable
circuits via magnetic induction.

2 A DIRECT STRIKE TO THE STRUCTURES AT A SHAFT
ENTRANCE - A SIMPLE MODEL

When lightning strikes the structures at 4 shaft entrance, some of the current will be
dissipated (injected) into the ground via the earth electrode at the shaft entrance. Some of
the current will propagate down into the mine via the conveyor structures as illustrated in
Figure 2.2.

h
LIGHTNING STRIXE YO
HEAD GEAR

Ue

EARTH ELECTRODE
AT SHAFT ENTRANCE

Z

o VNN AND OABLIND. o - -
EHANY AND -runulﬂ.s

L

el — i _
- ain - -

Figure 2.2 A simple equivalent electrical model of the case where lightning strikes a shafi
entrance
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2.1 An analytical model of the surge propagation

The voltage rise (U) of the structures at the shaft entrance can be calculated as follows:

U=1I

Where I, = the lighming current
Ry = the impulse impedance of the electrode
Z = the surge impedance of the underground structures

The value of Z is approximatcly 100 Q and from Anderson (1980} we know that [, could

vary boiween 10 kA aud 100 KA, with 4 adiss value of chout 35 kA,
The voltage propagated into the m.ue via the underground structures is the same ag the

voltage developed on the earth electrode (U). The current injected into the underground
structures {I;) is:

By assuming and using the typical values given above, the effect of Rg on U and I, can
be stadied.

Figure 2.3 gives the resulting vaives of U and I for various assumed vaiues for Rg.
The effective values in Figure 2.3 are higher than the practical case, for three reasons:

- The step potential induced into the ground surrounding the elecirode raises the
potential in the ground in the proximity of the electrode.

- The resistance R, used does not take soil ionization into consideration. This may
result in a substantial lowering of Ry and therefore U,

- The impedance Z i3 modelled as an ideal loss-free impedance. The actual conveyor-
belt structure is in direct conduction contact with the underground strata and it is
recommended that the undergrouad structures be regalarly earthed using roofholts,
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.‘%

§ >

VOLTAGE SURGE (N UNDERGROUND STRUCTURE {kV]

CURRENT SURGE DN UNDERGROUKD STRUCTURE [A]

wl
o

10 B 100
LIGHTNING CURRENT 1 [KA]

-l

Figure 2.3 The voltage surge U and the current I injected into the underground structure
as a function of the lightning current I and the resistance of the earth
clectrode Ry at the shaft entrance. Assuming Z = 100 Q.

2.2 The frequency of strikes to & shaft = frequency of surges

The frequency of surges caused by this mechanism can be calculated as follows:

The attractive radius r, of the headgear of 2 shafi car be calculated according to Eriksson
(1986) by '

R L | P T 2.3

where h = the beight of the headgear at the shaft
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The number of strikes per year to such a structure (N) is given by
N=1x.N,. Io‘lﬂashesperyml..;....;. ................. 2.4
where N, = flagh density per year
Asmmehﬂwmlfﬁtatypicalshaf{andbl‘ﬂlﬂashperyearperhn’,then:

r, w~ildm |

N = 00409 Rughes/year

. 2.3 m hwmey of voltage surges on the conveyor belt |

‘fﬁ-;m of fishes per year can be converted to an average frequency of 4 voltage%'

- wgfa certatn magnitude occurring, as follows:

" e fiaahes to the structure have a probability of being of a cortain magnitude, a3
represented by the Cigeé distribution. Anderson (1982) derived an equation that closely
modeta this digtribution: '

L 1 | |
A 6 - 2.5
I -------------------------------- I I | [
1 + N
31 PP
I, in KA,

‘The voliage on the conveyor belt is given by

R
U, =1, [}%] :
8

By substiteting 2.1 (for I) into equation 2.5, we can derive the probability of a particular
strike to_l_*he structure producing a certain voltage on the conveyor (Uo:
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The frequency (Ny) at which a particular surge voltage will ocour on the conveyor structure
is : . . -

.N;"NXP(U{-}""""""""""; -------------------- 2.7

2.4 The volitnge on a conveyor belt required to set off a detonator in
& work face

In gection 1.1 the surge voltage on the underground conveyor structure is derived. To be
_ a risk to the detonator circuit, the voltage on the conveyor structure has to be transferred
' to the detonator tircuit, It is shown in Chapter 8 that Type O detonators are sensifive to
vohiages between 20 kV and 90 kV (depending on the resistivity of the medium in which
the detonstor is placed).

_ To quantify the risk associated with this mechanism, some agsumptions are made. These
are digcussed below.

2.4.1 Coupling between the conveyor structure and the detonator circuit

Coupling of the voltage on the conveyor structure to the detomator circait iz indirect,
through the resistivity of the sirata, This effect has not been analysed. To perform such:
an analysis would requive a complex 3D field ploiting exercise. This analysis is beyond
the scope of this thesis. The physical separation of the conveyor structure from the
detonator circuit will effectively reduce the trausfer of the induced surge to' the detonator
circuit. In order to indicate how the problem should be solved and iu order to make some
progress in this thésis an assumption is made which is believe? to be conservative:

If the conveyor belt can be modeled as a simple spherical resistive electrode the potential
from the edge of the conveyor falls away as a function of (1/x) where x is the physical
dimension of the conveyor-elecirode.

The detonator circuit is in the area where the potential falls away as (1/x) (x is large,
several 100 m, and the dimension of the detonator circuit is relatively small, approximately
15 m compared to x). The detonaior circuit will always be more than 25 m away from
the closest conveyor structure in accordance with the Code of Praciice. The effect is-
iliustrated in Figure 2.3b. It will be conservative to assame that 25% of the conveyor
voltage is transferved to tue detonator circuit (i.e. less than 25% will be transferred in
reality.) In Figure 2.3b 15% (x=30 m), at most, of the voltage falls within the electrode
dimension,
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DISTANCE FROM THE EDGE OF THE CONVEYER (m)

Figure 2.3b The potential fall from the edge of a simple hemispherical electrode.
To iHusirate what can be expected around a conveyer structure and the
field in which the detonator eircuit will lie.

2.4.2 The resistance of the conveyor structure to earth

In the model of Figure 2.2, it is assun:id that the conveyor structure has no conductive
connection to earth, This, of course, is not the case. The conveyor structure is’
continuously in contact with the workings surrounding it. In addition, the Code of Practice
recommends that the conveyor struciure be earthed at regular intervals, using roofbolts.

The floor of the mine is normally wet sandstone which bas a relatively low
resistivity, typically of 400 2.m, Such a floor will result in 2 conveyor-{o-earth registance
of around 8§ @ per 100 m of conveyor structure. This result in a lossy transmiesion line.

Furthermore several different conveyor strucﬁues run from the shaft in different directions,
effectively reducing the surge impedance seen by the surge that iravels underground.

It is outside of the scope of this thesis to analyze all these effects, they will require a
substantial study by it self. The effects mentioned here are compensated for by assuming
that R will be reduced by a factor of two (due to the earthing effect of the conveyor and
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the multiple conveyor structures.) -

Taking both of the above factors (2.4.1 and 2.4.2) nto consideration, the voltage (Up)
induced into 3 detonator circuit is eight times lessthanthevoltagc(Uc)onthecouveyor
umcune.ie

2.5 The frequency (risk) of surges in detonator circoits
The froquency of surges Ny, (Up) having a cestain maguitade being induced into detonator
clrcuits can be deduced by substituting equation 2.8 into equation 2.6,
N

M. ettt eenann 2.9
- 0.258 U, (R, + 2)
R Z :

NiU) =

Equation 2.9 was plotted in Figure 2.4 using different resistances for the earth electrodes
in a shaft,

It is shown in Chapter 8 that a voltage of between 20:kV and 90 kV is required to set off
8 Type O detonator (depending on the resistivity of the strata mwhichthedetonatorls
located).

Exampie
I the risk (Np) of 2 detonator being set off is to be reduced to a frequency below one in
a thousand occurrences in one year on the Highveld, with N, = 8, then

N, < i

1000

Figure 2.4 is based on N; = 1; this is therefore equivalent to Ny, in Figure 2.4 divided
by eight.

N, < 125X10™* (Figure 2.4y« <« v+ o oo vveenenntsianncnennans 2.10

If the coal resistivity is 3 000 0.m, the corresponding voltage will be 38 kV (see Chapter
8}
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lightning strikes the shaft entrance, calculated for N; == 1.

Mast height at shaft entrance h = 20 m.

1.000E-07
Mgure 2.4 The frequency with which surges are induced into detonator circuits when
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3 A DIRECT STRIKE TO THE SURFACE ABOVE A WORKING
ARFA (COUPLING BY CONDUCTION THROUGH THE
STRATA) - A SIMPLE MODEL

The second mechanism posiulated hm'e by which lightning can penetrate into elecrical
civcuits underground is that of the direct conduction of the lightning current through the
strata. This section contains a simple model based on the conduction mechanism.

- The amalysis is concentrated on curvent in the beginning of this section, The model is then
- expiored further to calculate the expected .requency of occurrence of cufrent surges
-_uwzrgrmnﬂctuetothmmcchamsm

The basic physical characwristics of the model are shown in Figure 2.5. Tt is assumed in
the model that the earth is homogeneous with a resistivity, p. Another assumption made
is that lightning current will spread homogeneously outward from the point of strike
(hemispherically).

LIGHTNING CURRENT IIL}

HORIZONTAL DISTAMCE FROM FLASH (r)

%

: ' SURFACE
\
i l
|
|
1
J !
!
t

COAL SEAM DEPTH
a)

>

UNIFORM SPHERICAL
CURRENT PENETRATIOM

Figure 2.5 The physical medel of lightning current penetrating the earth



3.1 Current density () .

The current density #t a certain point produced by 2 lightning fiash current (1) is denoted
23 J. The borizonial distance between the point and the flash is v and the depth of the
point is d. J is then given by:

J..% T DR R LR Cecracurranee 2.11

" where A is the surface of the hemisphere which has its centre at Py, and the surface going
MPS'.

Pom IR dT M e 2.12

e aaeeraeta e 2.1

= L {Aim?] 3
2z (r* + d%)

32 Cmwent through a 3 m x 5 m rectanguilar face (1)

In order to convert current density into the current flowing into the detonator circuit (Ig),
the following assumption is made: the current produced by the current density through the
surface area of a typical face is the current that will flow through the detonator circuit.

This results in

I =(3x57 [A]
A L 7 2.14

3.3 The effect of the orientation of ihe strike relative to the exploder-
to-face direction '

The position of a particular flash refative to the face-exploder orientation effects the
magnitude of the surge through the face; if it is exactly orthogonal, it will not produce a
nett surge but if it is in line with the face-exploder orientation it will produce the maximum
surge.

Both the horizontal orientation as well as the depth of the face have a similar effect. The



mjéfkuh‘ﬁatmalysedasinﬂwmwﬁwlminSA common depths of seams are
around 30 . At this depth, the vectical effect has litle effect at the boundary where the
_ﬁhwﬁmﬂbeaffecwdbyamlmmydmﬂuh

'&_mnfaﬂashmhﬁvetoaspemﬁcfaﬁe—expiod&oﬂmtaﬁon Lupl:a\n)l.«z
.  The flash current density at the face-cxploder (J,) can be broken'up in two-
components, namely (Jgy) the component normal to the exploder-face -
peotion and (Ji,) the component which is parallel to the exploder-face connecti n. ¥t
dbwious that it is Jp which affects detonator circuits, and it is this component which
-#howid be taken into consideration when caleniating the frequency of lightning currents
;mmamdﬁonmcmﬁs If&ﬂwdmmbawcentheﬂashandthaface,:s
miack: larger than the expioder-to-face distance, then
- B

Jor = Jy Co8 8 e 2.15

\ )
N\
EXPLODER X —‘\\: :f’:é"

F ]

N\

N -

r
LIGHTNING
FLASH

Figure 2.6 The effect of the position of the strike relative to the exploder-to-face
direction

The occurrence of @ is totally random. The average effect on the overal! frequency of
currents in the face can be calculated as follows:
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4.1 Uniformity of the strata structuye

The actual underground strata structure is not uriform becanse of the presence of different
resistivity layers, mining cavities and dykes. These can either increase or decrease the
value of Ny, depending on the nop-uniformity of the strata, and -will, thevefore, affect the
slope of the relationship Ny x I, (in the cut-off current ares), and couse more high-current
surges than expected.

42 Disregarding skin effect

The skin uepth is calculated in Table 2.2 for various resistivities at 10 kz according to

(Hayt (1974)):

i

3= c——
wfgfp



Table 2.2 Skin depth at f = 10 kHz (permeability assumption 4, = 1)

Soil resistivity (8.m) -200 500 I 1000 2 000 E

Skindepta (@) 25|

mmmdwiﬂaﬁghmmgmike!ies in the frequency band of 10 kHz,
" It can be ssox from Table 2.4 that the skin depth at 10 kHz will have a minor reducing
eﬁ:m&&m&wmaﬁm 60 m). Soil resistivities ate invariably higher than
2000m.

B

43 CWmtthmughaSmxSmrectangnlarface () is equal o the
mmt&mghadetonamrcimﬁt

This is obviousiy a simplification - the current will depend on the nature of the actal

" detonator installation and the resistivities of the strata surrounding the detonator circuit,

The difference between the actual detonator eircuit and the model should be of a roughly
constant natute,

s THE FREQUENCY | OF dCCURRENCE OF CURRENTS
LARGER THAN A CERTAIN VALUE IN A PARTICULAR
FACE

The average number of lightning flashes N within a certain radius (R) from a prrticular
point is:

N o= o Ngx 0% i i i e e 2,19
If we rewrite equation 2.18 in the format:
O ) 2.20

we get:
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To obtain the number of flashes, by substituting 2,21 in 2,19 we obtain

N =x Ny

9.61, m 2 I X 100 s et e 222
27 I,

From this equation the frequency can be calculated directly except for nne problem which
is that the lighming curren: I is not a fixed value, it varies statistically.

To solve this problem, one of two approaches cag be followed:

- Solve the problem by using the Monte Carlo technique. This was dome by
Geldenhuys et al (1987),

- Assume the median value of I to give results which will represeat the nett result of
a large statistical sample. This apjroach is useful in that it allows inspection of the
sharacteristics of equation 2,17. This approach is followed here.

Equation 2,17 is plotted on a normalized basis as follows:

Ng = 1 flashes per km® |
I, = 34000 median value given by Anderson (1980)

It is ¢leulated for depths of 20 m, 40 m and 80 m and the results are given in Table 2.3,
It is interesting and very important to note the asymptotic behaviour of equation 2.22,

First, when 9.6 §,/2% I is much larger than %, depth does not play 2 role in the equation,
al'l{l .

I 2.23
IF

is a direct inverse refationship between Ny and Iy

Ne=f

'The second asymptote is the maximum of I; "This maximum is depth dependant,
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~ Table 2.3 ‘The frequency of surges exceeding the value of . N, = land I} = 34 kA.

A o o

e £ T, A AL T . L A A LA MO

Ny - Number of events in excess of I
I {(A) d=20m d =40 m d=9%0m
0.3 0.543000 - DS360600 . | 0.5240000
1.0 0.162000 0.1590000 0.1430000
3.0 0.053100 0.0494000 0.0343000
5.0 " 0.0125000
8.0 0.0002940
8.1 0.1000042
10.0 0.015100 0.0113000
20.0 0.0031300
30.0 0.004180 0.0004130
31.0 0.0002380
100.0 0.000375
126.0 0.000103
. 125.0 0.000049
. 129.0 0.000008
ARSI TN A TR
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Figure 2.6 The frequency of lightning-indaced currents in a face calculated for different
gseam depths, The results are normalized to one face and Ngg = 1 and I, =
34 KA.

Table 2.4 gives values at selected depths to illustrate the effect of equation 2.20. This
result is plotted in Figore 2.7,
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Table T4 The maximum of I as a fanction of depth and Zightning cusrent

Msximum face current I, max [A] at depth {m]

20 40 60 80 100 120 150

153 | 382 § 170 | 95 51 A2 21

130 | 325 § 144 | 8.12 | 5.19 3.61 | 231
382 | 955 | 424 | 239 | 153 10.6 6.79
764 | 191 | 849 | 47.8 | 30.6 212 | 13.58

1,000 .:';:J
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&
b
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Figure 2,7 The maximum current in a face as a function of the coal seam depth
cafculated for lightuing currents of different magnitude
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6§ ° THE RADIATION MECHANISM - ENERGY TRANSFERRED
" TO A VULNERABLE CIRCUIT BY ELECTROMAGNETIC
COUPLING

* The purpose of this part of the thesie is to examine under what conditions electromagnetic

radiation would be capable of igniting a detonator.

Because of the nature of the lighming discharge and the low-impedance nature of a
detonator circuit, magnetic induction dominates electromaguetic coupling. For this reason,
only magnetic coupling is considered.

6.1 The magnetic field

To allow a simple analysis of the coupling mechanism, we assume a model for the

- lighming strike (as shown in Figere 2,8), namely a peak value of I, and a linear rise-and-

fall slope with a time-to-peak of 2 ps and 2 time of 100 us for the tail to go down to zero,

MEDIAN LIGHTNING CURRENT MODEL

I't = 62400 A sec

1
-.I

e

|

f

I

|

1

|
880 75 sac 100 sac

Figure 2.8 Model of lightning current
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mmwm_mmmﬁuﬁm is broadly in line with the median lightning
strike given by Anderson (1980). A
The magaetic Beld imexsity produced by a infinitely long straight filament of current is:
nf;;_:g N 225

_' Mth the distrace from the filament,
RS . U 2.26

r
o \\ o
' -mwminm&g!m)inaloopu&thaumwﬁmalamofAis:

U F
whemnﬁiat}lﬂota!magﬁéﬁcﬂuxtluoughama&

In this example calculating U can be broken up into two pawts, w . -ile the current is
rising and another when the current is decreasing. There g 230 oy ae loop in the coil,

The magnetic flux in the loop is
¢ = B.A.

where A is the cross-sectional area of the loop. B

JAXWI LA, i, 228

r

and the voltage is

_2X 107 4 AL

r A-t ---------------------- L I N

where at is the rise time of the lightning current I;.
The current in the circnit (ignoring the inductance):

2 X107 4 A AL
I - r-ﬁ At ooooooooooooo B A ¥t rrrerune 2-30

where R is the total circuit resistance

Yoy
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62 A typical configuration’

Assumeg that there are three rows of five detonators each (2 total of 15 detonators). The
resistance per detonator is 2  and the total resistance of the circuit is therefore

R - 3x 5 » 2 - 30 n ..................................
If the exploder is situated approximately 15 m from the face, the self inductance of such
a circuit will be approximately 20 pH.

The effect of the induciance is to slow down the rise time of the current in the circuit
which will inhibit PR dissipation in the circuit.

TbcRCﬁmmnstantofsuchaci;cuitwillbe

L _0pH e o L L 232
R SRR = 667ps

To simplify the analysis (resulting in an overestimation of the induction effect), the effect
of the inductance will be ignored.

Further, we assume that the cross-seciional avea (A) of the loop formed by the detonator
circuit is effectively the face area:

If we define the "action integral” AP at as the energy which a current pulse is capabie of
dissipating in 1 @

[ .
I ot = [ . v eae e e v, 34

The action integral required to set off a type © detonator is:
2E5mIQ (m. A2y et ar e i 2,35

We can now calenlate the action integral for this circuit:

Pat = Al rise + Al tail
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. 42 .
] . . v
”[leo_ﬁ;‘z&] N [_l.+-l-] ,,,,,,,,, e, 2.36
TR Al

The maximmm distance (r) over which suck an induction can set off a deionator is
' by substituting:

90 000 A (95 % probability)

sm ;

00

4.5 ps

00 !

i1 L Y

?_g % >

PAt= %xls.s‘{% 2.5mJ

7 COMPARISON BETWEEN THE MAGNETIC INDUCTION
MECHANISM AND THE RESISTIVE CONDUCTION
MECHANISM e

The median lightning current model of Figure 2.8 is used as a basis for comparison. The
criterion used for comparison is the action integral (A? s) tiat the particelar mechanism can
induce at the same distance {d) from the lighthing strike.

with], =340004A

and Ty = 75 us = time to 50 % of peak value.

7.1 The conduction mechanism

From equation 2.14, the current induced into a detonator circuit is

I max = 15 [f2xr®
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81.2x10°. _
1, m - e 2R LR R L L L b ~ 238
? “The &% S w oxpeocaially decaying impulse is
. g 1“ T R A E R R PR PR 2.39
'.'7'2 Tm Ipz
7275 py x (81.2 x 10°1%
356x10° <
r Il
7.2 The maguetic mduction mechanism
From equation 2.36:
2 "
2x10 p, 1, A 1 1

I’ A f - [ ,ri ] I-E—?; -+ K—r; F a4 b & T A ¥ s oA C I T T I Y 2-40
where . o
e =1 -
I, = 34000A ‘
A = I5m?
R = 300
A, = 45us
Aty = 100 pus

[L610") sz 10

= ——r—

2.68
e’

From Figure 2.9, it is evident that the conduction mechanism is dominant in the range
where energy transfer is sufficient to set off detonators.
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Itiscemludndﬁomthisexdﬁpiethﬂthemagmﬁcmdudimprmsmbeignmedfor _
the purpose of this study. For ¢his reason, this thesis, focuses only ¢4 the comluction
mechanism. i '
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DISTANCE FROM LIGHTNING STRIKE [m]

Figure 2.9 The A? s induced through the magnetic induction mechanism compared with
the resistive conduction mechanism. This comparison has been made using
the median lightning strike of Figure 2.8 as 2 function of distance from the
fiash.
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Figure 3.1  The basic model for evaluating computer programmes
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" Analytical equations 3¢ available for this model. The electric field (E) at any point p in
the hemisphere is -

B 3.1
o 2xr
where r = the distance from the current injection point to point p
and o = soil resistivity. '
The voltage (D) at p is
m P e e 3.2
u 2xr

The voltage between any two hemispheres with radii r, and v, is

pa Pl Il 3.4
pi }h 8 .

Tre resistance between any two hemispheres with radii r, and r; is

3 THE STRATA MODEL

The actual configuration of the strata in typical South African mines is very compex  For
the purpese of the analysis in this thesis it has been simplified to the configuration given
in Figure 3.2.

The strata consist of a single layer of uniform vesistivity (o,) above the ¢ ».l seam, the coal
seam with uniform resistivity (o) and, finally, the deep strata with sniform resistivity (p,).
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Figure 3.2

SYMEIETRICAL AXIS
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: én.mmmm CURBENT INJECTION

5 %;g”?}’; g L T %’ _

Lt e
sy

COMPUTER MUDDEL
BOUNDRY AT
1508 m

A simplified medel of the configuration of the strata in a typical South
African mine

The boundary of the mode! was chosen to be relatively far away from the area of interest,
ar 1 500 m. This is approximately ten times further than any distance of real interest.

The dimensions of interest are shown in Figure 3.3:

U(r)
Uy(r)
Uy(t)

Up(r)

the depth of coal seam

the thicki.ess of coal seam (this is assumed to be 3 m in this chapter,
unless otherwise specified)

the horizontal distance between the work face and a lightning strike

the distance from the face to the exploder (this is assumed to b¢ 30 m
throughout this chapter)

the voltage at the top of the coal seam

the voltage at the bottom of the coal seam

U -Upl) i e i e e 3.6
the voltage vertically across the coal seam
L I 0 i« P 3.7

the voltage diagonally across the coal seam. This represents the maximum
voltage induced into an exploder-detonator circuit.
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Figare 3.3  Boundaries of the simplified model

4+  EVALUATION AND SELECTION OF A FIELD

CALCULATION PROGRAMME

STRATA

COAL
SEAM

DEEP
STRATA

Compared to the caleulations of electrostatic fields usually me . when designing HV

equipinent, this model kas distinctly different features:

- A current source injects current into a resistive medinm at a distinct point that is

relatively small,

- The boundary potential at infinity is not defined; in fact, no boundary potential
is defined. The point of concern is not necessarily where the highest alectrostatic
fields are present (i.e. the high electroséatic fields that would normally interest a
designer of HV equipment), the magnitudes of interest could be several orders of

magnitude less thon the highest field present in the analysis.

Three different coimmereially available field culculation programmes were evaluated to

solve this problem:

(O MacNeal-Schwendler Corporation’s package: Maggie
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(2) Ansoft Corporation’s package: Maxwell -
(3) Intograted Engineering Software’s package: Elecm)

The first two packages are based on the finite-element method and the last package is based
on the boundary-element method (charge simmiation).

Both of the finite-clement packages failed to correetly calculate simple examples that are
analytically known.

Two analyses were done, the first where the outer boundary is set at infinity (equal to
0 V), and the second where an outer spherical boundary is given at the correct caleulated
potential. In the first case, the programs gave results which were wrong by orders of
magnitude. In the second case, the programs onty had to interpolate correctly between two
boundaries; these results were wrong, the exror was as much as 25 %.

The same analyses were repeated using the boundary-element method, In the case where

‘the cater boundary was set af infinity (equal to 0 V), the boundary—element method gave

errors of 20 % of the expected value.

In the case where a spherical boundary is given (et at the corrett calculated potential), the
boundary-element method gave errors of 1 % of the expected value.

For this application, t'ie { oundary-element method proved to be the only method that couid
be used to solve the problem. The reason for this is to be found in the fundamental
method of calculation.

The error in the finite-clement method (Kuifel and Zaengl, 1984) depends on the element
dimension and the derivatives of the potential. In this problem, the field has maximum
divergence and the solution has to be accurate over several orders of magpitude of
potentizl, The approximations used in the packages ate probably of the first ovder or, at
most, second order, and are not capable of dealing with the demands set out above.

In contrast, the boundary-element method is based on the fundamental physical phepomena
selected to suit the dimensions of the problem. The influence of a boundary element (even
if it is very far away) can be determined accurately because the dimension is known
accurately. Therefore, accuracy depends only on the extent to which the boundary
elements are appropriately placed and estimated.
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R TYPICAL RESULTS FROM THE FTELD CALCULATION
"~ PROGRAMMES

A geometrical configuration was set up in Electro. This is shown in Figure 3.4, K
. cemsisted of the following: :

- ~ An suer hemispherical boundary was set at 1 500 m
- The straca configuration shown in Figures 3.2 and 3.3 was used
- The curreni was fnjected via a 1 m spherical electrode at the centre of the sphere.

Boundary elements were placed on the boundaries of the half sphere as shown in Figure
3.4. Boundary elements were also placed on the boundary between the coal layer and the
surface and the deep strata. An analysis was performed to determine where the clements
should be placed. If insufficient elements were used, the cu» |, resulting from the analysis
were irregular and the number of elements was creased . umprove the curves.

A current of 1 A was injected at the centre of the sphere, The potential of the outer
hemispherical boundary at 1 500 m (Jetermined by equation 3.2} was set t0 the values
shows in Table 3.1.

Tabie 3.1 The outer hemispherical boundary potential determined by equation 3.2

e s i

| o (@.m) Uw)
et e i b P T & s b bt -

200 0.0212

400 | 0.0425

800 0.0850

1600 0.1700

The programme can calculate the vector field of the electvic field and the scalar field of
potential,

Figures 3.5 to 3.7 show the resuits of the case where the seam depth is 15 m and the seam
thickness is 5 m.

Figure 3.8 shows the magnitude of the electric field along the symmetrical axis. It is
interesting to note that this magnitade is proportional to the resistivity in the vicinity -
resulting in an increase in the field across the ¢oal seam. This effect is also apparent in
Figure 3,7; note the closeness of the spacing of the equipotential contours through the coal
sirata.
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Figure 3.4  The pusiti’ening of boundary elements on the model anaiysed.

B &= 400 ft.m
pe = 3 000

1 500 m defined bourdary
U500 m) = 0425V

Figure 3.5  The equipotential contours up to 1 500 m (seam depth (d) = 15 m and
seam thickness (t) = 5 m)
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Figure 3.7

and seam thickness (t) = Sm) - .
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The equipotential contours to a depth of 50 m (seam depth = 15 m and
seam thickness = 5 m)
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Figure A.8 The electric ﬁe_ld gradient vertically down the symmetrical axis. (For an
injected current of 1.0 A.)

The voltage (U;) produced is shown on the equipotential contdtirs. The voltage (Uy)
produced by a lightning strike of a specific magriude can be calculated by

6 DATA OF INTEREST TO THIS STUDY

‘The data that are of interest to this study are the voltage vertically across a detonator face
(Uy) and the voltage diagonally from the work face to an exploder(Up).

To caleulate Uy, and Uy, the potential along the top (U,) and bottom (Uy) of the coal seam
was determined. The results of this exampie are shown in Figure 3.9.
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JYigure 3.9  The potential horizontally above the coal seam (Uy) and the potential just
telow the coal seam (Up). (I = 1 A, seam depth (d) = 15 m, and seam
thickness (t) = 5 m)

Uy and Uy, were determined thereafter using equations 3.6 and 3.7, The results of this
example are shown in Figure 3,10,

The maximuym voliage produced by a given magnitude of lightning current can be
determined using the results of Figure 3.10. Comparisons between different strata
configurations can be made based on the maximum of Figure 3.10, i.e. the maximum of
Uy and U,. However this is not necessarily related to the frequency that surges will
oceur, i.e. the risk associated with 2 particular sirata coafiguration.
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FOTENTIAL OR POTENTIAL DIFFERENCE (V)
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B 160 b jii) 98 500
t  DISTANCE {r) ALCNG THE COAL SEAM BOUNDARY (m)

Figore 3.10  The voltage difference between U, and U, directly vertical (Uy) and the
voltage difference diagonally across Up. The "face-to-exploder” distance
(ds) is 30 m and can be compared to the potential of the boundary just
above the coal seam (Uy).
Seam depth (d) = 15 m and scam thickness () = S m

7 CALCULATION OF THE FREQUENCY (N) AT WHICH
LiGHTNING SURGES OF MORE THAN A CERTAIN
MAGNITUDE WILL OCCUR IN A DETONATOR CIRCUIT

7.1 The number of events
If it is assumitx] that the probability (Py(r)) of a particular lightning flash striking at a

certain distance (r) from 2 work face and setting off a detopator is known, the number of
events (Ny) exceeding this magnitude is given by
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7.2 The probability P.(r)

'The vertical voltage (V) and the diagonal voltage {(Up) required to set off a detonator is
studied in Chapter 8 where Figures 8.25 and 8.26 show the surge voltage peak required
to set off a ﬁem::ator as 3 function of the resistivity of the coal seam.

Because the diagonal voltage U, is mubh larger than the vertical voltage Uy, (see Figure
3.10), the diagonal voltage is always the critical factor. For this reason only the diagonal
voltage/risk is analysed.

‘From Figure 8.26 it can be sesn that the diagonal vol.ge Uy, required (in the present

example) to set off a detonator in a coal seam resistivity »f 3 000 Q.m is 38 kV.

Figure 3.10 gives the relationship between Uy and I;;
Uy () = LA oo e oo e 3.11

The lightning current (I, o) corresponding to 38 kV at a distance (r) from a work face is

-------------------------------------------

The probability of a particuiar lightuing flash exceeding a certain magnitude was expressed
in an analytical equation by Andergon (1982), as

Q) =
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The probability P:(r} of a particular flash at a distance r setifng off a detonator can be
calealated by substituiing equation 3.12 into equation 3.13.

1

i - %, 3.14
1..-[ 38 } ................................. R

31 xf{rf

Eguations 3.9 and 3.10 now become

M 7
N, = N3><27f1 A S 3.15
: 1 38
31 xﬁr)l
ffm - r x Ar
'N_ = NxX2x
lﬁ. F 8 ; 1 38 A8 s v 2 o v 1 = v v omod ks ok s E e T 3 16
31 %X fin

73  Results from the example
In Equation 3.16, its various parts have physical meaning,

Figure 3.11 shows the iighining current required (at a certain distance) to set off a
detopator. It also shows the probability of the occurrence of a strike exceeding the
required magnitude. When a strike occurs close to the work face, the minimum current
is relatively low (£ 9 kA). The probability of such a low-amplitude strike occurring is
very high, almost 1. However, when a strike is far away (= 260 m), almost 300 kA is
required to set off a detonator. Such a strike has never been recerded. ‘The probability
{according to Anderson (1982)) is accordingly low.

A probability times the area associated to which that probability applies is shown in Figore
3.12. The probability is initiatly high but the area is low. Eventnally, the area is high but
the probability is very low. N is the integral under the curve of Figure 3,12, This was
numericaily evaivated and the vesult for this example is

Np = 0.00603 events ir one year, and N, = 1
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PROBABILITY AND CURRENT {kA)

2.8

U S NS S

é hﬁh&%?“x The‘probabilify that a strike

Current required to set
'of‘f an A Type detonator

will exceed the required current

S o .T“

Figure 3.11

DISTANCE FROM THE WORK FACE {m)

The lightning current reguired to set off a Type 0 Detonator as a function
of the distance between the strike and the work face (r). The probability
of a particular strike exceeding this value of current is ploteed on the same
axis.

Seam depth d = 15 m, Seam thickness t = 5 m.
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8 RESULTS: THE EFFECT OF DIFFERENT MODEL
E‘ARA?vﬂiiTF el

This section gives the resulis of the analysis, i.e. the offect of diffecent characteristics of
different mines on the analysic. ‘This is quantified via the peak current produced for such
a situstion as well a5 the Yrequency (N;) ar which surges of 2 dangerous magnitude will
oeur.

The analvsedd characteristies of the mine are:
o Deptir of the coa! seam
" - Resistivity of the strata b

- ="Resistivity of the coal seait’

- 'I;gickﬁéss of the coz! seam.

8.1  Depth of the coal seam - peok current amplitude at the work face

From the simple mode! of Chapter 2, it is expected that the depth of a coal seam will bave
a very big effect on the probability of a detonator being set off by lightning. A series of
analyses was conducted to study the efiect of seam depth. In . >ases, the scam thickness
{t) = 5 m, and the resistivity (op) = 3 000 2.m.

The diagonal voltage difforence (U,) for seam depths of 15 m, 30 m, 60 m and 100 m was
calculated. The resit is shown in Figure 3.13.

The maximum of the diagonal voliage diiference Uy is an indication of the maximum
current that can be expected at that depth. The maximum of Uy, i plotted in Figure 3.14
as a function of scam depth. Jf we assume that the highest yossible amplitude of a
lightning strike will be 200 kA, this strike will produce a maximum diagonal voltage
differance at 5 depth of 100 m of .U, = 200 kA x 0.211 = 42.2 kV,
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Figure 3.13  The diagonal voltage difference (Up) for coal seams at different depths (d).
i=5m, po=30000m,and I, =1 A

In an attempt to compare this resuit with the simple medel of Chapter 2, the following
reasoning was followed:

From Chapter 8, it was deterr.a.ed that 38 kV is required t¢ set off a Type 0 detonator
via the diagonal *  age conflguration. This will produce a peak of 7 A. From Chapter
2, the maximum current was determined as
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In the present analysis, §;, = 1 A,

The relationship between I, and Vi, can be assumed to be

R38RV Lcurn e 3.17
|
Vlﬂ-‘ll = IMR ........................................... 3 18
VoL 34X xS, e .. 3.9
e 2xd?
v B2 XA e 3.20

This cMon is plotied in Figm&e 3.14. There is an strong correlation between tie shape
of the two curves. By applying a constant correction factor of 0. 14, the two curves almost
coincide exactly,

82  Depth of the coal seam - surge cmrent frequency

The true bagsis of risk evaluation, however, is the number of surges that can excesd the
sensitivity of the detonator used in the mine. The frequency of surges exceeding the
sensitivity of the Type 0 detonator was calculated using the method given earlier in this
chapter for seam depths of 15 m, 30 m, 60 m and 100 m,
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Figure 3.14  The peak of the diagonal voltage difference Uy, as a function of the seam
depth(d). ¢t =5m,p=30000m,I=1A,and p, = p, = 400 Q.m.

The frequency reduction due to depth does not quite foliow the inverse squared relationship
of equation 2. However, the effect of depth is very significant. Going from a depth of
15 m to 100 m (6.67 times deeper), the number of surges {exceeding the sensitivity of "0"
detonators) is reduced by 22.3 times, The result if plotted in Figure 3.15.
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N - NUMBER OF EVENTS PER FLASH PER km?
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Figure 3,15 The frequency of surges exceeding the sensitivity of Type ¢
detonators as a function of the depth of the coal seam {(d).
t=5m,p = 3000 Qm, and p, = p, = 400 O.m

8.3  The resistivity of the straia
8.3.1 p; = p, - the same resistivity above and below the coal seamn

The simplest point to start the analysis is to assume p, = p,. The result of the maximam
diagonal voltage (Up) is shown in Figure 3.16. The ratio beiween resistivity variation (200
f.m : 1 600 2.m = 1:§) is much more than the ratio of increase, Up, which was 3.57
times,

Again the most important comparison is that of the frequency at which the sensitivity level
of the detonator is exceeded. A comparison between 200 Q.m : 1 600 €.m gives an
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weronse of e fatio in Np to 13 B.78. The rigk variation is slightly more than the
propordenal change in resistivity, (The result is shown in Figure 3.17.)

.- WMintheawddoally, the change in frequency can be qgipressed as

o 1M :
o lﬁ} Y e U e 3.21

b 5'3

Lo
2

MAX. VOLTAGE DIFFERENCE-{V]

LH

. 0.1 : ! —
o 50O 1,000 1,600 2,000
[ OHM-m ]

STRATA RESISTIVITY

Figure 3.16  The maximum o the diagonal voitage difference (Up) in the cage where
the resistivities of the surface layer and deep strata are ¢he same, p, = ps.

t s S5m

d = 30m

Pe = 3 600 8.m
I = 1A.
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Figure 3.17

NF - NUMBER OF EVENTS PER ELASH PER km?

g

The frequency of surges exceading the sensitivity of Type 0 detonators as
a function of strata resistivity. The resistivity of the surfice layer and the

5

&
o

57

[ OHM.m 1
STRATA RESISTIVITY

resistivity of the decp strata are the same, p; = p,.

t
d

Oe

= Sm
s 30m

= 3000 Q.m
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' 832 The effect of the resistivities of the surface layer and the deep strato. where
£, is not equal 16 g,

Peak_amplitnde ol

Figures 3.18 and 3.19 give the peak diagonal voltage difference (Up) as a funstion of the
sesistivity of the surface layer p, and the resistivity of the desp strafa, calculated for

specific values of the alternate parameter. From the figures, it is apparent that the desp

sirata resistivity (4_3;) has very little effect on Uy,

o
Q

MAX. VOLTAGE DIFFERENCE [V}

Q
=1
=
-

2,000

§
sl
ol
§

[ OHM-m ]
SURFACE LAYER RESISTIVITY

Figwre 3.18  The maximum of the diagonat voltage difference (Uy) as a function of the

resistivity of the surface layer (p,).
t = Sm

d = 30m

De = 3000 O.m

1A
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Figure 3,19  The maximum of the diagonal voltage difference (U,) as a function of the

resistivity of the deep strata (o).
1 = fm

d = 0 m

3 = 3000 U.m

I = 1A

Ereguency

In contrast to the peak voltage, the frequency with which surges occur depends both on the
resistivity of the deep strata as well as the resistivity of the surface layer. An extensive
attempt was made to find an empirically derived regression equation between N and g, and
p,. This attempt did not give results that would be used to interpolate the results. The
frequency with which surges exceed the sensitivity of the Type 0 detonator is shown in
Figure 3.20 as a function of the resistivity of the surface layer. In Figure 3.21, it is
shown as a function of the resistivity of the deep strata.



Figure 3.20
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The frequency of surges exceeding the sensitivity of Type 0 deionators as
a function of the resistivity of the surface Iayer (p,).
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Figure 3.21  The frequency of surges exceeding the sensitivity of Type 0 detonators as
a function of the resistivity of the deep strata (p,).

t=5m; d=30m; p, =30000m

8.4  The effect of the resistivity of the coal seam

Peak voltage

The diagonal voltage difference (Up) was calculated as a function of the resistivity of the
coal seam. The result is shown in Figure 3.22. As expected, the voltage increases with
the increase in resistivity, However, this does not mean that the current in a detonator
circuit increases. It is shown in Figure 8.26 in Chapter 8 that, due to the increase in
resistivity, an increased voitage is required to set off a detonator in surroundings of higher
resistivities.
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. Preguency

The freqguency of surges exceeding 38 kV was first calsulated and the result is shown by
Curve A of Figure 3.23. "Tisfs results in an incresss in frequetiey as the resistivity of the
seam increases. However, the resulfs of Figure 8.26 were incoy into Curve B of
Figure 3.23, taking the effect of survounding resistivity on the, detonator current into
sccount. When tlua is done, it zctually results m 3 decreaae in' the risk as resistivity
mcrease% : \._. S \

The implications of ttns result are important; if the kol for the explo:éi\ves is drilled into
the coal, or just above the coal into the surface layer (which may have & low recistivity),

* # coald make an enormous difference to the risk to which the operation is exposed.

%

-
L+

MAX. VOLTAGE DIFEERENCE [V]

o
aul

[ 1000 ohm.m ]
COAL SEAM RESISTIVITY

Figare 3.22  The maximum of the diagonal voltage dlfference (Up) as a function of the
resistivity of the coal seam (pz)
t=5m, d=30m, p,=p,=400m, I=1A
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" Figure 3.23
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The freqmency of surges exceeding the sensitivity of 'I‘;tpe { detonators as
a function of the the resistivity of the coal scam (p,).

A: s the frequenty of the voltage required io se,t pﬂ' a detonator
{taken as being 38 kV). b

B:  is the freqaency where the effect of the resistivity ct\\the coal seam
on the detonator current is taken in consideration, \nccordmg to

Figure 8.26. b
t = Sm
Tl = 400 &.m b
11
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SRS § 1% mf % o $ie thivknese rqf the eoal seam

u_

ST digeiud voltage diffzrence (U;) across the toial thickness of the seam is
L vs £ of Figare 8,24, At apraciical work face, it is unrestistic t¢ assume that
by of the cond seasn will be mined, To compensate for the actual height
RN ;E;er;. vediag: 187058 aiely 2.5 wm of the seam was caleulated. This is shown

: & of Birure 324,

' S ﬁf:-*s:mmi;:v of surges exeending the sensitivity of Type O detonators was calculated.

Tubhug, the veltage across the total seam, thig is a9 shown by Curve B of Figure 3.25,

P, i 1 move tealistic w take the voltage aeross 2.5 m of the seam and the resulfs
i s e ghven By Curve A of Figurs 3,25,

o m. argned that thick coal seams have a definite protective benefit, Unlike the
variation of resistivity which could oceur when drilling into low resistivity layers of the
sayipee or decp sirata, where there is a thick coal seam drilling will be into the coal only.
'#hig. in turn, may have a high resistivity which will reduce the induced current and will
alse have the effect of reducing the voliage "divider”, as shown in Figure 3.24.
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Figure 3.24

MAX. VOLTAGE DIFFERENCE |

o . ‘2.5 k I & I “7.5 : 10
[m]
COAL SEAM THICKNESS

The maximum diagonat voltage difference (Up) for different thicknesses
of coal seams (t).

A : the voltage across a 2.5 section of the coal seam
B : the voltage across the total seam

d=30m,p, =p, =400 0m, I=1A

p. = 3 000 Om
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Figure 3.25
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COAL SEAM THICKNESS

The frequency of surges exceeding the sengitivity of Type 0 detonators as
a function of the thickness of tihe coal seam (t).

A : only the voltage across a typical work face (2.5 m) is taken into
account

B : if the voltage across the total thickness of the coal seam is taken into
aecount

d=30m p, =p, =40 Qm; p. =3 000 Q.m



CHAPTER 4

THE " kCLURATE“ MEASUREMENT
’ OF  SURGES MERGROUND

g
o : mmpDUC'ﬂmN

An "awzratc“ measuremmn progranune was undertaken to study the nature of surges that
CERT mmclergmund hetvnr:en the coal face and the conveyor structure, and the surges in
typical dennator-explodc.i' circwits, This measurement progranime and the results obtained
_are described 1o this chagter. -

2 HISTORY OF MEASUREMENTS

Surges in mining configurations have been recorded as far back as 1941 by Marshall. To
study the problem in cellieries in South Africa, the measurement of surges dates back to
1972 (Eriksson 1979, Bourne 1981, and Geldenintys, August 1982). However, the
meaturements made then were limited because only the amplitude could be measured of
either voitage or current. A proposal was therefore made to the Coal Mine Research
Controlling Council to undertake another measurement programme that would be ¢capabie
of measuring the waveshape of the surges. The proposal was accepted and an "accurate”
messuring programme was started in 1985,

3 THE RESEARCHE STATION

The research station was designed to

- measure the waveshape of surges va a digital storage oscilloscope;

- monitor storm activity and correlate lightning with the occurrence of surges;

- determine the position of strikes on the surface using a simple video-carnera
arrangement (this was only done in 1988/89).

To perform these functions, it was necessary to have real-time communication between the
underground station and the surface recording station.

Two further requirements had to be met:
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?én elecnical conducting wires could be allowed into the experimental set-up at the
work fave 43 thay would distort the natural oceurrence of surges in such eircuits.

Because the experimental set-up was in a “fiery” mine, underground equipment
Tad tohe imrinsically safe. .
. [
y
"To meet alt thébe functions and criteria, the underground recording station was designed
~ around 2 lowsgnergy consumption, wide-bandwidth, analugue optic-fibre transmitter which
» could B powedt fium a NiCad bastery for more then one week.

"

: Schematic diagrams of the station layont are shown in Figures 4.1 and 4.2.

-, ALL SKY TV RECORDER

BT
B ,a - . )
“E=fiens -
Lav G AMERA . FLASH COUNTER
' oone HECORDING

el ROOF
OPTIC FIBRE CAL &

"ROOF BOLTS"
> 5

FACE.
! N S’? . . n B sil
BOX FLOOR BOLT
EXPLODER | BOLT

Y,

Figure 4.1 A schematic diagram of the research .iation showing

- the circuit configuration at the work face

- the instrumentation boxes underground

- the installation at the surface, i.e. the tecording station, flash counter
and video camera
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Figure 4.2 A functional diagram of the surface recording station. Information was recorded by the event recorder ((Hi paper) and by the digital
storage oscilioscope in a bubble memory.
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Thess pwidorgrewed station

w4 10 Be shinitar to that normally used in an explosives-blasting
+ 4,1y with & row of roof bolts near the roof of the face. The
by roed bolis having 2 length of 1.8 m. These roof bolts were
o opid, 28 the instgfiadon in Greenside Colliery, they were connected to
e s i Boxes or an “exploder bolt® (which vepresented an exploder at
e Trewny wwny S tie polia @ which a miner would set off the charge). A second
G R "i}‘ti..-\-&.u between 4 set of bolts glose to the roof and a set of belts close to
r airthe wotking fave. This arrangement allowed currest to flow vertically down

i diageaally towards the exploder point. The various conﬁguratlons that were
wi in I”z;iure 4.3,

K

¥ wndergy-wmd measurihy unit could measure either open circuit voltage (10 M€ input

iy rcu.mw voltage dividers) or ahort—esrcult current {1 2 shunts). Initiafly, only one unit
Wi avidlable {hefore February 1987). -

@jfii;‘itmid unii was mstai!ed at the beginning of April 1987, making it possible to record
twi measusenients simultaneously.

The output voltage of the voltage dividers (or current shunts) were fed into optic-fibre
transmitiers which converted the voltage signal into an optic signal and transmitted it to
the surface (which couid have been np to 200 m away).

The optic-fibre transmitter/receiver had a bandwidth of 20 Hz to 3 MHz, a gain of about
0.5 and a maximum input voitage of approximately 2 V. The underground units were
battery-driven and had sufficient capacity to operate for a period of about nine days. The
underground units were always switched on and the batteries were changed once a week.

The equipment was infrinsically safe and the batteries were housed in flameproof
enclosures 5o that they could be used in fiery mines.

3.2 The surface station

A. schematic diagram of the surface station is shown in Figure 4.2.

The surface data-recording station performed the following functions:

- Monitoring Hghtaing activity in the vicinity (using a lightning-flash counter)

- Recording the signals transmitted from the underground units, using a digital
storage oscilloscope,
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3.2.i Power to the surfgce station

The piwer to the surface station was derived from two systcms:

-

A 12 V DC battery, used continuously for driving the chart recorder, the station
caonirofler and the oscilloscope controller. The battery was charged by a solar
charger and by a diesel generator when the station was switched on.

A 220 V AC diesel generator. This was switched on during storms and supplied
the bulk power required for the oscilioscope and the TV recorder. This generator
also hoost-charged the battery.

. 322 Conirol of the surface station

_ Thé surface station was coutrolled by a station controller. The lightning flash counter

{which had a radins of 20 km) was fed into the controfler. As soon as a storm was
detected in the vicinity of the station, the station conivoller switched the diesel generator
on and kept it running unti! the storm had moved outside the range of the counter. The
220 V generator activated the oscilloscope controller and the oscilloscope.

3.2.3 Recording at the surface station

Four different recorders operated at the surface station:

The event recorder was a simple paper-pen recorder which could be titne-
correlated. It recorded the lightning flashes that occurred at distances of 20 km
and 5 kn. It also recorded the on/off status and the times that surges were

triggered,

The controller of the oscilloscupe and computer also functioned as a data logger.
The switch-on and switch-off times of the station were recorded and the times that
the oscilloscope were triggered could be printed by the computer printer.

The oscilloscope recorded the signals received from underground and could store
up to 21 triggered events in jts bubble memory.

A TV recorder which had a 360° view of the area was added to the sysiem later,
The sound of the thunder was also recorded to enable the location of a flash to be
determined by means of the direction of the flash and the time-to-thunder. This
system only operated successfully during the night,
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4 LOCATIONS AND CONFIGURATIONS OF THE RESEARCH
STATIONS

Research stations were located and operated at the following collieries:
Landaa Colliery - for two months (6/3/86 to 25/4/86)

- Springbok Colliery - for two lightning seasons (2/10/86 to 29/2/88)
Greenside Colliery - for one lightning season (10/3/88 to 30/4/89)

Detailed CSIR reports were compiled giving the regults of the research (Geldenhuys et al,

1986; . Geldenhuys and Ballard, Jan, 1588; Ballard and Geldenhuys, 1988; Lapesse ot

al, 1989).

Different configurations were used during the three-year period. These are shown in
Figure 4.3, Note that both voltage and current were measured.
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Figure 4.3 Measuring circuit configurations used in the research programme

The configurations used at various locations in the mines are given in Tables 4.2, 4.3, 4.5,
4,7 and 4.9.
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_ im inswalistion at Landau Colliery bperateﬁ for a very short period only and, for this

4

reason, will not be discossed in much detail. The instaliation at Landau was at a depth of

approximatelv 52 m i a cogl-seam of about 3 m thick,

4.1 fnstallation at Springbok Colliery

The layaat underground ot Springbek Colliery is shown in Figure 4.4. More details about
the area and the mine are contained i Appendix L.

The Springhok underground installation was at a depth of 46 m. The seam being mined

. was the N_zx. 2 seam which had a thickness of 3 m. As can be seen from Figure 4.5, the

No. 2 seam fies below seams numbered 3, 4 and 4a. The combined thickness of these
searns above the No. 2 seam was 3.7 m, There are no high-resistivity stratz Iayers of

 volcanic rock above the measuring site.,

Two e resistivity measurements were made at Springbok. The regults are shown in

- Figure 4.6 where it can be seen that the surface resistivity (top 10 m - 20 m) is about

400 Q.1 to 500 0.m. The resistivity of the deeper sirata is much higher, but impossible
to quantify exactly,

s

/' L
77—

= f //Pd V/E 4 VZ
A\ L

Figure 4.4 A diagram showing the measuring instaliation used at Springbok Colliery.
This shows he Jayout with only one instrument box. -
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Figure 4.5 ' The strata at Springhok Colliery (taken from Geological Borehole No. 226).
At the actual research station, the depth of the No. 2 seam is 46 m, The
toal seams are bordered by sedimentary layers,
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Figure 4.6 FEarth resistivity measurements made, using the Venner method, at the

research station in Springbok Colliery for the period that the station
opetated.



" 43 Instaliation at Greenside Colliery

The layout underground at Greenside Colliery is shown in Figure 4.7. More details about
the area ond the mine ate contained in appendix II.

This underground instaliation at Greenside colliery was at a depth of 23 m, The seam
being mined was the No. 5 seam. I can be seen from Figure 4.8 that the Ne. 5 seam is
the top seam and that it kas a thickness of 2 m. There are po high-resistivity strata Iayers

of volcanic rock over the measuring site. _ '

Several earth resistivity measureruents were taken at Greenside at different times through
the seasonal cycle. The results are given in Figure 4.9. The surfzee resistivity varied
between 300 2.m and 450 2.m. The deeper strata have much higher resistivities which
are impossible to quantify exactly.

T

Figure 4.7 The underground research station at Greenside Colliery, A special borehole
was drilled for the optic-fibre cable between the instaliation and the surface.
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The strata at Greenside Colliery (from Geological Borehole Sample No.
BH1). The depth of the research station is 23 m and it was the No. 3 seam
that was being mined. The coal seams are bordered by sedimentary layers.
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Figure 4.9 Earth resistivity megsuremenis above the research station at Greenside
Coiliery, taken at various times during the period that the research station
was operated at this site (Jan. 1986 to July 1989)
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Figere 4.10  Monthly and total seasonal lightning flash density at the recording station
for 1986/87, 1987/88 and 1988/80.

5 RESULTS OBTAINED FROM THE MEASUREMENT
PROGRAMME

The lightning flash density varied greatly during the three seasons. The lightning flagh
density {monthly and seasonal) recorded af the station is shown in Figure 4,10, It can be
seen that the lightning activity was quite high in 1986/87, but, unfortunately, in 1988/89
it was qguite low.
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“The resales nb{a.neti are analysed in the following paragraphs in groups of the specific
W - eondigration ‘\Ew Wl WOTS emp!n‘y“{l

. %eaﬂlﬁ from Configuration 1

Srnfiymeation 1= {Figyre +.3) was ibe first configuration installed at Landoy Colliery
fi :l mm B previchs Sfpe-connicr inséallaions that tiad been doue in this fashion.
h
fﬁi comtiaration Donls difléctly to the conveyor structure, This will enbatice surges
oviginating from the conveydr straeture, The surges recorded at Sprmgbok Colliery in
L& v figaraion ¢ are -shown in Tables 4.1 a.mi 4.2,

My surges with ampli'tudes larger than 160 V were observed in this configuration; 133
surges per fash per k.  However, the highest amplimide was only 773 V. These are
. vegarded as quite small surges.

All the surges werg of positive polatity, This implies that the conveyor stmctare is
- vepative relative te-3he roof bolts in the coal face which is positive, This observation
o supports the theoretical expectation that lightning surges are “picked wp™ by the
- nnderground structure and then travel wwards the coal face in question. However, none
of them are suspected to have been lightuing strikes to, or close to, the shaft entrance.

Typical waveshapes of the surges recorded in Configuration 1 are shown in Appendix IIT.

-~
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reconded a¢ Springbok Colliery in Configuration 1

Table 3,1 - B
i A L R AT AR R T T e MWW'T
Ei Prats by Time Peak Surges Flash
E'T J,,siu.ci‘i Tor V density
ok Alm sy st T
i el eSS
: 5 7. 15:30 2 16
,s-;',,x:;;xs; 7 19:00 | =300V 1
ey 17 21:00-32:00 g
TRy 10 o711 + 136 V 1 05
+ 106 V 1
+ 151V 1
+ 121V 1
+ 197V 1
+ 227V 1
+ 21V i
+ 136V 1
+ 106 V 1
+ 106 V 1
+ 151V 1
-+ 106V 1
_ + 106 ¥ 1
* + 73V |
+ 227V 1
+ 90V 1
+ 197V 1
+ 212V 1
+ 409V 1
+ 151V 1
Total 28 21
Table 4.2 Summary of the surges recorded in Configuration 1.
e AET
Period Trigger | No, of | Flash No. of surges/
level | surges | density Flash density
| 6/3/86 - 25/4/86 at Landau 10V 28 0.2 133
Colliery
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52  Resnlts from Configuration 2 o

The underground mining cperation in Landau Colliery was closed down in 1986. This
meant that the experimental installation had to be moved to Springhok Colliery where
incidents of Iightaing had also oceurred.

The first configuration instalfed in Springbok was Configeration 2. It can be seen from
Tabbs 4.2 (in comparison to Table 4.2) that the frequency with which surges occmred in
this configuration was very fow. No surges were recorded in a reasonably sigmificant
period (N, = .51}, This could have been because the short-circnit across the top and
bottom of the work face could effectively also short-circuit the potential between the
bottora of the face and the explodér point. If the various resistivities around the coal seam

are taken into consideration, this explanation is feasible.

Tabie 4.3 Summary of the surges recorded in Configuration 2.

i
Period Trigger } No. of | Fiash No. of surges/
level | surges | demsity Flash censity
2/10/86 - 9/11/86 100V 0 0.51 < 1,96
Springbok Coliiery |

e e e : Lo =]

5.3  Results from Configuration 3

In the light of the fact that no {or very few) surges were observed in Configuration 2, the
installation at Springbok was changed to Configuration: 3, i.e. the "verticak short-circuit”
was disconnected.

Changing the configuration immediately had a huge effect. A Jarge number of surges of
relatively low magnitude were recorded. The results are shown in Table 4.4, Some of
the wavesbapes recorded are given in Appendix IV. Thi frequency with which surges
occurred is summarised in Table 4.5,
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 Tabledd4  Surges recorded at Springbok Colliery in Configuration 3

MWWW =
Date Log Time Peak Svrges Flash
Sheets Tor ¥V dengity
15/11/86 26 18:00 - 21:00 33 76
14:00 - 15:30 5
18:00 - 20:00 13 L
19/11/86 26B _21:60 ot 1.1
201186 | 27 15:15 2 06
23/11/86 28 08:35 1 43
16:15 ' 1 o
E 27/11/86 29 01:00 - 62:00 | 10 04
/128 | 30 12:06 26 01
30 12:59 9
_ 31 ' 18:15 62 13
2/12/86 31 262
~ Some of the voltages of the surges are i
31 18:04 1417V 1 11
18:05 1166V 1
18:06 1082V 1
18:06:32 1333V 1
i 18:07 1333V t
18:07:32 1082V 1
18:07:50 750V 1
18:08 1249V H
18:09 834V i
18:0%:30 - 667 V 1
18:10 1247V 1
2/12/86 31 19:03 1748 V 1
19:04 1584V 1
19:04:41 1668V 1
19:04:59 1082V i
19:05 1417V 1
19:05:33 1333V 1
19:06 -918 V 1
19:07 1417V 1
9/12/86 34 15:47 2 08
e 17:00 6
19/12/86 38 13.45 1 02
14:25 1




 Sumunary of the surges recorded in Configuration 3.

o

Tablo 4.

S I . e -
Perlod | Trigger ] No. of | Flash No, of surges/
’ - _ level | surges { demsity { Flash density
CRR11/86 - BODIEE 100V 582 2.8 208
Springbok Cotliery 5060V 8 1.15 7
B wovi o | 027 <4

4
¢ w1 ke e MRV VT i

The veliage measured in Configuration 3 represents the voltage that drives the current
diagoually in a typical detonator instaliation.

The storm records and surge data were carefully analysed. From the analysis, the
following was Observed:

- Surges can only be recorded during the period that the station is switched on
during a storm.

. There was 2 very poor correlation between the lightning strikes recorded on the
20 km flash counter at the time of the surge.

- The magnitudes of the surges were all very similar and did not display the typical
stochastic variation of lightning,

- The amplitudes of the surges (+ 1 000 V) are relatively ingignificant relative to
the amplitude required to set off detonators.

For these reasons, not much significance is placed on the surges recorded in Configuration
3. With reference to Appendix IV, it can be noted that the waveshapes display the typical
characteristics of surges on transmission lines, i.e. with positive and negative reflections,
The durations are gemerally much shorter than those of a typical lightning current
waveshape. 'This is possibly due to reflection effects. Generally, the appearance of the
surges indicate that they did originate from lightuing strikes.

No significant surges were recorded in Configuration 3.

54  Results from Configuration 4

To study the current that can be induced into a detonator circuit, the installation at
Springbok was changed to Configuration 4.

The recordings made in Configuration 4 are listed in Table 4.6. The resulis are
summarised in Table 4,7.
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“The bignest surge obserted in Configeration 4 was a pulse of -3.3 A (estimated #s it was
an checure reading).” Soame of the osciliographic records of Configuration 4 casi be found

i’ Ag:pi:n_dix

|

v‘

5.5.1 Resuits from Springbok Colliery

yable 46  Surges recorded at Springhok Colliery in Configuration 4
: A A e e T
Log Time Peak Surges Flash
Sheets o 1 density
P RT T e Sy
| 46 19:04 1 24
R 15/1/87 11:58 1
i2/1/87 48 16:45 16 A7
200187 | 49 16:38 1 12
23/1/87 50 24:26 3 44
2511187 S0 18:19 - 33A 5
1287 52 18:18 + 360 mA 1 52
+ 418 mA 1
+ 5T mA 1
18:28 + 86 mA 1
54 13:57 1 06
] — e —eatet) Kt ARk
Table 4.7 Summary of the surges recorded in Configuration 4
Period Trigger | No. of | Flash No. of surges/
level | surges 1 density Flash density
5/1187 - 4/2/87 0.14 35 1.95 18
Springbok Colliery 1.0A 2 2.62 38
55  Results from Configaration 5

It was realised that two optic-fibre transducers would allow the study of both the diagonal

and the vertical current induced in the wark face.

constructed and installed in Springbok Colliery in February 1987,

For this reason & second urit was

The surges recorded at Springbok Colliery in Configuration 5 are listed in Table 4.8. The
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seratstival reselts are summarised in Table 4.9,

Taldc 4.8 Surges recorded at Springbok Colliery in Configuration 5
!_m@;wammm?
*} [y Log Time Peak Current Surges
i | Sheets
i g7 | 56 1
| 14287 | 57 _ 2
i 26i2i87 | o - 104 A 0A 5
+ 011 A 0A
+ 049 A 0A
-0.12 A 0A
27/2187 51 -0.29 A -0,14 A 1
1387 - 63 1
8/3/87 63 + 0.82 A + 038 A 2
- 0.24 A + 0.04 A
17/3187 66 +0.18 A 0A 2
2173187 67 : 1
e e e T e
87/88 Season '
28/10/87 13 02:39 + 044 A 0A 1
29/10/87 14 -0.68 A 0A 1
10/11/87 17 12:46 + 0,11 A 0A 2
12:51 + Q13 A
1711187 19 -0.28 A 0A 4
-0.21 A
+ 028 A
-0.21 A
24/11/87 21 18:56 ~0.10 A 1
3/12/87 23 17.03 + 034 A 0A 2
029 A 0A
26/12/87 28 +0.18 A + 0.1G A 1
14/1/89 -0.10 A -0.02 A 1
A = Diagonal cusrent I,
*B = Vertical current I,




0.3 A 3 9.2 0.54
: ' 1A -0 < 0.10

. Table 4.9  Summary of the surges recorded in Cohﬁguratim 5

- J SR T e TR
i-—_ - Period Surge ‘| No.of | Flask No. of surges/
l{ level | surges | density | Flash density

1072137 1o 29/2/87. 0.14A 28 3.04

e e e e e T e

Some of the oscillographic records of Conﬁguranon 5 at Springbok Colliery are atiached

as Appeldxx V1L

552 Results from Greenside Colliery

An opinion was expressed thai, due to the depth of the coal seaw and becanse of the
. overhead coal seams at Springbok Colliery, this site was not a particularly exposed site

where many surges could be expected. This opinion was strengthened by the low number
of significani surges that were recorded at Springbok Coiliery. For this reason, the
research station was moved to Greenside Colliery, to a much shallower depth (23 m) with
no overlying coal seams.

The Surges recorded at Greenside Colliery are listed in Table 4.10.

Table 410  Surges recorded at Greenside Colliery in Configuration 5 during the
19€8/89 season (continued on the next page)

e e e e

Date Log Time Peak Current Surges
Sheets '
mm_L ]"
31/8/88 i 17:29 -298 A +0.14 A 1
12/11/88 15 19:23 + 061 A 0A 1
| 28/11/88 17 18:15 + 2.80 A 0A 1
16/12/88 | 21 2058 | NA | 1
14/3/89 29 20:45 10-20 A NA 1
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The statistical results are summarised in Table 4.11. Some of the oscillographic records
are given in Appendix V1.

Table 4.11  Statistical summary of the surges recorded in Configuration 5 at Greenside

R e e T

Colliery
Date Surge | No. of | Flash Frequency
evel surges | density No. of
N, surges/N,
10/3/88 10 30/4/89 064 13 5.4 2.40
1A 4 0.74

6 A COMPARISON BETWEEN THE RESULTS FROM
-GREENSIDE COLLIERY AND THE SIMPLE SPHERICAL

MODEL

With the aid of a video camera and by measuring the "time to thunder®, the position of
three of the bigger surges at Greenside Colliery could be plotted relative to the station.

These results are given in Figure 4,11,

The oscillographic waveshapes of two of the surges are shown in Figure 4.11 and Figure

4,12,

Table 4.12 sumimarises the data pertainiug to the three flashes that were captured by the

video camera.
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™ COS =.62
EXPERIMENTAL MEASURING cIRCUIT —F
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298 A
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20
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FACE TO EXPLODER BOLY ORIENTATION

Figure 4.11  The position and amplitude of the surges relative to the Greenside
Research Station

[l’“" ="2.98 A

400 us sweep

Figure 4,12  The waveshape of the surge of 31/8/88 (sec ‘Table 4.12)
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T = +2.80 A

400 ps sweep

Figure 4.13  The waveshape of the surge of 28/11/88 (see Table 4.12)

Equation 4.1 derived frem the simple spherical modef can be rewriiten as:
15c s e snn e nasnn e 4.1

I =1, X 2w (@* +r*) cos 8/

From the data we have: I, d, r and © are knovm and we can calcuiate I, from the
equation. This will ther derive the original ligl .

first place.

+ _ urent that induced the surge in the

This was done and the result is given in Table 4,12 as the equivalent lightning current.

Table 4.12  Data for the three flashes
Date 31:8!89 28/11/89 14/3/89
Peak current (A) 2.98% 2.20 15.00
Seam depth (o) 23 23 23
Flash distance from the face (m) 500 340 140
Angle-to-face direction 200 © -2° 50°
Cos 8 0.94 1.00 0.64
Equivalent lightning current (kA) 294.00 136.€0 92.60

The average value of the equivalent lightning current is 174.2 kA. This value is much
kigher than the median value for South Africa reported by Geldenhuys et al (Sept 1989).
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I we assume that the threc flashes represent the averuge lightning flash, we can calculate:
the ratio between the average South African distribution and the calculated average.

Raiio = 174.2 kA/45 A = & 4ﬁm?r,

This means that the factor 15 used in Equation 4.1 should actuzily be 61 The coupling
in this particular case is therefore much more effective than the 15 m? used in Chapter 2.
It was also shown by the Fuse Surge Detector (FSD) Programme (Chapter 5) that
particularly high surge frequencies were recorded at Greenside.

7  GENERAL DISCUSSION OF RESULTS

7.1  The induction mechanism

The experimental configurations were mainly designed to observe phenomena associaied
with the mechanism where conduction takes place through the strata. From the tesulis
obtained, it is clear that this mechanism produces currents aud voltages that are capabic
of setting off detonators and methane explosions.

The waveshapes observed ofien indicate that they are of the "reflection” type which
indicate complex interactions between the underground sirata and the conductors in the
vicipity. .
The observations reported in Figure 4,12 vurther confirm the conduction mechanism: the
polarity difference between the results of 31/8/88 and 2811 1/88 are exactly what are
expected from the conduction mechanism.

7.2 Vertical and horizontal voltage gradient

From the results, it car be seen that very few current surges were observed in the vertical
configuration compared to the number and amplitude of those in the diagonal
configuration. This result is in line with the modelling results of Chapter 3 and suggest
that the insulation effect of the cez] layer is not prominent when the distane from the flssk
exc: »ds 200 m, :



CHAPTER §

‘E?EE., FUSE SURGE DETECTOR (FSD) I\IEASUWG
PROGRAMME =

i E’ii’%’i‘iﬁﬁﬁ?i’ﬁ'ﬁ’ﬁﬂﬁ

The recaiate MeatuTCMens programms gave results on the waveshape of surges and the
'-_;..1_.53 amism roagh which surges ocour i typical coal faces, 'To obtaia a larger suatistical
micutie of the phenomens, an sieroative meihod of simuitancous measurements in many
whaces had 1o be developed. '

H
To do this, a simple and cheap device was developed, called the Fuse Surge Datector
(F51). The presence of a surge is detected by the fact that a fuse hag blown.

2 THE OBJECTIVES OF THE FSD PROGRAMME,

. When the decision was taken to embark on the FSD programme, it was aimed at
Refnforcing the simple model developed by Geldenhuys (1987). in particular, to
see whether the asymptotic behaviour predicted by the model was observed.
Another objective was to see whether 2 "maximum"” asymptote was observed and
to "calibrate” this mode! and any future models o be developed.

- Reinforcing the statistical chance of a lightning-induced surge occurring.

- Esteblishing the reduction in rigk arising from changes in detonator sensitivity, e.g.
between a detonator with a sensitivity of 8 A, 1/50 ps (Type 0) and 4 detonator
with a sensitivity of 42 A, 1/50 us (T'ype 1),

3 THE CONSTRUCTION AND DESIGN OF THE ¥FSD

The physical construction of the FSD (Model 1) is shown in Figure 5.1

3.1 Sensitivity of the FSD

Different sensitivity levels are buiit into the FSD by connecting a group of fuses in series

with different fusing levels. The magaitude of a surge is indicated by the highest rated
fuse blown by the sury
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0 RUOF BOLT
e

TEST FUINTS

I

E

. FUSE VIRE

ol ol

FUSE SURGE, UETECTOR (FSb)

Figare 1 Drawing of the physical layout of the FSD

With current pulses of sufficiently short duration to prevent the thermal conduction time
constant playing a role; the sensiivity (s) of both the fusing of resistive wire and the
initiation of electric detonators s '

where k = 3 constant for & particular wire or detonator design dependir on the
type of wire used and the chemical make-up of the fuse head.
d = the diameter of the wire, and
¥ = the current passing through the fuse wire or detonator..

For a specific current impulse {e.g. 1.2/50 us), the sensitivity of a particular device
(specifically k and d) can be characterised by the peak amplitude of the current. This
approach is generally used throughout this thesis except wheve indicated, It should be
borne in mind that, w’ 1 lightning strikes having subsequent strokes and total duratio=s of
the order of 100s of ms, the thermal time constants may come into the picture, The results
of tests on nichrome wires of various diameters are shown in Figure 5.2 and are also given
in Table 5.1,
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Figure 5.2 The fuse current of nichrome wire of various dinmeters. The fuse currents
of Type 0 and Type 1 detonators are also showr:.

Table 5.2 The fuse current rating of the different fuges in the FSD

: oS
Fuse No. Fuse type Fuse current Median fightning
(1.2/44 ps current

current impulse) (1/75 ps impuise)
A-B IC aluminjum track 3 A peak 2.30 A peak
B-C | © = 25 m nichrome wire 7 A peak 5.36 A peak
C-D © = 30 m nichrome wire 12 A peak 0.19 A peak
D-E © = 36 m nichrome wire 20 A peak 15.3 A peak
EF 8 = 61 m nichrome wire 42 A pezk 32.2 A peak
F-G © = 91 m nichrome wire 93 A peak 71.2 A peak
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r o the s fuse wirgs ave sichrome wire with lengihs of 2 mm, bui with different
wrs, soldered onto @ privted circuit board (see Table 5.2) Wires with diametess of |
o 25 pm are abaiost impossible to handle and integrated circuits (FCs) with a thin
duam track ciched on a layer of silicon oxide were used to obtain a sensitivity level
w5 3 A puek, Copunercially cbiainable fuses were used in place of the IC in a later
ik o e S0, ’ : :

oo 32 The eyuivalent median lightning current

The FSD is characterizud by the peak corrent of & 1,2/44 s waveshape. . However the

xetudl waveshape of lighsing is quite different from this waveshape. An attempt is made

in dris section to arrive a an equivaleat lightning peak furrent for the various sensitivity
. " Tovals of the FSD.

o It was shown-earlier that the sensitivity of the FSD depends on
:S'orkf Bt vrrre e PR 5.2
24 _
=" !; [ F gw_f,l : & (integral of exponentially decaying impulse)
7 "
= (05312 7 = exponential time constant
=( 14T IF)/2 Ty = time to 50 % of peak
= 77T, B - = 1.44 Ty

The median value of Ty, for the first lightning strokes is

The ratio between the test waveshape current and riedian lightning current can therefore
be determined by setting the action integrals (Fs), for both the tests (1.2/44 us) carried out



on the ¥SDs and the median lightning waveshape, equal to:

/o e L L R R R R R R 5.4
f

I= f..:"i’. xI
T.SG
44

I, = ,_7_5. XI,,

L =71,

This value is calculated and given in Table 5.2.

3.3 The function of the gas arvesters

When a fuse wire fuses, the conductor is burnt away and may interrupt the flow of current
through the FSD circuit. This mechanism can therefore protect fuses which are raved
higher against fusing in an event where sufficient surge current is available to fuse such
fuses. To prevent this, gas arresters were installed in-parallel with the five lower-rated
fuses. These arresters will be open-circuit as long as the fuse wire is intact. As soon as
the fusc blows and a voltage difference of more than 90 V develops across the gas arrester,
it will spark over and conduct almost like a short-circuit. The 90 V level may seem high
and could be suspected of affecting the operation of the FSD, However, this is aot
believed to be the case, since the voltage driving the current is of relatively high magnitude
a8 shown in this thesis. '

3.4  Corrosion-resistant FSDs

When first attempting to make a low-cost detector, actual detonators were used (after
removing the base charge). These attemypts failed because the copper tubes could not stars
the corrosion conditions upderground. To solve this problem, the test points on the FSDs
were made of siainless steel and the whole printed cirguit board on which the fuses were
mounted wus enclosed in epoxy resin, which formed the body of the unit.
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33 Tudication of biowu fnses and fntrinsic safety

B uh:: first group of FSDs ‘that weze produced were checked for blown ﬁlses by using a
u**n*mut\r tester. . -

A ce.a:u!;gllzity tester was buill into the second model FSDa. A LED f{lashing at intervals
of 11:33:.; seeonds then indicated that o fuse had been blown. This design of FSD was
~ subgitied to the SABS and was approved as an intrinsically safe device. This was
nevessary because the FSDs were Iocated in “fiery" mines.

4 METHOD OF INSTALLING ¥SDs IN TYPICAL VG’ORK—FACE
(‘ONE IGURA‘I‘IONS

To siudy the occurrenee oi“ surges underground, some decisions had to be made cn how

A experimental equipment should be instajled.

Figure 5.3 shows the configurations that were chosen, Two faces close to each other were
selected. 'The purpose of the first one was to seudy the current induced between adjacent
detonators in the same work face, verticaily and horizontally. The purpose of the second
one was to smdy the current induced between the work face and the point where the shot
expiunder would typically be placed.

Five areas were selected in each of the mines which were regarded as being particuiarly
exposed, The experimental equipment was installed at two faces in each area (as shown
in Figure 5.3). This meant that 15 FSDs were installed in each particular mine at a
particular time.

Roofbolts were inserted into the ho!eé:and were fixed by means of a semi-conductive
epoxy resin, The rootbolts substituted the normally charged-up holes in a blasving
operation,

In retrospect, the installation between the work face and the ¢xploder bolt could possibly
have beep better done by connecting onty the top of the face and not the bottom as well,
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Figure 5.3 The installation of FSDs in a partiolay st o & saine, Note that the "first
face" detects currents in lozally i work face wini the "second face” detects

current from the work face to the point where a exploder will normally be
placed.
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41  Collieries in which FSDs were installed
The pines in which FSDs were installed ave listed beiow in Table 5.3
Table 5.3 gives the total exposure (pumber of fuses x flash density, accumuiated for all

the yeats) of FSDs ir the various mines. Table 5.4 gives some important background
information about the various mines in which F5Ds had been installed.

Tabie 5.3 “Mines in which FSDs were installed. The last column shows the total
o exposure at each mine: number of faces installed x flash density,

acrumulated for the total period.
R e e i
Mine 86/87 | 8788 | 88/89 | 69/00 | 9091 | 91/92 | Face s N,
1. Amot 5 5 5 1 3 4 | 4 217.00
2. Delmas s | ol o | o 2|1 26.80
3, Donglas - 5 5 1 5 5 4 3 200.00 |
4. Goedehoop 5 5 | s 4 5 | s 225.00
E 5. Gresnside 5 5 5 5 3 3 182,00
6. Kriel 0 0 4 4 4 4 127.00
7. Landau 5 5 3 5 0 0 136,00
H 2, Matls o ol ol o] s | s 87.00
9. Sigma o 0 0 0 5 4 79.60
10. South Withank 0 0 0 & | s s | 12300
AU B | A
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Yatdn S8 ‘he av erage and minimum deptits and thicknesses of coai seams at locations
“where FSDs wers mstalied n the varim.s mings
(R e - =#{;-—
Average depth | Minimum and | Average scam -
- Mine ty maximum thickness Seam No.
: depths (o) '
Araig 63 47 - 72 2.8 2 E
Delmas 103 - 6.7 NA
Dougles 45 35-60 5.1 1 and 2
Goedehoop 45 32-62 3.2 2
Greenside 36 16-59 |} 17 5 i
1 Kriet 47 s.56 |1 39 4
- W _
| vanda . 48 %-85 {7 62 2
Matla 48, 45 - 57 6.6 4
Sigma 0 68-T2 4.0 3
South 54 U 45 - 64 4.6 4
. Withank
(Tavistock)
L e T e e e

Tize acinal seam number of the Withank coal field is important; - the different layers are

identified and numbered from the deepest seam, No. 1, to the most shalfow seam, No. 5.

When mining operations are carried out at Seam No. 1 or Seam No. 2, there are normally
high-resistivity coal layers above the seam. If Seam No. § is mined, the implication is that

there are no overlying layers of high-resistivity coal.



5 RESULTS FROM THE BLOWN F38Ds IN COLLIERIES
The FSDs that blew during the six-year period are listed in Tables 5.5 to 5.7.

The various configurations are given separately, for example the “first face” arrangement,
horizontal and vertical. Astention is focused on the "seccond face" data as this
gonfiguration was the most exposed.

Note that the results obtained will be less than the actual expected frequency. This is
because the results depend on how regutarly the FSDs were checked and how soon they
were repiaced after they had blown. X a second current impulse had passed through the
same FSD while it was fused, the result would have been that two events were resorded
as one. An effort was made to minimise this problem, but the success of the experiment
depended on the conscientiousness of the miner who was responsible for the upkeep of the
FSD.

Table 5.5 Results obtained during six thunderstorm seasons, 1986/87 to 1990/92. The

fuses blown were in the vertical configuration

[ e e gt
Type of Rating of blown fuse (A)
Colli Date installati
e installation [ 2 2 10| 20 {40 | 90
Greenside 20/11/86 | Face i vertical § x Cx | x| ox
Landau 21/12/86 ! x| z
Landau 21/12/86 " X
I Greenside 89/90 | Face 1 vertical | x
Landau 21/12/89 " X
South Withank 2/3/90 " b N
South Withbank 2/4/90 ! %
South Witbank 3/11/89 “ X
Greenside a0/ Face 1 vertical X
South Withaok 90/91 " X
South Withank %0/91 " x
Arnot 91/92 Face 1 vertical X
Arnot 3/92 " X
Greenside g2 . x | x
South Withank 12/91 * X
Snuth Withank 2/92 * X -
i e P i e e
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Table 5.6 Results obtpined during six thunderstorm seasons, 1986.87 to 1990491, The
fuses blown weré in the horizontal configuration

Wmmm—m:ﬁn : = =
Type of Rating of blown fuse {A)
. iustal
l Colliery Date instailation 3 7110120140 90
! Latidan 2}/11/86 | Face I horizontal § x x| x
»j| Landan 21/12/86 * X
Landan - WY2/87 " X
Arnot 14/11/88 | Face 1 horizomsal | z
Arnot 16/1/89 " X _ "
Kriel : 23/1/91 Face 1 horizontal | x - .
South Withank* %0/91 " ' X
South Witbank 90/91 Y X
Van Dyk’s Drift 12/91 Face 1 borizontal | x
{Pouglas) _
Van Dyk’s Drift 90/91. " X
i (Douglas)

* This result is suspect and is not included in the theoretical study.

Table 5.7 Results obtained during six thunderstorm seasons, 1986/87 to 1990/2. The
fuses blown were in the face-to-znploder-boit configuration

—— L -]
Type of Rating of blown fuse (A)
Colliery Date instatfation 5107 110120) 401 90
Arnot 9/4/87 Face 2 X
Greenside 20/11/86 " X | x
Landau 21/11/86 | " X
Landau 21/11/86 " x
Landau 21/11/86 ; X
Landan 21/12/86 " Xizx
Landau 26/3/87 ! X
Douglas 87/88 Face 2 x | x
Douglas 87/88 " ] x| x
Greenside 87/38 " X} x
Greenside 30/11/87 " b
Landau 9/1/88 " b4
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.I l% T : e ii S .
| . . Type of Rating of blown fuse (A)
! Colliery | Dafe installation 317110020140 90
- Greenside 88/89 Face 2 X
Greenside 89/50 " X %
Krigl 89/90 ! X | X
Kriel 3/11/89 " x| x| x
Kriet 28/11/8% | * %
South Witbank 2131% ' X
South Withank 21350 v X
South Witbank 2/3/90 " x
South Witbank 3/11/89 " X
South Witbank 28/11/89 " X
" | Goedehoop 90/91 Face 2 L
South Witbank |  12/90 X
Sonth Withank 80/21 * R
South Witbank 90/91 " X
i Arnot - 91/92 Face 2 X
{| Arnot 3/92 " X
Arnot 3/92 " X
Greenside 92 ! x| x1zx
Greenside 92 " | x
11 Kriel 91/92 " 3
Matla : 92 N X
§ th Withank 91 x
South Witbank 92 " x| x
- Sonth Witbank 2192 y x _
South Witbank 02 e M X ]
e = fimry = =
6 LIGHTNING FLASH DENSITY

The lightning flash density for the period of study was determined using the Cigré 20-km
lightning flagh counters. The results for this period are given in ‘Table 5.8.
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Table 5.8 Lightiiing ground fiash densities (N,) at the Grensids, Sigma, Welgedacht,

Delmas and Matla Collieries

Mine 1986/87. 1 - 1987/88 1938/88 1989/90 1990/01 15901/92 11-year
N average®

Greenside T1.40 7.65 5.34 $.95 9,51 6.35 8.95

: 4.70 6.31 7.50

201 9.50 8.90

9.4% - 7.50

o 779 7.50

%  These figures are an 11-year average and were obtained from the resuits of
a project carried out by the CSIR from 1975 to 1986 entitled "The Lightning
Registration Scheme".

7  NORMALISED FREQUENCY OF SURTES IN THE VARICUS
MINES

To allow the comparison of this .2t of data between mines but alsn with the models
developed in Chapters 2 and 3, the data was sununarised and normalised through equation
3.5. :

______Total No. of observations 5.5
Total flash density X No. of installations

Frequency of an event at a mine =

The normalised frequency of the totals of the three configurations at afl the mines is given
in Tables 5.9 t0 5.11 '

Table 5.9 Normalised frequencies for Face 1, vertical

] Rating of blown fuse (A)

Face 1, vertical 3 7 10 20 40 !. %0
Total numbes of blown 16 3 1 1 1 1
fuses _

No. of faces x i, 1325 | 1325 | 1325 | 1325 | 1325 ¢ 1325
Normalised frequency 0.0120 | 0.0022 | 0.0308 | 0.0008 |....0008 | 0.0008 |
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. Foble 8.10 Nerialised frequencies for Face 1, hotizontal
WTWZLM““WMW

f ., Rating of blown fuse (A)

i Yate 1, horigomial 3 7 10 20 40 90

! "Totad ugaber of biown 9 1 I i 1 i

! juses '

| No. of faces 1 N, 1300 | 1300 | 1300 | 1300 | 1300 | 1300
| Noumatised frew% | 0.000 | 0.0008 | 0.0008 | 0.0003 | 0.0008
Table 5.13  Normalised frequencies for Face 2

Rating of blowa fuse 1A)

i Face 2 3 7 10§ 20 | 4 | 9
Tr.':tal zumber of blown 37 i0 5 1 1 i
fuses

| 0. of faces x N. 1289 | 1289 | 1289 | 1280 | 1289 | 1289
Normalised frequency 1 0.0287 { 0.0077 | 0.0099 | 0.0008 | 0.0008 | 0.0008

Table 5,12 Normalised frequencies for Face 2 at the individual mines

_ | Rating of blown fuse (A) W
Mine 3 7 10 20 40 90

Amor 0.0186 | © 0 0 0 0
Delmas 0 0 0 0 0 0
Douglas 0.00963 | 0.00963 § 0.00484 0 0 0
Goedehoop | 0.00448 | 0 0 0 0 0
Greenside | 0.03663 | 0.01581 | 0.01108 | 0.00557 | 0.00557 | 0.00557
Kriel 0.03154 | 0.00741 | 000795 | 0 0 0
Landao 0044101 o |oo0741| o 0 0
Matla 00161 o0 0 0 0 0
Sigma 00978 | 0.00822| o 0 0 6
South 501200 | 00022 | o 0 0 0
Withank N ;
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The frequencies: for Fau: < uiths mdmdual mines was aiso calculated and are glven m‘-
rdhib b 1’ " (7 B

- . . - . Z | .
8  RESULTS: §'MIE COMPARISONS
8 : " The configuration of Faces 1 and 2

From Tabies 5.9 t.5.11, it can be seen that the configurations of "Face 2” are twice as
likely to experience an event than any of the configurations of "Face 1*. This is to be
expeued and is supported by the annlys:s in Chapter 3.

This result is further suppursed by Figure 5.4, This is a histogram of the 3 A frequency
at alt the mines comparing ihe three face coniigurations. The frequencies ot Face 2 are
i all cases much higher than the frequencies at Face 1. Furtherisore, it shows that the
Face 1 horizontal ponfiguration experienced a very laﬁ_f_l'equency of surges.
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Figure 54 The normalised frequency of 3 A of Face 1, vertical or horizontal and Face
2 at the various mines,
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The frequencies for Face 2 at the individual mines was also calculated and are given i
Table 5.12. -

8 RESULTS: SOME COMPARISONS

8.1 The cﬂnﬁguraﬁm of Faces 1 and 2

From Tables 5.9 to 3.11, it can be seen that the configurations of "Face 2" are twice as
likely to experience an event than any of the configurations of "Face 1". This is to be
expected and is supported by the apalysis in Chapter 3,

This result is further supported by Figure 5.4, This is a histogram of the 3 A frequency
at all the mines comparing the three face configurations. The frequencies at Face 2 are
in ali ¢ases much higher than the frequencies at Face 1. Furthermore, it shows that the
Face 1 horizontal configuration experienced a very low frequency of surges.
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e “ <

Figure 5.4 The normalised frequency of 3 A of Face 1, vertical or horizontal and Face
2 at the various mines,
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82  Cemparison with the simple model

Based on ke sinple model of Chapter 2, Geldenhuys et al (Oct. 1987) did a Monie Carlo
study to predics the frequency of surges. The results of this study are plotted in Figure
5.5 giving the average resulis obtained in al the mines. Furthermore, the results obtained
in specific mines (especially the higher frequencies) are plotted on the same axis as ().

When comparing the simple 1odel to the resuits obtained, the inverse relationship between
. frequency and current peak are confirmed. The average of the FSD programme is almost

* a factor 10 less frequent than the model. However, in some cases, the highest results in
specific.mines exceed the prediction of the model, From the large scaiter i the data, it
is abvious that other factors have a big inflzence on the current induced into a detonator

cirewit,

Figure 5.5

-G ] E tASYMPTOTE

o
24

NUMBER OF SURGES EXCEEDING IF

0.001 | PROGRAMME
CUMULATIVE
RESULTS
0.0001 - DEPTH
DEPENDENT
MAXIMUM
0.000M ! !
1 10 100 1,000

PEAK CURRENT THROUGH FACE 1 £ [A]

The predicted frequencies (Geldenbuys et al, Oct. 1987) at diagonal faces at
depths (d) of 20 m and 80 m. The aversge results of all the mines in the
FSD programme are plotied on the same axis as the line masked with *,

+ These points are frequencies that have been observed in particular mines,
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Comgpovison between the mines and depih dependence

7.6 gives a camparison of the normalised frequencies of 3 A, 7 A and 10 A that
= in Face 3 at varions mines. In two mines, not even a single 3 A fuse blew
st Sigma Collievies). Another odd result is the very high 3 A frequency n
Withank, where o 10 A fuse blew.
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Figure 5.6 The normalised frequencies of 3 A, 7 A and 10 A that blew fuses in Face 2
{diagonal current) in the various mines,

The cause of this variation must be sought in a number of factors, such as

The d=pth of the mines
- The thickness of the seams
The resistivity of the overlying strata (e.g. coat layers)
The resistivity of the strata below
Geological faults
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In this chapter, only depth has been amalysed. Figure 5.7 shows the mormalised
frequencics at Face 2 for 3 A, 7 A and 10 A. The two mines that had no blown fuses are
the two mines with the deepest average depih (Table 5.4 and Figure 5.5). Furthermore,
only mines shallower than 50 m experienced 10 A currents. The data supports the depth-

dependency concept strongly.
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10A . )
o 3 lu !
' o 285 100 125 150

AVERAGE MINE DEPTH [m]

Figurz 5.7 The normalised frequencies of 3 A, 7 A and 10 A that blew fuses in Face
2, plotted against the average depth of the FSD installation in the various
mines, The maximum frequency of a specific current versus depth is also
shown through the interconnecting lines,
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CHAPTER 6

METHANE SENSITIVITY TO LIGHTNING-INDUCED
SPARKS

I INTRODUCTION

The first line of defence against methane explosions is adequate ventilation. However,
should ventilation fail for some reason, the second line of defence is io prevent ignition
sources which could initiate an explosion. Lightning-induced sparks underground are a
prssible ignition source. This chapter investigates the level of lightning sparks that could
iguite methane air mixterss,

Lighting can induce voltage differences between a metal objewi 1o a metal object, or a
meial object to the strata, ‘This may lead to sparking between the metal objects or to the
strata. In high-resistivity shallow mines in particular, lightning may even cause sparks in -
the strata and on the mine roof or wail, due to the high field gradient in the strata. Aay
such sparking is a potential source of ignition.

The Coal Mine Controlling Council initiated an investigation into the conditions required
for lightning sparks to ignite methane. The results of this investigation were reported by
Pretorius (1991). This chapter will summarise tise results and put them into the context -
of this thesis,

2 THE NATURE OF LIGHTNING SPARKS UNDERGROUND

2.1 Sparking on the strata surface

Sparks will occur on the surface or interface of the strata when the electric field induced
is of the order of 500 kV/m or more.

From the simple spherical smodel in equation 3.1 of Chapter 3, the electric field gradient
can be calculated. If we set equation 3.1 equal to 500 kV/m, the maximum radius at
which such ionisation/sparking can occur can be calculated as a function of the resistivity
of the sirata. The result of this calculation is given in Table 6.1. The lightning current
peak was assumed to be 100 kA,
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Table 6.1 fonisation radius of a lightning current of 10u kA versus strata resistivity

ol
.

P onisation Radius
l.m m
10 600 7.8m
3000 88 m
1 GO0 5.6m
300 3im
il e e i e S

The actual strata configuration with coal luyers will increase the fonisation radius slightly.
However, the resistivity must be extremely high before this mechasism can induce
sparking underground.

k is clear that this mechaoism will faiviate sparks underground only when there ié 2

~ combination of very high resistivities (exceeding 10 000 ©.m) and very high lightning

current. The mechanism will produce filamentary spark channels in which the current will
be similar to the curtsst waveshape of the main lightning strike. The length of the spark
channet will be at least several centimetres or even Some metres Tong and the current will
be at least several amperes.

2.2 Sparking involving conductors

Equipment and construction material used underground are more often than not made of
conducting material. One example of this is the use of catenary wires (normally sieel
wire) strung along the roof suspended on roofbolis. These wires are used to support
electrical cables, water pipes, ete,

Due to their length, these wires can “integrate: the induced electric field along the roof of
the underground workings or between the roof and the floor (as is the cas with
detonators),

The electric field/potential induced into the strata has been dealt with in Chapters 2 and
3 extensively, especially where detonators are concerned. This analysis is repeated in this
chapter but is focused on lengths of wires and underground structures,

The potential induced ixto the roof of an underground saine is shown in Figure 6.1, Table
6.2 is derived from Figure 6.1 (g:ven at different depths) and gives the maximum voltage
difference induced into the ends of 2 conductor of a specific length.
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Figure 6.1 The potential induced into the roof of an undergronnd working.
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Table 6.2 The maximum voltage difference induced into the roof of a 15-m deep
coal seam and a 30-m deep coal seam by 2 lightning current of 100 kKA.

Mine depth
Wire length -

-, d=15m d=30m
Upae (KV) U, . kV

10 164 kV | 40 kV

20 285 kV 79 kV {

50 499 kv 159 kV

100 585 kV 221 kV.
200 623 kV | 265 kV
500 643 kV 278 kV

The maximum horizontal voltage gradient in 3 15 m deep mine or a 30 m deep mine was
derived from the data in Figure 6.1. This is only 16.4 kV/m, which is much less than the
500 kV/m required to cause spontaneous sparking on the strata-air boundary.

The maximom vertical field gradient for a 15 m decp seam and a 30 m deep seam can be
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derived from Figure 3,14, The result is 164 kV/im.

Yeom Caapter 3, it is known that the ;'ﬂitage difference listed in Table 6.2 depends on the

depthi'of the mine seam and (he resistivity of the strata.  The values in Table 6.2 can be
regarded as being the higher end of seams in typical Witbank mines. These voltages will
indund current in the conductors. The magnitude of this current will depenrd on the
“gughity” of the conductor’s contact with the surrounding strata, If the conducror is
connected to roofbolts, the induced current will be even more than in the case of a
detonstor in an eguivalent circuit configuration due to itz lower resistamce. Similar
calculations can be made as has been done in Chapier 8 to determine the frequency with
which such surges will cecor.

Only one éxample is given here to illustrate a typlcal result:

Assurtie that we want to czjeulate the current in a wire with a 10 m length at a seam depth
of 30 m. We know from Table 6,2 that 40 kV is induced at the ends of the wire. Assume
that the ends of the 10 m cable are connected to a roofbolt of 1.8 m at each side,

The current can be calculated through the Qettlé model (discussed in more detail in
Chapter 8) by transforming equation 8.8 into a relationship to determine current directly:

= -[,_Q_’ﬁ'i]o'” ........................................ 6.1
12 g0 7

where U = 20kV = 40 kV/2, for a bolt at both ends
h = 1.8 m = length of the roof bolt; p. = 3 000 2.m = coal resistivity;

1=3784A :

The important point from this analysis is the fact that lightning can induce relatively high
voltages into conductor-strata circuiis (tens of XV), The resistance in such cireuits will
normally be high, in the k£ range.

The current induced into the circuit will have a waveshape similar to that of the strike
inducing the voitage into the circuit, i.e. the rise time and the total duration will be similar
to that of lightning,

3 LITERATURE SURVEY

A literature survey was conducied by Pretorius (1991) to gather as much information as
possible about methane ignition by electrical sparks. Most of the work that has been done
on the subject was to investigate the inirinsic safety of electrical apparatus in industrial and
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mining environments (SABS 549 1987, IEC Peblication 1979, fiASEFA 1972, Widginton
1966 and 1968, Tolson 1980, Cawley 1988, Krzytolik et al 1983).
) \

The implication of this was that the nature of the electrical sparks in these studies are
typical of electrical/electronic AC or DC cireuits {make and break of electrical cirenits
with defined circuit resistance, inductance, capacitance and voltage sources.) Some of the
authurs focus oix spacks generated by static electrieity (stored in capacitors).

The circnits and spark currents in the work mentioned above arc very different from the
type of corrent that lightning induces.

Some work has been done on gaps of fixed distance which are sparked over by refatively
~ high voltages of up to 6 XV (Widginton 1963; RBartels, 1975; Bartels and Riddlestone,
1966; and Lintin and Wooding, 1959). This work has some bearing on lightning-type
sparks but cannot be used directly.

The moest important points from thege references are the following:

3.1 Energy

Most of the references report on the "energy” required to ignite methane. The way that
the energy is determined is often not given. This raises some concern as 1o whether i is
the total caergy in the circuit (dissipated in internal stray resistances, €tc.) or whether it
is truly the epergy in the spark. However, minimum energies of about 0.4-1 mJ are
quoted to ignite methane.

"Energy" cannot simply be transiated into gap size. current waveshape and peak current.
This is therefore a parameter which is useless for lightning spark sensitivity.

3.2 Current

There is some information available, especially from Bartels (1975). He used tungsien
electrodes of 10 mm diameter separated by 1.27 mum. The gap broke down at 5.9 V. The
current was supplied by transmission line which gave him square cutrent pulses.
Transmission lines with different impedance characteristics were used to get different peak
currents, rapging from 7 A to 45 A and pulse durations of between 98 us and 0.75 ps.
Some of Bartels’s (1975) data is given in Table 6.3. i
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Table 6.3 The voltage current, plilse duration and peak current required to ignits
1 thane-air mixtures in a 1.25 mm gap, taken from Bartels (1975), /)

= - e e T L e e =
Line impedance Sparkover Current pulse Current pulse
voitage duration peak
_Q 59KV 20.0 us © 350A

112 & 59kv 29.8 ps 250 A
1210 5.9kV 515 ps 240 A
213 ¢ 59%kV 69.0 us 128 A
416 0 :

e

3.3 Rate of energy dissipation

Bartels and Riddleton (1966) conclude in thefr paper that: “the most important factor
affecting the ignition energy level is the rate of epergy dissipaiion in the early stages of the
discharge, ‘With high rates of dissipation a Iow energy level is needed, and vice versa”.
From the data obtained from the experiment by Pretorius (1991), it is believed that this
plays an extremely important role in the current/energy required to ignite mefaane-air
miztures, This point will be exlored later in this chapter,

34 Electrode material and shape

Some of the authors cited point out that the electrode material plays an important role in
the minimam ignition energy. It has also been proved that the shape of the electrode can
have an effect on the ignition energy.

4 THE CSIR EXPERIMENT

In view of the lack of information on the sensitivity of air-methane mixtures to lightning-
like sparks, 2 programme was undertaken to determine this sensitivity. This work was
carried out under the guidance of the author and is fully reported by Pretorius (1991).
43 The experimental arrangement

On behalf of the coal-mining industry, the CSIR set up a 200-m Iong tunnel o study coal-

dust explosions in coal mines. The tunnel has a diameter of 2.5 m and the first 5 m of the
tannel is normally sealed off and filled with a 9 % (voluing) methane-air mixture. This
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| kection is used to initiane e coal-dust explosions. This section of the tunnel was used to
- vopduct the experimens. : '
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i

-?Figtke 6.2 shows 3 cross-section of the tuneel. 1t also shows the manhole through which
the impulse was applied to an electrode configuration. '

" The electrodes used were made of mild steel, except in one instance when brass was used.

Mild stze] was preferred because it is the most common material used underground and
is most likely to be involved in a $park underground.

L' MV IAPULSE

NSULATED
_BABLES

ELECTRODRE
SPARK GAP

/UNNEL WALL

Figure 6.2  The cross-section of the 2.5 m diameter tunnel in which the experiment
- was conducted. The electrode spark gap and the manhole through which
the wires were fed into the tunnel are also shown.

Figure 6.3 shows an equivalent diagram of the high-voltage impulse circuit that was used
in the experiment. A relatively large capacitor (4.3 pF) discharged through a 15.6 @
resistor to give a voltage impuise across the resistor which has 2 time-to-half value close
10 30 ps. The capacitor-resistor combination was also chosen to minimise the effect that
any load corrents may have had in the circuit, on the wave-~hape.
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The rise time in the circuit was not inteijonally controlled, It can be estimated that the
sery - inductance (L) that determined the rise time across the 15.6 © resistor must have
been in the range of 1 pH to a maximunin 5 pH.  This correspoads to 4 tirse constant of
0.066 ps and 0.32 gs across the resistor.

S

3 CHARQING
S OEMIBTOR L Lo? R
- DG 0" A 0"{6\ I )w - o-m ons
CHARGING !
o szt L O
GHAMBER

Figure 6.3  'The equivaicnt cireuit diagram of the high-voltage impulse circuit. The
BV-DC charging mnit could charge the capacitor up to 40 kV,

The rise time across the electrodes in the explosion chamber depend on the resistor R
which varied, as shown in Table 6.4. The load capacitance of the leads (and voitage
measuring probe) on the electrode side is ostimated to be about 10 pF. The RC rise time
constant associated with the appropriate value of R is also givea in Tabk 6.4 It is
uncertain what the actual rise times were and what the effect of the rise times would be
on the experiment, This will need careful attention in any furure experiment,

Table 6.4 The values of R and the RC time constant agsuming C = 10 pF

e R S e e S
Resistance R {{) Timme constant RC (us)

6.00 M 60.00
3.0 M 30.00
1L.80 M 18.00C
1.00 M 10.00
0.44 M 4.40
123k 1.20

5k 0.85

54k .54

30k 0.03
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42 . Results from the CSIR experiaent

The results frem the CSIR expetimentzl programme ave fuily described in the repoit by
Prevoriug (1591), '

The main conclusions from this chapter are summarised here in Figures 6.4 and 6.5,

" 3.4mm YES ° 3.4mm N0+ 1Tmm YES

* 1Tmm NO Vv .2Zmm YES 4 .2mm NO
10,000
' — \ v .
P a 2mm
3 MINIMUM
g 1.000 &r/”‘ﬂl = FoUNDRY
-
=
T
&
o Tmm
“ +  MINIMUM
O 100 N — " & BOUNDRY
w
w0
'
-
o
= 3.4mm
MINIMUM
10 BOUNDRY
=]
1 1
1 10 1060
IMPULSE VOLTAGE [ kV ]
Figure 64  The ignition (YES) and the non-ignition (NO) data points cbtaingd from

the CSIR experiment, The lines are drawn on the boundaries of ignition
or nop-iguition for the three paps tested. The waveshapes have a time-to-
half value of 50 us. The electrodes are of steel. :
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Figure 6.4 shows the results of three electrode gap spacings thai were tested: 0.2 mm,
1 mm and 3.4 mm. The picture that emerged from the experiment is a rather complicated
one. It is clear that the parvameters will have to be known more aceurately before a
fundamental understanding of the observations will he possible. However some important
trends h-  emerged which are reported here.

To confirg these trends, forther in-depth studies will have to be undertakenn. The
statistical sampling on which the experiment is based is also limited, The-experiment was
constrained by the availability of funds, but the question could also be asked whether
further in-depth knowledge is required for the purpose of this study,

It can be seen from Figure 6.4 that the .2 mm gap bebaved reasonably coherently, with
a minimum current at about 700 mA. The 1 mm gap behaved equally coherently with 2
minimum igoition current of about 90 mA.

In the case of the 3.4 mm gap size, the ignition current ranges from 200 mA down to
11 mA in a rather incoherent fashion,

The minigum current associated with a particular gap size 7s plotted in Figure 6.5. A
favourable result from Figure 6.5 is that very small gaps require relatively larger currents
to ignite methane. Small gaps are typically possible where poor contact is made between
connected wires or wires and roofbolts. However, unfomiiately. it can be seen .iomm the
figure that the currents (10 mA) required to ignite methane in bigger gaps are very small,
This type of spark is possible between a loose wire elose to the coal strata, where sparking
from: the wire to the strata takes place,

It is also important to rote the discrepancy between this data and the experiment reported
by Bartels (1975). Bis gap of 1,25 mm is very similar 1o the 1 mm gap vsed in this
experiment. His mininwin current is 7 A for 4 98 us square wave current pulse and 24 A
for a 51.5 ps square wave pulse, with a charging voltage of 5.9 &V being used in both
cases. '

In this experiment, a voltage of 6,24 kV is associ- 'd with an ignition current of 208 mA.
This is rather a large difference.
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Figure 6.5 The minimuin ignition peak current required to ignite of an air-methane
migeure as a function of the spark gep length., The waveshape has a time-
to-half value of 50 us. Steel electrodes were used.

5 CONCLUSIONS

Some useful data has been obtained from the CSIR experiment, The criteria for methane
sensitivity (from Figure 6.5) will be used in this thesis,

A more extensive experimental programme and a theoretical understanding of the
mechanisms of methane ignition are requived to address the discrepancies between the
results of the CSIR study and some of the results in the literature.



CHAPTER 7

_THE SENSITIVITY OF CONVENTIONAL DETONATORS

L CONSTRUCTI‘E)N OF A CONVENTIONAL ELECTRIC
' DETONATOR

Figure 7.1 shows the basic construction of a conventionsl electrical detonator. The
~ detonator consists of the following functional elements:

. :1.__1_____‘_ The operating mechanisms

The operating mechanism is a thin nichrome wirz that has been dipped/covered with a
emparature-sensitive pyrotechnical explosive. An electrical current is passed through the
nichrome wire to heat it to a temperature that is sufficient io igaite the pyrotechnical
explosive. This element will be referred to as the fuse head.

1.2 Delay element and base charge

When all the detonators in a circuit are initiated by setting off the operating mechanism,
it is desirable in some cases to use a delay time to allow sequential shot firing. For this
reason, a delay element is included in some of the detomators. A base charge is also
required to nrovide sufficient energy to initiate the explosives in a particular hole.

1.3 Housing

The detonztor is housed in a tube. In fiery mines, this is normally made of copper to
prevent the ignition of any methane gas which may be released by the explosion.

1.4  Static protection

It can be seen from Figure 7.1 that an insulating sleeve has been used to pretect the fuse
head from electrical sparks, This insulating sleeve is around the fuse head and there are

spur electrodes on the lead wires to aid sparkover between the spurs and the detonator
tube.
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R

The clectrical sensitivity of ihe detonator is éimgly adiusted by changing the thickness of
the nichroine wite. This sensitivity relationship has aiready been discussed in Chapter 5
and s paie of the FSD dasign.

[k

Geldc;mu:&s { 198i} ‘was commissioned t0 investigate the lightning seasitivity of the

Getenators which were used in South African Collieries in the garly 1980s. ‘This chapter
will sununarise the results of that investigation,

FIIRE HEAD

BPUA FLECTRODER \ DELAY ELEMEMT RANE CHARQE
. PLE
' Y

-

PLASTIC SLEEVE COPFER TUBE

Figure 7.1 The constroction of an electrostatically-protected electricat detonator.

2 TYPES OF DETONATORS TESTED

Two types of diﬁ'erently constructed detonators were tested at fwo different levels of
energy %equired to set off the detonators,

The difference in construction of the two types is that one of the two designs incorporated
static-electricity protection, as shown in Figure 7.1, and ithe other design did not,

The three differeut types are Jisted in Table 7.1.
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“Table 7.1 Biffére_nt types of conventional dctonators tested

- Sensitivity Construction Bridge wire
level _ resistance

Instantaneous 0 No static protection 1.41 Q
detonator, Type 0

Type of detonator

Carrick Type O 0 Static-protected 1414

Static-protected

Carrick Type 1 1

Figure 7.2 shows an equivalent electrical circuit diagram of a conventional electrical
detonator, showing the bridge wire resistance (Ry) and the resistance of the detonator lead
wires (Ry). The average resistance of both of the lead wires together, each with a length
of 1.5 m, was 0.57 Q. This implies that Ry, = 0.28 1}, The figure also shows the
insulation characteristic of the detonator shell to the internal electrical circuit. The voltage
required to cause a spark breakdown between the detonator shell and the wires is Us.

R v
f

N
n\/\ #RF

Figure 7.2 The electrical equivalent circuit of a conventional electrical detonator

3 SPARKS TO THE FUSE HEAD

If there is an electrical spark to the chemical compound of the fuse head, it can set off the
detcnator at much lower levels of current and energy than normally required through the
bridge wire. .

A paper by Marshall (1941) gives much attention to the problem of sparks occurring to the
fuse head. The solution proposed in his paper is the bonding of one of the lead wires to
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the meral sheil of the detonator.  This solution can be quite successful but has two
. drawbacks: . S _
| -

iy if dhe chells of two detonators are in electricat contact, so mmich curvent may flow
- via his aliernative path that the detonator fails to operate when it should;

D Ko msulatmn protecting the detonator from the eavironment has been removed,
low siray voliages («.ap'—'ble of producing kigh currents) c&*‘ﬁes off detonators
inmdvertently.

“The staﬁ&pmtéézion scheme shown in Figure 7.1 is regarded as a better protection raethod
because i is as effeciive as the shunt mﬁthod and does not suffer from the above
drawbacks.

The instantaneous detonator used in South African collieries up to the middle 1980s did
‘not have any staic prosection built into the detonator. For this reasonm, this type of
detonator was evaluated for the mechanism where there is a spark to the fuse head, This
detonator was compared with two other detonators that cintained static protection.

The test was conducted as ghown in Fxgure 7.3. A high-voltage pulse with a 0.5/700 us
waveshape was applied to the detonator shell with both the leads shorted together and
- garthed, A rather large resistor was connected in series with the cireuit to Hmit the
potential energy to levels below the normal ignition erergy of the detonators.

The results are given in Table 7.2 where it can be seen that not a single detonator with
static protection failed, whereas, in a high percentage of cases, the detonator without static
protection failed at very low spark current levels,

IMPULSE
CURRENT

Figure 7.3  Electrical sparking to the fise-head test conﬁguratioii. The high-voltage
impulse cunient was limited by a resistor and the waveshape was 0,5/700 ps.
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. Tt is believed that several of the accidents that occurred in the early 19805 were due to the

instanitaneous Type § detonator being set off by this mechanism.

‘This type of detonator was withdrawn from shatiow collieries in the late 1980s.

Table 7.2  Resulis of electrical sparking to the detonzator fuse head. The voltage applied
had a peak of 6 £V and a 0.5/760 ps waveshape,

W

i

R (@) Instantanecus Type O | Type O Carrick | Type 1 Carrick
detonator - detonator - detonator -
% ignited % ignited % ignited
2.2k 90 % 0% 0%
6.6k 70 % 0% 0%
17.6 k 60 % 0% 0%
100.6 k 40 % 0% 0%
800.0 k 25% 0% 0%

4 LIGHTNING-TYPE IMPULSE CURRENT IN NORMAL MODE

The mechanisms through which detonators are set off in the normal mode where current
flows through the bridge wire were discussed earlier in this chapter. The mathematical
relationship between electrical parameters and the ignition of the detonator is the same as
that described in equation 5.1 in Chapter 5 (responsible for blown fuses in the FSDs). The
energy (Ep) released in the fuse head can be calculated from the resistance of the bridge
wire and the waveshape and amplitude of the current passing through the detonator.

E, =R, [;2 Y R R T T 7.1

E,=0T7TTR PP T,
where

R; = bridge wire resistance, I = peak current, and Ty, = time to 50 % of peak value.
Figure 7.4 shows the "normal" mode of current flow through a det&namr. Ten of each

type of detonators were tested in each test resuit reporied. The results of the impuise
currents required to set off the detonators are given in Table 7.3, Different waveshapes
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were tested as weil. A very slight increase in energy required on the longer pulses indicate
that ignition takes piace at a constant energy input for pulses with shkorter duragions than
700 ps. The thermal time constant was not established, but it is quite likely that for

_ neasimum dyrations of muitiple flashes (1 s) the energy required will be constant.

L]

IMPULRE
GURRENT

Figure 7.4 The normal mode of current flow through a detonator

Table 7.3 The peak current and encrpgy required to set off the different types of

detonators
———— = R
Ignition current peak and enetgy of detonator
Current e
waveform Instantaneous Carrick Type U’ Carrick Type 1
Type 0

1.2/44 ps I=905+0.i8A {I1=938+0.i8A {I1=428+17A

E = 3.52 mJ E =378 ml E=11.6ml
05700 us |1 N/A I=12+026A

E E=121m)
100/860 us | 1 N/A N/A

E

The results of Table 3 are used throughout this iiiesis where the current reqmred to set off
a Type 0 or 1 detonator is of concern.
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| 5 BREAK OWN VOLTAGE FROM TI'IE TUBE TO THE

o

ELECTRIZAL CIRCUIT

o

The impxéqe b dow\ voitage {(Up) hetween the detonator tubs and the lead wires was
determined {f all thyee types of detonators. A 1.2/50 ps voltage waveshape was used for

' a!uf' pnrrose The data are b';sed on a statistical breakdown metkod.

&

Figures ‘f ami 7.6 give the results of this test.

The results indicate that "stray”. é'pltages of up to 1 kV peak cannot penetrate the detonaior
ciregit from the tube end, This provides a substantial protection against AC power and
other low-voltage sources.
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DETONATOR TYPE

Figure 7.8 The impulse breakdown voltage of the different detopator types. A
1.2/50 ps waveshape was used. The wbe was positive and the wires
negative. The line represents one standard deviation.
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Figure 7.6 The impulse breakdown voltage of the differeat detonator types. A
1.2/50 ps waveshape was used. ‘The tube was ‘negative and the wires
positive. The line represents one standard deviation.
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CHAPTER%S

' THE LIGH,NING SURGE VOLTAGE REQUIRED TO
... SET OFF AN ELECTRICAL DETONATOR

i . INTRODUCTION

in this chapter, the question is addressed of what voltage and electric field gradient are
required to set off a detonator ynderground in a colliery.

Ti lightning surge current required to set off 2 convenzional detonator is given in Chapter
7. This information can be used to determine the corresponding voltage/elecizic field

gradient in the strata to induce the required surge current in a detonpator circuit,

The answer to this question will be a direct inpnt to the criteria set for "lightuing-safe”
detomator specifications and for defermining safety-level criteria for the "Mine Lightning
Risk Index".

An experimental study was performed to answet the question. Two large blocks of coal
were takei from two col. <ies to the High-voltage Laboratory at the CSIR. High-voltage
impulses were appiled to'wa¢ coal blocks in various ways. "Detonators” were made up out
of brass tubss of the same size of standard detonators. Two types of dummy explosives
were used in the experiment; much care was taken to ensure that the resistivity of the
.duramy explosives matched the resistivity of the actual commercial explosives.

The first approach to the problem was to study the individual components separately, e
the detonator-to-explosive conduction; and second, the conduction through the coal. Then
a typical detonator circuit was set up and the full combined detonator-explosive-to-coal
configuration was studied.
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2 AN EQUIVALENT ELECTRICAL CIRCUIT FOR
*  DEIERMINING THE CURRENT THAT LIGHINING
INDUCES INTO A DETONATOR CIRCUIT

A simplified, schematic representation of an exploder-detonator layout ungeigronnd in a
" gifiory s shown in Figure 8,1. '-

Tie detonator is embedded in the explosive which, in tuen, is inserted into a predrilled
hole in the coal.  About tweaty detonators are connected in series in the coal face. These
arg led back to the point wrre the exploder is placed, normally on the floer of the

uuderpround workings.

S

R

EXPLODER |

.

=

A schematic representation of the voltage and current induced by lightning
in an underground coal-seam mining operation.

Figure 8.1

Figure 8.2 shows an electrical circuit equivalent to the detonator-exploder configuration
shown in Figure 8.1,
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Figure 82  An electrical eguivalent represemtation of the detonstor-exploder
configaeativa.

'i“he elements of the circuit are as follows:

Zy - dynamic impedarce of the detonator to the body of the earth
Z, - dynamic impedance of the expleder-to-coal floor connection

NOTE: These impedances are functions of time and current

Up ~  is the voltage induced by lightning between the exploder and the coal face.
Uy, -  i8the voltage induced by lightning between adjacent detonators.

The voltage U(t) induced by lightning between any two points P, and P, can be calculated
by taking the line integral of the electric field E(f) induced by Hghtuing:

)

U = J B{) dre oo cvvrorae et 8.1

If the potential is known at P, and P, the voltage difference is simply:
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a1 The coxrvent flow between the two detonators Xy

W ihe éxpiad@z' is not conngcied, the corrent indeced into the circait I is:

2.3 The current flow between the exploder and the detonators in
 the work face

It can be assumed that Up is much simaller than U, because the distance between detonators
is only about 2 m, whoreas the distance from the exploder to the face is in excess of 15 m.
Thig implies, with reasonable accuracy, that:

IE = Uu l‘ (ZE L 0.5 ZD) ......... ’ro LI R AR 8-4

3  THE IMPEDANCE (TIME AND CURRENT) BEHAVIOUR OF
THE ELEMENTS OF A DETONATOR CIRCUIT UNDER
LIGHTNING CURRENT IMPULSES

Two elements divectly determine the current fiow through the detonator circuit:

(1) The exgplosives
@ The coal

In this séction, the behaviour of both matertals under lightning current impulse conditions

is investigated; first separately, and then combined in a typical detonator-explosive
configuration,

31 Explosives
3.1.1 The DC resistivity of twe commercial explosives
The resistivity of commereial explosives (Coalex and Ajax) was first measured to broadiy

categorise the electrical parameters of explosives. The electrode configuration used is
shown in Figure 8.3,



A\
131

o Dimensio@ﬁﬁi‘;@ar_tﬁdgﬁ and location of elecirodes: I

FIN ELECTRODES

\,.& ¥
L.‘:::ft:':: — | == e | 032
F 3
) ' 200

L 3

> -
A

Figure 8.3 The electrode configuration used to measure the resistance through a stick
of explosives

e

T
-

The resmtivrty of two commercial explosives vas determined by inserting a pin on both
sides of a stick of explosives, as shows in Figure 8.3, and then measuring the resistance”
(R) with a Hipotronics Megohm meter,

It is assumed that the mistivity (p} can be calculated as follows:

. R4
P= 3

'.!rc:i"g

4= (the cross~sectional areq of the explosives)- « «~ » v v v v o v e 8.6

¢ = diameter of the stick of explosives = 032 m
A = 8.04x10¢ n?
£ = 0.2 m (the length of the explosives)

'The resulis are given in Table 8.1. Three explosion cartridges of each type of explosive
were measured.
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ah!e 8.1 " Measurements obtained with the Hipotronics Megohm meter:

_‘m

4’ Typ., of Explosive ‘Resisianice (M) Resistivity
Coalex () ) 450 (at 5 KV 1.81 x 10°Qm

iy 600 (at 5 kV) 2.41 x 10° 0.m

i (i) 520 (at 5 kV) 2.09 x 10° 2.m

Ajax (i) 0.27 (at 1 kV) 1.09x 10° O.m

(i) 0.24 (at 1 kV) 965 x 10° Om

(iif) 0.30 (at 1 kV) 1,21 x 10° O.m

The implications-oftlmé tesults are:

- There is a major difference between the resistivities of Coalex and Ajax |
~ {commonly used in coal mines).

The resistivity of Coalex i so high that it is possible that it can effectively
reduce the induction of lightning current into a detorator circuit,

- The resistivity of Ajax is so low (comparatively) that it is possible that it can
enhance the induction of lightning current into a detonator circuit,

3.1.2  The unpulsc impedance behaviour of explosives

Experimental configuration

From the DL resistance test, it can be seen that the electrical behaviour of different
explosives varies widely. This study was further expanded to investigate the impulse
behaviour of explosives under typical lighming current conditions and the current density
conditions required to set Type 0 and Type | detonators off,

The study was conducted by inserting a detonator tube into a dummy cartridge of
explosives. This dummy cartridge was then tamped in the normal way inside a metal tube.
This is schematically shown in Figure 8.4, The dummy cartridge was first tested to ensure
that the resistivity closely matched the resistivity of real explosi s, as measured in the

previous secticn.
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PACTAL TUBE EXPLOSIVES

\ . DETOMATOR
& ;

! @ﬂ-*- : -v ou e - < ) g
L -]
"MV IMPULSE

c...

F
B
g

w

_ Figure 8.4+ A sthematic diagram. showing the dummy explosive cartridge tamped -

inside a metal tube. A detonator was placed inside the explosive as in |

normsal praciice and an high-voltage impulse was applied between the °

detonator and the metal pipe. .
3.1.3  Caleulated (expected) resistunce based on the DC resistivity measurements

The resistance between the detonssor and the metal tube of Figure 4 can be approximated
by the equation: _

R=2 _1_1 .~ ] 1 .-.1..-.}. e e s et et 8.7
z-n[e,(“’: ORI N

with ¢, = 0.06 m = detonator tube length

r; = detonator radius = 0,003 m

I, = tuberadius = 0.019m

| = parallel resistance to allow for fringing,
R = 402,
Using the values obtained in the resistivity measurement of the explosives, we find that the
resistance of a detonator in Ajax is; o = ix10°0Q.um

R = 40k0

and the resistance of a detonator in Coalex is; p = 2x10°Q.m

R = 8.0 MO
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3.1.4 _ Experiments] results

Figure 8.3 shows 2 typical applied voltage waveshape and the discharge current resuliing
‘fror a voitage impulye.

Appilied voliage waveshape
Upesr = 19.8kV
Measured discharge current ‘
Lk = 1A )

30 ps sweep

Figore 8.5  Oscillogram showing the applied voltage waveshape and measured impulse
: current on Ajax (before breakdown)

Table 8.2 Impedance in Figure 8.5 against time

Time (us) Z (&)
2.8 10
5.0 24
10.0 | 31
20.0 42
40.0 72
T e e T e e e R LT ==

Ajax

The impedance was ¢alculated at different points of the impulse. This varied from 10 kQ
at the voltage peak and increased up to 70 kQ at 40 ys. These values are much bigher than
the calculated 4 k{ but are nevertheless in the right order of magnitude.
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Twa tactors coufd be responsible for this difference. First, it was difficult to get the
dummy explosive resistivity to he the same as'the “real” explosives. Second, the wax-
paper covering of the explosive was not taken into consideration witen caleulating the
resistance. it is rather difficult to evaluaie its contribution. However, it effectively acts

a8 an insulitor and will increase resistance eiffectively and substantially.

Whe'h the i—aimgc was graduaily increased, a “Breakdown" of the resistance occurred above

. 19 kV. A type of hysteresis was found in that once breakdown oceurred, subscquent
" breakdows oceursed at a lower level. If the set-up was given time to rest, it recovered to

the sime heakdown sirength a5 before,

The breakdown is shown in Figure 8.6. After breakdown the resistance drops to 50 .

"~ Coalex .

The same experiment was conducted on Coalex. The results are shown in Figure 8.7. )

~ The results obtained were again very similar to those of Ajax.

- The first oscillogram shows the Coalex before breakdown. However, here a small
" capacitance curreni is observed initially, whereafter-the current drops to practically zero -
. which is in line with the calculated 8 MRQ,

Again, breakdown ocours; this time at a slightly lower voltage of about 12 kV.
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Applied voltage:
U = 1816kV
I = 640mA
Z = 25kQ
Current:
Before breakdown at
Upy I = 640 mA
After breakdown,
Lx = 167 A
- e b — P R
“ Time U &V) | (A) Za
Before breakdown 16.16 0.64 25k
2.8 ps
After breakdown
10.0 us 0.96 16.70 57
20.0 ps 0.48 13.50 36
40.0 ps 0.48 8.16 59
£t P —— —
Figore 8.6 Oscillogram showing the applied voltage (top), which breaks down and

collapses to almost 0 V, with an associated step in current (bottom). The
impedance after breakdown is also shown.



137

Before breakdown.

U = 11.3 kV pesk
I = 960 mA capacitive current

Cozductive iuirent is practically
Zero

U = 12.3 kV peak
Before hreakdown:

1 = 800 mA capacitive
curent

After breakdown:
U= 243KV @6.4us

I = 109A
.2 = 228Q

Figure 8.7 Oscillogram of voltage impulse applied to Coalex.
A - before breakdown. B - after breakdown,
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4 THE IMPULSE IMPEDANCE BEHAVIOUR OF COAL

Ezxperiments were conducted to study the impulse impedance behaviour of coal.

4.1 The experimental set-up

To study the lightning current irspulse behaviour of coal, two . ge pieces of coal were
taken to the CSIR high-voltage laboratory. The physical disiensions of the sample from.
Greenside Colliery are shown in Figure 8.8 and are summarised in Table 8.3.

Greenside coal block

Figure 8.8  Physical dimensions of the coal tlock from Greenside Colliery

Table 8.3 Physical dirnensions of the coal blocks used in the experiment.

Greenside
Height 1.30m 1.25m
Cross-sectional area ' 1.25 m ' 4,42 m?

Impulse voltages ranging from 3 kV to 180 kV were applied across the coal block in the
configuration shown in Figure 8.9,
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Figure 8.9 The physical layout of the experiment.

Contact with the top and bottom surfaces of the coal block was made by aluminium foil
- which was pressed onto the coal surface by a sponge, using mechanical pressure.

" The impuise generator circuit used in the experimelﬁ is shown in Figure 8.10. A 1/50 ,us

waveshape was produced by the generator.

1 OHM

TO CUAL

o BLOCK

28 k OHM

EFROM DT

CHARGING UNIT

H——d
28 ¥ OHM

¥ 10
03CILLOSCOPE

Figure 8.16  The impulse generator circuit usad?n the experiment. The generator has

a rating of 50 kV per stage. Up to four stages were used.
C = .14 pF per stage.
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42 Experimental gesults’

‘The applied voltage and the resulting curvent were measwred and recorded on diéital | L
oscilloscopes. The measured values weré then converted into electric field intensity
{kv/m), current deusity (A/mr’), and resistivity (©.m).

It was found that there was a marginal increase in impedance in time - as a pasticular
impaise continued. The resistivity decreased as electric field increased - from an initial
value of about 3 k€. m down to 1 kil.m at higher field intensitigs. Polarity had almost no
effect, as can be seep from the results shiwn in Figures 8.11 and 8.13.

The resuits are summarised in Fignres 8.11 to 8.14,

10

[ k OHM.m ]

—— POSITIVE
- - ~NEGATIVE

RESISTIVITY

o1 L
h | 1¢ 100

ELECTRIC FIELD GRADIENT [kV/m]

Figure 8.11  The resistivity as a function of field strength, as measured ok the coal
block from Sigma Colliery (in a uniform currem depity fieldy. The
results from both positive and negative . pulses are shown,
Measurements were taken at 2 ps, 5 g5 and 10 - Liter the impulse peak.
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[ k OHN..m ]

RESISTIVITY

4 AN SRS
? 10 100 1,000

ELECTRIC FIELD GRADIENT [kV/m]

Figure 8.12  ‘The resistivity as a function of field strength, as measured on the coal
block from Gicenside Colliery (in a uniform current density field).
Measurements were taken at 2 us, 5 us and 10 ps after the impulse peak.

100
S
b
(7 +] 10
.
A <
- E
E < 2 us
[ i 10 b us
[» 4
o | 10 us
o -~ POSITIVE
« » - NEGATIVE
0.1 !
" 10 100

ELECTRIC FIELD GRADIENT [kV/m]

Figure 8.13  The ¢urrent density as a function of field strength, as measured on the coal
block from Sigma Colliery (in a uniform current density held). The
resulis from both the positive and negative impulses are shown,
Measurements -ere taken at 2 ps, 5 us and 10 us after the impulse peak,



142

. -

L=t e

T A BT T T

---------

wt e
.....
P oy o=

“a
[
L

CUIXIRENT DENSITY
f Alm~2 }

&
'
- &S

ELECTRIC FIELD GRADIENT [kV/m]

Figure 8,14  The current density as a function of field strength, as measured on thé coal
blotk from Greenside Celliery (in a upiform current density field).
Measurements were taken 4t 2 us, 5 ps and 10 us after the impulse peak.
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.3 THE IMPULSE IMPEDANCE BEHAVIOUR OF A
DETONATOR IN AN EXPLOSIVES-COAL INSTALLATION

The last experimert conducted in the series was 1o study ¢the current flow/impedance of a
detonator embedded in explosives and stemred into a hole in the coal, as normally done
in underground blasting operations.

Thie vonfiguration used is shown in Figure 8.15. The Greenside coal block was used in
.- this case. The impulse generator circuit that was used in siwilar to that shown in Figure
%.10, with an external front resistance of R; = 1 Q. Up to four stages were used,
depending on the voltage required. Impulses ranging from 2 kV to 200 kV were applied
and the appliad voltage and resulting current wave shapes were recorded on floppy discs
using digital storage oscilloscopes.

‘The dummy explosive used was Ajax and the stemming was a clay-based stenaming.
HY IMPULSE
9

METAL ELECTRODE
-_I;- TO EARTH

-\\V

_ AR .

_j srmmmﬂ

'.__w

Figure 8,15. A cross-yectional schematic diagram showing how the dummy explosive-
detonator circuil was constructed in the CSIR HV laboratory.

5.1 The experimental results
The experimental resulis showed a rather complex picture. First, a strong time dependence

of impedance was observed in ail cases. The impedance increased with time. Second, as
the applied voltage was increased, the impedance reduced. This complex picture cat be
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ﬁa}; categories. Table 4 shows a list of the impulses applied to this

e e e e e e e R e e

contfiguration,
Talde 8.4 'The impulses applied to the coal block in chronological order.
' + Indicates the positive polarity applied to the detonator.
Toate Nuo, [ Peak voltage Peak current
2041 1 +2.0kV
R 2 +50kV -
3 + 10.0 &V -
4 + 20.0 KV -
5 + 30.0kV -
6 + 40.0 kV 0.37
. 7 + 60.0 kV 1.60 A
i 8 + 80.0 kV 3.20 A Y
' 9 + 100.0 kV 0.60 A
10 + 125.0kV 14.40 A
11 + 150.0 kV 19.28 A
iz + 175.0 kv 28.80
13 + 200.0 kV Breald s i
i4 + 180.0 kV "
15 + 160.0 kV !
16 + 140.0 kV *
: 17 + 32KV 0.024 A
22/8/91 18 +50kV 0.056 A
19 + 10.0kV 0,104 A
20 + 20.0 kV 0.860 A
21 + 30.0 kV 1.500 A
22 4 40.0 kV 1.740 A
23 + 60.0 kV 14.700 A
24 + 80.0 kV Breakdown
25 + 100.0 kV "
P + 125.0 kV "
H . + 140.0kV "
24 + 150.0kV "
F 29 + 160.0 kV !
30 + 175.0 kV h
3 4 2000 kV "
32 -40.0 kV "
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S.1.1  Time dependence of impedance

In all cases, the impedance of the coal increases rapidly in time. For example, Figure
8.16 shows an applied impulse with a peak of 20 kV. Initialiy, after 2.3 pus, the
impedance is 23.8 kQ, By the end of the impuise, the impedance has increased to 406 k.,
The tirze increase effect of impedance will tend to “mit the curretit that pagses through a
detonator. The result of an increase of impedance with puise duration is inconsistent with
the work by Oettlé (1988) in uniform granular soil where the impedance decreased
significantly with the pulse duration.

5.1.2 Voltage dependence of current

A synthesis of the results shows that three distinct phenomena were observed, They fell
into the following zones:

Zone 1 - No breakdown/ionisution (0 kV to approximately 40 kV)

In this zone, the current in the circuit is limited by the combined resistance of the coal and
the explosives. However, because the explosive resistance is greater, it dominates the
combined resistance, This is shown in Figure §.16 which shows an impulse with a peak
amplitude of 20 kV. This result is almost identical to the result of Figure 8.5 which
supports th= above statement: that the configuration is dominated by the explosive,

Zome 2 - Breakdown through the explosives (from 40 kV to 160 kV) .

In this zone, the current in the circuit is limited mainly by the resistance of the coal. The
explosives have broken down electrically and are jonised and appear as a low impedance.

The sparkover-ionisation process can be observed in Figure 8.17, where the applied
voltage peak is 40 kV.

The current jumps up to a higher level and collapses again as the ionisation process
initiates and extinguishes. At 100 kV, the ionisation is so well established that the only
evidence of it is the fact that the igitiai resistance has dropped from 20 kf? to less than
10 k© (see Figure 8,18).

Zone 3 - Breakdown through the explosives and the coal block (zhove 160 kV)
In this zone, complete sparkover occurs from the detonator, through the coal to the metal

electrodes. Howgver, this will never happen in a circuit at 3 work face in a mine as the
eiectrodes do not exist in nature.
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00 ps sweep

0.86 A/20.0 kV

Figire 8.16  Zome 1: 'I‘I\e current impulse waveshape resulting from the application of
a 20 kV peak 1/50 ps impulse to the configuration of Figure 8,15 (Iimpulse
No. 20 of Tabie 8.4). Positive voltage polarity was applied to the

detonator,

Voltage, current and impedance values are shown in the tabie below at the
different time intervals.

ﬂ 80.0

i
| Time Voltage Current Impedance ]
{13) kV) (A) (kD)
2.3 204 0.856
5.0 19.5 0.432
10.0 18.0 0.312
20.0 15.5 0.192
40.0 11.6 0.028
6.5 0.015
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50 ps sweep

Transition from Zone 1 to Zone 2: The current impulse waveshape
resulting from the application of a 40 kV peak 1/50 ps impulse to the
configuration of Figure 8.15 (Impuise No. 22 of Table 8.4). Positive

voltage polarity was applied to the detonator.

Voltage, current and irapedance values ate shown in the table below at the

1.74 A/AO kV

different time intervals.
= : m‘ﬂm
Voltage Current Impedance

(kV) (A) (x0)

40.2 1.74 23.1
313 0.98 38.9
34.9 1.33 26.2
30.6 0.75 40.8
23.1 0.26 80.0
13.1 0.048 27240
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200 ps sweep

9.6 A/95 kv

ane 2: The current impulse waveshape resulting from the application of
a 100 kV peak 1/50 us impulse to the configuration of Figure 8.15
(Tempulse No. 9 of Table 8.4). Positive voltage polarity was applied to the

detonator.

Voltage, cwirent and impedance values are shown in the table below at the
different time intervals,

—.;ammw
H Time Voltage Current Impedance
(us) (kV) A (k)
2.30 95.0 9.60 2.9
. 5.00 91.0 6.40 14.2
10.G60 84.4 3.20 26.4
20.00 72.4 2.40 28.9
40.00 53.8 0.80 67.2
30.00 28.6 - -

f
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The applied voltage peak versus the peak current measured through the
detonator circuit for the sequence of impulses as applied in Table 8.4.
Note the difference between the first and second series of tests.

* The next impulse resulted in a complete breakdown from the
Aetonator to the earth electrode,
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5.2 Ageing of the test configuration

The sequential results indicated that the experimental configuration “aged” with each
applicd impulse. This is quite apparest if the first and second 60 kV impulses are
compargd (see Table 8.4 or Figure 8.19). The observed reduction in resistance conld be
" postuiated to be caused by carhonisation of the coal during impulse which gradually
reduees the resisiante of the configuration. This effect must be taken into consideration
in order to avoid erroneous conclusions being drawn from the sesulis.

5.3 Effect of polarity
The eicel of:\polarity was not checked and is not kesown at present. The results in the

uniform case (Section 8.4) did not indicate a polarity effect. However, this may not be
trse for the non-uniform case.

5.4 An empivical mathernatical relationship between current and voltage

in order to interpolate and slightly extrapolate the data obtained in the experiment, a
mathematical regression relationship is required. The least squared method was used to
do this and the results are shown in Figure 8.20. A power relationship gives the best
regression coefficient:

I = 5.57 x 109 v

or Vv = 5391
: r = %8.01
e 3 H— ; RO ) 4 ;
¥4
7
§ ip :. ‘ *: b 3
5 E
!
H I/
g ./ T =
o
. : Y T W N D T
E—a
1w e 1aoe

PEAR UOLTAGE  <kU>

Figure 8,20 Mathematical regression line fitted to the data of Figure 8,19.
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"Vhe regression way done on the first round of test data. The reason for this is that this is

e sare in which the detonator eirenit wikt be when stressed by lightning.

&  CENERALISATION OF THE RESULTS

Towply the results to different cosl-seam resistivities and detonatoss, a generalised modet
is reniired. (The results obtained here only apply o the specific coal block and detonator
in Section 8.4.)

L6 Explosives-detonator-coal model

From the resulis obtained, it is clear that there are two mechanisms at work in 2 detonator
drouit:

- - The impedance of the explosives !
- The impedance of the coal

The explosives act mainly as an insulation medium and are therefore modelled as a
sparkover gap, '

The impedance of the coal acts a5 a current-dependent, time-dependent and resistivity-
dependent medium,

6.2 Comparison with the Qettlé model
Qettlé (1988) refined a model for the calculation of the effect of jonisation in concentrated

earth electrodes. Geldenhuys et Oettlé (1987) subsequeatly carried out further analysis and
derived an exprecsion for impulse impedance:

T 17 8.8
kﬂ.ﬁl 10.3
where  w impuise impedance
p = DC resistivity
h o= "¢haracteristic dimension of the electrode”
I = peak impulse current

This model has beer compared 1o the results obtained in the present experiment, The
results of the comparison are shown in Figure 8.21,
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Figure 8,21 Comparison between the experimental data and the Oettlé model.

To fit the Oeitlé model reasonably well to the experimental data, the "characteristic
dimension" h was sei to h = 0.2; using this, the Cettié modei fits the experimental data
above 100 kV particularly weli,

Because of the Jack of more experimental data, the Osttlé model has been adopted for the
purpose of determining the effect of coal with different resistivities:

h = 02m
o = 22.8 pMN/03 0

The Qettié model (for various different resistivities) is shown in Figure 8.22,
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Figure 8.22 The Oestlé model used for various coal resistivities

6.3

A mode) for the exploder and the detonator

Following the discussion of 6.1 and the acoption of the Oeitlé model in §.2, it is obviwss
that models for a detonator and an expleder on the mine fioor would be as skown in Figure

8.23.

The relationship between coal resistivity and the voltage required to producs various
magnitudes of impulse current is shown in Figure 8.24.
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? " THE VOLTAGE AND ELECTRIC FIELD GRADIENT
. REQUIRED TO SET OFF DETONATORS

Fromahe model given in 6.3, it was now possible to calculate the volitage and electric field
graiiiem required to set off a detonator. -

Two configurations were ronsxdered the first conﬁguratiqﬂ modelied was a situation that
is typital of a work face (ﬁom top to bottom), the second was the situation between the
work. face and a shot exploder.

4]

7.1 Face (top to bottom)
S

7.1.}  Five detonators in parallel in series with five parallel detonators

In this case, the vusrent was induced into five detonators in the roof refative to five
detonators in she floor of the work face (assuming a floor-to-roof height of 3 m) The
conditioss r*qulred 10 set off a detonator are as follows:

Assume the coal resistivity to be: o = 3 000 Q.o

7.1.2 Type O detonstor:.

Current per detonator: 7 A/5 = 1.4 A per detonator is required.

Tatal voltage required to set'off the detonator: U = 2 x (22.8 o™ 1)
= 21.6kV

However, because this is less than the 2 x sparkover voitage of 2 x 20 XV, the minimum
sparkover voitage is assumed tobe U = 40 LV

Electric field gradient reguived to set off the detonator: 40 kV/3m = 13 kVim

The equivalent test voltage for a single detonator would be 40 kv/2 = 20 %V, and the
equivalent test resistance to produce 7 A would be 20kV/7 A = 2.9k0
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7.1.3 Type 1 detonator
Current per detonator; 32 A/S = 6.4 A

= 2x (22801
= 6.6V

Voliage required to set off the detonator: U

Electric field gradient required to set off the detonator: 62.6 kV/3m = 20.9 kV/m

The equivalent test voltage for a single detonator would be 62,9 kV/2 = 31 kV, and the
equivalent test resistance to produce 32 A wonld be 31 kV/32 A = 970 Q.

The same calculation was made for resistivities of 1 600 {.m and 10 000 @.m. The resulis

are given in Table 8.5,

40,00 62.60 153.00

Table 8.5 Face (top to bottons); The voltape, electric field gradient and equivalent
test parameters required to set off a detonator, for different coal
resistivities

|| W Coal resistivity (Q.m)

!| Type O detonator | 1 000 3 000 10 000

Voltage (kV) 40..09 40.00 52,70

Field gradient (ka) 13.00 13.00 17.60

Equivalent test resistance (kQ) 2.90 2.90 3,80

Test vcltage (KV) 2000 20.00 26.00 ]
H— Coal reaistivity (2.m) |
[ Tyve 1 detomator 1000 300 | 10000 |

Voltage V)
Field gradient (kV/m) 13.00 20,90 51.00
Equivalent test resistance (kf}) 0.63 | 0.98 2.39
Test voltage (kV) 20.00 31.30 76.00

ro s o -
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7.2 15 par:llel detonators in series with a shot exploder

In this case, the current was induced into 15 detonators imstalled into the face, all
comtributing to the current flowing 1o the shot exploder, It was assumed that the shot
exploder was a distance of 15 m away from the face. It was also assumed that the process
whereby the courrent eniers a shot exploder is the same as for detonators.
The conditions reguired to set off a detonator will then be (assuming the coal resistivity
to be p= 3 (00 D.m):
7.2.1 Type § detonator
Caurrent per detonator: 7 A/15 = 0.47 A per detonator is required.
Total voltage required to set off the detonator: U = 22.8 p™ (0.477 4+ 7)

= 5,08 kV + 33.3kV

= 383kV
Electric field gradient required to set off the detonator: 38 kV/i5 m = 2.56 kV/m
The equivalent test voltage from a single detonator would be 20 kV and the equivalent test
resistance to produce 7 A would be 20 kV/7 A = 2.86 k.
7.2.2 Type 1 detonator
Current per detonator: 32 A/15 = 2,13 A,
Total voltage required to set off the detonator: U = 22.8 g™ (2.137 + 327)

145 kV + 96.5 kV
111 kV

it

Electric field gradient required to set off the detonator: 111 kV/15 m = 7.4 kV/m

The equivalent test voltage for a single detonator would be 111 kV and the equivalent tect
resistance to produce 32 A would be 111 kV/32 A = 3.47 k0.

The same caleulation was repeated for resistivities of 1 000 2.m and 10 000 Q.m. The
resulis are given in Table ».6.
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Tahle 8.6 Face to exploder. The voltage, electric field gradient and equivalent test
parameters required to set off a deionator, for different coal resistivities

I S
II—__ | Coal resistivity (@.m) “
| Type O detonator 000 3000 0000 |
Voliage (kV) | 20.00 38.00 93.50
Field gradiens (KV/m) 1.33 256 | 623

Hquivalent test resistance (k) 2,96 540 13.40
| Test voitage (kV) 2000 | 8.00 _ 93.50
e e '
. |Lspe 1 detonator 1000 3 600 oow |
Voltage (kV) 49.00 1100 | 290,00
Field gradient (kV/m) 3.30 7.40 18.00
Equivalent test resistance (k§) 1.53 3.47 8.44
Test voltage (kV) 900 | 11100 210.00 |

7.3 The mininum voltage and minin.m electric field gradient

. . 5,
It is much more ¢onvenient and demonstrative to plot the results of Tables 8.5 and 8.
The most important result is summarised in Figure 8,27, It is clear from this figure that,
when the face-to-exploder configuration is used, the chance of a detonator being igmited
is as much as ten times more than when other configurations are vsed. R is also clear that
resistivity plays an important role. ' '

Figures 8.25 to 8.27 will be used extensively in the rest of the thesis where a criterion for
detonator sensitivity is required. '
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- CHAPTER 9

AN IMPROVED ELECTRICAL SAFETY SPECIFICATION
FOR COLLIERY DETONATORS

1 INTRODUCTION

In Chapier 7, the lightning sensitivity of conventional electrical detonators used in South
. African collieries was examined. The safety characteristics of these types of detonators
depended on the fundamental design and construction of the detorators and are a function

. of fhe specific technology developed,

The advances made in technology and blasting have resulted in the use of alternatively
designed and constracied detonators that have improved blasting techniques considerably.
The criteria for safety that developed for conventional detonators are no longer sufficient
to protect the alternatively desiyned detonators.

An enhanced test specification is proposed in this chapter to generalise lightning-safety
testing methods to enable them to be applied to any detonator, independent of any specific
detonator design.

(NOTE: The werds static electricity used in this thesis refer specifically to the
phenomenon {and hazard) of electrical charge accumulaiing om the surface of
insulation materials or on insulated conductive objects. These must be clearty
distinguished from the effects of lightming. Whereas both are fundamental
electrostatic processes, their manifestation in electrical circuits are very different.
The large difference between the two phencdiena ave often not recognised by the
tining fraternity and there is confusion because the processes are regarded as
being much the same.)
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2 HISTORIC SAFETY TESTS

Historically, proiection against the hazard of high voltages (static) were addressed by tests
that were specifically designed for static electricity.

An example of this type of test that is used for explosives in South African collieries is the
so-called *French" test, where a 2 000 pF capacitor is charged to 10 kV; this capacitor
is then discharged between the detonator leads and between the detonator shell and the
leads. The total energy stored in this test is 100 mJ,

This test is suitable for evaluating the static hazards to which a detonator could be exposed,
but doss not adequately evaluate the lightning safety of a detonator. The following
example explains why lightning safety is not evaluated:

Consider a conventionally designed detonator (ths electrical circuit diagram of this type of
detonator is shown in Figure 7.2 in Chapter 7) and consider the test configuration using
the "French” test, shown in Figure 9.1.

The energy released into the bridge-wire resistance (Rg) of the detonator does not depend
o the bridge wire only but also depends on the resistance of the detonator lead wires.

0
ha L

Rw

Figure 9.1 A "French” test performed on a conventional electrical detonator.
R; = internal resistance of the capacitor; L = pircuit stray resistance

The effect of the lead wire resistance {Ry) ¢ar be seen in Table 9,1. In the case where
Ry = 0.28 Q and R; = 1.41 ), the energy dissipated in the fuse head is 71.9 mJ. This
is more than sufficient to set the detouator off. However, by simply increasing the
resistance of the lead wire to Ry, == 24 £, the energy in the fuse head drops to 2.85 m)
which is the level at which the detonator will pass the test.

This result is perfectly valid for protection against static electricity. However, lightning
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current acts like a current source and the additional lead-wire resistance will have a
minimal effect on the energy dissipated by lighteing in the detopator. The detonator will
therefore stiHl be just as sensitive to lightning as before. An alterpative test is therefore
required to represent the effect of lightning on a detonator.

Tabie 9.1 The encrgy dissipated in a detonator with a bridge-wire resistance of
1.41 G and different lead wire resistances.

Lead-wire resistance Energy in thv. detonator
Ry Ep
0.28 0 71.9 ml
24.00 2 2.85 mJ

‘Another probiem with the "French” test is the internal resistance of the capacitor. The

inductance of the fest circuit is likely to be about 1 yH. The resonance frequency will be
sbout 4 MHz ang the characteristic impedance of the circuit will be about 22 Q. I the
internal resistance of the capacitor is not carefully chosen, it ¢an influence the resuits
obtained in the test. This is an issue which is not generally understood by the explosives
industry and it is uncertain whether the various test configurations in use produce the same

results.

3 INSULATION PROTECTION AND SHORT-CIRCUIT
PROTECTION

There are two fundamental techniques which are*employed to protect electrical and
electronic systems against lightning*

Isoiation or short cireuit

In the case of isolation, the desigrer attempts to prevent lightning surge current (and
energy) to be conducted through the system.

In the case of short-circuit, the designer attempts to prevent lightning surge voltage (and
energy) from stressing the system  This is done by providing a shunt path for the lightning
current {with a sufficiently low resistance and impedance), often referred to as earthing and
honding,

The quality of the isolation protection is evaluated by voltage tests.
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The quality of short-circuit protection is evaluated by d-Zined current tests.
Tee two possible protection methodologies will be provided for by the generalised test
proosed in this chapter,

)

4 A LIGHTNING SENSITIVITY TEST

The two extreme poles of lightning-protection methods, isolation protection and short-
cirenit protection, each require a specific test to measwie their effectiveness.

For isolation protection, a voltage source with a defined waveshape (1.2/50us) is vsed:
the peak amplitude repres2nts an effective protection measure,

For short-circuit protection, a current source with a defined waveshape (1.2/50 us) is used:
the peak amplituds- represents an effective protection measure,

These two tests can be incorporated into one generalised test by configuring a test set-up
which produces 1.2/50 s open-circuit voltage puises and 1.2/50 us current pulses when
it is short-circuited. This test is schematically represented in Figure 9.2,

By
EQUIVALENT THEVININ
RESISTANGE
1

WOLTAGE

HOUREE

AVE : SHONT CIRDUIT

SHAPE CURNENT

Figure 9.2 A schematical circuit diagram pf a lightning-sensitivity test set-up for
detonators.

One guestion remains ynanswered: what shouid the value of the equivalent Thevinin
resistance be? The same guestion can be phrased quite differenily: What resistance will
produce a voltage and & current which will occur with the same freguency?

The examples of typical wark faces given in Chapier 8 and suzamarised in Tables 8.5 and
8.6 give a partial answer to this guestion, These tables conatain a variable called
"equivalent test resistance”.
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ok jast is mtermme{?x 7 A in the case of 2 Type 0 detonatm and 32 A in the case of a
¢ daomaier,  ‘The second. parameter to be detormiped is the veltage that could
Ccoxosiolly siress the insulstion of a detonator, In Table 8.5 (Chapter &), it is the total

ottage divided by 2, l}ccause there are deionators at both ends of the cireuit,

i Yaisde B 6, it is the wotal 'véltage il the circuit. because there are detonators at only ope
Coengd of the cirenit, '

The "e’quiva;em test re-sismnce" is therefore the total voltage divided by the test current.

-y E
1l

The various “eqmvalent testmsxstances {Ry) given in Chapter 8 are summarised in Table
9.

o ) ') .ré l i: . i
- C’;.--I!_il .'_%."\: ' | .
Table 9.2 The equivalent test resistance, Ry, obtained from the vertical and
- diagonal detonator analysis i in Chapter 8, for Type O (7 A) and Type {
(32 A) detonators.
B Coal resistivity (2.m)

; | 1000 | 3000 10 000
Vertical I=TA 2900 2500 3.8 0
configuration 1= 2A 0.63 0 0.98 0 239 Q

| pisgonai® | 1=7A | 2869 | sao | 400

| ronfigurton [~ I=32A | 1532 | 3478 | 8449

The diagonal condiguration Ry is plotted in Figure 2.3, Owuly chis diagonal configuration
R will be considered when deciding on a value fo1 wp. Ta. roason for this is that the
diagonal configuration is the critical one because of the high frequency of surges that occur
in this configuration.

The value of Ry is affected by the resistivity of the strata around a charged detonator hole.
The current dependence is due to the jonisation-reduction of resistance, as discussed in

Chapter 8.

The approach followed uses current as the fundamental reference.
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Figure 2.3 The equivalent test resi:tance, Ry, for the diagonal configuration.

It s more appropriate to use the frequency of occurrence of both current anu voltage
surges as a fundamemal reference. "his comparison was, in effect, made using Figure
3.23. This figure is reproduced here as Figure 9.4, with the relevant subscripts,
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NF - NUMBER OF EVENTS PER FLASH PER km?

[1000 OHM.m ]

COAL SEAM RESISTIVITY

Figure 9.4 The frequency of surges in the case where the carrent induced into a
detonator cireuit and where the current is kept constant, as reference 1
= 7 A, The second curve is the case where the voltage is kept
constant, as reference V = 38 kV,
t=3m d=30m; p=p, =400 0m

From Figure 9.4, it can be seen that if voltage is used as the reference it results in a high
frequency of surges exceeding the chesen level in high-registivity strata and in a low
frequenuy of surges in low-resistivity strata. Exactly the opposite is true when current is
used as the referencs.

The average value of coal resistivity in the mines concerned is regarded as being
3000 9.m. it is snggested, therefore, that if R, is chosen as

U, (o = 3000 Qm) _ 3gky _

P =
T T (o, = 3000 Q.m) T4

If 3 000 Q.m is the average resistivity, it could be argued that the underprotection ar
nverprotection of the two approaches will cancel out on average. For this reason, Ry =
5 k{1 is accepted as the norm here. This implies that the two detonator types studied in
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this thesis (Type O and Type 1) #ilt have the same safety Ievel as adevice: %
insulated to levels of 35 kV and 160 kV respectively. (7A x Sk = 35 kV, 32A
160 kV)

5 SPARK PENETRATION 'fEST

The "French” test for electrostatic hazards and the lightning tests may, by default, ignite
a detonator which is prone to sparks directly to the fuse head. However, they are not
specifically designed to identify any weakness in this regard. This test should be designed
specificaily for this purpose.

’I‘wo ¢riteria are set for the spark penetration test. The first requirement is that several
~ waveshapes be applied, varying the rise tite of % test waveshapes; 0.1 us, 1 ps and
10 us are proposed. The insulatioa co-ofdisation between different gaps is a time-

dependent property and the different rise times are proposed to cover this aspect. A time-
to-half valee of 50 us should be used.

The second requirement is that the waveshapes should not be able to set the detonator off
in the “normal” mode. A series resistance of 10 kQ and an amplitude equal to the
lightning test pass level is proposed. This will ensure that the impulse cannot set off the
detonator in the "normai” mode.

Due to the nature of this mechanism, this test should be performed on a statistically large
enough sample to ensure that any defect of this kind is detected, even when it ocours in
only a small percentage of units.

6 METHODS OF APPLYING THE TESTS

The methods of applying ibe tests depend on the construction of the detonator. Various
types of construction used in the industry will be dealt with here. Any new innovative
approaches that do not fit these broad descriptions will have to be dealt with in the context

of this analysis,

Examples of possible detonator designs are given in Figure 9.5.
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Figure 9.5 Different designs of detonators:

(i) Multi-wire, T-off
(ii) Multi-wire, in out
{iif) Transformer coupled
(iv) Conventional design

All known detonators have a detonator shell, D, which is inserted into the rock face, It
also has an in<terminal, T\, and an out-terminal, T,. These terminals (T, and T,) may
contain multiple wires or may have only a single wire, as in the case of a conventional
detonator,

6.1 Common-mode test

A harness containing at least three detonators should be prepared for this test. The three
detonators should be connected in series or in parallel, depending on the normal method
of connection as shown in Figure 9.6,
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{i) Series connection
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(ii) Parallel connection
Figure 2.6 Common-mode test configuration for detonators connected in series and

in parailel
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‘The leads of the cuter detonators should be taken down to ground. If the detonators have

pwidple leads. all the outer wires should be taken down to ground.

The voitage is applied to the detonator in the middle of the hatness, The voltage is apriit ¢

by “embedding” (wrappiug) the detonator and the lead (which is normally embedde-

sxplosives) in 4 sheet of alaminium foil,




CHAPTER 10

A LIGHTNING-RISK INDEX FOR A MINE .

{  INTRODUCTION

The hazards to which 2 mine are exposed have to be understood before appropriate actions
can be taken to prevent them, These counier measures ustally involve additionat costs and
preventing the tisk of lightning is no exception.

To ensure that adequate praventative measures are taken but, at the same time, to avoid
unnecessary expense, a risk assessment is of great benefit. This chapter proposes such a
risk index for coflieries.

As indicated in Chapter 1, lightning contributes to two hazards, explosions where methane
bas been ignited and explosions caused by the initiation of detonators. Whether these
explosions occur depends on the circumstances at 4 particuiar mine; 1.e. whether methane
can accumuiate in the mine and whether eleciticel/ electronic detonators that can be ignited
by lightning are used.

"2 TYPES OF HAZARDS

2.1 Methane

This thesis makes only a superficial contribution towards determining the methane/lightning
hazard, It has shown that very low currents (i1 mA) of "long sparks” (3 - 4 mm) can
+ignite methane, When this criterion is compared to the lightning current required to set
off a Type 0 detonator (7 A), it can be seen that this low current is very small: a factor
of 649 times.

No attempt will be made here to further anslyse this risk in any gquantitative format.
However, by following the same argument used for setting off detonators, the risk of
methane ignition can be evaluated.

2.2 Detonators/explosives

The lightning risk developed in this chapter is essentially based on the use of Type 0
detonators.  The so-called "Stat-Safe" detobators being used in rcoilieries are only
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marginally better than the Type O detonators and, for practical purposes, are at the same
1. ’

The foliowing factors have an influence o the risk of a detonator underground being set
- off:

The sensitivity of detonatois
~ ‘The lightning flash density
The resisiivity and structure of the strata
_The depth of the mine
. The characteristics of the coal seam, such as thickness and resistivity

3 A PROPOSED RISK INDEX

The requirements for a risk index are that it should indicate a real risk, based on
information «hat is readily available, and it should give results that can be applied by
mining practitioners. These factors are alf taken into consideration in the proposed index.

The index is essentially based on the analysis made in Chapter 3. The raage over which
they are analysed and their relative sensitivity are given. The relative sensitivity of a
factor is the ratio between the change in the factor to the change this factor has on the
frequency at which surges occur,

Table 10.1  The factors analysed in Chapter 3. The ranges of the factors are given
and their relative effect on the frequency that surges will occur,
o
Factor Range Rauge Frequency Frequency Frequency
analysed ratio Range influencing ratio/Range
ratic ratio
Mine 15- 100 m 6.67 0.00600 - 22.00 3.330
depth 0.00270
Strata 200 - 1600 Q.m 8.00 0.00194 - 8.87 1.110
resistivity 0.01720
Coal 1kilm- 10.00 | G.00650 - 3.25 0.325
resistivity | 10 kQ.m 0.00200
Seam 250+ 10m 400 | 0.00270 - 6,75 1.690
thickness B 0.00040
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Tatle 10.1 shows that mine depih has the greatest influence followed by seam thickness,
strafe resistivities and, last, cosl resistivity.

The pa:athﬁters that are zeadily available are mine depth and coal-seam thickness, which
can be obiained from the Geological Office at the mine, in the form of borehole
information.

It is more difficult’to obtain the resistivities of the strata and almost impossible to

-determine the resistivity of the coal seam.

Mis sagge;ted that the resistivities of the strata be obtained by using either the Venner or

Schiinberger method. The resistivity of the surface layer can be determined with a high
degree of certainty. The resistivities of the deeper sirata cam be determined by using this
resistivity measurement in conjunction with the information obtained from the borehole
samples;

It is farther suggested that, in the fight of the difficuity in determining the coal resistivity
and it relatively small effect on the total, it be omitted as a factor in determining the risk
index.

The frequency Np of surges expected at a particular face in a specific mine is given as

NF=N5'N(d)’Kp°KT .................................. 10.1
where N; = frequency of surges to one face per year
N, = lightning flash density per year
N(d} = frequency at d = 30 m, p, = p, = 400 D.m, t = 3 m, and
pec = 3 000 2.m
K, = acormrection factor based on the effect of the strata resistivity of a
specific mine

X =  acorréction factur based on the effect of the coal seam th.. kness

3.1 N, - lightning flash density

The lightning flash density in South Africa at a particular can be obtained from the
lightning flash density map published by the CSIR and which is also printed in the South
African Bureau of Standards Code of Practice No. SABS 03-1985,
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32  N(d) - Surge freq!;ency at depth (d)

The effect of mining depth is analysed in Chapter 3.7.1. Figure 3.15 gives a relationship
between the number of surges exceeding the senmsitivity of the Type O detonator. The
curve of Figure 3.15 can be represented reasonably accurately by the equation

N(d) = 10769 +80@ e e 10.2

This equation was determined through regression (* = 0.997). The figure is reprinted
here for convenience as Figure 10.1. The effect of depth can be determined either through
equation 10.1 or by reading it off from Figure 10.1. Analytical data is only available up
to 100 m. There is only superficial justification for extrapolating this curve down to
200 m, but is done for the Jack of anything better.

x10°

= ] e e e e T e L TR R R
B S -

N(d} - FREQUENCY OF SURGES

[
L]
Laakwd el i i L
S 20 40 €0 80 1460120 140 160 180 200

COAL SEAM DEPTH I m ]

Figure 10.1  The frequency of surges exceeding Type O detonator sensitivity, as a
function of mine depth, The data points are shown and the curve is the

regression line,
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33 K, - the effect of strata vesistivity

Tiie analysis in Chapter 3 was done using a strata obnﬁguration of three layers. I the
stta surrounding the coal seam can be reduced to an equivalent ihree-layer model, Figure
10.2 cun be used to determine K.

Figure 10.2 is based on the resuits of Chapter 3, paragraph 7.2. Tt has been normalised
for a depth of 30 m and p, = p, = 400 Q.m.

The thick line in Figure 10.2 represents the correction factor K, where the resistivity of
the strata above and below the coal layer is the same. This line fis a power relationship
exceliently (2 = 100),

K, =192x10% p"®8 i e, 16.3

on condition that p, = p,.

Many attempts were pade to find a satisfactory regression to fit the complete set of data
K, (01, 5,); however all these attemp.~ resulted in unacceptable inaccuracies in sections
of the graph,

34 K - The effect of coal-seam thickness

The analysis in Chapter 3 assumes that the thickness of the coal seam has an effect on the
surges because i is seldom that more than 2.5 m t9 3 m of a scam is mined. This has ke
benefit of the remaining coal acting as a type of voltage divider - reducing the voltage that
induces current into a detonator circuit,

If the full seam is mined, this factor does not apply.

It is for this reason that the factor does not increase for thicknesses less than 2.5 m and
stays constant, In reality, it might even increase further beyond this peim. It becomes
more and more likely that some of the explosives will be placed in the low-re. istivity strata
below or above the seam. This, in turn, will reduce the detonator-sirata resistance and
increase the induced current.
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Figure 10.2  The correction factor, Kp that makes provision for the effect of sirata
resistivity. The thick line represents the case where the resistivity above
and below the coat seam is the game,
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Figure 10,3  The correction factor, K, that makes provision for the effect of cozl-seam
resistivity.

4 RISK INDEX ANATYSIS USED IN MYNES ON THE FUSE
SURGE DETECTOR PROGRAMME

In this thesis, an anatytical mode! for calculating risk was developed. Empirical studies
have also been done using the resulis from the Fuse Surge Detector (FSD) programme.
This allows the testing of the analytical model to caiculate frequency by comparing the
calculated frequency with the observed frequency using the FSD programme.

The depth of the mine and the thickness of the coal seam in mines using the FSD
programme are given ia Table 5.4, This was obtained by using the resistivity profiles
obtained from using the Venner method and the information gained from the borehole
samples which were available in some of the mines and is given in Appendix VII, Table
10.2 summarises the data of depth, thickness and resistivity.

The predicted frequency based on depth and seam thickness is also given in Table 10.2.



' ‘ JAucrage | Average ; R x Surface Deep Nid x
- Mins depth seam k] resistivity strata K, i KxK,
im) thickness | (x 10%) 2 resistivity x 109
| i @ | 2
ATE0L 63 2.8 1120 400 €00 1.1 1.23
Delmas 103 6.7 0.084 N/A
1| Dougtas : s | sa 1.000 N/A
Goedehioop ' 45 32 1.990 NA
Greanside - 36 1.7 3.950 &0 800 1.6 6.32
39 1.360 N/A
6.2 0.690 1190 1 100 2.6 1.79
6.6 0.650 N/A
4.0 0.570 300 400 0.7 .40
4.6 I 0.820 600 800 1.6 1.31
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In the cases where the resistivity profiles are available, the surface resistivity can be
determined with a high level of nertainty due to the namre of the Vemner method.
However, because of the multi-layer nature of the strata, it is impossible to say with any
certainty what the resistivitics of the deeper layers are. The estimates given in the table
have besn guessed from the depth profiles.

Table 16.2  The predicied frequency of surges occurring in mines where the FSD
programme was used. Resistivity data was only available in some of the
misis and Kp was calculated oxdy for these mines.

The measured/observed frequency {in face 2 of Chapter 5) is listed in Table 10.3 for the
3 A, 7 A and 10 A waveshapes (1/44 ps - the sensitivities of the FSD). From Chapters
5 and 7, it is known that the Type O detonator is slightly less semsitive than the "10 A"
fuse wire of the FSD. In the ideal case, therefore, there should be a correiation of 1 :
between the predicted frequency and the FSD, 10 A observed frequency.

The FSD frequency ("observation resolution”) is the inverse of the number of faces x flash
density obtaincd over the total observagion period of the FSD measurement programme.
This is ¢zual to the observed frequency obtained if one cbservation was made during the
period of study.

The importance of this number (e.g. at Delmas Colljery) is that the “observation
resolution” is 37.3 x 10, but the predicted frequency is .084 x 10%, This implies that an
average observation period must be extended by 444 times to expect one observation, The
0 in Table 10.2 is significant in ihat the actual observed frequency will be fess than the
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Table 10.3  The predicted frequency (N, = 1) versus the observed f!-'%ﬁuenc;: of surges
in the mines taking rart in the FSD programme.
% All the frequencies must be roitiplied by 107,

Mine Predicted | Predicted FSD fre- # FSD observed
frequency™ | frequency® quency® frequency
o exclading | imcluding | observation '
K, K, resoltion | JA [ 7A | 10A
Arnot 1.120 123 4.60 18.4 0 0
Delmas G434 37.30 0 0 0
Dotighas 1.600 4,78 96 | 96 | 4.8
Goedelioop 1.990 4.44 4.4 0 0
. Greenside 3.950 6.32 3.50 3851 220 | 11.0
Kriet 1.360 1.87 21.5 | 157 79
i Landan 0.690 1.79 735 | 441 74 74
Matla 0.650 11.50 il.5 ¢ 0
Sigma 0.570 0.40 12,70 ¢ 0 0
South 0.82¢ 1.31 8.13 97.6 8.1 0
Witbank '

A regression analysis was performed between the predicted frequency and the FSD results
at3 A, 7Aand 10 A |

As stated earlier, the expected result in the case where the model is 100 % perfect, is that
there is a 1 : 1 relationship between the 10 A FSD result and the modet,

Table 10.4  Results of the linear r-ression between the predicted and FSD-measured
results (y = mx + Cj
ir - e e A e e e
FSD data set
3A 7A 10 A
Correlation coefficient 0.50 0.83 0.89
R? 0.25 0.58 0.80
Linear slope (m)} 4.00 2,30 0.91
Y axis value (C) 14.40 7.15 5.39

From the data set, the result from the 3 A FSD at South Withank is extremely high for
such a deep mine; also, the result is not confirmed by the results from the 7 A and 10 A
FSDs. It is suspected that the high result could be caused by an voknown fagtor, or
perhaps, even power frequency fault currents. For this reason, this single data point was
omitted from the data set.
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The regressions are also plotied in Figures 10.4, 10.5 and 10.6.

¥rom Figure 10.4, it is clear that there is some correlation between ihe model and the
vhservations; however, the statistical spread is rather large, resulting ir a poor correlation
of 0.5,

La the ease of the 7 A and 10 A FSDs, the correlation is much better (0.83 and 0.89). The
sratistical spread is accordingly smaWler. 'This may, of course, be due to the fewer data
points avaifable, It is also worth noting the large influence that the Greenside result has
in the regressions and correlations.

It can be concluded that the regressions and correlations show that the model produced
results of the correct order of magnituds, I can alzo by stated that the results from the
FSDs significantly support the model,

Lastly, it can be stated that the actual vesulis are influenced by many more factors which
the medel is not capabie of taking into consideration. leading to a relatively large scatier

in the resulis.

FSD MEASURED FREQUENCY

PREDICTED FREQUENCY

Figure 1.4  The linear regression between the predu:ted frequency of the model and
the frequency measured by the 3 A FSD.
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PREDICTED EREQUENCY

the measured irequency of the 7 A FSD.
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5  RISK INDEX

Up to this point in the thesis, the capability to calculate the frequency at which surges can
oceur undergronnd has been developed. The question now arises: what frequencies can
be regarded as being exiremely hazardous, moderately hazardous or safe?

5.1  Accident siatistics

The prevailing frequency of accidents in collieries establishes a reference, enabling a
decision to be made to evaluate the hazard category of a mine.

When evaluating the risk in an industrial environment, managers often have to decide
whether or not they should implement safety measures which are expensive and would
incivuse production costs.  Means of improving safety include gocd housekeeping, *
protective clothing, protective machinery, efc,

Table 10.5 summarises the accident statistics obtained from the Office of the Governtnent
Mining Engineer in the Eastern Transvaal for the period 1 January 1988 to 30 September
1994 (a total of 6.75 years) (Cloete, 1994). The total number of employees in collieries
in the Eastern Transvaal in 1994 was 26 100. This implies that the data base is based on
176 000 man-years, The nunaber of empioyees for the other years is not availabie and was
assnmed to be the same,

These statistics cover open-cast mining, surface operations and underground accidents,
The combined total is also given. For this thesis. only the underground operations are of
interest, and for this reason only the fotal numoer of accidents and the total of accidents
underground are given. Further, it is assumed that the ratio of the number of employees
involved in underground operations to the total number of accidents is the same ratio as
accidents underground to tutal accidents.

It is proposed here that a frequency egual to 10 % of the present accident frequency (per
man year) is & very high risk, 1 % is a moderate risk and 0.1 % is a low risk. This
implies that a frequency of 0.68 x 10° per man year corresponds to a high risk. Due to
the somewhat arbitrary choice and for the sake of simplicity this aumber is approximated
a5 0.5 x 10, We then have

Higk risk < 0.5 x 10° per man year

Meoderate risk = (0.5 to 0.05) x 10" per man year
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Low risk = (0.05 - 0.005) x 10° per man year
Very low risk < 0.005 x 10® per man year
Table 0.5  Accident statistics from the Government Mining Engineer, Eastern

Transvaal area for the period 1/1/88 to 30/9/94. This represents a iotal
of 176 000 man years

No. of Accidents Killed Injured

Total accidents 1 203 178 934
Frequency (per £.84 x 163 1.01 x 10° 5.59 x 10°
man year)
Underground 870 152 728
accidents

6.85 x 19% 120 1p° 5.73 x 10°
Frequency (per
mman year)

6 THE RISK OF AN UNDERGROUND DETONATOR ACCIDENT

The frequency of detonator incidents per man year is not simply the frequency at which
such surges occur, the actions of the worker must be taken into consideration as well,

A particular man is only exposed during the eight-our shift that he works, This could be
either from 07:00 to 15:00, or from 15:00 to 23:00, or - if a third shift is worked in the
mine, from 23:00 to 07:00. From Eriksson’s analysis (1976b), we know that most
lightning storms occur during the afternoon shift of from 15:00 to 23:00. An analysis of
his data indicates that 60 % of lightning storms cccur in this period. It should also be
taken into account that a worker only works five days per week.

The preparation of a coal face for biasting requires the holes to lie deilled first.
Thereafter, the individual detonators and groups of explosive sticks are tanipcd into these
holes. Finally, the detonator wires are twisted together and the face is ready for blasting,
During this period, it is estimated that the period that the face is wired up and could be
affected by lightning surges 5 only 25 % of the time of the shift.
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The xisk to which a particular miner is exposed to a lightning-induced premature explosion
is therefore

Lightning flashes during shifi x five days per week x period that the fuse is ready
£ surge frequency
= 06 %57 x0.25 x N(H
= {(.107 N(f)
The risk to a particular miner is therzfore
N = 0/ ' N@ X N@ x K%K ooneiee 104

“This risk is calculated for the mines in which the FSDs had been installed and the result
is-given in Table 10.6. The table also gives the risk index of these mines.

Table 10.6  The risk index of the mines involved in the FSD measurement programmie,

Mines. N; (x 10%) N, N, (x 10% | Risk category
Aroot 1.230 6.1 0.830 High risk
Delmas 0.084 7.0 0.065 Muoderate risk

- Douglas _ 1.000 7.0 0.770 High risk
Goedehoop 1.9%0 | 7.0 1.530 High risk
Greenside : 6.320 6.5 4.520 High risk
Kriel 1.360 7.0 1.050 High risk
Laudau 1,760 6.3 1.280 High risk
Matla 0.650 7.0 0.590 High risk
Sigma 0.400 7.5 0.330 Moderate rigk
South Withaak 1.310 7.0 1.010 High risk

e
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7 DISCUSSION

The frequency at which currents can be induced into detonator-cireuits has been dealt with
in this chapter, up to the level of calculating the risk to which a particular miner is
exposed. The choige of high, mederate and low rigk indices is somewhat arbitrary and
must be debated with the coal-mining industry. The relationship beiween the developed
model and the risk index is not absolute either. It is open to "calibration” and is part Jf

+ the discussion on the risk index.



CHAPTER 11

- RECOMMENDATIONS AND FINALE

‘This chapter conchizdes this thesis. Fivstly, it proposes some amendments to e made to
the existing Code of Practice and that other required actions be taken, such as
‘incorporating the recommendations into permitted detonator standz~ds.

Secondiy, the chapter focuses on the assumptions and simplifications made in this thesis
and highlights areas where further work will be beneficial.

Lastly, the unique contributions made by the thesis are emphasised.

H AMENDMENTS TO THE CODE OF PRACTICE

This section focuses on improvements that can be made to the Code of Practice, discusses
and proposes amendments to the Code. However, it should be clearly stated that the
existing Code has contributed significantly towards improving safety in shatlow coal mines
in South Africa.

One of the main factors that made the biggest contribution to the improvement in safety
was the installation of lightning-warniug devices in the mines, ensuring that the kandling
of explosives ceases during thunderstorms. A secoad factor was the introduction of Type
1 "Stat Safe" detonators in the collieries which decreases the risk of a detonator explosion
by a factor of four {not i5 as claimed by the manufacturer).

1.1 Mine risk index

The thesis culminates (in Chapter 10) in a proposed method for determining the frequency
to which a miner (using Type 0 detonators) is exposed, assuming that no particular safety
measvres have been implemented. This is then related to the risk to which a miner is
exposed at present. This, in turn, is then transiated into a2 Mine Risk Index indicating
whether the risk of a particular mine experiencing lightning-refated accidents is high or
low,

The strictly correct way of determining the risk of accidents involving Type 1 detonators
and accidents caused by the ignition of methane will be to repeat the analysis of Chapters
3 and 10. However, in the absence of this analysis, it would be reasonable to use the
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analysis done for Type 0§ detonators, as a relative measare of the risk of methane
explosions or of Type 1 detonators being set off; (i.e. as a more generalised indication of
the risk of a lightning-related accident occurring in a mine). There will be a factor
difference between the predicted frequency in these two cases.

It is proposed that this Risk Index be incorporated into the Code of Practice to assist mine
management 10 manage risk inteiligently, thereby optimising the economy of the mining
cperation.

12 Detonators

Collieries in the affected areas have replaced Type ¢ detonators with Type 1 detonators.
This change seems to have made a significant difference to the number of detonator
accidents that occurred in coilieries in the Eastern Transvaal. This is proved by the -
absence of lightning-related accidents in the accident statistics obtained from Cloete (1994},
compared to the list of lightning-accidents in the 1980°s.

It is proposed that the code be amended to strongly recommend (almos: compel) managers
of mines in the high-risk category to use Type 1 detonators. I is also recorvmended that
mines in the moderate-risk category also use Type 1 detonators (or equivalently rated
detonators),

1.3 Comnection of detonsator s

The number of detonators exposed to lightning currents, and the magnitude of the currents
through the detonators, can be minimised by cleverly connecting the circuit; if the pattern
of current fiow between the face and the exploder is inspected (see Figure 10.1), it is
evident that the rurrent flow is between the top of the face and the bottom of the face, and
between the top of the face and the positiont of the exploder.,

Lightning current to individual detonators caa be minimised by connecting the exploder
wires to the middle of the top row of detonators. The current fiowing diagonally across
will be conducted mainly by the exploder cable, and not vertically down the face circuit
(through detonators), as would be the case if the exploder cable was connected to the set
of detonators in the middle of the row close to the floor.

This blasting technique methodology will have to be taught to the miners to establish this
method as the standard method of wiring up a coal face.
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Figure 11.1 The lightning surge current fiow between the face and the
exploder. Conaecting the expleder cable to the top is
preferred.

t4  Methane

In the present Code of Practice, there is no clear discrintination between mines that have
a high risk of methane emissions and those mines that bave a low risk of methane
emissions.

Mines that have a "methane problem” must be aware of the risk of a ventilation failure
ocourring at the same time that there are lighting storms on the surface and that thie
combination of circumstances is very dangerous. The probability of losing power for an
extended period of time is small, but significant. Lightning is often the cause of power
failures and the coincidence of these two factors occurring at the same time is possible.
If power does fail, mines must either restore ventilation in a reasonable time or conside:
evacuating the mine,

The results of the tests on methane sensitivity and current penetration indiczie thet
methane in quite deep mining depths can possibly be ignited by lightning.

It is proposed that a panel of experts, including methane-explosion and mining experts,
should be brought together to develop appropriate counter measures.
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L5  The relevance of mine depth

In the presext Go ode of Practice, it is stated that mines deeper than 200 m are minimaily
aSfected by 1}gh&mg From the data resulting from the FSD programme and the models
that were dey,elopea it can be stated that mines below the depth of 150 m are definitely
safe, and ihat the risk is low at 100 m.

1.6  Earthing of the shaft entrance

In the present Code of Practice, there is no reference to any specific valve of earth-
« etrode resistance that should be used as a standard. It is also suggested in the Code that
the underground service structures, such as conveyer belts and power cables, be honded
to roof bolts at intervals not exceeding 200 m.

From the analysis from Chapter 2, it is suggested that the target earth resistance to aim for
is50.

Concerning the bending of the underground service structures, the effect of these structures
is most pronounced when underground operations are close to a shaft entrance and the risk
graduaily diminishes when service structures are further and fusther away from the shaft.
It is proposed that the roofbolts close to the shaft be earthed more regularly than those
further away from the shaft. In the first 500 m from the shaft, reofbolts should be earthed
at every 50 m. It should aiso be stressed that the roofbolt-earths must be connected to the
roof of the mine as well as to the floor {vertically up and down.) This will ailow the
equalization of potential of the strata above and below the high-resistivity coal scam. At
distances further than 500 m away from the shafi, earthing at intervals of 200 m can be
used, as recommended at present.

1.7  Mechanisms through which Gghining can affect mines

In the Code of Practice, it is stated that radiation is one of the ways in which lightning can
affect underground operations. The analysis in Chapter 2 suggests that one of the two
other mechanisms will always have a stronger effect than radiation, It is suggested that
this paragraph in the Cod= be scrapped.
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A SAFETY STANDARD FOR COLLIERY DETONATORS

[ &+

It is suggested that the tests discussed in Chapter 9 to evaluate the lightaing safety of
deionators be included in the Code of Practice for permitted detonators in collieries. The
lightning tests described in paragraph 4 and paragraph 5 of Chapter 9 (on the proposed
fuse-kead spark test) are particularly important.

The inclusion of these tests will ensure that conventionally designed detonators as well as
rew innovative detonators will be compatible with the environment in which they will
operate, This will also assist the degigners of new detonators to follow the right design
strategy from the start of the development to avoid pessible costly re-engineering that could
occur when the producis, after being used in the field, have been found to be incapable of
dealing adequately with the environmental stresses.

"This detonator safety standard will then be linked to the Code of Practice which prescribes
the levels of safety in mines, depending on their risk index.

3 FURTHER WORK REQUIRED TO REFINE THE FINDINGS
OF THIS THESIS

Several of the models developed in this thesis, and some of the experimental work that was
used to develop the models, need to be studied furthes t0 enhance the accuracy of the
models. Some of the main issues that require further study are listed below and discussed.

3.1  The frequency of surges - model

At the time that the above model was developed, the authior did not have the insighit into
the rea! complexity of the sirata layers; this understanding was gained through the
development of this thesis. It became clear towards the end of the study that several other
models, apart from the three-layer-strata model that is analysed here, need to be analysed.

With reference to the coal fields of the Eastern Transvaal where there are five main seams,
the rodel can be applied reasonably well when the top coal seam nearest to the suzface is
mined. However when one of the deeper layers is mined, the upper coal layers must have
an appreciable shielding effect on the layers further down, The present model does not
make provision for this.

Further, the author suspects that the deeper layers may even have an enhanced effect on
the surges experienced in the uppermost layer. This is also suggested by the rather high
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 Surge magaitu}ie versus distance factor t!mt was observed in the results of the "Accurate

Mensurement” progrhuime (at Greenside Colliety), reported in paragraph 6 of Chapter 4.

o

. However, this thesis lays the basis of the methodolsgy that can aow be applied to any

atreta configuration, depending on the extent to which the resistivities of the layers are

know7
R

32 " Coal resistivity and the Oettlé model

The voltage required to set off a detonator was studied in Chapter 8. It was based on one
blutk of coal in particular tha* had a specific resistivity. Earth resistivity tests on only one
block of coal are not enough to arrive at a model that makes provision for different coal
resistivities. To supplement the data, ¢he author drew on the work of QOeitlé.

. This was a rather poor solution for this problem; there is evidence that the physical

difference between the conduction in the granufar-type of soil that Oettlé’s work was based
on and the conduction in coal are significantly different. The evidence is shown by the
impedance-versus-time effects in the two experimenis: in coal, the instamizieous
impedance increases in tite but, in the media tested by Oettld, it decreased with time.
However, because of the lack of better informaion, the Oettlé mode! is used here.

This model is important  ‘cause it lays the foundation of the "equivalert test resistance”
used in the generalised lightning safety test for detorators.

It is therefore suggested that the impelse resistivity of various different coals with differeni
resistivities, under divergent current density conditions, be studied in the laboratory, The
knowledge obtained frown this will then have to be gencralised to fill the gap in the data
basi:.

3.3  The effect of underground stractures on the distribufion of
lightring surge currents

The model developed in Chapter 3 does not take the effect of any underground structures
inte consideration. The underground structures muct play a significant role in the way that
current penetrates the strata close to such structures. It is suspected that it may have a
focusing effect, concentrating more current in some areas than in others.

To analyse this effect a true {hree-dimensional analysis is rezuired. Programtues that ars
capable of three-dimnensional analysis are not readily available and are costly. This may



L

193

miake fhis aralysis difficult to realise.

The distance that service structures ought to be away frem the coal face must also be
addressed by this analysis, At present the Code of Practice recommends that no remotely
"garthed” objects (such as elecirie coal drifls, shuttle cars ete.) should be within 25 m of
the explogives-charging operation. In the view of the author, these earthed objects ought
to be further away: however, there is no conerete definitive study to verify this opinion.

3.4  The effect of the mined-ont section on current distribution

The model of Chapter 3 does not teke the mined-out sections of the mine into
consideration. This is a refinement ihat can be done with relative zase in future,

It can be stated that the mined-out area will, or average, have the effect of increasing the -
resistivity of the coal layer by the ratio of the volume of coal removed in the mining
operation. (On average, 65% of the coal in the area is removed and 35% of the coal
remains.) There will also be a localised increase in the current density through the
remaining ¢oal, Ia general, this is expected to increase the occurrence of surges.

3.5  Depths excceding 180 m

The analysis in Chapter 3 was only done for depths of 100 m. The effect of current at
depths of 150 m and at 200 m should also be analysed to get 2 more comprehensive
picture. Mines in the moderaiely dangerous group and in the lower index groups have
depths of 100 m and more,

3.6  Extrapolation of the effects of resistivity and coal seams

In the postulation of calculating the frequency of surges in the mine risk index (Chapter
10), it is assumed that the effects of resistivity and the thickness of the coal seam scale
lineariy to other mine depths. This postulation has not been tested. It is important to test
this assumption by analysis.

3.7  Methanre - lightning sensitivity

The results of the experimental work reported in this thesis differ significantly from work
that has been obtaived by other researchers, It is necessary to find out whether these
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differences are due to experimental differences between the reported work or whether they
are due to experimental error.

4 HIGHLIGHTYS CF THE THESIS

In this thesis, the author has succeeded in quantifying the frequency at which surges can
be expected in different mines. A method of caiculating this Frequency practically has
been proposed. THis model can be applied in mines immediately and can be refined by
further work. '

The moadel is suy nried by the results of some unique laboratory experiments to determine
what voitage is required to induce sufficient current into a detomator to set it off,

T frequency calculation is validated by the data from FSD programme. In support of °
the analytical frequency analysis, the FSD device can be applied to defexmine the
vulnerability of particular mines erirically.

The frequency is related to a risk index which will allow mine management to take
appropriate preventative measures, depending on the mine’s risk index.

In this thesis, a fightning test for electrical/electronic detonators is proposed. This test has
been goneralised to cater for innovative new detonators. Provision has been made for
conduction protection (short-circuit protection) and, if a designer chooses to insulate the
detonator against the effects of lightning, the test can still be applied.

The sensitivity of methane has been studied and the results Iay the foundation for further
work to be done.
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I The Accurate Measurement Research Station at Springbok Colliery
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| THE ACCURATE MEASUREMENT RESEARCH STATION AT
' SPRINGBOK COLLIERY

Geographic information
Geological information about the strata

Earth resistivity measurements
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APPENDIX I

THEACCURATE MEASUREMENT RESEARCH STATION
AT GREENSIDE COLLIERY
Geographic information
Geological information about the steata

Earth resistivity measurements
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at Greenside Colliery
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APPENDIX I

ACCURATE MEASUREMENTS TAKEN IN CONFIGURATION 1
AT LANL AU COLLIERY

22227

s

7

CONFIGURATION
U, - CONVEYER VOLTAGE

Configuration 1° The voltage measured between the face
and the conveyor structure
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3rd Surge of storm
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750 mV/div (V)

V Feak =300 V

Typical exampies of the format of the resuits obtained in the
accurale measurement programme
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APPENDIX IV

ACCURATE MEASUREMENTS TAKEN IN CONFIGURATION 3
AT SPRINGBOK COLLIERY

'/

———

Y77

CONFIGURATION 3
U, —DIAGONAL VOLTAGE

Configuration 3: The voltage measured diagonally (Vy) between
the top of the face and the "exploder” point



“ 1017 Vi

400 ps sweep

- 484 Vo

400 us sweep

- 688 Vlmk

400 ps peak

” El of records obied on 27 Nveber 186 in Configuration 3
at Springbok Colliery



+ 234 Vo

400 ps sweep

- 446 Vo

400 ps sweep

+ 350 Vi

400 ps peak

Examples of records obtained on 27 November 1986 in Configuration 3
at Springbok Colliery



+ 601 Vo
400 ps sweep

Record 1

+ 892 Vi
400 us sweep

Record 4

+ 737 Ve
400 us peak

Record 6

Records obtained on 1 December 1986 in Configuration 3
at Springbok Colliery



+ 504 V.
400 us sweep

Record 7

+ 970 Ve
400 us sweep

Record 8

- 834V,
400 ps peak

Record 9

Records obtained on 1 December 1986 in Configuration 3
at Springbok Colliery



+ 504 Vo
400 ps sweep

Record 7

+ 970 Vo
400 pus sweep

Record 8

- 834 Vi
400 ps peak

Record 9

et i . )

Records obtained on 1 December 1986 in Configuration 3

. at 3pringbek Coliiery

"




+ 660 me
400 us sweep

Record 10

+ 970 Vyeu
400 us sweep

Record 11

+ 640 Vo
400 ps peak

Record 12

Records obtained on 1 December 1986 in Configuration 2
at Springbok Colliery



+ 834 V.
400 us sweep

Record 12

+ 737 Ve
400 us sweep

Record 14

+ 563 Ve
400 us peak

Record 15

Records obtained on 1 December 1986 in Configuration 3
at Springbok Colliery



APPENDIX V

ACCURATE MEASUREMENTS TAXEN IN CONFIGURATION 4
AT SPRINGBOK COLLIERY '

COKFIGURATION 4
ip — DAAGONAL CURRENT

Configuraiion 4: The current measursd diagonally (Ip)
between the top of the face and the "exploder point”



Record obtained at 18:19 on 25 January 1987. 'The
rise of the waveshape is not visible, it was obscured by
the counters in front of the camera



O 034 A,

M 200 s sweep

- 0.56 A

' e 400 ps sweep

- 0.36 Apy

400 us peak

Y L.
. ) .

Rccor&s obtained on 2§ January 1987 in Configuration 4
at Springbok Colliery



|+ 0.30 A

400 ps sweep

B+ 0.61 Apu

B 100 s sweep

]

Records obtained on 25 January 1987 in Coniiguration 4
at Springbok Colliery



+ 360 mA

400 us sweep

+ 418 mA

400 ps sweep

+ 57 mA

400 us sweep

-+ 86 mA

400 ps sweep

Records ﬁbtained between 18:18 and 18:28 on 1 February 1987
in Configuration 4 at Springbok Colliery



APPENDIX VI

ACCURATE MEASUREMENTS IN CONFIGURATION 5
AT SPRINGEOK COLLIERY AND GREENSIDE COLLIERY

2227

//////////

CONFI.G!MTION s’ lg = DIAGONAL CURRENT
- VERTICAL CURRENT

Configuration 5;: The current was mearsured diagonally (I} between the top
of the face and the "exploder" point.

The current was also measured vertically (Iy) between the top o1 the
face and the bottom of the face.



Data: & Mareh 1987

iy +1p= 1.24A

Explodar ] L J

(Ip) Roof (top)
bolts toexploder
point

Ip = 0.86 A,y

200 us sweep

(Iy) Roof (top)
bolts to floor
(bottorn) bolts

L =042 Ay,

200 us sweep

Records obtained on 8 March 1987 in Configuratic:t 5
at Springbok Colliery




A

L= +02%A.

Ty = + 0.04 Apy

B anB.OH‘J‘ T

Record obtained on 8 March 1987 in Configuration 5
at Springbok Colliery
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North

West East
South
pS
50 00 50
i
Ty, =70 4S5
) Ta R 645
o
E- 2
Py
3
Iv = 0. 14' A-pmk
400 ps sweep

Top: Video recording of strike Middle: Diagonal current (I, = - 2.98 A_,,)
Bottom: Vertical current in face (Iy = + 0.14 A,)
Distance: 4 34 m  Direction: SSE Date 31/8/88 Time 18:5¢
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West

Video recording and (orresponding current pulse.

Magnitude: + 614 mA
Distance: + 2317 m
Date: 12 November 1558

Configuration: Horizontal
Direction: South souii: west
Time: 19:23

400 ps sweep
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Norih

West

Video recording and corresponding current pulse.
Magnitude: + 2.8 A Configuration: Horizontal
Distance: + 331 m Direction: North north west
Date: 28 November 1988 Time: 18:16
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Video recording and corresponding current pulse.

Magnitude: -10t0 -20 A Configuration: Horizontal
Distance: + 140 m Direction: notth east
Date; 14 March 1989 Timse: 20:45
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APPENDIX VI

THE LOCATION OF FUSE SURGE DETECTORS IN
MINES TAKING PART IN THE FUSE SURGE DETECTOR
| PROGRAMME AND
INFORMATION ABOUT THE STRATA

i
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o 1 18)
gr;lamm. B0 45 - VERTICAL
FSD SERIAL NO 44 HORIZONTAL
FSp SERIAL N0 2186 FACE 2
DEPTH - 32.4/31.8 H
SEAM — 3.0 M

POSITION 2 (B}

FSD SERFAL ND 41 ~ VERTICAL
FSD SERTAL NO 42 - FACE 2
FSD SERIAL MO 43 — HORTZONTAL
DEPTH 38.0/37.3 M

SE&N - 3.06 M

PRZITION 4 (0)

FED SERTAL NO 32 = HORIZONWTAL
FSD SERLIAL it 32 ~ FACE 2

FSD SERIAL ND 34 — VERTICAL
DEPTH - 59.2/61.4 M

SRAN - 3.3 R

POSITION 5 (E)
FED BER WO B8 — HORIZONTAL
PS5 SER ND 37 - VERTICAL
FSf SER NO 275 - FACE 2
DEFTH - 81,56/63.6

SEAM - 3.2 M

3

SR W2 SEra

POSITION 3 (1)
FSD SERIAL N0 36 = HOHIZGHTAL
FSD SERIAL mi 39 - VERTIOAL
FSD SERIAL MO 40 — FACE 2
DEPTH - 33.3/27.5 W

SEAN - 3,36 1

R YEMQ FDSSCAST
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Location of FSDs in Goedehoop Colliery
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Location of FSDs installed in Greenside Colliery



GREENSIDE COLLIERY
EARTH RESISTIVITY

RESISTIVITY (OHMS m)
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200

G
0 10 20 30 40 50 60 70 80 S0 100 110 120 130

DISTANCE BETWEEN ELE* - RTODES {m)

—=— BOREHOLE GF42 —— BOREHOLE GF81
—%- BOREHOLE GF43 —5— BOREHOLE FR26

NOTE: The resistivity/depth profiles are shown here. The geological data
of the boreholes is given on the next two pages and the locations of
the boreholes are shown on the third page.
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BOREHOLE INFORMATION
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The location of boreholes at Greenside Colliery
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The location of PSDs installed in Landau Colliery
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SIGHMA CULLIERY

The location of boreholes in Sigma Colliery where earth resistivity
measurements were taken
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ARTHUR TAYLOR AND SOUTH WITBANK
"’ EARTH RESISTIVITY _
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NOTE: The resistivity/depth profiles are shown here. The geological data

of the borehole is given on the next two pages and the locations of
the bureholes are shown on the third page.
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The location of a borehole where earth resistivity measurements were taken

in the Arthur Taylor Colliery (part of South Witbank)



The Tocation of boreholes in South Witbank Coliiery where earth

resistivity measuremsuts were taken



LANDAY SOUTE SHAFT - BARTH RESISTIVITY TESTS

SITE NO 2 r o = 2mar
1 5 36,3 1140
10 13,5 848
20 4,28 538
30 4,89 921
40 b4y14 1040
60 2,23 840
2 5 37,8 1188
10 18,03 1133
20 7,05 886
30 5,30 999
40 4,2 1056
60 2,75 1037
3 5 40,3 1266
10 19,66 1235
20 8,36 1051
30 5,77 1088
40 4,54 1131
60 3 1131
4 5 38,8 1219
10 17,4 1093
20 7,39 929
30 5,12 965
40 3,57 897
60 2,89 1090
5 5 30,6 961
10 209 13 132
20 171 21 488
30 4,5 848
40 3.7 930
50 212 66 602
60 288 198 §73
6 5 13,9 3 641,1
10 24,4 i 533,1
20 5,7 716,3
30 byl 791,7
40 47 112 343,4
60 2,84 1 070,7
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The location of FSDs in Sigma Colliery




SIGMA MINE ( SASOL 1)
EAFTH RESISTIVITY
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NOTE: The resistivity/depth profiles are shown here. The geological daia
of the boreholes is given on the next two pages and the locations of
the boreholes are shown on the third page.
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