RIo9114

Bureau of Mines Report of Investigations/1987

Probability of Resistive Spark Ignition
Caused by Very Low Currents

By James C. Cawley

MSHA LIBRARY
P. 0. BE% 5 60225

nr

1915,

1 IRK
L.
~ M\

1

UNITED STATES DEPARTMENT OF THE INTERIOR




Report of Investigations 9114

Probability of Resistive Spark Ignition
Caused by Very Low Currents

By James C. Cawley

UNITED STATES DEPARTMENT OF THE INTERIOR
Donald Paul Hodel, Secretary

BUREAU OF MINES
David S. Brown, Acting Director



Library of Congress Cataloging in Publication Data:

Cawley, James C.
Probability of resistive spark ignition caused by very low currents.

(Report of investigations ; 9114)

Bibliography: p. 11

Supt. of Does. no.: I 28.23: 9114.

1. Mine gases—Safety measures. 2. Mining machinery — Electric equipment—Safety

measures. 1. Title. II. Series: Report of investigations (United States. Bureau of Mines) ;
9114.

TN23.U43 [TN305] 622 s [622'.8] 87-600103




CONTENTS

o
)
E

ADStracCtecscocscoscsscsscscssocsccosssssssscsscscossscsscssscssossosssssscssossscsssssscss
Introductionecececocsscsscscscssoesssscoossscsconsscscssossscsssscsssosscscssssssscss
AcknowledgmentSeceeecosccsscsscososccsssacssssssoscsssoscssossscscsscssssosscsosscscsssssss
Experimental procedurecccccccccccccosccccoscscscsccososcocscssosscsscsocccssscsssssssnss
Statistical design of the experimentecceccceccesccccccscsoscscscccoscscsosssnncs
Experimental apparatuUScecsccccccscccscscoscsccsccsosscsosssssssssossscssssssosssssssss

ReSultB----..----o..........-.--..-..............................o......-......

Conclusions and recommendaAtionS. ciisiec.o oo viaiss oo sesssesiessessseioessssssisssesos

——00 O SN

[ep—

References--.o--o..-.............-.............................-.---.--...-..-o

ILLUSTRATIONS

1. Block diagram of the gas mixing system uSe€dececceccccccscccccccoscssocccscns
2. Schematic diagram of the gas circuitecececcccccceccccccoscsccccscccscccscnes
3. Test circuit schematic diagrameecccececccecccoscccccscsccsccoossscssccssssscccns
4o Test apparatUBesccccsccssecccscoscsssscsscsccscsssscsesssssssssscsosssssncssss
5. Estimated probability of resistive spark ignition versus currentececececccss
6. Estimated probability of resistive spark ignition versus empirically

ONNOO

determined cUrrenteccsccccccscccccscscosscsssssscscsssssssssosssssssoscssssss 9
7. Comparison of UL resistive spark ignition data and estimated ignition

threshold CUrrentSecccscsscosecsssssssosssssssssssssosssssessoeessessssssss 9
8. Ignition current versus voltage for various estimated probabilities of

1gnitioneececeeecececscsecsocsoossososcsoscscsoscssoccsscsoscssosscsscssosssocssosocss 10

9. Comparison of the UL resistive spark ignition data versus the estimated
probability of ignition.....l....I...........l....'.........I.......l..... 10

TABLES
1. Safety factor (k) for various gaseS.cecececccccosscccosccssosecccosssscossssns

2. Poisson ignition probabilitieSccccecccccccccsccccscccsccccscsccsscssnsccnne
3. Current versus probability of ignitioneecececececeeeccosccccscccscesccccccns

W& Ww



mA

UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT
ampere rpm revolution per minute

milliampere V dec volt, direct current




PROBABILITY OF RESISTIVE SPARK IGNITION
CAUSED BY VERY LOW CURRENTS

By James C. Cawley'

ABSTRACT

The Bureau of Mines has empirically determined ignition probability
versus current for resistive circuits in an 8.3% methane-air atmosphere.
Simple ignition probability, defined as the number of ignitions divided
by the total number of sparks, was determined, and the corresponding
currents were recorded. The experiment was designed to minimize the
probability of not observing an ignition that should occur during a
series of tests.

For resistive circuits in 8.37% methane—air mixtures, the experimental
results indicate that ignition was not achieved below 2,000 mA at 20
V dc, 350 mA at 30 V dc, 150 mA at 40 V dc, and 175 mA at 50 V dc. The
simple probability of ignition corresponding to these currents is esti-
mated to be, respectively, 1.0 x 1076, 1.7 x 10~7, 3.0 x 107, and 1.0
x 1073, The ignition mechanism seems to break down below this point,
implying that a threshold current value exists below which spark igni-
tion does not occur.

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



INTRODUCTION

The Bureau of Mines began to investi-

gate the subject of safety factors, as
applied to intrinsic safety testing, in
1984. Subsequent research (l)z indicated

that using test gases that are more easi-
ly ignited than methane, such as propane
and ethylene, in lieu of applying a 1.5
safety factor on electrical energy at the
point of test, is not a satisfactory
method by which to achieve a safety fac-
tor. In order to estimate the safety
factors obtained by using more easily
ignited test gases, spark ignition curves
were experimentally established that were
based on mean igniting currents (or volt-
ages) for resistive, inductive, and ca-

pacitive circuits in methane-, propane-,
and ethylene-air atmospheres. Each
point on the curve was determined on the

basis of 100 trials. Each trial was con-
ducted for 400 revolutions at 80 rpm of
the International Electrotechnical Com-
mission (IEC) breakflash apparatus (as
described in IEC Standard 79-3) (2), or
until an ignition occurred. The statis-—
tical basis for the curves published in
Underwriters' Laboratories (UL) Standard

913 (3) was shown to correspond to, in
general, the mean value of the ignition
variable.

The safety factor was then defined as

the ratio of the mean ignition energy in
methane to the mean ignition energy in
the substitute test gas. The safety fac-
tor provided by testing in a gas more
explosive than methane was not constant
with voltage or current. For example,
the safety factor achieved by testing in
propane rather than methane for a resis-
tive circuit increased from 1.19 to 1.5l
between 20 V dc¢ and 50 V de, while the
safety factor for methane-ethylene de-
creased from 2.65 to 1.79 over the same
range. The safety factors obtained for
inductive and capacitive circuits showed
similar trends. Alternate test gases do
not provide a safety factor that is con-
stant over a range of current or voltage,
even for simple resistor, inductor, or
capacitor circuit models. Applying

2Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

safety factors by substituting a more
easily ignited test gas for methane is
not a straightforward procedure and is
not recommended.

The program that investigated alterna-
tive test gases provided a small data
base from which to begin an examination
of another commonly used method of apply-
ing safety factors, the simple ignition
probability model. This method 1is used
in the U.S.S.R., Poland, Yugoslavia, and
other Eastern European nations. Although
the earlier work was optimized to estab-
lish the mean value of spark igniting
currents, the data also provided some
information about the simple probability
of ignition. The total number of igni-
tions (N;) divided by the total number of
sparks (Ng) gives the simple probability
of ignition (pjy):

Pi =Nl/Ns' (1)
Throughout this report, the term '"mean
igniting current" (voltage) refers to a

current (voltage) that causes spark ig-
nition in half (i.e., 50th percentile) of

the 400-revolution, 80-rpm tests as de-
scribed in UL 913. The term 'simple
probability of ignition"  denotes the

probability of
given spark.
value of simple

spark ignition on any
Therefore, there exists a
ignition probability
that corresponds to the mean value of
ignition current (voltage) obtained in
previous experimental work. The value of
p; that corresponds to the mean value of

spark-igniting current obtained when
testing resistive circuits in 8.3%
methane—air 1is approximately &4 x 1074,
Thus, for a standard intrinsic safety
test of up to 400 revolutions at 80 rpm,
ignition will occur in half of the tests
when p; = 4 x 1074,

Matasovic (4) showed that log proba-

bility of ignition versus log current (or
voltage) is a straight line with a con-
stant slope that is independent of the
test gas and the value of the circuit
parameters. His experiments showed that
at p; = 1073, 20,000 sparks was suf-

ficient for his probability data to



their final value.
factor, k, as

He defines the safety

k = I(p; = 1073)/I(p; = 1078) (2)

where

I(p; = 1073) = current at which the sim—
ple ignition probability,
pi, is 1073,

and

I(p;j = 1078) = current at which the sim—

ple ignition probability,
pi, is 1078,

Matasovic shows that k depends
whether the circuit element is
tor, 1inducter, or capacitor. Tests in
methane, propane, ethylene, and hydrogen
mixtures in air gave the results shown in
table 1.

Interestingly, the safety
achieved by this method are not constant
nor are they clustered around 1l.5. For
inductive circuits, Matasovic finds
safety factors from 1.30 to 1.65 depend-
ing on the test gas. Resistive and
capacitive safety factors range from 2.31
and 2.43 to 2.95 and 2.77, respectively.

To establish a circuit's safety factor
using the simple probability of ignition
model, Matasovic tested the circuit at a
current (or voltage for capacitor cir-
cuits) that provided an ignition prob-
ability, pj, of roughly 1 x 1073, This
point is relatively easy to establish in
a conventional breakflash machine (2)

solely on
a resis-—

factors

TABLE 1. - Safety factor (k) for
various gases

Gas Inductive | Capacitive | Resistive
circuit circuit circuit
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 2.5814
Source: Matasovic, M. Research Into

the Probability of Ignition in Intrin-
sically Safe Circuits. S-Comm. Bull.
6(1977)12,  Zagreb, Yugoslavia, 1977,

p. 72.

with routine testing. The current at
which p; = 1078 was then extrapolated,
using the empirically known slope of the
log ignition probability versus log cur-
rent curve. The ratio of the two cur-
rents was then arbitrarily designated as
the safety factor for the circuit under
test. The safety factors determined by
such a method may be considerably dif-
ferent from those arising from the U.S.
practice of applying a 1.5 multiplier to
energy at the point of test, as can be
seen in table 1. Estimation of the sim-
ple probability of ignition at a known
current allows the entire hazard abate-
ment process to be viewed statistically
and allows the assignment of a definite
probability of ignition to the current
under examination and to the hazardous
environment, if other hazards (5) can
also be estimated. This allows calcula-
tion of the expected number of ignitions
in the workplace per unit of time, a de-
sirable quantity for hazard estimation.

There are, however, two major drawbacks
to the present application of the simple
ignition probability model. First, the
model assumes that the extrapolation to a
lower current is valid to p; = 10'8, when
evidence supporting this contention is
lacking owing to the time needed to pro-
duce such data with some degree of sta-
tistical confidence. An examination of
the data presented (2) reveals that there
are no experimental data on current ver-—
sus simple probability of ignition below
about p; = 4 x 107% with which to verify
the assumption of linearity. Second, the
continuity of the ignition process at low
values of ignition probability has not
been empirically verified. Since the
validity of a safety factor based on the
simple probability of ignition model de-
pends heavily on both the above assump-
tions, a large data base at low levels of
probability is needed to confirm them.
Based on a limited amount of information
between p; = 10-3 and p;y = 10-%, 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., 1077 < p; < 1073,
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EXPERIMENTAL PROCEDURE
STATISTICAL DESIGN OF THE EXPERIMENT

The process of gathering statistical information on events that have a 1low proba-
bility of occurrence requires a large number of trials in order to ensure a high de-
gree of statistical confidence. Gas ignitions can be considered binomial events
since only two outcomes are possible, i.e., 1ignition or nonignition. A binomial
event can be described by the following equation:

PX = (%) pX q"%, (3)
where P(X) = probability of observing X outcomes in n trials,
p = probability of observing a '"successful" outcome in any given trial,
and q = probability of not observing a "successful" outcome in any given trial,

q=1=-p.

As n approaches infinity and p approaches zero, the Poisson approximation to the bi-
nomial distribution becomes appropriate. In the case considered here, p < 103 and
n > 5,000 for all cases. The Poisson distribution is given by

X a=A
p(X) = 2555 (4)

where A = n*p from the binomial distribution and is the expected number of igni-
tions in n trials,

X

number of favorable outcomes,

and e base of the system of natural logarithms.

Consider a rare event whose probability of ignition, p;, is given by

p; = 10°6. (5)
Conversely, the probability of not observing an ignition, p,, on a given trial is
Pn=1-p; =1-10"6=0.999999. (6)

Using the Poisson distribution, ignition probabilities can be tabulated for the val-
ues of n, pj, A, X and P(X) as shown in tables 2 and 3.

TABLE 2. - Poisson ignition probabilities

Favorable n =105 n=5 x 106, Favorable n =106 n=25x 10,
outcomes (X) Pi = 10-6, P = 10-6 outcomes (X) Pi = 1076, | p; = 10-6
A =1 A =5 =1 A =5
Ovevenconconns 0.3679 0. 0067 Beveeconnnnnos &) 0. 1462
.3679 .0337 Teoeeeonnonnas (1) .1044
2eeeencancanes .1839 . 0842 By s ui sossnes M .0653
. T .0613 . 1404 B e s £'3 .0363
B s b .0153 .1755 i ) .0181
. .0031 .1755 Total.... . 9994 .9863

1Approximately Zeroe.



TABLE 3. - Current versus probability of ignition

Current (I), Probability Current (1), Probability
mA of ignition (p;) mA of ignition (p;)
At 20 V dec: At 40 V dc:
B 548 cxsnsnwnusniens 5.4 x 10-4 B s i e vhsrni i B A 9.0 x 10-4
B 070 o n k pibw R ERN B 8.9 x 10-4 430eccecccenccsnennns 4.1 x 10-4
B BV piin wiiws innis b 5.2 = 10=% WA v woniivinn BwE e & 8.2 x 10-4
3,08 casnnwannassnss 3.7 x 10-4 B390issuswsssnsinnssss 2.7 x 10-4
I § | SR 9.3 x 10-5 c 3 [P, 1.3 x 10-4
2. 580, s enswesenansins 4,0 x 10-5 ;) | RN 2.2 x 10-4
2 B0 o > 8.0 x 10=~8 D0 0 e o 6 R 8.0 x 10-3
I E. P ERR— 2.0 x 10-6 i TSN 2.0 x 10-5
2, 000655 s seenasnsnnn 1.0 x 10-6 Wh0ssnsvrsassssnsasss 5.0 x 10-6
At 30 V dec: 22 0es sann BRie s LA EEED 5.4 x 10-6
Bl s esanpunssrsinan 1.3 x 10-3 DB o i oo i B 1.7 x 10-6
i T 3.6 x 10-4 i A T 1.6 x 10-6
y it 1 TR I 6.8 x 10-4 D50 von s e e 3.0 x 10”7
 §: . PP 1.2 x 10-4 At 50 V dec:
L L R 8.0 x 10-3 M08 - o0iiion RS N 4.3 x 10-4
L P 3.0 x 10-° BB 5wy o o A P 6.4 x 10~4
SO0, v e memem s B E 1.5 x 10-3 B i e i by e 5 3.5 x 10-4
BB ocw v wmismien s RS COHE 1.0 x 10-3 i o T 3.9 x 10-4
S0k s sruansnsapshbs 6.1 x 107 Z50: 3555 usasdenssO8s 3.1 x 10°4
-, ) (S PPN 1.7 x 1077 - 3 |- (e 5.2 x 10~4
- S 1.0 x 10-4
R i i e R 1.0 x 10-4
e Estimated. 1865 w5 9w 6 viass s w6 mies 2.0 x 10~

As shown in table 2, for A =1, there is a 36% probability of not observing an ig-
nition even though 1 million spark events occur. When n is increased to 5 x 109,
A increases to 5, as shown in table 3. Under these conditions, the probability of
not observing an ignition that has a probability of occurrence of 1076 is 0.0067.
The A = 5 condition, therefore, was used in this series of experiments to produce an
acceptably small probability of not seeing an ignition that should have occurred dur-
ing the experiment. Notice that this condition is dependent only on ). Any level of
ignition probability can be investigated with similar statistical certainty provided
that the product of n and p = 5. In other words, if n =5 x (1/p;), then n x p; =
A =5, and the probability of not observing an ignition in n trials, i.e., P(X =0)
when A = 5, is 0.0067. The sample size, S, required to give a 987 confidence level
can be computed as follows:

S = (22 x p; x q)/d2, (7)
where Z = the value from a standard Z table corresponding to the desired level of
confidence (for a 98% confidence level Z = 2,326),
and d = amount of tolerable error.

If d is selected as 0.001 with p; = 0.001, then the true value of p; is between 0.000
and 0.002. Also, p; +d < 1.000 and p; =-d » 0. In this work, in order to be 98%
confident that 0.000000 < p; < 0.000002 when its value was assumed to be 0.000001,
the required sample size is S = [(2.326)2 x (0.000001) x (0.999999)1/(0.000001)?
= 5.4 x 106, a number in reasonable agreement with the A = 5, or 5 million sparks
that were run to establish points where p; = 1076,



EXPERIMENTAL APPARATUS

The experimental procedure used to es-—
timate the statistical properties of the
spark ignition curves was in accordance
with the procedures in UL Standard 9133
except that the tests were continuous in

duration. All tests were conducted using
an 8.37% methane-air mixture as shown in
figures 1 and 2. Chemically pure (99%+
purity) methane, oxygen, and nitrogen
were separately supplies to the system,
and the output gas mixture was controlled
to with #0.3%. Gas mixture accuracy was
regularly verified by calibration 1ig-

3Work cited in footnote 4.

nitions according to UL Standard 913,

N2 F—
Valve
FC
. O2 o M ] p Blended
B r gas
—
FG
Hyd
. y rocorborlr?_L ] 4

KEY

FM Flowmeter
FG Flow controller
M Motorized valve

FIGURE 1.—Block diagram

——> Gas circuit
— Electrical circuit

of the gas mixing system used.

To
exhaust

Infrared
gas analyzer

N2

Gas
Op— | mixing | Blended gas
Hydrocarbon —— system

1 |} Breakflash

Flame
arrestor

FIGURE 2.—Schematic diagram of the gas circuit.



Riest
AVAVAY,
de IEC
power breakflash
supply machine

FIGURE 3.—Test circuit schematic diagram.

FIGURE 4.—Test apparatus.



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

The electrical circuit under test con-—
sisted of a simple series circuit con-
taining a power supply, a carbon—film
(low—inductance) power resistor, an IEC
breakflash, and associated test 1leads.
Figure 3 is a circuit schematic, and fig-
ure 4 shows the test setup. Each test

was conducted as follows:

l. The initial simple ignition prob-
ability versus current curves were drawn
from information collected during pre-
vious safety factor work by performing a
linear regression analysis on the
logarithms of the original data. These
preliminary curves are shown in figure 5.

2. The original data can be expressed
in the form

Py /7 LiIN\"
P2 (12 8)
where
Py, P2 = two levels of simple ignition
probability,
I,, I, = the currents corresponding to
Py, P,, respectively,
and
m = the slope of a straight line in

in logarithmic coordinates.

3. Each curve was extrapolated to low-

2x%107° ) (B O P O T

o 20Vdc . —

s [ . 30Vde { A

T [ ]

= | :

2 . 4

& 50 Vdc l |

_

= 3 40 Vdc =

@ n :

< _

P B

o = =

(1

a = 4
1075 O W ) O |

100 1,000 5,000

CURRENT, mA

FIGURE 5.—Estimated probability of resistive spark ignition
versus current.

to determine if
could

selected as test points
their expected probability levels
be verified by experiment.

4. When no ignition occurred 1in
n = 5/p; trials, it was considered a sta-
tistically unusual event. This test cur-—
rent was considered to be the threshold

er currents using slope m. Appropriate current below which ignition will not
currents on the extrapolated curve were occur.
RESULTS
The results obtained from the test pro- in figure 6, represents the best fit to
gram are shown in table 3 and graphically the experimental data. However, since no

in figure 6. The probability of ignition
versus current 1is shown parametrically
for four curves, 20, 30, 40, and 50 V dc.
The curves shown in figure 5 were deter-
mined by performing a 1linear regression
on the logarithmically transformed cur-
rent and probability data. The curves
were extrapolated using the slope deter-—
mined from the original regression line.
Currents indicated by the extrapolation
were used as test points in this
experiment. The final curve fit, shown

were obtained for the lowest
points on each curve, the probability of
ignition corresponding to that current
was assumed to fall on the extrapolated
curve. Owing to the curve's high m
value, the error in fixing the current
below which ignition was not obtained is
rather small.
At 20 V dc,

ignitions

ignition could not be

achieved at a current of 2,000 mA; thus,
p; is estimated to be 1.0 x 10-6. At 50
V dc, 1ignition could not be achieved



below 175 mA, corresponding to an esti-
mated p; of 1.0 x 1073, This result was
somewhat surprising but was verified by
retesting. At p; = 1.0 x 1073, the re-
quired number of tests 1s only 500,000 to
satisfy the A = 5 condition.

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 1077, corresponding to cur-
rents of 150 mA and 350 mA, respectively.
1073 I, —
20V—™=
1074 |- p
2 L i
Z : v |-
= .
= g
Q
" i i
(@)
- .
= 10 S = ]
= » -
m = -
< - -
jsa] L 4
o
14 L =
a
- E -
|0‘6 — J\ —
% KEY ]
L A No ignition in 7
- 5x 108 sparks
i = No ignition in &
- 5% 10° sparks -
e Experimentally
f determined proba- 7|
bility of ignition
07 1o a L
100 1,000 5,000

CURRENT, mA

FIGURE 6.—Estimated probability of resistive spark ignition
versus empirically determined current.

Unfortunately,
ities of these

owing to the low probabil-
points, their statisti-
cal confidence 1levels are low when
n= 5x 1076, Using the relationship
shown in equation 7, the confidence level
for the 40-V-dc threshold of ignition is

32%. Similarly, for 30 V dec, the confi-
dence 1level 1is 417%. To raise the
confidence 1level of each measurement to
98%, 162 million and 92 million sparks,
respectively, would be required at the

present levels of probability in order to
fix each point to within #1 x 10-7. This
level of accuracy demanded time resources
beyond those available for the project.

4,000 T I T =t

KEY
—o Data from ULSI3
———-o Experimental data

2,000

1,000
800

600

CURRENT, mA

400

200

| | [ B I
l 0020 40 60 80 100

VOLTS, dc

FIGURE 7.—Comparison of UL resistive spark ignition data
and estimated ignition threshold currents.
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Figure 7 compares the ignition data
from UL Standard 913 against the ignition
threshold currents obtained in this
study. Previous Bureau research (1)
showed that the UL Standard 913 resistive
spark ignition curves represented ap-
proximately mean ignition levels. The
threshold of ignition is relatively close
to the mean igniting current at 20 V dec,
and the difference between mean and
threshold of ignition currents increases
with increasing voltage to 40 V dc. The
50-V-dc point has not been dismissed as a
"wild point" since it was verified
through retesting. It does not, however,

4,000

=107 _
=106
< 1,000 -
E 800 -
E t P
w 600 .
@ 4
5

o 400 =
200 =1
= -

100 \ | I N

20 40 60 80100

VOLTS, dc

FIGURE 8.—Ignition current versus voltage for various
estimated probabilities of ignition.

fit into a smooth curve as do the other
points.

Figure 8 shows a family of spark igni-
tion curves with the probability of igni-
tion as a parameter. These curves are
derived from the information contained in
figure 6. Note the absence of a 50-V-dc
point for p; = 10°% since the lower bound
of ignition there was p; = 105, Figure
9 depicts how the resistive spark igni-
tion data published in UL Standard 913
may be interpreted on a probability of
ignition basis. The UL curve 1s not the
lower bound of ignition but varies be-
tween p; = 10-3 and pi = 102,

4,000 —

KEY -

—-+— Data from
UL 913

— =|()-3
. =107%
' = |O"5

! |

2,000

1,000 |
800

600

400

CURRENT, mA

200~ i

IOO 1 | L1 | 4
20 40 60 80100

VOLTS, dc

FIGURE 9.—Comparison of the UL resistive spark ignition
data versus the estimated probability of ignition.
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CONCLUSIONS AND RECOMMENDATIONS

The 1lower bound of
ities has been empirically determined
for resistive circuits. Ignition prob-—
abilities for 20 and 50 V dc, where
n = 5/p;, have been estimated with 98%
statistical confidence. At 20 V dec,
ignition could not be achieved at a cur-
rent of 2,000 mA, p; is thus estimated
to be 1.0 x 1076, At 50 V dc, ignition
could not be achieved below 175 mA,
corresponding to an estimated p; of 1.0 x
105, For the curves representing 40 and
30 V dc, the threshold probabilities of
ignition were estimated to be 3.0 x 1077
and 1.7 x 1077, corresponding to currents
of 150 mA and 350 mA, respectively. For
40 and 30 V dc, n < 5/pj, and the lower
bound of ignition probability has been
estimated with 327 and 41%Z confidence
levels, respectively. Time constraints

ignition probabil-

prevented testing to establish 987 sta-
tistical confidence since the number of
sparks required would have been 162 and
92 million, respectively.

The author recommends that other lab-
oratories should undertake to verify
these results on a statistical basis.
Further, the results presented here

should be extended to inductive and
capacitive circuits and to test gases
other than methane. The Bureau is cur-

rently augmenting the resistive circuit
data with inductive circuit data and will
include capacitive circuit data 1in the
near future. The subject of safety fac-—
tors as applied to intrinsically safe ap-
paratus must continue to be thoroughly
investigated to ensure a clearer under-
standing of the subject and to promote
regulatory harmony.
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