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Abstract: Under some circumstances, fires can be ignited by electric current. The two main mecha-
nisms for this are arcing/sparking and hot surfaces. However, it has been viewed for a long time
that this will not happen if the voltage, current, energy, or power are too low. The concept of a
minimum ignition energy (MIE) characterizing the ignitability of flammable gas atmospheres is well
established, and extensive published data are available. However, a corresponding ignition energy
criterion for solids (minimum energy fluence) has been shown not to be valid. Some additional
systematic experimental data (minimum voltage, current, power) have been collected for the spark
ignition of gas atmospheres. However, it is found that the results are strongly dependent on the test
conditions. Exceedingly scant data are available for the minimum electrical conditions for ignition of
solid materials. Two concepts—intrinsic safety, and Class 2 or 3 power supplies—have long been
available as safety measures against ignition from electrical circuit sources. However, ignition has
been demonstrated to be possible with Class 2 power supplies. Ignition of solid material from a
1.2 V battery has been documented in the literature. Wide-ranging experimental research is urged to
expand the knowledge base in this important area of electrical safety.

Keywords: battery safety; fires; ignition; intrinsic safety; minimum igniting current; minimum
ignition energy

1. Introduction

Since electric current involves the flow of energy, under some circumstances this flow
of energy can result in an unwanted or accidental fire being ignited [1]. The US national
fire statistics [2] have some serious problems [3], but it is estimated that around 20% of
structure fires are due to electrical causes [4]. In addition, a somewhat lower fraction of
wildland fires is due to electrical causes [5]. Electric currents are also used in various
circumstances for desired ignition, e.g., automotive spark plugs or glow plugs. The scope
of this paper, however, is limited to conditions for unwanted ignition. Fires can also be
ignited under certain circumstances from static electricity, which involves a situation where
a continued source of power is not available. Static electricity ignitions were reviewed by
Babrauskas [4,6] and will not be examined here.

There can be many reasons for endeavoring to exploit electrical ignition/non-ignition
limits, notably the investigation of fire or explosion incidents [7]. However, this is not
appropriate if such a limit does not exist, or if an incorrect value is ascribed to the limit.
The concept that certain identifiable voltage, current, or power conditions must exist before
there is danger of causing a fire or an explosion is utilized in a number of industries, where
it becomes a design concept known as intrinsic safety, and this is typically applied in the
context of explosion, rather than fire. In such cases, the definition of intrinsically safe
equipment is commonly along the lines that a given circuit design will not result in an
explosion of a certain fuel-gas/air mixture even under worst-case failure conditions. The
field of intrinsic safety is complex, and we shall only refer to some general features for
a background understanding. Instead, the focus will be on data that would be needed
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for investigations of fire or explosion incidents, under the assumption that specialized
industrial-safety equipment (intrinsically safe, explosionproof, etc.) are not at issue and
Classified Locations are not involved. However, a large volume of research exists on ignition
in the context of intrinsically safe circuits or equipment. Thus, the literature will be reviewed
from the standpoint of understanding its implications for the general ignition problem.

2. Ignition and Energy

The ignition of fire has been studied extensively and in significant depth. In the course
of this, a great deal of research has been published; the present author [6] has published the
Ignition Handbook on the topic. As an overview, what emerges is that ignition does not lend
itself to simple characterization or useful rules of thumb. Instead, details of the experimental
arrangement play a major role in determining the conditions needed for ignition. This is true
for all states of matter, but more emphatically so for solids, compared with gases.

In fire science studies, a fundamental distinction is made between autoignition and
piloted ignition. In autoignition, the temperature of a substance is progressively raised,
until at a certain value (the autoignition temperature, AIT), the sample ignites. In piloted
ignition, apart from any bulk heating, a small, localized flame, spark, or arc is provided.
The piloted ignition temperature of a sample is generally lower than that for autoignition.
Ignition temperatures of solid materials are normally measured empirically, often by the
ASTM D1929 test [8], rather than being computed. Computation of ignition temperatures
involves advanced modeling of a number of physical and chemical processes, including
chemical kinetics, and cannot usefully be performed in any simplified way.

Experimental measurement of temperature is straightforward, and the tabulation
of ignition temperatures is commonly undertaken since, for many types of ignition, the
ignition temperature does not vary much as geometric or environmental conditions are
changed. There are also theories [6] which suggest that this constancy should be expected.

Ignition has been systematically studied for four states of matter: gases, dust clouds,
liquids, and solids. Ignition for most liquids comprises the ignition of their vapors, thus
the problem becomes the same as for gases. Dust clouds behave more similarly to gaseous
atmospheres than to solid matter. However, since they are of interest to only a few sectors
of industry, they will not be considered further here, where attention will be limited to
gases and solids.

Electric current may deliver energy to cause ignition in a number of ways [4], but
here we shall limit our attention to the two primary ones: electric arcs or sparks, and hot
surfaces. Ignition from ejecta is one of the specialized pathways for electrical ignitions, but
this will not be reviewed here, since a recent study covered the mechanism in depth [4].
Ejecta are small, hot metal particles which can be ejected due to arcing or short circuiting.

The propensity for ignition of gas mixtures (an atmosphere consisting of air, or another
oxidizer, plus a fuel gas) has been studied primarily by tabulating two quantities: the
autoignition temperature, and the MIE (minimum ignition energy), with the latter being
studied typically for the gas mixture at ambient temperature. The MIE is commonly
measured by the ASTM E582 [9], although various other tests are also used.

For practical reasons, typically only the minimum ignition energy is tabulated; however,
numerous variables, notably the fuel/air concentration (Figure 1) affect the energy needed
for ignition. If the fuel/air ratio is not that required for worst-case conditions, the energy
required for ignition may increase considerably, as indicated in the graph. Often, users
may not be aware that the actual ignition energy required under their circumstances will
be very different from the MIE.
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Figure 1. The effect of fuel/air mixture on the MIE for alkane-series hydrocarbons [6,10]. 
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occur from overheated connections, where the inadequacy of ampacity is highly localized 

within the connection. 
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Figure 1. The effect of fuel/air mixture on the MIE for alkane-series hydrocarbons [6,10].

3. Types of Electrical Ignition

The means by which electricity can ignite gases are primarily either by a spark or arc,
or by a hot surface. A spark and an arc refer to the same phenomenon, but an arc involves a
sustained delivery of current, whereas a spark is a transient event. Furthermore, the spark
or arc can be delivered between fixed electrodes, or moving electrodes. The latter generally
involves the making or breaking of contacts. A hot surface can be in various configurations,
but it is found that larger hot-surface areas usually produce ignition under a wider range of
circumstances [4,6,11] (Figure 2). The hot surfaces are often wires drawing a grossly excessive
current for the wire size. However, hot-surface ignitions can also occur from overheated
connections, where the inadequacy of ampacity is highly localized within the connection.
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Figure 2. Effect of a hot surface area on the ignition of several types of fuel vapors [6].

It is important to emphasize that, while both types of ignitions can be represented
on a V–I diagram (if sufficient data are available), this does not in any way imply that the
phenomena are interchangeable.

Solid materials can also be ignited by electric arcs/sparks or by hot surfaces. This is
discussed in the final section of this paper.
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4. Intrinsic Safety

In 1913, there was a large life-loss explosion at the Universal Colliery, in Sengheny-
ddin, Wales [12]. The subsequent investigation suggested that the most likely ignition
source was sparking at a battery-powered signal bell system [13]. Since this was the third
mining disaster in two years attributed to sparking in low-voltage signaling systems [14],
the UK government responded with a research program by Wheeler et al. [15–17], who
developed the first version of a ‘break-flash’ testing apparatus. The intention was that the
circuits which are qualified via that test apparatus will not be able to ignite flammable gas
atmospheres. This work became the origin of what today is known as intrinsic safety.

NFPA 70, the National Electrical Code (NEC) [18] defines intrinsic safety as: “A circuit
in which any spark or thermal effect is incapable of causing ignition of a mixture of flammable
or combustible material in air under prescribed test conditions.” It then refers to UL 913 [19]
for test requirements. Zborovszky [20] provides a more detailed explanation: “A circuit
is considered intrinsically safe when any spark or thermal effect produced normally (that is, by
operating the equipment in its correct operational manner to fulfill its purpose) or accidentally
(caused by short circuit, earth fault, defective components, breaking the wiring, etc.) is incapable
under prescribed test conditions of causing ignition of a prescribed gas mixture. The test conditions
and gas mixture should be at least as hazardous as the true parameters of the environment where the
circuit will be operated.” This exposition makes it clear that this is not a concept derived from
some fundamental theory; instead, it is to be determined experimentally in the context of
some agreed-upon test apparatus and test conditions. Magison [21] provides a detailed
explanation of intrinsic safety and the means of achieving it. Such circuits normally exhibit
the following characteristics:

(1) Very low power consumption.
(2) No electrical components which could store (and later discharge) a significant amount

of energy. In practice, this means that values of capacitance and inductance must be
kept very low. If higher values are needed, sometimes it is possible to arrange diode
shunts which do not interfere with normal function, but which limit the amount of
energy that could be made available in case of fault.

(3) Protection circuits to limit the current that can flow into the device. Zener diodes
placed across power supplies are a common way of meeting this requirement.

Devices with minimal capability of storing or generating energy can automatically
qualify as intrinsically safe equipment. A device which cannot generate or store more than
1.2 V, 0.1 A, 20 mJ, nor 25 mW under normal or failure conditions qualifies without further
testing [21]. Such a device is exemplified by a thermocouple, which generally produces
less than 0.1 V. The limits are very tough to meet and devices other than transducers will
rarely qualify. A device within these limits is sometimes referred to as a simple apparatus.
The basis for the establishment of these minimum values is not known, and presumably
represents committee action rather than laboratory research.

It is usually assumed that the break-flash apparatus (see below) presents sufficiently
severe circuit conditions, so that testing with that apparatus suffices to establish voltage
or current conditions such that ignition of flammable atmospheres is precluded. Thus,
implications of this type of testing are discussed below.

5. Power-Limited Circuits

A milder form of safety concept is involved in the NEC descriptions of Class 1, Class 2,
or Class 3 power-limited circuits (Sec. 725). The requirements for Class 1 circuits are
so broad that there clearly is no basis for assuming any fire-safety effectiveness. Class 3
devices are only rarely encountered. Class 2 power-limited circuits or power supplies are
common, however. The basic requirements for Class 2 and Class 3 power supplies are
given in Tables 11(A) and 11(B) of the NEC, while additional details are provided in UL
standards, there being at least eight different UL standards for this purpose [4]. Perhaps the
most general of these is UL 1310 [22], for Class 2 power supplies. The NEC typically limits
Class 2 power supplies to an output of 100 volt-amps, or less. Current output is limited to
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8 A for voltage ratings of 30 V or lower, while power supplies providing 60–150 V, have
the output is limited to 5 mA; however, there is not widespread usage of 60–150 V Class 2
power supplies.

Small and Vicars [23] studied some details of these power supplies and pointed out
that designers using these supplies are sometimes unaware of the 8 A output potential and
assume that for a 24 V, 40 V-A power supply only the steady-state output of 1.67 A will be
present, thus not providing for safe handling of currents up to 8 A. Durham et al. [24] noted
that Class 2 power supplies are sometimes assumed to be incapable of igniting fires, but
neither the NEC nor the UL make such claims. They then conducted a series of tests with
commercial Class 2 power supplies, and found that one in six trials led to a flaming fire.
The test in question involved a Class 2 power supply rated for a 12 VDC, 900 mA output.
The ignition mode was by hooking up grossly under-rated resistors to the output of the
device. The power delivered was measured at 21.6 W. The authors also demonstrated that
they could ignite paper with an 11.6 W output (not from a Class 2 power supply).

6. Thin Wires

The initial temperature rise of a bare copper wire subjected to an instantaneous
application of a current I (amperes) is [4]:

∆T = 0.05
[

I
A

]2
t

where ∆T is the temperature rise (◦C), A is the cross-sectional area (mm2), and t is the
time (s). A simple expression is not available for intermediate intervals, but assuming
that the surface heat transfer can be represented by a convective heat transfer coefficient h
(W m−2 K−1), the steady-state expression is:

∆T =
ρ I2

2
√

π hA3/2

and where density of copper ρ = 8960 kg m−3. Note that no heat transfer coefficient is
present in the first equation, since the initial temperature rise is assumed to be very rapid,
making heat losses negligible during this time. Thus, for both short and long times, the
temperature rise is proportional to I2, and inversely proportional to the conductor area, to
the power of 3/2 or 2.

The above equations have an important implication: the temperature rise can be driven
to any arbitrary, high value simply by making the conductor cross-sectional area small
enough. There is a practical limit to this, however, even though no equations are available to
quantify it. At high temperatures, the oxidation of copper becomes very rapid [4]. During
this process, metallic copper is replaced by copper oxides, which are substances with low
mechanical strength. The result is that a very thin wire is likely to crumble and fall apart.
Nonetheless, there is the overt danger of igniting combustibles in propinquity, prior to
ultimate failure of the wire.

This is the reason why small-diameter wires are generally not permitted for equipment
with intrinsic safety. However, unintentionally small conductors can occur as a failure
condition. This can often take the form of failed contacts or connection where the area
over which current is carried in some location becomes very small. The above situation
explains why a small design current may not be sufficient to assure no ignitions due to a
high conductor temperature rise.

7. Minimum Conditions for Electric Arcs

When studying conditions for arcing, it is important to understand that two different
limits may be involved. Some research has been undertaken to obtain the minimum values
of voltage or current needed to establish an arc. In such experiments, ignition testing is not
undertaken. However, other research has focused on incendive arcs, i.e., conditions under
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which an arc can actually ignite a target gas atmosphere. These two types of findings are
not necessarily related.

Researchers studying electric arcs long ago concluded that a minimum voltage and
a minimum current is needed for an electric arc to be possible. These values depend on
the material of the electrodes, and for copper electrodes, the reported values [4] are 11.0 V
and 0.45 A. At a lower voltage or current, a discharge can still be created, but it is generally
classed as a spark [25], rather than an arc, due to the non-sustained nature.

Only limited research has been reported on studies of voltages or currents below the
‘minimum’ values. Zborovszky [26] conducted experiments showing that, for values below
the arc minima, although spark discharges are possible, the energy delivery is so small
that ignition will not occur. In addition, she further noted that, even above the minima
values, for Imin < I < 2Imin and Vmin < V < 2Vmin, discharges tended to allow only low
rates of power delivery. However, she noted that, under some circumstances, ignition
could occur due to hot electrode surfaces, rather than the gas discharge. Her test rig, the
IEC break-flash apparatus (see below), however, is not similar to most end-use conditions,
due to the rotating electrode arrangement. Additionally, she noted that the limitations for
operating below 2Vmin and 2Imin are due to specific heat losses in this test rig, and should
not be taken as universal.

Unfortunately, Zborovszky’s conclusions do not appear to be conservative. Already by
1914, Wheeler [15] was able to ignite atmospheres of methane in air using a primitive break-
flash apparatus running at 4.5 V. Additionally, in his 1915 report [16], he showed ignitions
using only 0.30 A. Note that these results document incendive arcs, not just conditions where
arcing is feasible. For the latter, in 1923, Nottingham [27] presented experimental results
showing that steady arcs between copper electrodes can run at 6 V and hypothesized that
the actual minimum voltage is 5 V. The disparity between these low values and present
accepted values of 11.0 V and 0.45 A is presumably due to experimental differences, but this
has not been satisfactorily elucidated. Some additional research also points to the poorly
understood role of the experimental arrangements. If one multiplies the Vmin by the Imin,
this indicates that, in a resistive circuit, 11.0 × 0.45 = 4.95 W would be the minimum power
needed for an arc discharge. However, Pugh [28] conducted some experiments where she
directly measured the minimum power needed to sustain an arc. Using a 2000–5000 VAC
power supply, she found that, typically, 1 W sufficed, but in some cases, depending on the
circuit resistance, as little as 0.2 W was sufficient. Even the 1 W value is substantially below
the 4.95 W.

8. Electrode Materials

In the field of intrinsic safety research, some researchers [26] studied at length the
role of the electrode materials in establishing ignition limits on a V–I plot. In turn, stan-
dards organizations (ISA [29] and UL [30]) ended up classifying electrode materials into
two groups:

• Al, Cd, Mg, and Zn;
• Cu, Fe, and all others.

This grouping appears to have some relation to Im, but the details are not entirely
clear. The values of Im for Cu are 0.45 A and for Fe 0.72 A. Meanwhile, Cd = 0.03 A and
Zn = 0.03 A. However, Al = 0.4 A; thus, the basis for the constituency of the ‘sensitive’
group is unclear. Further research by Zborovszky [26] showed that, at least with some
materials, surface condition also plays a major role. If arcing residues are allowed to
accumulate, such conditions promote the initiation and continuation of a discharge.

9. The Role of Frequency

In early research (1924), Thornton [31] provided data showing that ignition from DC
currents is easiest, and that progressively higher voltages or currents are required as the
frequency is raised from 0 to 160 Hz. However, for 160–415 Hz there was a U-shaped
response, although beyond 415 Hz frequency appears to have but little effect (Figure 3).
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Thornton considered that the initial increase in ignition difficulty with increasing frequency
is due to heating of the electrodes, with more rapid polarity reversal leading to lower
ability to provide sustained heating. The dip he considered to be due to competition
between effects of ionization versus thermal heating. He also noted that the dip effect
was not as pronounced with some other gases. Later research [32,33] indicates that actual
performance seems to heavily depend on the test details, including parasitic reactances,
and that DC conditions may or may not be more incendive than AC. The research by Allsop
and Guénault [34] indicates that there may be a significant frequency effect if inductance is
not minimized, but a negligible one in resistive circuits. Thus, this again is an area where
guidance is inadequate, since research findings are limited and conflicted.
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10. Break-Flash Apparatus Testing

The earliest research on break-flash testing was in studies by Wheeler, discussed
above, conducted during 1914–1916. In later decades, research of this type was most
concertedly performed by the Bureau of Mines in the US, and by the Safety in Mines
Research Establishment (SMRE) in the UK. In the course of their research, SMRE researchers
developed several break-flash testing apparatuses. Meanwhile a different break-flash
apparatus was developed by the German institute Physikalische-Technische Bundesanstalt
(PTB). No published descriptions of this development work can be found, but eventually
the method became standardized under IEC 60079-11 [35], and is often known as the
IEC/PTB break-flash apparatus. This apparatus replaced the SMRE apparatuses, and was
used in later SMRE research [6].

In the IEC/PTB test rig, a DC power supply, often 27–30 V, is applied to a set of rapidly
opening contacts, where a break-spark (the spark created upon opening of the contacts)
ignites, or does not ignite, a particular gas mixture. The standard electrodes are tungsten
wires and a cadmium disk, these being chosen as representing worst-case conditions [36,37].
The independent variable is normally the available current; thus, tests in the apparatus
determine the minimum igniting current (MIC), which, of course, is directly applicable only
under conditions which are very similar to the test conditions. To determine the minimum
values needed for ignition, it is necessary to consider the circuit. If a sizable capacitor or
inductor exists in the circuit, then discharge of their stored energy may provide an ignition
even in the absence of any power supply hookup. Thus, it is often desirable to study
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ignition conditions in a resistive circuit, i.e., with C→ 0 and L→ 0. For such conditions,
SMRE developed a set of ignition/non-ignition curves [38]. Figure 4 shows their results for
methane atmospheres. Note that there is a large effect of electrode type; Cu electrodes lead
to much greater currents required for ignition than those of Al or certain other metals.
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It must be emphasized that the ignition process is probabilistic, and that researchers
compiling values of MIC have sometimes adopted definitions for MIC where they tabulate
not the mean value of current needed to achieve ignition, but a value corresponding to
a rare event. For example, Cawley [39] used a definition where the MIC corresponds to
the current at which only 1 in 400 spark trials will product ignition, while Allsop [40] used
1 in 100 trials. Other researchers have used values ranging from 1 in 10, to 1 in 1000 [41].
Such definitions may be useful for regulatory activities, but are not helpful when trying
to understanding actual incidents. Of even more concern, Bane [42] explains that many
published data sources have unknown levels of probability, or erroneous ones.

Zborovszky [43] studied in detail the current needed to cause a break-spark ignition in
a circuit with variable capacitance (Figure 5). There are four basic regimes of ignition from
such a circuit. To the left of point A, the circuit acts as a purely resistive circuit. Between
point A and point B, the charge on the capacitor contributes some energy, but the major
part of the energy comes directly from the power supply. Between point B and point C, the
bulk of the energy comes from the charge on the capacitor, while beyond point C, ignition
energy is drawn only from the charge stored on the capacitor, and the energy flowing
from the power supply is negligible. Observations also indicated that to the left of point B,
ignition occurs at a break-spark, while to the right of point B at a make-spark.
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Figure 5. Current needed for the ignition of an 8.3% CH4/air atmosphere using the IEC 60079-11
apparatus fed from a 30 V power supply. At lower supply voltages, the curve would move up and to
the right.

Figure 6 shows some additional results obtained in the similar SMRE test rig [44].
The results should be viewed as indicative and not absolute, since different values are
found using different test rigs [45,46] The 4 V value for minimum voltage is a very low
value for this type of experiment and more commonly a lower limit of 8–15 V has been
found in purely resistive circuits. In inductive circuits, however, ignitions have been
reported at the 0.5 V level [47], and lower-yet values are not precluded. In Figure 6, there
is an inverse relationship between voltage and current, suggesting that—under the test
conditions considered—there may be, at least approximately, a power limit.

Fire 2022, 5, x FOR PEER REVIEW 9 of 17 
 

 

 

Figure 5. Current needed for the ignition of an 8.3% CH4/air atmosphere using the IEC 60079-11 

apparatus fed from a 30 V power supply. At lower supply voltages, the curve would move up and 

to the right. 

Figure 6 shows some additional results obtained in the similar SMRE test rig [44]. 

The results should be viewed as indicative and not absolute, since different values are 

found using different test rigs [45,46] The 4 V value for minimum voltage is a very low 

value for this type of experiment and more commonly a lower limit of 8–15 V has been 

found in purely resistive circuits. In inductive circuits, however, ignitions have been re-

ported at the 0.5 V level [47], and lower-yet values are not precluded. In Figure 6, there is 

an inverse relationship between voltage and current, suggesting that—under the test con-

ditions considered—there may be, at least approximately, a power limit.  

 

Figure 6. Ignition of 8.3% methane/air mixtures with a resistive circuit: relation between voltage and 

MIC (SMRE Intermittent Break-flash test apparatus). 

Note that these types of results are highly dependent on the test apparatus used. 

Widginton [47] examined seven different test arrangements, similar in principle, but dif-

ferent in details, and obtained results which show a great deal of disparity (Figure 7). 

Figure 6. Ignition of 8.3% methane/air mixtures with a resistive circuit: relation between voltage and
MIC (SMRE Intermittent Break-flash test apparatus).



Fire 2022, 5, 201 10 of 16

Note that these types of results are highly dependent on the test apparatus used. Widg-
inton [47] examined seven different test arrangements, similar in principle, but different in
details, and obtained results which show a great deal of disparity (Figure 7).
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The break-flash apparatus has the disadvantage in that the arc is surrounded by a
large thermal mass. Oancea et al. [49] found that the energy required for ignition will
be less from a spark between stationary electrodes, versus from the break-spark in the
break-flash apparatus. Some use has been made of wire-break test rigs to reduce this
heat loss effect [50], although the arrangement has not proven to be practical enough for
standardized testing.

11. The Power Needed and the Role of Discharge Time

It appears that one of the reasons why researchers have found that the MIE concept is
valid for gases is that, in ASTM E582 and in various other tests, the energy is delivered as
the stored energy of a capacitor which is rapidly discharged. How fast is this discharge
energy delivered? The actual spark duration varies with the test voltage, but is typically [51]
in the range of 1–100 ms. Meanwhile, Takizawa et al. [52] found that if the duration time
is <1 ms, the delivery is inefficient, and the MIE recorded will not be the true minimum.
Gordon [53] found that a minimum duration of 17 µs was needed. Zborovszky [54] found
that a minimum spark duration of around 3 ms was needed for successful ignition of gas
mixture (Figure 8). Similar trends were found by Takizawa et al. [52], although with a great
deal of scatter. Widginton [48], on the other hand, found that the effect was dependent on
the electrode gap used. For a gap size roughly equal to the quenching distance, no effect
was seen until about 300 µs, beyond which the MIE progressively rose. However, for a gap
substantially smaller than the quenching distance, the energy needed rose directly with the
increase in the discharge duration. The guidance to be taken from this set of research is
very limited, unfortunately. It appears that experimental details control the outcome, and
the effects of the different variables have not been adequately assessed.
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Figure 8. Minimum power needed to ignite an 8.3% methane/air mixture using the IEC 60079-
11 apparatus (27 VDC power supply, resistive circuit, spark at a tungsten wire separating from a
cadmium plate).

The average power delivery can be computed by dividing the MIE by the spark
duration time. This is only a crude measure, since, the energy delivery characteristic of
capacitive discharge systems is typically a decaying exponential, not a steady-state delivery.

Basic physics suggests that if power is delivered at too slow a rate, no ignition will
occur, despite an amount of energy being delivered which may be >>MIE. Combustion
researchers have primarily studied the energy needed for ignition, and not the power.
However, from an electrical safety point of view, quantifying both of these variables may
be needed. One estimate of the minimum power needed for ignition can be derived from
the V–I graph (Figure 4) by multiplying out P = VI at each data point. This gives the results
shown in Figure 9. This shows a minimum value of 56 W for Cu and most other metals,
along with 6.5 W for Al, Cd, Mg, or Zn.
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Fire 2022, 5, 201 12 of 16

In later research, Zborovszky [54] found that about 5 W is the minimum power needed
to ignite methane–air mixtures (Figure 8). In another series of tests [26], she found that,
for resistive circuits over a sizable range of voltages, conditions leading to ignition of
atmospheres containing 8.3% methane in air entailed power levels varying over the range
of 3.2–3.9 W. Consequently, her very early estimate [41] that 0.3 mW is the minimum power
required for the ignition of methane/air atmospheres appears questionable.

The Bureau of Mines [55] showed that a 0.95 W incandescent lamp can cause an
explosion when breaking the circuit within a flammable methane/air mixture, but one
rated at 0.74 W could not. The 0.95 W value is very similar to the 1 W reported by Pugh,
but note that Pugh was seeking to establish the minimum conditions for sustaining an arc,
not for ignition of gases.

12. Ignition of Solids

Peacock and Vaishnav [56] designed a test method for testing solids that might be
highly prone to electric arc ignition. Their apparatus used a 10 kV (AC) source to create
an arc between two copper electrodes placed 5 mm apart and 3 mm above the specimen
surface. Black powder and smokeless powder ignited in about 0.1 s, as did human hair.
The head of a safety match ignited in 0.2 s, while common consumer goods such as paper,
plastic and rubber took about 0.5–1.0 s. This study did not examine minimum arc conditions
needed to ignite solid fuels, and it is noteworthy that no other study exists which would
endeavor to do that.

Solids are more likely to be ignited from electrical failures by hot-surface heating, than
by heating from arcs. Ignition of solids by hot surfaces, of course, is a general mechanism
and electricity does not necessarily need to get involved. However, it is difficult to draw
broad conclusions, since hot-surface heating involves more than a single variable. The
temperature of the hot surface is the primary variable, but the size and shape of the surface
are important, as are the thermophysicochemical properties of the hot body.

A theory exists for treating the situation where a spherical hot body is immersed into
a granular material [6]. This can cover the situation where ejecta from electrical arcing
are embedded into a granular material. Such incidents are not common, however. For
a very few materials, e.g., steel balls in cellulose powder, sufficient data exist so that
empirical guidance curves have been published [57]. These show that for a substance with
an AIT = 250 ◦C, a hot-spot temperature of around 1200 ◦C would be needed for a 3 mm
diameter body.

A small body of research exists where square or rectangular hot plates were used to
ignite plastics [6]. The main conclusion that can be drawn is that the hot surface needs to be
at a temperature substantially greater than the AIT of the ignitable solid. Conceptually, one
can expect that curves similar to those shown in Figure 2 for gases would govern. However,
detailed research is not available to actually create plots of this kind for solid materials.
Most research on the ignitability of solids involve exposure of sizable areas, often on the
order of 100 mm × 100 mm [58]. If the area of heat exposure is made progressively smaller,
then increasing thermal attack (a higher heat flux) is needed to achieve ignition [5,59].

Perhaps the most important case of ignition of solid materials due to electrical failures
involving hot surfaces is the ignition of wire insulation by excessive overcurrent flowing
in wires. In [4], an equation is given for the overcurrent needed for ignition to occur, if
thermophysical properties, along with the ignition temperature, are known. An example
calculation indicates that a single AWG 14 copper wire, insulated with PVC insulation,
would ignite at 86 A. In view of a rated ampacity of 15 A, this represents an overcurrent of
5.7×. This situation was also explored in several experimental programs. Significant scatter
exists, but ignition generally can be expected at 3× to 8× of the rated current. This is a
sufficiently broad range that focused experiments will generally be needed if reconstruction
of an accident is necessary.

The Tokyo Fire Department [60] reported a case where a person’s pocket ignited
when a Ni–Cd cell (1.2 V, 600 mAH) shorted out inside his pocket. Testing showed that,
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when short-circuited by an external metallic object, the cell was able to pass approximately
18–20 A through test clips and staples and heat them red-hot. This 1.2 V value is believed
to be lowest reported value for the ignition of a solid substance.

13. Energy Criteria for the Ignition of Solids

The question of whether an energy criterion for the ignition of solids is appropriate has
been studied [6]. Since solids can be of indefinitely large size, it is clear that a pure energy
(mJ) criterion cannot possibly be valid, since the same amount of energy distributed over
progressively larger bodies would lead to progressively lower temperature rise. Meanwhile,
as noted above, under many conditions it is found that a fixed temperature rise criterion
does serve to characterize the ignition process. For some explosives [61], it has been found
that an energy fluence (defined as energy, divided by exposed face area, e.g., kJ/m2) can be
valid. However, this concept is not valid for ordinary solid combustibles, as illustrated in
Figure 10. If the fluence concept were valid, the data would be situated along horizontal
lines, not downward-sloping curves.
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14. Conclusions

No electrical ignition will occur under conditions of zero voltage, current, power,
or energy. Conversely, ignitions can occur when substantial amounts of voltage, current,
power, or energy are available. This leads one to consider that there may be some lower
limits for ignition to be possible. This is consistent with the general observation that
for ignition to occur of substances which are not self-heating or exothermically reacting,
some finite amount of external energy must be provided. Due to the mass per volume of
substance, it is much more difficult to ignite solids, compared with gases. However, for
either state of matter, the minimum conditions needed will depend on the geometry and
operating details of the experimental rig.

Minimum ignition energy (MIE) values for flammable gas mixtures have been studied
for decades. Under ideal (worst-case) conditions, values of in the range of 0.2–2.0 mJ are
found for many common fuel gases in air [6]. For solids, the corresponding energy criterion
would be an energy fluence criterion. This is valid for certain explosives, but it has been
shown not to be valid for common combustibles.
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Conditions needed to cause ignitions of gas mixtures by sparks have been studied
using break-flash apparatuses for over 100 years. This research began in 1914–1916 at the
UK Home Office, then continued through the 1960s at the Safety in Mines Research Board
(later, Safety in Mines Research Establishment; eventually Health and Safety Executive)
in the UK. In the US, the Bureau of Mines sponsored extensive research by Zsuzsanna
Zborovszky during 1972–1982. This was research at a single laboratory, and efforts were
not undertaken to examine interlaboratory reproducibility of results. Research during the
last 40 years has been nearly absent.

Despite over a century’s worth of research, guidance on the minimum voltage or
the minimum current needed to create an arc is limited and conflicted. In circuits with
substantial inductance or capacitance, creating of an arc (or igniting gases from an arc), can
occur at indefinitely low current/voltage values, since substantive power can be delivered
from the inductive or capacitive element. Thus, discussion of minimum values can be
restricted to considerations of resistive circuits. The generally accepted values of 11.0 V and
0.45 A for arcs between copper electrodes are demonstrably unconservative, since arcs can
be maintained at 6 V and possibly at 5 V. More modern research also indicates that an arc
discharge may be possible using only 0.2 W of power, at least in some situations. Guidance
as to the minimum conditions under which an arc can be incendive is also inadequate.
Early research showed that flammable atmospheres demonstrably can be ignited with arcs
between copper electrodes where 4.5 V, or 0.3 A is available; more recent research shows
a 4.0 V value. However, there is no reason to believe that even these lower values are
minimum values which would apply under varying experimental conditions.

No published research has been uncovered to justify the requirements for a ‘simple
apparatus,’ nor for Class 2 or Class 3 power supplies.

A case history demonstrates that, under some circumstances, a 1.2 V voltage source
can ignite a solid material. This should be viewed in the context that it is much more
difficult to ignite solids, rather than gases.

It is urged that research be undertaken to determine if, under some specified conditions,
values of voltage, current, or power can be established below which ignition is precluded.
Research should also be undertaken to evaluate the reliability, or lack thereof, of the
published criteria for intrinsic-safety-qualified equipment, and for Class 2 and Class 3
power supplies.

Many more fires occurs where electrical failures ignite solids materials, as opposed
to gaseous atmospheres. However, existing research is inverted with regard to this need—
most research has been on gaseous atmospheres. Significantly more research is needed
to be able to give useful guidance on minimum circuit conditions needed for electrical
ignitions of solid materials.

In this review of the subject, one of the notably lowest values (the 1.2 V ignition from
a Ni–Cd cell) was documented because it was associated with a fire incident. This suggests
that the state of knowledge could be improved if more use were made of case incidents.
This paper may serve as motivation for the benefits to be seen from such publications.
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