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PROBABILITY OF SPARK IGNITION IN INTRINSICALLY SAFE CIRCUITS

By James C. Cawley!

ABSTRACT

This report presents results of recent Bureau of Mines research to
establish the probability of spark ignition as a function of current
(or voltage, for capacitor circuits) for resistive, inductive, and ca-
pacitive circuits in 8.3% methane—air atmospheres. The data presented
quantify the explosion hazard created when low—power electronic devices
catastrophically fail in an explosive mine atmosphere. Previous litera-
ture dealt with levels of probability between 10~3 and 10-4. This re-
port extends the probability data to levels as low as 10-7. This study
has verified that when the probability of ignition, p;, is plotted on a
log—-log coordinate system versus the current (or voltage), a continuous,
straight—-line relationship is formed. An interesting result that can be
statistically hypothesized is that at some low level of igniting current
the ignition process ceases altogether.

1Supervisory electrical engineer, Pittsburgh Research Center, Bureau of Mines,
Pittsburgh, PA.



INTRODUCTION

Safety factors are employed by the
engineering profession to ensure that a
margin of safety exists between engineer-—
ing test conditions and the conditions of
actual use. The safety factor presently
used by the U.S. Mine Safety and Health
Administration (MSHA) to assess the in-
trinsic safety of electronic circuits for
use in methane—air atmospheres 1is a fac-
tor of 1.5 on energy at the point of test
plus two worst case faults. A precise
knowledge of the degree of safety over
and above the conditions of actual use
obtained by using the 1.5 factor, how~
ever, 1is not weasily determined. Many
variables play a part in establishing the
igniting current in a breakflash machine
during an intrinsic-safety test. Atmos-
pheric conditions, such as temperature,
pressure, and relative humidity, interact
to alter the probability of ignition, pj.
Other factors that influence p; are elec—
trode materials, gas concentration, and
elctrode conditioning (l).z

The Bureau of Mines has completed an
intrinsic-safety research project that
lays the foundation for relating the con-

ditions of test and actual use by esti-
mating p; versus current (or voltage for
capacitor circuits) for «circuits in an

8.3% methane—air atmosphere. The purpose
of the experimental work was to determine
the currents (or voltages) and their cor-
responding p; in the region where 1078
< p; < 1074, In order to determine such
low wvalues of p; with an acceptable
degree of uncertainty,the experiment was
designed such that the probability of
observing several ignitions must be rea-
sonably high and the probability of not
observing any ignitions must be very
small. For each experiment, the expected
number of ignitions was about 5. If no
ignitions occurred during an experiment,
then it could be concluded that a sta-
tistically wunusual event had occurred,

parentheses re-
of references

2Underlined numbers in
fer to items in the list
at the end of this reporte.

since the probability of not getting an
ignition was less than lZ%Z. A statistical
explanation of the experimental design is
presented in the section "Statistical
Design of the Experiment."

A review of the literature
the relationship between p;
(or voltage) 1is linear when plotted on
log-log coordinates over the range where
1074 < p; < 1073. Previous Bureau re-
search (2) investigated alternative test
gases and provided a small data base from
which to begin an examination of another

shows that
and current

method of applying safety factors, the
simple ignition probability model.
Although the earlier work was optimized

the mean value of spark-
the data also provided
simple pro-—

to establish
igniting currents,
information about the

some
bability of ignition. The total number
of ignitions (N;) divided by the total

number of sparks (Ng) gives the simple

probability of ignition (pj):
Pi =N|/N5. (l)

In work published by Matasovic (3), the

basis of a method for applying safety
factors 1is a circuit's probability of
ignition. Matasovic's work established

p; as a function of current for 10™% < p;

< 1073, Based on this easily obtained
estimate of p;, Matasovic extrapolated
the curve and estimated the current

a lower level of ig-
1g~=,

required to produce

nition probability, p; = This
extrapolation was done wusing the empi-
rically known slope of the pj-versus-—

current characteristic in log-log coordi-—
nates. To empirically obtain p; at 10-8
would require months, perhaps years of
testing. As shown in figure 1, the
pj—-versus—current relationship forms a
straight 1line in log—-log coordinates (a
fact subsequently verified by Bureau re-
search as valid for p; < 107%). The
equation representing such a relationship

is

(B1/Bp) = (I3/I)", (2)
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FIGURE 1.—General relationship between probability of
ignition and current when plotted on log-log coordinates.

where Py, P, = two levels of simple

ignition probability,
I,, I, = currents corresponding to

Py, Py, respectively,

and m = slope of a straight line
in logarithmic
coordinates.

Matasovic defines a circuit safety fac-

tor, k, as

k =Il/12’ (3)

where I, = current at which the simple

ignition probability, p;,

is 10-3,
and I, = current at which the simple

ignition probability, p;,

is 10-8,
Methane, propane, ethylene, and hydrogen
mixtures in air, listed in order of ex-—
plosive severity, were tested, and the
results are given in table 1 (3). Not

surprisingly, the safety factors obtained

TABLE 1. - Safety factor (k) for four
gases in three circuit elements

Inductive|Capacitive|Resistive
Methane...| 1.5455 2.7692 2.9481
Propane...| 1.3043 2.6667 2.3292
Ethylene..| 1.3580 2.4348 2.3133
Hydrogen..| 1.6556 2.6517 AJ 2.5814

are not constant nor are
Since Matasovic
two cur—
ignition
one would
same 1.5

by this method
they clustered near 1.5.
was dealing with the ratio of
rents and not the ratio of
energies as 1is U.S. practice,

not expect to arrive at the

safety factor. The results obtained in
this Bureau research project show that
the exponent, m, varies even for the same
circuit element in the same gas at dif-
ferent test currents. When using current
ratios, then, one would expect differ-
ences 1in safety factor to be a function
of current even in the same gas.

There were two major points to be re-
solved by this research project. First,
to determine safety factors using p;, it
must be assumed that the extrapolation to
a lower current is valid for p; < 10-4,
when evidence supporting this contention
is lacking because of the time needed to
produce such data with some degree of
statistical confidence. An examination
of the data presented (3) reveals that
there are no experimental data on current
versus simple probability of ignition for
p; < 4 x 1077 with which to verify the
assumption of linearity. Second, the
continuity of the 1gnition process for
10-8 < p; < 1074 has not been empirically
verified. Since the validity of a safety
factor based on the simple probability of
ignition model depends heavily on both
the above assumptions, a large data base
at low levels of probability is needed to
confirm them. Based on a limited amount
of information for 1074 < p; < 1073, the
project described in this report empiri-—-
cally extended the curves of log p; ver—
sus log current down to a level where the
probability of ignition is extremely
small, i.e., 107 < p; < 1073,



ACKNOWLEDGMENTS

The author wishes to thank Michael
DiMartino, electronics technician, and
Robert Kemp, physical science technician,
Pittsburgh Research Center, Bureau of
Mines, for their tireless efforts in com-
piling the ignition test data for this

Butani, mathematical
statistician, Twin Cities Research Cen-
ter, Bureau of Mines, for her suggestions
regarding computation of statistical con-—
fidence levels and sawmple sizes.

report, and Shail

STATISTICAL DESIGN OF EXPERIMENT

The purpose of this project was to run
a large number of electrical sparks and
count the number of 1ignitions that re-
sulted, thus yielding p;. The experiment
was designed to yield an expected number
of ignitions, ©, of five. Therefore,
when the required number of sparks was
run, five ignitions should have occurred,
subject to normal statistical variations.
The experiments were designed ¢to have

less than a 1% chance of randomly pro-
ducing no ignitions. Therefore, when no
ignitions occurred during n sparks, it

a statistical anomaly. The
following discussion first presents an
intuitive approach to determining the
random chance of not seeing an ignition
in n sparks for a circuit having p;
= 1076, followed by a more formal compu-—
tation of the sample size required to
produce a 98% confidence interval about
the p; statistic.

The process of

pointed to

gathering statistical
information on ignitions that have a low
probability of occurrence requires a
large number of sparks in order to ensure
a high degree of statistical confidence.
Gas ignitions can be considered binomial
events since only two outcomes are possi-
ble, i.e., 1ignition or nonignition. A
binomial event can be described by the
following equation:

P ~(2) pi¥ars

_ n! -X
T X! (n-X)! pi¥Xa"¥, (4)

P(X) = probability of observing
exactly X ignitions in n
sparks,

where

p; = probability of observing an
ignition during any given
spark,
and q = probability of not observ-

ing an ignition in any

given spark: therefore,

pi +q =1, or g =1 - p;
As n becomes large and p; approaches
zero, the Poisson approximation to the
binomial distribution becomes appro-—
priate. In the case considered here, pj
< 10”3 and n > 5,000 for all cases. The

Poisson distribution is given by

X x o0
P(X) = E’x—,e (5)

where © =n x p;y from the binomial dis-
tribution and is the expected
number of ignitions in n

sparks,
X = the exact number of ignitions,
and e = 2.718.

Consider a rare event whose p; is 10-6;
therefore, the probability of not observ-
ing an ignition, q, on a given spark is

q=1-p;
=1 - 1076 = 0.999999. (6)
Using equation 5, the ignition proba-
bilities shown in table 2 can be tabu-
lated for various wvalues of n, p;, 0, X,
and P(X). As shown in table 2, for pj

there is a
ignitious

= 1076, n = 106,
37% probability

and 6 = 1,
observing O



even though 1 million sparks occur. Fig-

TABLE 2. - Poisson ignition

ure 2 graphically shows the effect that probabilities
increasing 0 has on the shape of the dis-
tribution for wvalues of 0O from 1 to 5. Number of Probability of observing
Notice that for © =1, the most likely ignitions exactly X ignitions, P(X)
number of ignitions to be seen are 0 and (X) 4D (%)
l. As 0 increases (accomplished by run—= Ocscocsccoccos 0.3679 0.0067
ning more sparks for each test), the lassssssmsnnni .3679 .0337
likelihood of seeing O ignitions de-— Zoeie ommininiere vy .1839 .0842
creases and the distribution approaches 3eevccsesssces .0613 . 1404
normality, with 0 being the most likely s saswnnigeses .0153 .1755
number of ignitions to occur. When n is Desenssssssans .0031 «1755
increased te 5 x 109, 0 increases to 5. T . .0005 1462
Under these conditions, the probability Jeoeoosoesnces .0001 . 1044
of not observing an ignition is 0.0067. 8.csvscessnsns (3) .0653
Conversely, there 1is a 0.9933 chance of Deeesonssssene ) .0363
seeing one or more ignitions. The n x pj 10aeesessossss 3> .0181
= 0 = 5 condition, therefore, was used in Totalessooe 29994 9863
this series of experiments to produce an 'n = 10%, p; = 1076, p = I.
acceptably small probability of not see- 2n =5 x 1076, p; = 10-6, ¢ = 5.
ing one or more ignitions, which have a 30 to 4 decimal places.
Cl‘;' T I T | T I T [ 1
0
i 6-=1 _
e =
J N 6=2
ﬁ: n 4
-_j O Q 6=3
m “lu..k A 6::4’ ]
<
@ ’
O
m -
o X
0] \\\\\\
X

4

NUMBER OF IGNITIONS

FIGURE 2.—Shape of distribution of spark ignitions as 6 increases from 1 to 5.




high probability of
the experiment. Notice that this condi-
tion is dependent only on the number of
sparks, n, for a fixed p;. Any level of
ignition probability can be investigated
with similar statistical certainty pro-—
vided that n x p; = 0 = 5. For exam-
ple, to investigate that region where p;
= 1075 requires n = 1/p; = 10 sparks to
have a 0.0067 chance of seeing 0 igni-
tions. In summary, if n =5 x (1/p;),
then n x p; =0 =5, and the probability
of not observing a highly probable igni-
tion in n sparks (i.e., P(X = 0) when 0
=5) is 0.0067. A more formal computa-
tion of the sample size, n, required to
give a 98% confidence level, 1is given by

occurrence during

n = (22 x p; x q)/d?, (7)

where Z = value from a standard Z table
corresponding to the desired

level of confidence. For a
987% confidence level,
EXPERIMENTAL
All tests were conducted using an 8.37%
methane—air mixture. The gas mixing dia-
gram is shown 1n figure 3. Chemically
pure (99%+ purity) methane, oxygen, and
nitrogen were separately supplied to the

the output gas mixture was
accurate to within *0.37% absolute. Gas
mixture accuracy was regularly verified
by calibration ignitions per Underwriters

system, and

7 = 2.326,

and d amount of tolerable error.

An additional restriction on p; is that
p; *d must lie between O and l. For
example, if d is selected as 1076 with
p; = 1076, then the true value of p; lies
between 0 and 2 x 10°6., 1In this work, 1n
order to attain a 987 confidence that O
< p; € 2.0 x 107® when p;'s value was
assumed to be 10, the required sample
size is

n = [(2.326)2 x (10-%) x (0.999999)]
/ (1076)2 = 5,4 x 106, (8)

a number in reasonable agreement with the

® =5, or 5 million sparks determined
earlier, which was used to establish
points where p; = 1076,

APPARATUS

on—line infrared analysis, and off-line
chromatographic analysis.

The resistor circuits tested were sim—
ple series circuits. All resistors used
for test or for current limiting were
low—inductance film type. All inductors
used were air cored, and all capacitors
were aluminum electrolytics. Figure 4
shows the test setup. Each test was con-—

ducted as follows:

To
exhaust

A

Infrared
gas analyzer

Laboratories Standard 913 (UL 913) (ﬁ),
N>
Gas
o mixing Blended gas
system
Hydrocarbon y

+I4 E_T Breakflash

Flame
arrester

FIGURE 3.—Gas mixing system used in experiment.
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FIGURE 4.-Test setup showing gas mixing system, breakflash machines, and gas analyzer.

1. The initial values of p; versus
current for 10-4 < p; < 1073 were drawn
from information collected during previ-
ous safety factor work by performing a
linear regression analysis on the loga-
rithms of the original data. These pre-
liminary curves for resistor circuits are
shown in figure 5.

2. The original data
in the form

can be expressed

(P1/Py) = (I4/I )" (9)

as explained previously.

3. Each
lower currents
ate currents
were selected as
mine if the corresponding
ability levels could be
experiment.

curve was extrapolated to
using slope m. Appropri-
on the extrapolated curve
test points to deter-
expected prob-
verified by

4. If no ignition occurred in n = 5/p;
trials, it was considered a statistically
unusual event. The current corresponding
to this level of p; was considered to be
the threshold current below which igni-
tion will not occur.

EXPERIMENTAL RESULTS

RESISTOR CIRCUITS

resistors in
table 3.
figure 6.

The results obtained for
8.3% methane—air are shown 1in
The test circuit is shown in

The curves shown previously in figure 5
were determined by performing a linear
regression on the logarithmically trans-
formed current-versus—probability data,
then extrapolating them to the lowest



values of p; shown using the slope deter-
mined from the regression. Currents cor-
responding to the p; levels indicated by
the extrapolation were wused as test
points in this experiment to empirically
verify the 1level of p| corresponding to
that current. The empirically determined

2x1073 T T T T [

1073 |- 20Vdc

8 » . 30Vde ¢ -

= ) . /

Z 5 ]

o

S 50 Vdc |

.- é

|- 4| —

| o - 40 Vdc .

) C ]

<<

= [ i

O B .

02

o = 2
1075 L1l [

|00 1,000 5,000

CURRENT, mA

FIGURE 5.—Bureau estimates of spark ignition prob-
ability from previous safety experiments.

Test
resistor
AYAVAVAY,
Power Breakflash
Sifpwo machine
o

FIGURE 6.—Test circuit used to establish spark ignition
probability for resistors.

current 1is shown in figure 7
test voltages, 20, 30, 40, and
50 Vv dc. Since no ignitions were ob-—
tained for the lowest points on each
curve, the p; value corresponding to that
current was assumed rto fall on the ex-
trapolated curve. Because of the curve's
steep slope, 1little error results in
identifying the current below which no
ignitions occurred.

pj versus
for four

1073 T T T ]
20V dc
: -
1074 |- -
i 30V dc ]
5 | o
EE = i
Z. _
9 - ~
S
> 1021 —
- - ]
I 5 N
5 = -
< B i
oa)
®) - _
@
CL = =
1076 |- -
C KEY N
B A No ignition in ]
- 5% 10€ sparks -
E m No ignitionin 7
A 5x10° sparks A
e Experimentally
i determined proba- ﬂ
bility of ignition
o7 Lol L1
100 1,LO0OO 5,000

CURRENT, mA

FIGURE 7.-Probability of spark ignition for resistor test
circuits versus current in 8.3% methane-air atmospheres.
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TABLE 3. — Current (I) versus probability of ignition

(p;) for resistor circuits

Probability
of ignition

Current, mA

At 20 V dc:
T 5.4 x 104
3, 37T ssnssrevussscsnsensss Sl x 10-%
3,21600ececcecenccnneancens 5.2 x 10-4
3,063 cceecescacccsceccane 3.7 x 10-4
2,917 ssussenvsunsanssssnss 9.3 x 10~°
2,540 s sssessssiosnssunane Hel x 10~
2,40000ecececsccsscsensess 8.0 x 10°6
2.1 90 essumunsansspnsnnnns 2e8 x LOTE
R, 000sssnssenwisss sansnsen 10 x LO~B

At 30 V dc:
B5]eeececcccocococcnnacens 1.3 x 10-3
810eeeeecoenoososennncccns 3.6 x 10-4
TT% svsssnis susnhisiovasss 6.8 x 10-4
735 sssinmesisisvoisinssiine 1.2 x 10-4
585 eeesccecccasscencennes 8.0 x 10°°
555 e eeeecocscssscacnccnnes 3.0 x 10-5
5006 s5sss0ssasnssassessans 1.5 x 1073
450eeeeeseccccacscansannns 1.0 x 10-5
400ceeveccccccccsssccannns 6.1 x 10~7
350k s susnesnasssssseasvss 1le? x 1027

At 40 V dc:
452 eeeeccscscnccnseannees 9.0 x 10-4
4306 e scuionosnmis wwss e eissss 4,1 x 10-4

TEstimated.

At 20 V dc, dignition could not be
achieved at a current of 2,000 mA and,
thus, p; is estimated to be 1076. At 50
V dec, ignition could not be achieved
below 175 mA, corresponding to an esti-
mated p; of 1073, This result was some-
what surprising but was verified by
retesting. At p; = 1073, the required
number of tests is only 500,000 to satis-
fy the n = 5/p; condition and produce
98% confidence in the measurement. For
the curves representing 40 and 30 V dc,
the threshold probabilities of ignition
were estimated to be 3.0 x 10-7 and 1.7
x 107, corresponding to currents of
150 mA and 350 wmA, respectively. Unfor-
tunately, because of the 1low probabil-
ities of these points, their statistical
confidence levels are low when n =5
x 106. Using the relationship shown in
equation 7, the confidence level for
the 40-V-dc threshold of ignition is

Probability

Current, mA of ignition

At 40 V dc——Continued

4106 ssvavsnnnwossvsanmssans Be2 x 104
380 sersi51608 S aT108.5 358 00l e & w18 2.7 x 1074
%7 i IR 1.3 x 10~4
B s o 5 500 A ) 2.2 x 10-4
290 ssnsvsvasessisasssasss Bsl % 1078
LT Oneih ¢ 5 FERN 6558 L 1EF & Eu s 2.0 x 10-5
205 puied 2bitnesxe srmnamms 5.0 x 10-6
2250 e eenecacacesccaneaanes 5.4 x 1076
2055 50055 v w56 58 wE &5 5w w0 1.7 x 10-6
LIS ss00s 26 253000 bx krwams 1.6 x 10-6
150ceceeecccosocososssoceas 13,0 x 107
At 50 V dc:
30bssssmuwvssossnisnssseve G:3 x 1079
80y 55 eonsannssbassisaens Bel x 108
DF6%an whvasve semnpensnswams 3.5 x 10-4
246 3w 0w 0w 6 0 e 6 3.9 x 10-¢
D50 % s e 508 5 8§ B 3.1 x 1074
238 cecececccnnnsacsonnnns 5.2 x 10-4
226 eeceesccsccnsscnsanann 1.0 x 10-4
P10 s 10 6 v w0585 5 050 8 6@ T bl 1.0 x 10-4
186.ssiissasssssssobsssmes 2u0 x 10-9
1750 ssnsasnessessecensnsnees Vlel x 10=2

32%. Similarly, for 30 V dc, the confi-
dence level is 41%. To raise the confi-
dence level of each measurement to 98%
would require 162 million and 92 mil-
lion sparks, respectively, in order to
fix each point to within *1 x 1077,
This level of accuracy demanded time re-—
sources beyond those available for the
project.

Figure 8 shows data from figure 7 re-—
drawn to present the simple probability
of ignition parametrically. Curves such
as this are of more practical use to the
circuit designer since they are 1in the

same form as the standard curves shown in
UL 913 (ﬁ).

INDUCTOR CIRCUITS
The inductor test circuit is shown

in figure 9. The results obtained for
inductors 1in 8.3% methane—-air are shown
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FIGURE 8.-Current versus voltage for resistor test
circuits showing probability of ignition (p;) as a parameter.

in table 4 and graphically in figure 10.
For inductor wvalues of 600, 100, and
10 mH, the ignition mechanism ceases for
106 < p; < 1072, Statistical confidence
in these points is better than 98%. For
the 1-mH data, the confidence 1level is
approximately 327, owing to the presence
of ignitions at p; < 1076,
Most intrinsic-safety
test engineers have had,
time, great difficulty in obtaining in-
ductive calibration ignitions for cad-
mium electrodes 1in methane as described
in UL 913 (4). In earlier editions of

UL 913, and in UL 1604 (5), there was a

researchers and
from time to

Current-  Test
limiting resistor inductor
—V\VVV HOT

Power Breakflash
Si?NYv machine
c

FIGURE 9.-Test circuit used to establish spark ignition
probability for inductors.

TABLE 4. - Current (I).versus proba-
bility of ignition (p;) for inductor
circuits at 24 V dc

Probabilitx
Current, mA of ignition

600 mH:
A cunussnvunssnnuumnunsnss 2:0 x 1074
blesssincsvsvansisnveassss 2.3 x 10~4
;| PR, 9.1 x 10-6
35eeeecesessessescssonsees 1.3 x 1076

100 mH:
122¢eecoecononososecnnnnas 1.2 x 1073
L116eeeceeoeoooonconcesnses 7.8 x 10-4
110 eeeeeceeeanarannccsans 3.1 x 10-4
105s svssvonasssssinsesesss 1.3 x 10-4
90 eecoevasesnssssenssees 14,0 x 1076

10 mH:
3255 vuvsnnnsonvissanwusss D % 1O-3
309:sssevssnnssnssnusnesans  Sal ¥ 1O~
2700 ceecncesceseccnoannnes 1.5 x 10-2
260ceeccecscscccosscceaees 40 x 1072
23ssnonsvanssvesnsnssonss 120 % 10-6

1 mH:

LI Zsamunnunnns ansnsnnann Golk % 103
L, I58ssesensnnassenswnsnns Oul x 108
LyL150ssssensennsssssssenss Lol x 109
9204 ceeeecsrenscnscasess 8.0 x 10-6
BOfsanansesnsumnusesssms Sul % 1076
Ph0uusnsvunnans swusennas Bed 9 107
7000 eeeeeeenceencsnnnens 2.0 x 1077
615 sssomannsssnninsnsnn Tl m 1097

'Estimated
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FIGURE 10.—Probability of spark ignition for inductor test
circuits versus current in 8.3% methane-air atmospheres.

provision for a methane-only calibration
current that was eliminated in UL 913,
third edition. This methane-only cali-
bration used an 8.3%0.37% by volume in air
test mixture and allowed for a 110-mA
test current using a 95-mH air-cored in-
ductor. Since no special provisions are
now made for methane-only calibrations,
the required calibration current for
methane—-only approvals in the third edi-
tion of UL 913 is 100 mA, the same as for
a group D (propane) approval. Although
no data were obtained specifically for 95
mH, the 100-mH curve from figure 10 is
sufficient to explain why calibration
ignitions are difficult to obtain in

I

methane using 100 mA and 95 mH. The p,
corresponding to 100mH at 100 mA is 5
x 1072, and the corresponding value for q
is 0.99995. If a standard calibraticn
test of 400 revolutions is conducted,
with 4 spaitks per revolution, 1,600
sparks will result. Therefore,
q'600 = 0,923, (10)
giving a 0.923 chance of no ignition
occurring during a standard calibration
test. Fortunately, in practice, more
than 1,600 sparks are generated during a
test, owing to the grooves in the disk
and to random sparking while ¢the two
electrodes are in contact, thus lowering
the chance of no ignition. When a cali-
bration current of 110 mA 1is used, the
corresponding p; is 3.1 x 10°% and the
corresponding value of q is 0.99969.
During a standard calibration test
q1600 = 0.609, (11)
which significantly lowers the chance of
no calibration ignition. Using the above
values for q, 3,466 breakflash revolu-
tions are required to be 507% certain that
an inductive calibration ignition will
occur when using 100 mA, and 559 revolu-
tions are required when using 110 mA.
The author believes that the 110-mA pro-
vision for methane-only calibration cur-
rents should be restored to UL 913 or its
eventual successor document ANSI/UL 4913,
Figure 11 shows data from figure 10
redrawn with p; as a parameter, to empha-
size the probabilistic naturs of spark
ignition and as an aid for the circuit
designer.

CAPACITOR CIRCUITS

When examining capacitor
must consider the characteristics of the
test circuit, shown in figure 12, to be
sure that the energy contribution from
the power supply during the capacitor
discharge time through the breakflash
machine does not have a significant
effect on the vresults- The measured
characteristics of each test circuit are

circuits, one
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FIGURE 11.-Inductance versus current for inductor test
circuits showing probability of ignition (p;) as a parameter.

Charging
resistor
——V\A\VN—
R
Power Breakflash
supply, machine ;
dc Test _J_ Td
capacitor T

FIGURE 12.-Test circuit used to establish spark ignition
probability for capacitors

The charging resistor,
R, , was selected in each case to provide
a 100-ms charging time constant, but the
discharge path was through the breakflash
contacts, whose dc resistance was 0.1 Q.
In practice the discharge resistance, ry,
proved to be dependent on breakflash con-
level of

shown in table 5.

tact resistance and on the
instantaneous current being discharged.
Although the measured discharge times
vary somewhat from the time give Ly

tg =rq x C=0.1 x CpF (s), (12)
where tg4 = circuit discharge time

through the breakflash
contacte, s,

= nominal brees¥flash ccntact
resisiance, Q,

and 4

the measured and calculated discharge
times are in <reasonable agreement. The
capacitors were charged for approximately
five time constants before being dis-
charged through the breakflash contacts.
This was accomplished by using only one
tungsten electrode instead of the normal
four electrodes and running the break-
flash machine slower than 80 rpm. Con-
sequently, it took much longer to gener-
ate capacitor circuit data than resistor
or inductor circuit data.

TABLE 5. — Capacitor test circuit
characteristics
Mallory Sprague
TC56 |TC50100| TE1407|TE1211
Capacitance
pFeo] '1.2]21,330 [310.3 | 4106
Charging
recistor
(RL)eeo.kR..| 87.0| 0.075 10.0 1.0
Charging time
constant
Ses|0.104| 0.100 (0,103 |0.106
Discharge
time (tq)?
us-.] 0.7] 500 | 3.5 | 200
Tat 250 V dc. 4At 10 V dc.
2At 50 V dec. SMeasured from test
3At 100 V dec. circuits.



The energy contribution from the power
supply (E) during the discharge time (ty)
can be estimated by assuming a rectangu-
lar discharge pulse at the mean ignition
voltage (2) for the duration of the dis-
charge as

E = Pty = V2t4/R,, (13)

where P = total power contribution from
power supply, W,

I

\Y mean ignition voltage, V dc,

and R current-limiting resistance

value (from table 5), kQ.

This relation yields the results shown
in table 6. 1In all cases, the energy
contributed to the spark in the break-
flash by the power supply, (V2ty)/R_,
during the capacitor discharge period is
less than 1% of the mean stored energy in
the capacitor required for ignition (1/2
CVZ), On the basis of the foregoing dis-
cussion, the energy contribution from the
power supply is neglected in the capaci-
tor data presented in this report.

The experimental results for capaci-
tors, shown in figure 13 and table 7,
show increasing wvariability in the data
as capacitor size decreases. This 1is
consistent with the results obtained
for both resistors and inductors. The
threshold of ignition occurs for 1077
< pp < 1076, For capacitors greater than
100 pF, the voltage values obtained for

TABLE 6., — Ignition energy contri-
bution from power supply (VZ2t4/R)
versus 1/2 CV2 (for methane)

Capacitance..pF..| 1.2 | 10.3 106 | 1,330
Voltage.eo.V dce.| 124 | 36.8 | 19.9 12-9
Discharge time
(Eglanseswssii®es | D7 | 35| 200 500
Charging resis-—
tor (R )eeooskQoo|87.0 10 1] 0.075
Energy (VZ2tg4
/R ) eoeseeesbdes [12.4 47 79| 1,100
Energy (1/2
V2 pumsvavamds | 9e2 | 7.2 21 111
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p; = 4 x 1074  (approximately the 50th
percentile of ignition for a 400-rota-
tion, 80-rpm test per UL 913) agree well
with data published in UL 913 (4, "C + O
Q (Cd)" curve). For capacitors less than
100 yF, however, the UL 913 wvalues are

TABLE 7. - Voltage (V) versus proba-
bility of ignition (p;) for capacitor

circuits
Probabilitz
Voltage, V dc of ignition
1,330 yF:
1 F ey wnannswssesnsnpneies 2sd X LO*3
135 Vs cene srisrss se@isiarsds s @ae 6.7 x 10~7
19.hssenssnsansnnessansses 2ol x 1073
18 Dins & b a5 senpsiassnen 2o x LG=6
1L Sunsnneennssusnenessass 130 2 16%7
107 pF:
lollasnsisssssisspununenne Sud x 103
F0udis s ntpwansbianesssnsans  Tul x 10%%
195 s sasawnsensnwenssassss I3 ¥ L1053
18¢5cecescncassscsansssses 3ol x 1074
18Bus wnpwesasssdessgsrsmn  Svd x JO-*
170 nseemeunaassxnnsnssns Ix3 st 10%2
180 snses noewisssuansssree 15,0 % L0~7
10 pF:
b2 wnnanesnnannnesnsesinss 05 x 1074
3G eencsnnsnnessnessnassss Js8 % 10°%
38evevessnesssncnsncecnses 029 x 1074
Bl e mmn s mames s BEE TSNS l.1 x 10~%
K 1 TP g s, 5.5 % 10+4
35 ceecoasacenssssssannana 2.9 x 10-3
3heeeoeeessasssassscsseses 3.3 x 1078
53essennnsmananssssssvssess Ge3 x 107%
3leeeoesesesnssesascsanses 8.8 x 1073
30t eeeesncocssansssssssses 2.0 x 1075
DB e v ommnw o B R EEE 1.8 x 10-2
2B senssanmansanesonsnssie Jeb x 1076
DO g o aaiaivnione o8 5@R a0 o m 6 e 5.0 x 10-7
1 pF:
149 s avsnannsnnannmsnsnsie Felk x 104
18 smusvsmasnanisbtiennae 1.5 x 10-3
Ve nssansssigivavnsnusasn Lug X 1G-%
122G 01010010 0 mie st 88 6 6186 GES 680 1.1 x 1073
1730 vananamansnsanonssussss Dol x 1O
117 cecccocasnsnnsesoanases hub x 10°%
LA 2 000, ar w0 imre: o o8 5 1 6 95 5586 6 2.8 x 10-4
110eoeesoeccssasssnssnsnns 1.2 x 10-4
1060 ccecossssscessnssnsees 2.6 x 1074
L0, e s neitirisspssnsnnsns 3 x 106
G5 cmnsenemanssssansuzsns 2e3 % 106
190 s wwms 5 w5 w0l B EERE S b 1.0 x 10-6

lEstimated

considerably 1less than those measured
here. For example, for 1 uF, p; = 4
x 10~% corresponds to 130 V dc, while the
value published in UL 913 is approximate-—
ly 80 V dc. 1In general, for capacitors
greater than 100 pF, the experimental re-
sults obtained are more conservative than

those in UL 913, while for capacitors
less than 100 pyF, the UL curves are more
conservative. Figure 14 shows the data

from figure 13 presented with p; as a

parameter.
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FIGURE 14.—Capacitance versus voltage for capacitor test
circuits showing probability of ignition (p;) as a parameter.
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CONCLUSIONS

The probability of dignition and its
corresponding currents have been esti-
mated for resistor, inductor, and capaci-
tor circuits in 8.3%0.3%7 methane-air
atmospheres. The circuit values used in
this determination represent the range of
values most likely to be encountered when
designing portable, battery—-powered de-
vices and fixed-point monitoring equip-

ment for gassy, underground mines- for
resistors, 20 to 50 V dc; for inductors,
1 to 1,000 mH; and for capacitors, 1 to

1,330 yF. The p; data are valuable for
relating the conditions under which
equipment 1is tested to the real-world
conditions in which the equipment will

operate, i.e., that p; indicates the true

"safety factor."
This project

has shown that the spark

< 1074, a fact
certain. A
exists between p;
validating equation
p; given the current.

For 10-7 < p; <«
"threshold" has been identified below
which spark ignitions do not occur, even
though the experimental design limits the
probability of ignitions not occurring to
less than 1%Z. For each type of circuit,
the spark ignition phenomena stopped be-
low some level of current or voltage.
This point was estimated by extrapolating
the experimental data. Operation of cir-
cuits below this 1ignition threshold may
imply an infinite safety factor.

not previously known for
straight-line relationship
and current or voltage
2 as a predictor of

10-%, however, a

ignition phenomenon is continuous for p)
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