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Ignition of Fires from Electrical Causes

Subjects: Chemistry, Physical

Contributor: Vytenis Babrauskas

In a number of countries, somewhere around 20% of reported building fires are due to electrical faults or failures.
There can be a number of mechanisms responsible, but arcing in air and hot-surface ignitions of combustible
materials are important causes. Details of these two mechanisms are reviewed. It is shown that even though arcing
in air produces temperatures greatly higher than the ignition temperature of any ignitable solid, this does not
always result in ignition. With regards to ignitions from hot surfaces or objects, it is shown that the area of the hot

object presented to the ignitable material is a crucial variable.

battery safety fires ignition intrinsic safety minimum igniting current

| 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 (LI. The US national fire statistics 2 have some serious problems !, but it
is estimated that around 20% of structure (building) fires are due to electrical causes 4., In many other countries
this fraction is also broadly similar 4. This makes electrical causes one of the more significant fire causes, typically
exceeded only by arson and cooking fires. Thus, understanding the nature of electrical fires is important for
advancing the cause of fire safety. To understand in more detail how electric current can lead to the occurrence of
fire, it is necessary to examine some of the physical mechanisms by which this happens. This entry will focus on
two important causes: (1) arcing through air; and (2) hot-surface ignition of combustible materials. The latter can be

gas, liquid, solid, or dust cloud, but the focus here will be limited to gases and solids.

| 2. Ignition Temperature

In studying the ignitions of materials, one needs to be guided by some knowledge of a criterion for ignition. In the
most ambitious sense, it can be possible to run a complex numerical calculation of the physics and chemistry of the
substances in the locale where the ignition will take place. Ignition can then be found to occur when a sizable jump
in temperature occurs. Such an approach has seen some academic usage &, but generally it is not cost-effective
for practical safety problems. Instead, the concept of ignition temperature is introduced. This is often taken to be
the temperature to which the sample has risen, when ignition takes place. For testing and standardization
purposes, it is usually assumed that the whole sample has been raised to a uniformly elevated temperature. For
solid materials, testing is often done according to the ASTM D1929 test (8. This test, or equivalent ones, can be run
under two different test conditions—with, or without a pilot. A pilot flame is a very small flame which does not raise

the temperature of the specimen, but allows its evolved vapors to be more readily ignited. The reported variable is
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the piloted ignition temperature if a pilot flame is used, while if no pilot is used, the autoignition temperature (AlIT) is
reported. Gas mixtures which are potentially flammable can also be subjected to standardized testing. ASTM E659
['is commonly used for determining the AIT of gases. For gases, however, the determining of ignition potential
with a small pilot is referred to as flash point testing, and a variety of tests exists for this purpose Bl. The exact
analogue for gases of the piloted ignition temperature would be the fire point. This differs from the flash point in that
the flaming needs to be sustained, as opposed to brief. But such testing is rarely used. The fire point is usually only

a few degrees higher than the flash point, in any case.

| 3. Ignition of Gases, Vapors, and Dust Clouds

As noted above, standard test methods exist for measuring the AIT of gases, vapors, or dust clouds. Dust clouds
behave more similarly to gaseous atmospheres than to solid matter. But since they are of interest to only a few
sectors of industry, they will not be considered further here. Similarly, numerous flash point (FP) tests exist for
measuring the minimum temperature at which ignition is possible, if there is a presence of a small pilot flame.
These two measured temperatures are not related, however, as can be seen in Figure 1. One might ask why is
this so? The answer is because the two variables characterize different properties. The AIT is a measure of the
chemical reactivity of the fuel (the higher the AIT, the lower is the reactivity of the substance). Meanwhile, the FP
assesses primarily the volatility of the fuel (more volatile fuels have a lower FP). And, on the whole, reactivity and
volatility are unrelated chemical traits. The highest hazard generally corresponds to substances which show both a

low FP and a low AIT.
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Figure 1. The lack of relation between the FP and the AIT for a number of pure gases and vapors (from Ref. ).

For gases, vapors, or dust clouds, in addition, there is a third chemical hazard variable of importance: the MIE,
minimum ignition energy. If the energy available is too low, it should be expected that the ignition process will not
be possible. The MIE refers to measurements made under standardized conditions, so it should not be taken as
being directly relatable to an end-use environment. The units of MIE are energy, and since the values are small,
guantities are generally reported as millijoules, mJ. The relationship is that the lower the MIE, the greater the
hazard, since a lower external energy source will suffice to ignite the substance. Examples of MIE for some

common hydrocarbons are shown in Figure 2.
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Figure 2. The effect of fuel/air mixture on the MIE for alkane-series hydrocarbons (from Refs. &),

| 4. Ignition from Electric Arcs

When studying conditions for arcing, it is important to understand that two different limits may be involved. Some
research is undertaken to obtain the minimum values of voltage or current needed to establish an arc. In such
experiments, ignition testing is not undertaken. But other research has focused on incendive arcs, i.e., conditions
under which an arc can actually ignite something. These two types of findings are not necessarily related. But of
course, one necessarily needs to create conditions where an arc is possible, before determining if it is incendive, or

not.

4.1. Ignition of Gases or Vapors from Electric Arcs

Researchers studying electric arcs have long ago concluded that there exists a minimum voltage and a minimum
current 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 [, rather than an arc, due to the non-sustained nature.
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But, in 1923, Nottingham % 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. Thus, the question of what is the minimum voltage or current needed for an electric

arc to be feasible is still unresolved.

Now turning to conditions under which an arc is not only present, but is incendive, already in in 1914, Wheeler 111
was able to ignite atmospheres of methane in air using a primitive break-flash apparatus running at 4.5 V. And in
his 1915 report 22 he showed ignitions using only 0.30 A. But Zborovszky 22! conducted experiments showing
that, for values below the arc minima, while 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 Iy, < | < 2lphin and Viin
<V < 2Vin, 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,
however, was not similar to most end-use conditions. And she noted that the limitations for operating below 2V,

and 21, are due to specific heat losses in this test rig, and should not be taken as universal.

Some additional research points to the poorly-understood role of the experimental arrangements in determining
minimum values. If one multiplies the Vi, times the I,,i,, this would indicate that, in a resistive circuit, 11.0 x 0.45 =
4.95 W would be the minimum power needed for an arc discharge. But Pugh 24 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.

The assessment has to be that neither the minimum voltage/current values for an arc to be possible, nor the
minimum conditions needed for an arc to be incendive have been fully resolved. The values presented above,

however, can give some rough guidance.

4.2. Ignition of Solids from Electric Arcs

An electrical arc exhibits extremely high temperatures, starting at 6500 K for low-current arcs, and rising for higher
currents 4. A value of 6500 K (6227°C) is hugely above the ignition temperature of any ignitable material. Faults in
480 VAC buses or switchboards are likely to result in massive ignitions of nearby objects 4. Yet, an electrical arc
will not necessarily ignite nearby combustibles in every case. Research on such non-ignitions would be valuable,
but only a limited amount of such information exists . In the most common case, a non-ignition due to nearby
arcing is likely to be due to rapid ablation of the material. For ignition of a solid to be possible, material must get
pyrolyzed into the vapor phase, then present a local cloud of air/flammable vapor mixture which stays in place long
enough to be heated to its ignition temperature. It is believed that non-ignitions from powerful arcs involve a
situation where vaporized material is ejected out of the vicinity faster than it can be ignited. For 277 VAC, or lower
voltages, a second effect needs to be considered. Such arcs may be self-extinguishing, rather than sustained 22!,

Thus, limited exposure time may decrease the likelihood of ignition.
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| 5. Hot Surface Ignit

ion

5.1. Hot Surface Ignition of Gases or Vapors

The ignition-temperature tests discussed above all involve test conditions where the specimen is raised to a

uniformly elevated temperature. This is necessary if a standardized test is to be established. But in some cases—

and very commonly in the case of electrical fires—the material is only exposed to high temperatures over a small

area, not in its entirety. This requires

some understanding to be established of the hot-surface ignition concept.

Babrauskas published extensive reviews of hot-surface ignition of gases, vapors, or liquids 18, and also of solids

(171 with some additional research being presented in the Ignition Handbook (2.

Starting with gases or vapors, exten

sive research has shown that the hot-surface ignition temperature (HSIT)

progressively decreases as the area of the hot surface increases (Figure 3). The figure also shows the relationship

is often linear, if plotted on a semi-log graph. It is useful to note the actual HSIT values here. The AlTv of JP-6 is
232 °C, while its flash point is 36 — 43°C. This can be contrasted to values above 500°C for the HSIT (Figure 3),
unless very large surface areas are presented.
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Figure 3. Effect of hot surface area on the HSIT of some gases and vapors (from Ref. )

5.2. Hot Surface Ignition of Solids
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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. But 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 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 (not just touching) into a granular
material 2. This can cover the situation where ejecta from electrical arcing end up 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 8. 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 amount of research exists where square or rectangular hot plates were used to ignite plasticsv 4. 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 3 for gases
would govern. But 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 2 on the order of 100 x 100 mm. If
the area of heat exposure is made progressively smaller, then increasing thermal attack (a higher heat flux) is

needed to achieve ignitionv (7],

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 Ref. [ 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 (2.08 mm?2) 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 5.7x. This
situation was also explored in several experimental programs. Significant scatter exists, but ignition generally can
be expected at 3x to 8x of the rated current. This is a broad enough range that focused experiments will generally

be needed if reconstruction of an accident is necessary.

The Tokyo Fire Department 29 reported a case where a person’s pocket ignited when a Ni-Cd battery (1.2 V, 600
mAH) shorted out inside his pocket. Testing showed that, when short-circuited by an external metallic object, the
battery was able to pass about 18 — 20 A through test clips and staples and heat them red-hot. This 1.2 V value is

believed to be lowest reported voltage for the ignition of a solid substance.

| 6. Energy Criteria for Ignition of Solids

It was noted above that MIE, the minimum ignition energy, is a valid, often-used criterion for the ignition of gases or
vapors. Is there an analogous criterion for solids? The question of whether an energy criterion for the ignition of
solids is appropriate has been studied Bl 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
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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
(21 it has been found that energy fluence(defined as energy, divided by exposed face area, e.g., kJ/m?) can be a
valid ignition criterion. However, this concept is not valid for ordinary solid combustibles, as illustrated in Figure 4.
If the fluence concept were valid, the data would be situated along horizontal lines, not downward-sloping curves.

Thus, there is generally no energy criterion which is applicable to quantify the ignition of solids.
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Figure 4. Minimum energy fluence for some thermally-thick solids B . (WP wood particleboard; PMMA

polymethylmethacrylate; LD low-density fiberboard; CB cardboard; PU polyurethane foam)

In some cases, the minimum heat flux for ignition has been studied. This refers to an imposed heat flux in a test,
where the surface area of the sample is uniformly exposed to a specified heat flux. This variable is reported in units
of kW/mZ2. As an example, wood materials ! do not ignite below 7.5 kW/m2. This variable is not often encountered,
since there are no standards which require its reporting. A modest amount of compiled research data, however, is

available &,

| 7. Ignition of PVC and Wood

In many countries, poly(vinylchloride), PVC, is the most common material used for electrical insulation for wiring in

buildings. Much of this wiring is run within walls. In North America and in the Nordic countries of Europe, walls of
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small buildings are most commonly built from wood materials. Thus, wood is a material whose ignition traits also

need to be considered. Unfortunately, neither material is simple to characterize from an ignition point of view.
PVC

The Ignition Handbook &/ reports that the piloted ignition temperature of flexible PVC is in the range of 240 — 422
°C, while the AIT is in the range of 263 — 441 °C, when run under the ASTM D1929 test. It can readily be seen that
both these temperature ranges are exceedingly broad. This is understood to be due to the nature of commercial
formulations of PVC plastics for use as electrical insulation. Unlike some other plastics, which are often used in a
nearly-pure state, with minimal additives, PVC does not make a useful wire/cable compound unless a sizable
loading of various additives is incorporated 22, Yet, there is no way of determining where a particular PVC

insulation would fall in this range of ignition temperature values, without doing specific testing.

There is an additional complication. The ASTM D1929 test is run in a standardized tube furnace, where a small
sample is immersed in a controlled hot-temperature environment. But this environment does not simulate electrical
ignitions. There are two issues here: (1) the role of the flow of electric current can be very important for the ignition
process, yet it is not used in the ASTM test; and (2) the actual ignition environment involves hot surfaces and not a
hot-air tube furnace. There is another, even more important complication. Almost all practical grades of PVC plastic
used for wire/cable insulation incorporate calcium carbonate as one of the additives. One of the failure
mechanisms for electrical wiring is wet tracking. This is a complex phenomenon and readers are referred to
Electrical Fires and Explosions [4] for details. Under most circumstances, this is a failure mechanism which, as the
name implies, will occur only under wet conditions. But PVC is a material which, due to the presence of calcium
carbonate, is uniquely susceptible to failure in a self-induced wet-tracking mode, even under dry atmospheric
conditions 4231, |n view of this, research has shown that PVC electrical insulation can fail at 120°C for prolonged
overheating conditions, or at 165°C for short-term heating. These are failure temperatures for actual electrical
wiring products. They are not ignition temperatures per se, but a prudent expectation is that, once electrical failure

has taken place, ignition may occur shortly thereafter.
Wood

Chemically, wood is a complex substance, and it also shows complexities in its ignition process. Under ASTM
D1929 test conditions, wood ignites at 250°C Rl241 and this is irrespective of whether a pilot is or is not provided
during the test. Since this is an unusual situation, some explanation is needed. Due to its specialized chemistry,
wood can ignite and can burn under either flaming or smoldering (lack of flames) combustion conditions. But at the
lowest temperature at which ignition can be achieved in the ASTM test, ignition is always in the smoldering mode.
The presence of a pilot flame has no effect, then, since the burning is a surface-glowing condition, and not burning

with flames.

There are two additional complications to this: (1) If wood is heated with a thermal exposure greater than the

minimum needed to achieve ignition, the ignition temperature actually rises. (2) If wood is subjected to long-term

https://encyclopedia.pub/entry/39869 8/14



Ignition of Fires from Electrical Causes | Encyclopedia.pub

(months-to-years), low-temperature heating conditions, then ignition may take place at temperatures substantially
below 250 °C [25],

Implications for fire investigation

The above discussion indicates that neither the ignition of PVC nor wood in an electrical fire can be calculated from
some kind of equation or formula. Instead, the facts have to be assessed empirically. For this purpose, the
guidance of NFPA 921 [281 must be relied upon, which is the only standard of care for conducting a fire
investigation. If not done properly, the fire investigation process can be subverted by bias, thus, it is important that
the guidance of NFPA 921 be followed. This is especially important with regards to the order of the steps to be
completed in the fire investigation. There are three main steps: (1) determine the fire area of origin; (2) determine
the fire cause; and (3) assign responsibility (which is not required in all cases). What is crucial is that the
investigation be done in the order: 1, 2, 3. Neither the cause nor the responsibility must be pre-judged before the
area of origin is determined. Identifying the fire cause consists of examining all the heat sources which were, or
there is reason to believe, could have been in the area of origin. The fire cause then corresponds to the

circumstances which led the source of heat to impinge upon a fuel in such a way that ignition occurs.

| 8. Preventive Measures

There are three primary safety measures that can be used to prevent electrical fires:

e Good wiring practice and adherence to relevant electrical codes and standards. This is a massive topic and
differs in different countries, depending on their national provisions. It will not be covered here.
 Intrinsic safety.

o Power-limited circuits.

8.1. Intrinsic Safety

In 1913, there was a large life-loss explosion at the Universal Colliery, in Senghenyddin, Wales 24. The
subsequent investigation suggested that the most likely ignition source was sparking at a battery-powered signal
bell system [28]. Since this was the third mining disaster in two years attributed to sparking in low-voltage signaling
systems 22 the UK government responded with a research program by Wheeler et al.11112189] 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) 1l 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 32 for test requirements. Zborovszky 23 provides a more detailed explanation:

“A circuit is considered intrinsically safe when any spark or thermal effect produced normally (that is, by operating
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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 24! provides a detailed explanation of intrinsic

safety and the means of achieving it. Such circuits normally exhibit the following characteristics:

e Very low power consumption.

» 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.

» 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 B4, 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.

8.2. Power-Limited Circuits

A milder form of safety concept is involved in the NEC concept 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 8 different UL
standards for this purposeiv. Perhaps the most general of these is UL 1310 33, 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 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 28 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. B4 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,
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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).

| 9. 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 to gases. But 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 around 0.2 to 2.0 mJ are found for many common fuel gases in air 2. 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.

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. 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.

Many more fires occurs where electrical failures ignite solids materials, as opposed to gaseous atmospheres. But
existing research is inverted with regards 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.
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