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Abstract

Spot Ignition of Natural Fuels by Hot Metal Particles

by

James Linwood Urban

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Carlos Fernandez-Pello, Chair

The spot ignition of combustible material by hot metal particles is an important pathway by
which wildland and urban spot fires and smolders are started. Upon impact with a fuel, such as
dry grass, duff, or saw dust, these particles can initiate spot fires by direct flaming or smoldering
which can transition to a flame. These particles can be produced by processes such as welding,
powerline interactions, fragments from bullet impacts, abrasive cutting, and pyrotechnics. There
is little published work that addresses the ignition capabilities of hot metal particles landing on
natural fuels. The work presented here investigates the ignition capabilities of these particles by
breaking the overall spot ignition process into three distinct subprocesses: generation, simultane-
ous transport and thermo-chemical change of the particle, and ignition of a fuel. This dissertation
will present research on these subprocesses.

The first subprocess, generation, was studied through literature searches and the results are
shown in Section 1.3 of Chapter 1 along with background on spot fires and previous and associated
literature. Then in Chapter 2 a model for the heterogeneous oxidation of iron and steel particles
is presented. In Chapter 3 results are presented on the ability of hot metal particles composed of
four different metals to ignite a cellulose powder fuel. Then in Chapter 4, the ability of aluminum
particles to ignite 6 natural fuels of different compositions and morphologies was investigated.
Then the ability of aluminum and stainless steel particles to ignite a smolder in a grass powder fuel
was investigated through experiments and modelling in Chapter 5.

Spot Fire Ignition; Wildland Fires; Biomass Combustion; Smoldering Ignition; Wildland Ur-
ban Interface Fires
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Chapter 1

Introduction

1.1 Background

Fires can be started when hot small objects land in (or on) a fuel such as vegetation (e.g. dry
grass, duff, litter, etc.), low density insulation materials, liquid or even gaseous hydrocarbon fuel.
These hot small objects can be hot metal particles produced from hotwork, seized railroads brakes,
transmission lines, and other sources, or from hot charring organic material, embers, also known
as �rebrands (for the purposes of this paper no distinction is made between the terms �rebrand and
ember) produced from burning material. The process by which these hot metal particles ignite a
solid fuel is called spot ignition. This process is related to 'ember spotting', a process by which
hot, burning, smoldering, or glowing combustible debris from a �re are lofted by the �res plume
and then fall on and ignite fresh fuel. Ember spotting allows �res to rapidly spread by spot igni-
tions. There are sources in the literature which have compiled lists of spot �res and �res that have
spread rapidly through ember spotting [5–10], however there are many spot �res which remain
unreferenced.

Based on published data [6, 11], power lines, equipment, and railroads cause approximately
28,000 natural fuel �res annually in the United States. Some of these �res were catastrophic with
extensive damage to land, property, and lives. In particular, �res caused by clashing conductors
have the potential to grow more quickly than other �res because the conductor clashing is typically
caused by high winds which also causes the �re to spread faster [12], thus the conditions where spot
�res form clashing conductors occur are also conducive to �re spread. As an example, the Witch
Creek and Guejito �res burned almost 200,000 acres and destroyed over 1,100 homes during the
2007 California �restorm. According to reports by The California Department of Forestry and Fire
Protection (CalFire) and NIST, both �res were allegedly ignited by hot metal particles generated by
power lines interactions [13, 14]. Another recent large wildland/urban interface �re is the Bastrop
County Complex �re in Texas; the �re burned over 12,000 hectares in 2011 [8]. The �re allegedly
started when power lines interacted with each other and nearby trees during high winds. The sparks
produced by the powerline interactions fell on and ignited dried vegetation [8]. A more recent spot
�re is the 2012 Taylor Bridge �re in the state of Washington; the �re was reportedly caused by
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spot ignitions from rebar cutting and welding sparks from construction of an underpass fell on and
ignited dry vegetation [15]. The �re eventually consumed in excess of 23,000 acres and destroyed
approximately 60 homes and in excess of 200 outbuildings [15]. Spot �res have also occurred
in other countries. In New Zealand 275 �res were ignited by embers, sparks, or �ying brands
between 2005 and 2010 [7]. In Australia, some of the wild �res of the Black Saturday event of
February 2009 were also allegedly generated by sparks and propagated extremely fast by ember
spotting [16]. Particles and sparks produced by welding, grinding and various forms of hot work
have also been involved in several other notable incidents, and the established literature discusses
many potential hot particle sources [1, 2, 5, 9, 17–21].

Figure 1.1: Spot Ignition Sub-processes: particle generation, coupled transport and heat-
ing/cooling, and possible ignition upon contact with a fuel

1.2 Spot Fire Ignition Processes

The spot �re ignition problem can be separated into several individual processes which are shown
in Figure 1.1. The �rst section depicts methods by which hot metal particles and ember can be pro-
duced. It should be noted that there are of course other sources of hot metal particles such as bullet
fragments after impact [19] and pyrotechnic debris [21] to name a few. The second section shows
the processes which can occur as the particle falls. The third section shows the potential for �aming
and smoldering ignition to occur. Then if ignition occurred, the subsequent �ame/smolder spread
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processes (independent of the particle) and the possible transition from smoldering to �aming can
occur. Determining the precise moment when 'ignition' occurs - especially in a spot ignition sit-
uation can be dif�cult. For the purposes of the research presented here we will consider 'spot
ignition' to be when the combustion reaction front is independent of the ignition source. In the
followings sections of this chapter will provide an overview of the mechanisms by which hot parti-
cles are generated (Sec. 1.3), transported (Sec. 1.4), heated or cooled by thermo-chemical changes
(Sec. 1.5), and �nally the ability of these particles to ignite a fuel (Sec. 1.6). And in later chapters
I will discuss the coupled transport and thermo-chemical change (Chapter 2 and subsequent spot
ignition (Chapters 3,4, & 5 ).

1.3 Generation of hot metal particles and embers

The generation of hot metal particles typically requires a source of energy and enough impulse
to expel the hot particles from the source. There are many combinations of heat sources and
ejection processes as there are particle generation processes. Some common generation processes
are described below.

Arc Welding

Arc welding can be largely broken down into three main methods which are commonly used. Gas
Metal Arc Welding (GMAW) also known as Metal Inert Gas (MIG) welding, Shielded Metal Arc
Welding (SMAW) also known as 'stick' welding, and �nally Tungsten Inert Gas (TIG) welding.
In both GMAW and SMAW, the electrode is consumed while in TIG welding it is not. Both
GMAW and TIG use an inert gas (e.g. carbon dioxide or argon) to displace oxygen. SMAW
uses a material commonly called '�ux' which will vaporize during arcing, displacing oxygen. The
partially degraded �ux can condense on the weld as 'slag'.

The process of arc welding requires locally heating and melting a metal. If overheating of the
molten metal occurs it can cause local vaporizations of the metal, ejecting particles outward. Also,
SMAW can cause a large welding bead to form on the tip of the stick. If the stick is discarded by
the welder before the bead has cooled, a human could server as the ”ejection process”. For welding
spatter, temperatures near the arcing have been measured from 1850� C and particle sizes ranging
from 0.1 mm [22] [22] to 3mm [23] and in rare cases (< 0.1%) particles as large as 6-7 mm in
diameter [23]. A recent study found that the number of particles produced by SMAW increased
with increased current and the size of the spatter particles increased with decreased voltage [24].

One study [25] found that Gas Metal Arc Welding (GMAW) could produce single droplets
of molten steel with sizes up to 3.75 mm in diameter. The particle diameter appeared to have a
negative correlation with wire feed rate. This research also showed that larger wires (1.2 mm vs.
0.9 mm) tended to produce larger particle diameters [25]. In the same study, measurements of
the velocity of the welding droplets was performed. The experiments showed that increasing the
electrical current,I , would increase the velocity of the particles [25]. The authors then performed
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a simple energy balance equation, Eqn. 1.1, between the droplet speed and the work done by the
electromagnetic force.

�
6

�d 3
pv2

p =
I 2� 0

4�
dp	 (1.1)

wherevp is the ejection speed of the particle,I is the current,dp is the size of the particle,� 0

is the permeability of free space, and	 =
R

f (s) ds
dp

is a non-dimensionalized shape factor assume
to be near unity. From this force balance they derived an equation of the form (vp = c � I=dp)
but were unable to �t their data do the calculated constant,c due to an error in the derivation, so
instead they presented only an empirical �t. After correcting the algebra error I attained Eqn. 1.2
which produces a constant that matches the experimental data.

vp =
I
dp

1
�

vu
u
t 3� 0	

� p
(1.2)

Figure 1.2: Ejection Speed of Welding Droplets from GMAW using Eqn. 1.2

The results of this equation are shown as a contour plot in Fig. 1.2. We see that for the
particle sizes shown the speed is on the order of 1 m/s, and agrees with the experimental velocity
measurements obtained by [25].
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Bullets and Ammunition

Hot metal particles can be created by impacts of bullets with rocks. A study by the US Forest
Service found showed that the deformation that occurs when a bullet hits a hard object can cause
heating and ignite a fuel [19]. There have also been reports of tracer rounds (special bullets that
are designed to oxidize with the surrounding air and subsequently glow due to their heat so they
are visible to the shooter) [26].

Conductor Clashing

In the case of hot aluminum particles created by arcing power-lines, the electrical contact between
the two conductors causes high electrical currents to �ow through the point of contact which heats
the wire locally. If the heating is strong enough it can locally vaporize the metal and eject the metal
with the force from the expanding metal vapor [27]. If the heating is not as strong, the metal could
be ejected due to the wind and/or motion of the wires from the arc or the high winds.

Figure 1.3: Size distribution of aluminum particles created by discharge with a fuse of 100 A from
[1]

There has not been any reported measurements of aluminum particle temperatures, but there
have been measurements of the particle size distribution by researchers [1] shown in Fig 1.3. We
can see that the particle sizes are typically below 1mm with some particles being larger than 1 and
even 2 mm.
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Embers and Firebrands

Manzello et al. did several experiments characterizing the �rebrands produced by single trees
burning and measured the size and mass distribution of these embers [28–30]. Then Manzello and
others at NIST developed a device named the ”Dragon” to create and eject embers [31] with the
size and mass distribution of the embers comparable to those produced from the single tree burn
experiments [28–30]. In addition to providing a way to create �rebrands quickly in an experimental
setting, the Dragon also allowed for testing of �re brand sprays instead of small batches of �rebrand
ignition experiments [29, 32–34]. Later the Dragon was augmented with the ”Dragon's LAIR
(Lofting And Ignition Research)” which allowed for the �rebrands to be lofted and pushed by
a simulated crosswind [35]. While the Dragon devices are not the natural way �rebrands are
produced, they have become the standard method for making an ember shower in a laboratory
setting.

If drag forces from the air�ow around a piece of burning material is strong enough break it off
from the test of material embers [36]. This is made easier because the thermal degradation from
�re exposure weakens the strength of the material making breakage easier. Tohidi used a simple
breakage model in a Monte Carlo simulation [36] to explain the size and mass distribution of
embers measured in experiments by Manzello [28–30]. Embers can also be caused by interactions
of vegetation with powerlines [37], where ohmic heating causes the tree to heat and smolder or
�ame [37].

1.4 Transport of hot particles and embers

After a hot particle or ember is generated and ejected it will experience the force of gravity, drag
forces from the relative motion of the gas (ambient air or hot smoke plume from a �re) around
it. At the same time, the particle will be exchanging heat with the environment by radiation and
convection heat transfer and if the conditions are right, chemical reactions may heat the particle
simultaneously which is discussed in the next section.

Forces During Particle/Ember Transport

As a particle or ember falls it will experience aerodynamic drag forces and gravity. The drag
force will be aligned with the direction of the relative motion of the gas around the particle. Thus
depending on the situation the wind can either slow the particle or accelerate it. A diagram showing
the basic equations of motion and free body diagram is shown in Fig. 1.4.

Sparks from power-lines

Power and data transmission lines are commonly made of aluminum, copper and in some cases
steel for structural support. The material of the particles greatly effects the thermo-chemical pro-
cesses the particle undergoes and in some cases heavily in�uence the trajectory of the particle. A
paper by Tse and Fernandez-Pello showed that aluminum sparks could burn in the gas phase as
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Figure 1.4: Forces that effect particle motion

they fell [38]. This in turn would cause the particle to shrink as it fell, increasing its surface to
volume ratio and thus if backed by a strong wind, the spark could travel substantially farther. This
study also showed that if the fall was long enough the spark could be consumed to the point that it
would be too small to pose any signi�cant ignition hazard. Tse and Pello also considered copper
particles from conductor arcing and simulated them as they fell [38].

Hot work (welding, abrasive cutting, and �ame cutting)

The work by Mikkelsen [2], examined the temperatures, sizes, and travel distances of particles
produced by various hot work operations by measuring tool and workpiece temperatures and using
burn paper to see the size and landing locations of particles. The �nal landing distances (maximum
and average) are displayed in Table 1.1. Examining the results for GTAW and SMAW we can see
that on average the metal particles do not travel that far, however some particles are able to travel
signi�cant distances (up to 7.5 m) without the aid of a cross wind and minimal dropping distance
and thus travel time. The National Fire Protection Association (NFPA) has published guidelines
for the use of welding and other hot work equipment[5].

In particular the NFPA recommends roughly 11 meters (35 feet) between the hotwork and
potential fuels [5]. This separation distance is validated by the results of Mikkelsen [2]. However
the safe separation distance would need to be greater in situations where the welding spatter would
fall a longer fall distance and/or signi�cant wind. However as seen in Mikkelsen's results, the
average distance traveled is quite low. It is possible that welders might ignore the 35 foot distance if
they see that the average particles only travel 1m and do not anticipate the errant particle that travels
to the maximum distance. Mikkelsen also recorded long exposure photographs of the trajectories




	Contents
	List of Figures
	List of Tables
	Introduction
	Background
	Spot Fire Ignition Processes
	Generation of hot metal particles and embers
	Transport of hot particles and embers
	Thermo-chemical change of Hot Particles and Embers During Transport
	Ignition of fuels of hot metal particles and embers
	Goals of Present Work

	Oxidative Heating of Hot Metal Particles and Sparks
	Introduction
	Model Description
	Results
	Discussion
	Conclusion

	Flaming Ignition of Cellulosic Powder by Hot Metal Particles
	Experimental Apparatus
	Results
	Discussion
	Conclusion

	Flaming Ignition of Natural Fuels by Aluminum Particles
	Experimental Apparatus and Methods
	Results and Discussion
	Conclusions

	Smoldering Spot Ignition of Natural Fuels by a Hot Metal Particle
	Experimental Apparatus
	Model Description
	Results & Discussion
	Conclusion

	Bibliography

