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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

°C degree Celsius min minute
cm?®/min cubic centimeter mm millimeter
per minute
ms millisecond
in inch
rev revolution
kohm kilohm
rpm revolution per
L/min liter per minute minute
mA milliampere ] second
uF microfarad A\ volt
mH millihenry Vdc volt, direct current
OTHER ABBREVIATIONS USED IN THIS REPORT
A,C,D,E constant terms NDIR nondispersive infrared
B slope of graph N, number of ignitions
BP boiling point ) N, number of sparks
d acceptable probability of P probability of ignition
ignition error ‘
q probability of no ignition
IC ignition current
S spark sample size
I current yielding
p = 1/1,000 vV, voltage yielding p,
_ = 1/1,000
IEC International Electro-

technical Commission Z Z score




INFLUENCE OF ELECTRODE MATERIAL
ON SPARK IGNITION PROBABILITY

By Jeffrey Shawn Peterson’

ABSTRACT

The testing procedures of the U.S. Mine Safety and Health Administration specify that intrinsic safety
acceptance tests be conducted using a standard tungsten-cadmium electrode configuration in the break-
flash apparatus. However, in realistic mining environments, other materials may be more likely sources
of sparking., Information defining the probability of spark ignition between common materials such as
aluminum, brass, copper, lead, tin, cold-rolled steel, and stainless steel is of more practical value in
determining ignition hazards. The U.S. Bureau of Mines has completed an investigation of the influence
of material on the ignition probability using the breakflash apparatus. By comparing ignition currents
or ignition voltages corresponding to a probability of one ignition per thousand sparks to those found
previously for cadmium, a margin of safety may be estimated for each material. This report presents
the results of an investigation into the influence of disk electrode material on the probability of ignition.

IBlectrical engineer, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Intrinsic safety (IS) is concerned with the ignition of
explosive gases by electrical or thermal means. In regard
to mining, the primary objective of IS is the prevention of
methane explosions caused by accidental energy discharge
from low-energy electrical/electronic devices. Two ele-
ments must be present to create a potentially hazardous
condition: an ignitable fuel-air mixture and an ignition
source. In poorly ventilated areas, methane released
during the mining process may accumulate in explosive
concentrations. The methane may then be ignited by a
malfunctioning electrical device. Because IS utilizes
energy-limiting techniques, it is effectively limited in use to
low-power applications. IS is only one of several tech-
niques used to prevent explosions in such hazardous areas.
Other techniques, such as explosion-proof enclosures, re-
quire a physical barrier between the electrical circuit and
the hazardous environment. If this physical barrier is
breached, a margin of safety cannot be maintained; a sit-
uation that does not exist if IS techniques are used.

The US. Mine Safety and Health Administration
(MSHA) must approve all devices intended for use in or
inby the last open crosscut or in return air underground as
per 30 CFR 18 (1).> Because certain areas of these speci-
fications are somewhat vague, American National Stand-
ards Institute/Underwriters Laboratories (ANSI/UL)
Standard 913 (2), with some modifications, is presently
used as the de facto standard for electrical/electronic de-
vice approval. The ignition current/voltage curves avail-
able in ANSI/UL 913 are frequently used in the approval
process. Initially, the energy discharge of the device is
compared with the curves. Those devices with energy dis-
charges well below the curves may be approved by elec-
trical inspection only. Other devices, whose energy dis-
charge falls near the curve, must be ignition tested using
a device similar to the breakflash apparatus shown in
figure 1 (2, p. 38).

The breakflash apparatus simulates the making and
breaking of a circuit using four tungsten wire electrodes
and a single cadmium disk electrode. The electrode ma-
terials used in the breakflash apparatus were not chosen
arbitrarily. Tungsten was chosen as the wire material for
its toughness, resulting in increased electrode life. Cad-
mium was chosen as the disk material for its ability to
produce ignitions at the lowest currents or voltages known
for any material. The electrodes counterrotate—the wire
electrode shaft at 80 rpm and the disk electrode shaft at
19 rpm~to create sparks in an energized circuit. This

sparking serves to ignite the methane-air mix in the -

surrounding explosion chamber. The circuit under test
(CUT) is connected in series or parallel with the

Italic numbers in parentheses refer to items in the list of references
at the end of this report.

breakflash apparatus. MSHA specifications state that two
worst case circuit faults should be added to the CUT and
1.5 times the normal energy discharge of the device should
be applied at the point of test. Two ignition tests, each
consisting of 1,000 rev of the breakflash apparatus, are
conducted. If there are no ignitions of the test gas, the
device is approved as intrinsically safe.

The approval process is quite safe as there have been
no explosions traced to intrinsically safe devices. MSHA
employs a "safety factor” in its approval testing. By in-
creasing the energy at the point of test by 50% over the
conditions of actual use, MSHA testing allows for varia-
tions in supply currents (voltages), circuit tolerances, gas
concentrations, environmental conditions, and other fac-
tors that may influence the probability of igniting the test
gas. In addition, the cadmium disk electrode in the break-
flash apparatus causes ignition at lower current (voltage)
levels than disk electrodes of copper or steel. This in
effect, creates a hidden safety factor in addition to the

KEY
/  Clamp 7 Base plate /3 Bearing plate
2 Latch &  Motor plate /4 Chamber
3 Upper plate 9 Shaft adapter /5 Whisker holder assembly
4 Brush bracket /0 Drive gear /6 Chamber top
5 Motor // Slip ring /7 Chamber knob
6 _ Post /2 Center plate

Figure 1.—Breakflash apparatus used to collect spark ignition
data.




50% energy increase. The magnitude of this additional
material-based safety factor is unknown.

When sparking occurs in actual use, the materials acting
as electrodes will likely be the materials more commonly
found in the mining environment, Although cadmium is
commonly used in mining environments for plating of
cases, nuts, bolts, etc., other materials may be more
common. As examples, steel is frequently used in the con-
struction of equipment enclosures and copper is used ex-
tensively as an electrical conductor. Spark test data gen-
erated using disks of steel, copper, and other materials
commonly found in mining environments are essential in
determining their effect upon the probability of ignition.
Computer analysis of these data yields ignition currents

(voltages) corresponding to specific probability of ignition
when sparking occurs between steel, copper or other elec-
trodes. By comparing these currents (voltages) to previous
U.S. Bureau of Mines research involving cadmium disks,
a safety factor may be assigned for each material. This
safety factor is more precisely defined as the ratio of the
ignition currents or ignition voltages that yields an equal
probability of ignition when testing two materials under
similar test conditions. Cadmium was used as a reference
material and assigned a safety factor of 1.00,

As part of its program to enhance safety in the mines,
the Bureau has conducted an investigation of the influence
of disk electrode material on the probability of ignition.
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EXPERIMENTAL DESIGN

Test circuits investigated included simple resistor, in-
ductor, and capacitor circuits (figs. 2-4). For the resistor
circuit, decade boxes consisting of noninductive resistors
were utilized to vary current over the range of test volt-
ages. Voltages below 50 V dc represent the most likely
range commonly found in low-power devices in the mine.
For disk materials other than cadmium, testing at or below
20 V dc became impractical. The increased currents nec-
essary to conduct testing at <20 V dc could raise the wire
electrode temperature to the point where a hot-wire
ignition is possible. Spark ignition and hot-wire ignition

Riest
4YAAY,

de IEC
power breakflash
supply machine

mechanisms are different. Spark ignitions require the
transfer of electrical energy from an arc to the gas mix.
With hot-wire ignitions, thermal energy is imparted to the
test gas by the electrically heated wire. Eventually,
the gas will become so hot that it will ignite spontan-
cously. Because hot-wire ignitions could render low-
voltage (<20 V dc) resistor circuit test results invalid, test
voltages were limited to 30, 40, and 50 V dc,

Air-core inductors were used in the inductor circuit
testing. Noninductive decade boxes were again used to

. Current-
limiting resistor

MY
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dc power,
supply

1EC
breakflash
machine

Figure 2.—Test circuit used to obtain spark ignition data for
resistor testing.

Figure 3.—Test circult used to obtain spark ignition data for
inductor testing.




vary current in 24-V dc circuits using test inductances of 1,
10, 100, and 600 mH.

Aluminum electrolytic capacitors were used to conduct
the capacitor circuit testing because they are the most
common large-value capacitors used in electronic construc-
tion, Test capacitor characteristics are listed in table 1.2
The charging resistor was calculated to provide a charging
time constant of approximately 100 ms for the capacitor.
If this resistance was too small, the power supply would
cause current to flow into the arc as the capacitor dis-
charged. It was imperative that the energy contribution
from the power supply be minimal compared with that of
the capacitor discharge at contact. Checks of the dis-
charge time for each test capacitor confirmed that the
power supply contribution was minimal. If the value of
the charging resistance was too large, then the time con-
stant would be too long, causing the capacitor to discharge
at less than the full test voltage. One tungsten wire elec-
trode was used in capacitor circuit testing, and the speed
of the breakflash was slowed so that the capacitor could
charge for approximately five time constants. As a result,
capacitor circuit tests progressed much more slowly than
resistor or inductor circuit testing, The charge-discharge
cycle of the capacitor was also monitored with an
oscilloscope.

Table 1.—Capacitor circuit specifications

Mallory ‘ Sprague
© TCs6  TC50100 " TE1407  TE1211
Capacitance . .. uF. . 1.2 1,310 10.3 107
Charging
resistance .« kohm. . 929 0.075 0.67 0.935
Charging time )
constant ..... s.. 0111 0.098 0.100 0.100

Using the specifications in ANSI/UL 913 detailing
the cadmium disk, disks of materials commonly found in
mining environments were machined (fig. 5) (2, p. 39).
These materials included aluminum, lead, copper, tin,

3Reference in text or tables to specific products does not imply
endorsement by the U.S. Bureau of Mines.

Charging
resistor
W—

dc power
supply

IEC
c breakflash
test machine

—

Figure 4.—Test circult used to obtain spark ignition data for
capacitor testing.

brass, cold-rolled steel, and stainless steel. Because
ignitions are less likely to occur with new disks, each disk
required a 20-min break in period in an unenergized cir-
cuit.* With only two exceptions, one disk of each material
was used in each type of circuit. During resistor circuit
testing, the softness of tin and lead resulted in wearing
inconsistent with that of the other materials, facilitating the
need of two disks of each of these materials to complete
the work. The tungsten wire electrodes had a diameter of
0.020 mm and an unsupported length of 11 mm. To
prolong their usable life, the tungsten wire electrodes were
annealed prior to use. Unfortunately, these electrodes
were still susceptible to splintering, breaking, and wearing
down. They were replaced when visibly worn, or after
4,500 sparks for resistor and inductor circuit testing, or
1,000 sparks for capacitor circuit tests. If any two-wire
electrodes failed during resistor or inductor circuit testing,
the experiment was halted and all four electrodes were
replaced. The electrodes counterrotated to create the
sparks, which were then electronically counted. The
resulting ignitions were counted in a similar manner.
Essential to the experiment was the determination of
a manner in which to compare the disk materials. A cur-
rent (resistor and inductor circuits) or voltage (capacitor
circuits) yielding a probability of one ignition per thousand

“Work done by Denver Research Institute under Bureau of Mines
contract H111585.
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Figure 5.—Disk electrode, constructed of various materials.
(All dimensions are in millimeters.)




sparks was chosen as the basis upon which to compare
materials. This probability of ignition was arbitrarily
chosen because (1) it is easy to generate enough data for
a reasonable confidence level, (2) past research has shown
that the current (voltage) versus probability data graphs
are linear on log-log coordinates, and (3) results may be
extrapolated to probabilities of ignition as low as 107 (3).
To calculate the spark sample size, equation 1 was used.

S = (Z%p0)/d, (1

where S = spark sample size,
Z = Z score,® 2.326,
p;, = target probability of ignition, 1073,
q = probability of not getting an ignition, or
1-p;
and d = acceptable probability of ignition error,

5% 107,

Thus, with a 98%-confidence level, the probability of
ignition would fall between 5 X 10* and 1.5 x 103 (fig. 6).
Equation 1 yields a sample size of approximately 22,000
sparks. A typical data set would then produce 22 ignitions.
Whenever 22 ignitions or 22,000 sparks were accumulated,
a data set was considered complete and testing was halted.
For each material, at least three data points were taken.

Figure 7 illustrates the gas mixing system used in the
experiment. The test gas was delivered to the breakflash
apparatus explosion chamber at a rate of 500 cm®/min and
consisted of 8.3% +0.3% methane, 20.0% oxygen, and the
balance nitrogen. Each gas has its own mass flowmeter
and accompanying flow controller. Each flowmeter is
calibrated for the particular gas and has an accuracy of
3% full scale. So that the gas concentration would
remain consistent, the methane and oxygen flow rates
could be set to track the nitrogen or, if necessary, be
controlled manually. The methane concentration was
monitored by a nondispersive infrared analyzer, which had
flow rates limited to 1.0+0.5 L/min. The oxygen monitor
was installed in parallel with the breakflash explosion
chamber, and its flow rate was automatically limited to 100
to 150 ecm®/min. The spark test apparatus verification
specified in section 8.4 of ANSI/UL 913 was performed
daily to verify the integrity of the test gas. Installed on the
inlet of the breakflash explosion chamber was a flame
arrestor to prevent propagation of an ignition back into
the gas mixing system (fig. 8). Also installed on the
explosion chamber was a pressure switch. In the event of
an ignition, a delay circuit triggered by the switch stopped
the electrode shafts, allowing the system to purge the
products of combustion for 3-1/2 min before restarting the
electrode shafts.

5Z score is a statistical parameter whose value is dependent upon the
level of confidence chosen; in this case, 98%.

1x10° [
p = 1073
q=1-p;
d=5x10%
z Z- 2,326
o
=
= o
G 15x107
('S
G {ier
-
E
=
@ -4
< 5x10
a
_4|
x | |
i [l 100 1,000 10,000

DIRECT CURRENT, mA
DIRECT VOLTAGE, V

Figure 6.—Acceptable probability of ignition range of 5 x 10*
to 1.5x 1073,

— Blended

gas

KEY

FM  Flowmeter
FC  Flow controller
M Motorized valve

=——>Gas circuit
— Electrical circuit

Figure 7.—Diagram of gas mixing system.

To exhaust

0. NDIR
= gas
analyzer

analyzer

- s Blended
02 mixing e Breakflash
CHg system <! Flame arrestor

Figure 8.—Diagram of gas flow.



METHOD OF COMPUTER ANALYSIS

A commercially available software package, RS/1, re-
lease 3, was used to analyze the test data using multiple
regression techniques. Each data set contained a test cur-
rent (voltage) and a corresponding probability of ignition,
defined as the number of ignitions (N;) divided by the
number of sparks (N,).

pi = N/N,. )

Initially, the log of the current (voltage) was plotted versus
the log of the probability of ignition. A straight-line curve
fit of this plot yielded an equation of the form

Logp =BloglorlogV) +E,  (3)

where B = slope of graph,

and E = constant term.

From this, the probability of ignition can be estimated at
cach test current or voltage and plotted with the test re-
sults. Graphs of these data would be the logarithmically
transformed current (voltage) and probability of ignition
data and would have the form

p = B O]
or
b = BVA’ ®)
where p; = probability of ignition,
I = current, mA,
V = voltage, V de,
B = slope of graph, same as in equation 3,
and A = antilog of E, as in equation 3, |

Further analysis using equation 3 would generate the igni-
tion current or ignition voltage corresponding to the target
probability of one ignition per thousand sparks, By com-
paring these to previous Bureau research involving cad-
mium disks, safety factors may be assigned for each
material.

TEST RESULTS AND ANALYSIS

Resistor circuit results are included in tables 2 through
8. These results are shown graphically in figures 9 through
11. The cadmium curves shown are those of previous Bu-
reau research (4), The graphs illustrate that the ignition
currents are highly voltage dependent. Table 9 summa-
rizes the test results. Listed in this table are exponent A
and coefficient B of equation 4; I, the current yielding one
ignition per thousand sparks, and the safety factor for each
material. As shown, the safety factors vary widely among
the test materials, with cadmium having the lowest ignition
current at all test voltages. In general, the order of the
materials from lowest to highest safety factor was consist-
ent throughout the resistor circuit testing. This fact and
the magnitudes of the safety factors illustrate that ignition
current in resistor circuits is highly material dependent.

Inductor circuit test results are included in tables
2 through 8 and in figures 12 through 15, Here, the igni-
tion currents were highly dependent upon inductance.
Table 10 summarizes the results. The safety factors for
inductor circuits were somewhat less than those for resis-
tor circuit work; i.e., the influence of the material on the
probability of ignition was less. Cadmium still had the
lowest ignition current. The results also illustrate that as
circuit inductance increased, the goodness of fit increased.
Or, as the test circuit became more like a simple resistor
circuit (i.e., as the circuit resistance-circuit inductance ratio
increased), test results became more random or
unpredictable,
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Table 2.—Voltage-current versus probability of ignition for aluminum disks

Direct current, mA Probability of ignition Voltage, V dc  Probability of ignition
At30Vde .. 1,803 3.2x10* A 124F ... 190.0 46x10%
1,873 8.1 x 10* 205.0 1.9x 103
1,973 8.6 x 10 220.0 1.1x 103
2,100 1.0x10% 2350 1.5x10%
2,520 9.8 x 10° At10.34F ... 384 3.6 x 10*
At40Vde .. 950 45x 10° 40.4 6.8 x 10
1,080 1.4 x 10% 424 1.4 x 10
1,200 2.1x10® ‘ _ 444 4.1x10?
1,360 59 x10° A107uF ... . 16.3 23x 10
A50Vde .. 847 ‘ 1.4 x 10 17.3 9.4 % 10*
892 4.6 x10* 18.3 23x10%
980 1.1x10% 19.3 6.5x 107
1,108 15x10° At 1,310 4F .. 9.0 1.3x10%
At1mH.... 900 1.3x10% 9.25 1.3x10%
1,000 1.4 x10* 9.4 3.6x 103
1,100 4.0x10* 100 44x10%
1,140 23x10? 110 1.1 x 10
1,224 4.1x10?
1,300 1.2x10?
At10mH ... 520 2.2 x 10
535 2.7 x 10*
550 1.3x 103
575 1.6x 103
At100 mH .. 160 2.5 x 10
168 1.4 % 104
171 1.3x 103
175 53x 10
200 9.1 x 102
At600mH .. 101 2.6 x 10
105 6.9 x 10
110 2.8 x 10
115 8.9 x 10?
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Figure 9.—Probability of ignition versus current results for 30-V dc resistor circult.




Table 3.—Voltage-current versus probabllity of ignition for brass disks

Direct current, mA Probability of ignition Voltage, Vdc  Probability of ignition
At30Vde . 1,240 27 x 10 A124F ... 327.0 9.1x 10
1,285 4,0x10* ' 345.0 45 x 10
1,473 20x 103 373.0 2.7x10*
At40Vde .. 712 45x10° 400.0 2.9 x 10%
820 6.8 x 10 425,0 1.2x10%
907 11x10% AL 103 4F ... 78.0 7.2x10¢
1,110 1.1x 10° 85.0 1.2x 10%
At50Vde .. 561 27 x 104 ‘ ‘ 90.0 15x% 103
604 46 x 10* AL107 4F . ... 25.0 5.1 x 10
710 12x 10% 27.0 36x10*
810 2.0x10? 285 20x 102
AMimH.... 900 46x10* 32,0 1.2x10?
950 1.2x%10% At 1,310 4F .. 15.8 1.4 % 10%
1,001 1.8x10° 16.5 9.1 x 10
1,306 1.6x 10? 17.0 8.9x10%
A10mH ... 425 1.3 % 10* 185 6.8 x10°
433 6.7 x 10
440 1.3x10%
450 1.2x10%
460 3.4 x10?
At100mH .. 137 1.8 x10*
145 1.9x 103
150 3.2x10°%
200 1.3x10?
At600mH .. 95 9.1 x 10°%
100 1.4 x 10°
105 46x10°
120 1.1 x 107
107!
T T T
1 KEY | | |
Cadmium
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‘Figure 10.—Probability of ignition versus current results for 40-V de resistor circuit.




Table 4.—Voltage-current versus probability of ignition for cold-rolled steel disks

DIRECT CURRENT, 102 mA

Figure 11.—Probabllity of ignition versus current results for 50-V dc resistor circuit.

Direct current, mA Probability of ignition Voltage, V dc  Probability of ignition
At30Vde .. 3,330 8.9 x 10% A124F ... 327.0 9.1x 10°
3,450 1.3 x 10 345.0 45x10¢
3,550 5.9 x 10* 373.0 2.7 x10*
3,780 1.8 x 10° 400.0 2.9x10%
At40Vde .. 1,785 8.6x 10° 425.0 1.2x10%
1,800 1.8 % 10* At 103 4F ... 78.0 7.2x10*
1,877 1.8 x 10% 85.0 1.2x 103
1,900 27 %x10% 90.0 1.5x 10°
1,966 5.0 x 10 AL107 uF .. .. 25.0 5.1 % 10%
2,000 1.1x 10 27.0 36x10*
At50Vde .. 1,200 9.0 x 10% 285 2.0x 10?
' 1,300 1.0x10° 32.0 1.2x10?
1,400 22x10% At 1,310 sF .. 15.8 1.4 x 10*
1,500 8.4 x 10° 16.5 9.1 x 10¢
AtimH.... 1,410 7.3x10* 170 8.9x10*
1,436 5.6 x 10° 185 6.8x10%
1,450 3.5x 10?2
1,474 4.0x10%
AL10mH .. 540 1.8 x10*
545 4.1 x10*
550 9.5 x 10
600 3.8x 107
At 100 mH . 164 7.1 x10*
169 1.5x% 102
174.5 1.4x10°
. 180.5 23x10%
At600 mH .. 108 3.2x10%
110.5 3.2x10*
1125 27 x10%
115 6.3x 103
-1
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Table 5.—Voltage-current versus probabliity of ignition for copper disks

Direct current, mA Probability of ignition Voitage, Vdc  Probability of ignition
At30Vde .. 2,770 9.1x10° At1.24F ..., 2200 3.2x10%
2,830 7.7 x10* 226.0 9.1 x 10°
2,900 1.2x%10° 233.0 5.4 10%
3,000 1.4 x10? 250.0 2.7 x 10
At40Vde .. 1,580 1.4x10* 275.0 27 x10%
1,640 6.4x10% 3100 1.1x10%
1,709 23x10° At1034F ... 430 9.1 x 10°
2,000 2.4x10? 45.0 59 x 10
2,200 6.5x 10° 475 9.3x 104
At50Vde . 1,110 1.8 % 10* 50.0 4.7 x10%
1,191 55x 10 AL 107 uF ..., 203 3.1x10*
1,305 8.7 x 10* 205 9.0x 10*
1,462 7.8x10° 21.0 8.3x10*
AimH.... 1,000 50x 10* 215 8.3x10%
1,025 5.4 x 10* 220 1.7 x 102
1,100 1.4 x 10° At1,3104F .. 13.2 21x10%
1,195 26x10° 13.4 5.0 x 10
1,200 27x10° 13.8 1.0x 103
At10mH ... 500 1.8 x 104 14.3 1.7 x 103
525 7.2x10* 14.8 33x 103
550 9.2x 10* 15.3 1.3x 107
600 1.9 x 10°
At100 mH .. 155 1.3x10*
159 1.6 % 10*
163 1.5x 103
168 38x10°
170 58x 102
At 600 mH .. 102.5 59 x 10*
105 7.7 %10
110 53x 103
130 1.6 % 10?
-1
10 T T T T T 1T T &
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, — Cadmium —--=v Stainless steel #
3 —-—aBrass  ---4 Cold-rolled steel a | v
= 0'2_ —--alead 1,
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> 10 4= A/ Pl // /a L A
= 4/A ./ c( .~ /\ i
= / Vo
@ .
g 4 A % No
§ 10 / _
a
Tl | | | | | ' B R B
5 6 T 8 9 10 1l 12 13 14 |15 16

DIRECT CURRENT, 102 mA

Figure 12.—Probability of ignition versus current results for 1-mH Inductor circuit.



Table 6.—Voltage-current versus probability of ignition for lead disks

Direct current, mA Probability of ignition Voltage, Vdc  Probability of ignition
At30Vde .. 1,317 2.7 x 10 At124F ... 250.0 1.4 % 10%
1,445 5.1x10* 275.0 8.5x 10°
1,710 5.5x 10* 283.0 4.1x10*
2,000 20x10? 290.0 7.0x 10*
At40Vdc . 755 59 % 10° 295.0 2.2x 103
814 1.0x 10° 300.0 35x 103
906 3.7x10? At1034F ... 45.0 50 10*
1,200 1.7 % 102 _ 480 5.8 x 104
At50Vde .. 496 9.1x 10% 51.0 8.2x10*
562 23x10* 58.0 1.8x10%
596 1.4 x 10° At107 uF . ... 20.0 1.7 x10*
632 1.1x10? 210 6.2x10*
686 1.1x10? 220 1.1x10%
AMimH.... 825 6.6 x 10* 230 25x10%
850 49x10* 25.0 3.7 x 102
a7s 1.0 x 10°? At 1,310 uF .. 14.0 9.1 x 10°%
900 29x 10° 148 4.1 x10*
925 1.3x10° 15.0 8.2 x 10*
A10mH ... 412 2.7 x 10 152 13x 103
425 6.4x10* 155 5.1x10%
450 28x10°
500 19 x 10?2
At100mH .. 130 1.6x 10*
133 41x10*
137 1.2x10°
, 140 22x10°
At600 mH .. 80 1.4 x 10"
83 5.5x 104
87 1.4x10%
20 3.8x10°
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Figure 13.—Probability of ignition versus current results for 10-mH inductor circuit.
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" Table 7.—Voltage-current versus probability of ignition for stainless steel disks
Direct current, mA Probability of ignition Voltage, Vdc  Probability of ignition
At30Vdec .. 2,640 27 x10* At1.24F ... 355.0 9.9 x 10°
2,820 5.1x10* 386.0 1.4 x 10
2,950 5.5 x 10 445.0 1.9 x 103
3,410 2.0x10? At103 uF ... 700 9.1 x 10°
3,700 37 x10? 80.0 45x 10
3,880 5.1x10? 845 1.8 x 10
At40Vdc .. 1,696 6.6 x 10° 94.0 37x10%
1,800 1.7 x10% At 107 uF .. .. 260 1.8 % 10
1,900 27 x10* 270 3.6x10*
2,050 4.1 x10* 280 6.1 x 10
2,200 7.2x 10 300 6.0 x 10°
2,500 9.2x10° At 1,310 uF .. 15.0 1.7 x 10*
At50Vde .. 1,250 1.1 x 10" 15.5 5.0 x 10*
1,350 1.3 x 10 16.0 1.9x 10?3
1,460 1.4 x 10° 18.0 53x10%
1,508 3.5x10°
At1mH . 1,300 5.7 x 10
1,400 3.5x 10”
1,450 8.6x 10"
1,500 6.3x10?
1,516 1.8 x 102
At10mH ... 565 9.1x10*
580 7.7 x 10"
600 25x10°
620 6.1 x 10°
At100mH .. 175 5.5x 10
. 180 6.3 x 10*
185 1.2x 10%
1980 7.0x10°
At600 mH .. 110 7.2x10°
1125 9.6 x 10*
115 4.4x10°
120 3.0 x 10"
loo ¥ T L L) T
107!} g
=
o
-
Z 02} / i
2 / pa/
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Figure 14.—Probabllity of ignition versus current results for 100-mH Iinductor
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Table 8.—Voltage-current versus probability of ignition for tin disks

Direct current, mA Probability of ignition Voltage, Vdc  Probability of ignition
At30Vde .. 1,500 8.4x10° At124F . ... 2200 2.2 x 104
1912 45x10* ' 260.0 2.3x 10
2,110 1.8x 10* 290.0 1.8 x 10
2,230 36x10* 300.0 1.1 x 10?
2,450 57 x 10 3100 1.2x10°
2,660 7.3x10* 330.0 6.6 x 10?3
2,880 1.3x10° At 103 4F ... 485 2.7 x 104
At40Vde .. 1,400 1.9x10* 525 45x10*
1,620 4.7 x10* 56.5 41x10*
1,700 1.1 x10% 60.5 8.8 x 10
1,792 24x10° 85.5 3.4x10°
AtSOVde .. 1,008 3.2x10* 70.5 8.6 x 10?7
1,050 7.0 x 10 A107 uF . ... 218 7.4x10%
1,180 3.1x10° 218 1.1x 103
1,200 9.0 x 10° 221 7.7 x 10*
A1mH.... 1,120 1.8 x 104 23.1 1.2x 10
1,180 1.3x 104 238 8.7 % 10°
1,233 32x10* At 1,310 4F .. 13.35 1.8 x 10
1,280 1.1x10° 135 3.8x10*
; 1,356 6.4 x 10? 13.65 1.5x 10?3
At10mH .. 582 2.5x 10* 140 2.8x10?
600 7.5x 10*
607 9.3 x 10
627 7.3x 10?
At 100 mH .. 170 4.0x10*
176 47 x10*
1835 40x10?
180 1.8 x 102
At600mH .. 111 3.0 10*
1125 9.9 x 10*
115 1.0x 10°
130 8.4 x 102
|00 T T T T T 1 L T T T
F
ot | A
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E 7 {
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Figure 15.—Probabllity of ignition versus current results for 600-mH inductor circuit.
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Table 9.—Safety factors and ignition currents
for resistor circuits

Table 10.—Safety factors and ignition currents
for Inductor circuits

Disk material A B l, mA  Safety Disk material A B lo mA  Safety
factor factor
At 30 Vdc: At 1 mH:
Cadmium ...... 9.063  3.159 x 10% 839  1.00 Cadmium ...... 6.189  2.410x 10% 702 1.00
Brass .......... 11705 1.649x10% 1,388 165 lead .......... 10792  1.845x 10 872  1.24
Lead .......... 12321 6.237x10%® 1520 1.8 Brass .......... 9.036  1.211x 10%® 953  1.36
Auminum ...... 9197 4375x10%* 1,999 238 Copper ........ 9714 3419x10% 1079 154
TN, 3788 7812x10Y7 2828 337 Aluminum ...... 9.084 1.497x10% 1,157 165
Copper ........ 30503 1.857x 10 2926 3.49 L1 20136 3.129x10% 1271 1.81
Stainless steel ... 7712  1.116x10® 3,125 373 Cold-rolled steel ..  68.627  1.170x 102® 1,401 200
Cold-rolled steel .. 25282  7.114x10% 3679  4.39 Stainless steel 38007 7.318x10"® 1426 203
At 40 V dc: At 10 mH:
Cadmium ...... 7.266  4.997 x 102 453  1.00 Cadmium ...... 18082  6.687 x 10 315 1.00
Lead .......... 7.306  6.256 x 105 798 176 lead .......... 21753 4,146 x 100 434 138
Brass .......... 11818  1.322x 10% 894 197 Brass .......... 50.951 3.342x 107 439  1.39
Auminum ...... 14573 1545x10%® 1,189 263 Copper ........ 24760  2.420 x 107 538 171
L1 PP 10071 3287x10% 1680 371 Cold-rolled steel .. 48,034 1.488x10™ 555 176
Copper ........ 9.028 4.852x10% 1,767 390 Auminum ...... 21.886 7.820x 10 558 177
Cold-rolled steel ..  18.420  1.169 x 10%* 2,024  4.47 Stainless steel ... 22439  1.166 x 10% 575  1.83
Stainless stesl ... 11562 2936x10? 2,150 475 T 45153 2880x10"® 603 191
At 50V de: At 100 mH
Cadmium ...... 6.217  2.969 x 1077 314 1.00 Cadmium ...... 19.310 9.253x 10“ 118 1.00
Lead .......... 14,388  1.079 x 10 599 191 Lead .......... 35.404  2.493 x 107 137 116
Brass .......... 8.897 7.854x10% 663 2.1 Brass .......... 15652 1593 x 10¥ 144 122
Aluminum ...... 8435 4.281x10% 1017 324 Copper ........ 47911 1.041x10® 163  1.38
111 19.465 1.226x10%% 1,063  3.39 Cold-rolied steel ..  10.603  2.676 x 107 167 142
Copper ........ 13.033 3627x10% 1267 404 Aluminum ...... 20077 1.243x 10°% 171 145
Cold-rolled steel ..  19.416 2051 x10% 1,33  4.25 L( 36.209  2.766 x 10% 177 150
Stainless steel ... 15786 1.007x 10 1470  4.68 Stainiess steel . 30.138  9.366 x 107 181 153
At 600 mH: .
Capacitor circuit results are included in tables 2 through f:::“"m """" :;‘;lg :‘323 : :g.“ gg 1'82
8 and presented graphically in figures 16 through 19. The  pagg ... ... ... 28730 2602x10° 101 230
safety factors listed in table 11 show that typically the Aluminum ....... 27.495  1.978 x 10°% 106 241
margin of safety attained by using materials other than Cold-rolled steel . .. 52.848  7.375 x w;;’ 111 252
cadmium decreases as the circuit capacitance increases. ~ COPPOT «........ 23806 8252x10° 118 257
Surprisin gl alumi disks produced lower ignition volt- s.talnless steel .... 66.988 2.382 x 10 13 2.57
urp Y, aluminum p 1gn T e, 32120 7.965x10™ 114 259

ages than cadmium at 107 and 1,310 4F. The surprising
results at 1,310 uF prompted testing using a cadmium disk
electrode. Test voltages of 9.0, 9.4, and 11.0 V dc used in
aluminum testing were repeated with the cadmium disk.
Using 22,000-spark data sets, no ignitions were observed
in any of the tests. A retest of aluminum disks at 9.0, 9.4,
and 11.0 V dc resulted in ignitions in sufficient quantities
to verify the previous aluminum results. Testing at 107 yF
illustrates only negligible differences between copper, cad-
mium brass, tin, and lead ignition voltages. Their ignition
voltages were clustered around 21.0 V dc.

Some of these unusual results may be attributed to ex-
perimental error inherent in the testing. As an example,
for a data set of 22,000 sparks, if the probability of ignition
is 1035 x 10, the data set will produce 22+ 11 ignitions.
The large number of tests required to complete the project
effectively prohibited testing at lower probability levels
or narrower error ranges because of the large amounts of
time involved. If the acceptable error range is still

considered to be 50% of the target probability of ignition,
then decreasing the target probability of ignition by an
order of magnitude increases the spark sample size by a
factor of 10, or from 22,000 sparks to 220,000 sparks.
Cutting the acceptable error range in half would increase
the sample size by a factor of 4 from 22,000 sparks to
88,000 sparks.

Some of the test results produced curves with unusually
low slopes, such as tin at 30-V dc resistor circuit testing,
This also may be attributed to the large acceptable error
range. Adjusting the probabilities of ignition at the test
currents (voltages) by 50% could drastically alter the slope
of the graph. Continuing research includes extrapolating
data that produced unusually low slopes, such as tin,
30 V dc, to find a current (voltage) yielding a probability
of 10° and then testing it to verify that it falls reasonably
close to the extrapolated curve.



Table 11.—Safety factors and ignition voltages
for capacitor circuits

Disk material A B . Vo, Safety
Vde factor
At 1.2 uF:
Cadmium ...... 7481 2877x10%® 1626 1.00
Aluminum ...... 4446 4977 x 10 2077  1.28
Brass ...... .... 12665 3556x10% 2536 156
Lead .......... 18.249 1067 x 10 2013 179
TR e 7239  1175x10% 2998 1.84
Copper ........ 3902 1.439x10® 3330 205
Stainless steel ... 13.202 1.205x10% 4237 261
Cold-rolled steel ..  6.639 2793 x10% 4406 271
At 10.3 uF:
Cadmium ...... 9917  1.334x 10" 399 1.00
Auminum ...... 30.484  1.028 x 10°%? 405 101
Brass .......... 23.101 2811 x10% 466 117
Copper ........ 24744 5902 x 10 470 118
Lead ..... . 5.153  1.371 x 1012 525 1.32
L1, W, 9.265  4.406 x 10%® 583  1.46
Cold-rolled steel .. 5221 9,750 x 104 827 207
Stainless steel ... 12352 5521 x 103 920 231
At 107 pF:
Aluminum . ..... 31532  9.441x 10 17.3 83
Copper ........ 48.744  5.957 x 10 208 1.00
Cadmium ...... 14.206 1.393 x 102 208  1.00
Brass .......... 28.858 3.443x 10 210 101
T 15563  1.892x 10% 215  1.03
Lead .......... 23051 1578 x 10 217  1.03
Cold-rolied steel ..  14.209  3.963 x 10 273 131
Stainless steel ... 24.384  4.634 x 10 281 135
At 1,310 uF:
Aluminum ....... 11997  2.582x 10 9.2 .70
Cadmium ....... 60.003 6516 x 107 132 1.00
L1 58.290  5.483 x 107 137 105
Copper ......... 23110  4.093x 10 139 1.05
Lead ........... 53322 1514x10% 151 114
Brass ........... 44320 2.218x 10 154 1147
Stainless steel .... 17.721  3.990 x 10 161 122
Cold-rolled steel . .. 27.649  5.675 x 1038 173 1.31

s

v 15

In breakflash testing, as the electrodes separate, an
arc forms at the contact point. If this arc has sufficient
energy, then an ignition will occur. In the case where
inductance is low, i.e., <100 mH, formation of the arc is
almost always caused by vaporization of the contact point.
This metallic vapor serves to conduct current as long as
the circuit voltage can maintain it. Eventually, the arc gap
becomes so great that the spark is quenched and current
ceases to flow. At higher inductances, i.e., above 100 mH,
formation of the arc may also be caused by vaporization of
the contact material (5, p. 83).

Because the disk contact material vaporizes, it may be
hypothesized that the boiling point of the material may in-
fluence how easily an arc is maintained in some circuits
(3, pp. 86-89). For resistor and inductor circuits, a crude
relationship exists between ignition current and boiling
point for the elemental disk materials. This relationship
is presented graphically in figures 20 and 21. These graphs
have the form

IC = 10539 + D, ©
where IC = ignition current, mA,
and BP = boiling point, °C.

The values for C and D for each of the particular circuits
are given in table 12. From this, a rough estimate of the
ignition current is possible if the boiling point is known.
No such relationship was found to exist for capacitor
circuits.

Table 12.—Values of C and D for ignition
current versus bolling point equation

C D C. D

30Vde,. 284x10* 271 | 10mH.,, 1.45x10% 239
40Vde,. 3.14x10* 241 I 100mH ., 9.31x10° 200
50Vde.. 329x10* 224 || 600mH.. 218x10%  1.51
1mH ..., 1.27x10* 275
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PROBABILITY OF IGNITION

PROBABILITY OF IGNITION
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Figure 18.—Probability of ignition versus voltage results for 1.2-uF capacitor circuit.
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VOLTAGE, Vdc

10° . r .
KEY
— Cadmium
Zz 'L ——"®Brass yi N
o 10 —-—4Lead a / .
= —---a Aluminum . ;8 \/’
Z —/— Tin / //
—_ -2 _— 4 6 ’ 0\ &
- 10 —e Copper K ’1/ _ s
o —--=7 Stainless steel / & /4/ 7,’
- ---#Cold-rolled steel /, [/ X y;
= -3 ’ . ,y
ﬁ I O — /,-' ]
2 / vy
2, ¥
a 10 | -
|0‘5 \ L I
10 15 20 25 30 35
VOLTAGE, V dc
Figure 18.—Probability of ignition versus voltage results for 107-4F capacitor circuit.
-
KEY Ja
—— Cadmium A/,' /
, -2| ——aBrass
= = .
o 10 —-—0 Lead S 7 II &
= —---a Aluminum N4 5 ‘fl 7
3 4| —/°Tin / 6 ® ;
I 10 —-—e Copper } _/q, -
o) —--= Stainless $ S
- steel v 4 J
= 4| ----¢Cold-rolled S v
- 10 steel Ve ]
@
<
S
o -
|o_6 ] |
5 10 15 20

Figure 19.—Probabiliity of ignition versus voltage results for 1,310-uF capacitor circuit.

17



18

W
O

T T T T I T T o | K
< KEY ”'/" CO:Fb
£ |  =-=<--=-30 Vdc e _
o 20F .. Qseese 40 V de¢ ,,.o’ o ° o
=-=0=-= 50 V dc --”
o 15 ’,,vé . g —
= L= oA
(77} -7
% ok ”’I . }’. /u -
S o T f
O 75| o o Tin Aluminum _|
Z
S 5
— 5 |- ~ tLead -
=2 o ~
© a4t ~ -
G:dmiun.\/'
3 EJ/ ! I I ] I I I ] 1
6 8 o 12 14 16 18 20 22 24 26

BOILING POINT, 102 °C

\ ~ Figure 20.—Elemental disk material boiling point versus resistor circuit ignition current.

~

28

IGNITION CURRENT, 102 mA

© | l I ! T T T T T T
I,
of et |
8 - _
Q....
_ o —
6 ,—_-._o———o
._——.,’
4 [ __"———.o——’ |
/~/-
o—"
2 D —
@]
Aluminum\ Copper.
| Leqdl Tln_/'A__,,.A s |
Cadmium — ceeOeees | mH
—& a —=0=-= 10 mH |
===~ 600 mH
> I : I l L | ] ] ] !

14 l6

I8 20 22 24 26 28
BOILING POINT, 102 °C

*Figure 21.—Elemental disk material bolling point versus inductor circult ignition current.




19

CONCLUSIONS

This project was designed to generate ignition currents
(voltages) producing a probability of ignition of 103z
5 x 10%. The margin of safety attained when using mate-
rials other than cadmium is dependent upon disk electrode
material in resistor or inductor circuits. Capacitor circuit

results show a smaller margin of safety; it appears that .

other materials, aluminum in particular, require ignition

voltages comparable with those of cadmium, At several
capacitances, aluminum exhibited lower ignition voltages
than cadmium. Further research is needed to determine
the cause of the wide range safety factors among the
circuit types. Based on these results, the approval tests
used by MSHA should not be modified to account for the
safety factor provided by the material involved.
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