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Abstract

The spotting ignition of combustible material by hot metal particles is an important pathway by which wild-
land and urban spot fires 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 can transition to flaming. In spite of the rel-
ative frequency that fires are initiated by hot metal particles, there is little work published that addresses
the ignition capabilities of hot metal particles landing on natural fuels, especially regarding smoldering igni-
tion. This work is an experimental and analytical study of how the flaming and smoldering propensities of
powdered natural fuel beds in contact with hot metal particles are affected by differences in the particle char-
acteristics, particularly the effect of particle melting, which adds energy to the particle. In the experiments,
stainless steel and aluminum particles ranging in size from 1.6 to 8 mm in diameter are heated to various
temperatures between 500 and 1100°C and dropped onto a fuel bed composed of a powder grass blend. It
is observed that the ignition boundary both for flaming and smoldering follows a hyperbolic relationship
between particle size and temperature, with smaller particles requiring higher temperatures to ignite the fuel.
For both metal particles smoldering ignition occurs at significantly lower temperatures than flaming ignition.
A simplified numerical model is developed to help understand smoldering ignition by a metal particle and to
examine how the melting influences the ignition process. Good qualitative agreement is obtained between the
model predictions and the experiments suggesting that the model provides a first step toward the theoretical
modeling of this complex problem.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

Symbols

AH change in enthalpy [kJ/kg]

oy reaction rate of the jth reaction
[

s*m3

stoiciometric coefficient [ — ]
specific heat capacity [J/(kg-K)]
thermal conductivity [W/(m-K)]
metal particle radius [m]
temperature [K]

mass fraction of ith solid specie [ — ]
mass fraction of Oxygen [— ]
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Superscripts & subscripts

X local volume average of X

X, gas domain value of X

X; ith solid specie of X for i in (virgin,
char, or ash)

X; jth reaction

X, particle domain value of X

X solid fuel domain value of X

literature contains lists of fires initiated in this
manner [1-12], but even more remain unreferenced
due to their involvement in litigation. According
to published data [13,14], powerlines, equipment,
and railroads cause approximately 28,000 natural
fuel fires annually in the United States, and the es-
tablished literature discusses many other potential
hot particle sources [9-12]. With current drought
conditions in much of the western area of the
United States, the danger of wildfires has contin-
ued to increase. In September of 2015, the Butte
fire burned over 28,000 hectares in California, and
there have been reports that powerline interactions
were likely the cause [15]. Other examples of fires
started by particles produced by powerlines include
the Witch Creek and Guejito fires burned almost
81,000 hectares and destroyed over 1100 homes
during the 2007 California firestorm. According to
reports by The California Department of Forestry
and Fire Protection (CalFire) and NIST, both fires
were allegedly started by hot metal particles gen-
erated by powerlines [2,3]. Another recent large
wildland/urban fire is the Bastrop County Complex
wildfire in Texas; it burned 12,787 hectares in 2011.
The fire allegedly started when powerlines inter-
acted with each other and nearby trees during high
winds. The resulting sparks ignited dried grass and
vegetation [4]. Hot metal particles and sparks pro-
duced by hot work have also been involved in sev-
eral notable incidents, such as the Taylor Bridge fire
in Washington state which was reportedly caused
by sparks from rebar cutting or welding [16]. Wild-
land fires in many other countries, particularly New
Zealand and Australia, have been caused by hot
particle spot ignition [7,8].

There are a limited but growing number of stud-
ies published on the spot ignition of natural fuels
by hot metal particles by the present authors and
others. Most have studied the problem through ex-
periments [17-26], but there has also been some
of modeling of the phenomena, with several sim-
plified models ranging in success and complexity.
“Hot spot” models originally used to model sym-
pathetic detonation of explosives [27] have been
adapted to the ignition of natural fuels by hot metal
particles [19,28] with limited success. More elabo-
rate 1-D models have also been developed for flam-
ing ignition [29]. A related problem is the spot fire
ignition of polymer foams found in industrial and
urban environments has also been studied [30-32].

The ignition of a solid fuel by a hot metal par-
ticle is very complex. Once the particle lands on
the fuel, energy is transferred from the particle to
the fuel and ambient surroundings and the particle
temperature decreases. If the fuel is raised to a high
enough temperature, it decomposes into solid inter-
mediates, char, and gaseous volatiles. The volatiles
mix with the air and may generate a flammable
gas mixture near the particle. If the particle is hot
enough it can ignite the gaseous mixture through
either a piloted or auto-ignition process. Even if
gas-phase ignition does not occur, oxidation of the
remaining char can generate enough heat to estab-
lish a smoldering front. The smoldering front may
transition to a flame if there is a flammable gas mix-
ture near the smoldering front. This complex multi-
physics ignition process depends on many factors,
including the size and state of the particle (tem-
perature, molten/solid, oxidizing), the characteris-
tics of the fuel on which it lands (composition,
morphology, density, porosity, moisture content),
the characteristics of the particle landing (fully or
partially embedded in the fuel, bouncing, splash-
ing, rolling) and environmental conditions (temper-
ature, humidity, wind velocity).

Any study of such a complex process must be
parameterized. In this study, the ability of hot
metal particles to initiate a smolder or flame in a
porous fuel is investigated through experiments and
smoldering ignition is examined further through
modeling. Stainless steel and aluminum particles
were chosen for this study because aluminum melts
in the range of temperatures studied while stainless
steel does not and because these metals are repre-
sentative of particles produced by power transmis-
sion lines and sparks from machine friction.

2. Experiments

A schematic of the experimental apparatus is
shown in Fig. 1. The apparatus consists of a bench
scale wind tunnel where the fuel bed is mounted
flush with the floor of the tunnel test section. The
wind tunnel is 55 cm long with a 13 cm by 8 cm cross
section. The fuel sample holder is 15 cm long, 10 cm



J.L. Urban et al. | Proceedings of the Combustion Institute 36 (2017) 3211-3218 3213

| Camera I——l

Computer |

I Tube Furnace \

—

Fuel Bed

g¢,

! <_E Uniform Air Flow
i v=0.5m/s

S

Fig. 1. Schematic of experimental apparatus.

wide and 5 cm deep and its leading edge is 15 cm
from the inlet of the tunnel. A tube furnace is used
to heat the metal particles. A linear guide holds a
long handled ceramic crucible approximately 14 cm
above the fuel bed. The guide allows for the cru-
cible to be easily inserted and removed from the fur-
nace. A type K thermocouple is embedded in the
crucible to provide a measurement of the particle
temperature. The particles are heated in the furnace
until their temperature reaches equilibrium condi-
tions as indicated by the thermocouple in the cru-
cible. It should be noted that the particle tempera-
ture reported here is that of the particle in the oven,
not at landing. The particle temperature at land-
ing is obviously lower and dependent on the par-
ticle size, temperature and emissivity. A conserva-
tive estimate of the reduction in temperature due
to convective and radiative heat losses was made
assuming the particle was thermally uniform as it
fell from the crucible to the fuel. The estimated re-
duction temperature was found to be no more than
50 °C and 90 °C for aluminum and steel particles,
respectively. The fuel can be imaged from a camera
above through the open top from which the parti-
cles are dropped (Fig. 1). The camera records im-
ages of the tests at regular intervals and captures
visible and infrared (IR) light. This allows for vi-
sualization of charring of the solid fuel, and heat
losses by IR radiation. These pictures provide qual-
itative data about the temperature of the particle
and the presence of solid phase exothermic reac-
tions.

Lab air flows through the wind tunnel with a
centerline velocity of .5 m/s at the leading edge of
the fuel for all tests. As alluded to above, the air flow
velocity is one of many important parameter affect-
ing the ignition process; it affects the rate of cooling
of the particle and the generation of the flammable
gaseous mixture and establishment of a smolder-
ing front near the particle. The air velocity in this
study was chosen because it produces a uniform
flow without disturbing the surface of the fuel. Be-
cause of the low flow velocities, caution should be
exercised when applying these results to situations
with higher cross-flow velocities. Flow uniformity
is affected by the open tunnel top used to intro-
duce the particles. To reduce this irregularity and

Table 1

Properties of the fuel species and the particle metals:
stainless Steel 302/304 and aluminum 1100. Molten prop-
erties shown in parentheses.

Material ~ Virgin Char Ash  Steel AL 1100

p [kg/m®] 260 90 15 7860 2710
(2375)
¢y [J/mK] 1400 1600 1800 500 900
(1141)
k[WmK] 0.1 0.07 0.06 21.5 220
(90.7)
v—] 0.35 0.78 094 n/a n/a

ensure a uniform cross-flow velocity, particles are
only dropped on the leading half of the fuel bed.
The relative humidity and temperature of the flow
were measured daily and found to be on average
314 6% and 24 + 3°C respectively.

For this study, we used particles composed of
stainless steel alloy 302 and 304 [33] and aluminum
alloy 1100 [33,34]. The thermal properties are given
in Table 1. The particles in this study are spherical
and range in size from 1.6 to 8.0 mm in diameter.
The temperatures tested range from 500 to 1100 °C.
The maximum temperature is limited by the max-
imum operating temperature of the furnace. The
fuel is a powder formed by grinding a grass blend.
The fuel beds were initially bone-dried and then al-
lowed to come to a moisture equilibrium with the
laboratory. The moisture content (mass of water to
fuel dry mass) of the fuel was measured each day
tests were conducted and the average moisture for
a test was 8.0+ 2.0%. In order to minimize the ef-
fects of random variations in the fuel beds and the
penetration of the particle into the fuel, the loca-
tion where the particle was dropped was varied and
no more than two tests of the same condition were
done on a single fuel bed.

Five tests were done at each test condition to de-
termine a probability of ignition. Each test could
have one of three outcomes: Flaming Ignition (FT),
Smoldering Ignition (SI) or No Ignition (NI). The
establishment of self propagating flame spread or
large scale smolder spread was not studied here,
nor was the possible outcome of a smolder tran-
sitioning to a flame. Each of these phenomena are
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sufficiently complex as to deserve their own study.
FI was defined by a flame that persisted for at least
1 s. The definition of SI is more difficult because
self-sustained smoldering occurs in an opaque
medium and is difficult to distinguish from ther-
mal decomposition driven by heat transfer from the
particle.

One approach, used in [35] to ensure that a
smolder is propagating independently from its ig-
nition source is to wait for an extended period of
time (>103 s) until the smolder either consumes
the entire fuel sample or extinguishes. Due to the
large number of tests conducted in this study, we
recorded SI when the visible char layer surrounding
the particle had a thickness greater that the parti-
cle diameter and observed movement of the smol-
dering front and pyrolyzate production. This crite-
ria was supported by readings from the IR camera,
which showed increasing temperatures after a pe-
riod of cooling. As a final check, a handful of tests
were performed where the smoldering front was al-
lowed to propagate freely through the entire sample
over the course of 1h. A further discussion of the
smoldering ignition behavior and associated igni-
tion criteria can be found in Section 4.

3. Model description

Smoldering ignition of the fuel is simulated with
a simplified 1-D spherical model accounting for
porous heat and oxygen mass transfer with a 3-step
reaction model. The metal particle was assumed to
be thermally lumped and completely surrounded
by a layer of virgin material. The outer surface
of this virgin material was exposed to air at STP.
The particle is fully submerged in the fuel and only
cools by transferring heat to the surrounding ma-
terial; volatiles that are produced are assumed to
instantly leave the domain, oxygen is able to diffuse
in from the outer boundary, and the gas phase the
density, p, was assumed to be constant. The gov-
erning equations of this system are the conserva-
tion of energy in the particle, in the solid domain,
species conservation in the solid and gas phases.in
Eqgs. (2)—(4).

aT,| 12k, T, )
ot 2, PoCpos Ry OF —F,
AT, ks o [ ,9T, AH i,
5 :23<r23 >+ZJ’ )
t r r r I (,Ocp)‘\,
BYH Vi /d),‘
i ) 3

=2 = 3)

J

a YOz — &Dong E ) 0 YOZ + Z U./’ﬂszj (4)
ot 2 or ar ~ oV

Table 2
Parameters for Eq. (5): (1) Thermal Pyrolysis and (2) Ox-
idative pyrolysis and (3) Ashing reactions, values from

[36].

j  AH[KJ/kg] Z[l/s] E[kImol] n no,

1 02 10834 105 0.87 0

2 —43 10372 128 0.56  0.72
3 —119 10655 124 0.63 0.68

. . Yo "0z —E;
w; = Z;(1 —ay) /<232) exP(RTj) (%)

r=R, |T,="Ty Y, =0 (6)
r— o0 |Ty =Ty, Yo, = .23 (Air) (7
t=0 |T& =T, YOZ =.23, Yvirg =1 (8)

where ¢, .;(T},) is an effective specific heat capac-
ity of the particle and k is the effective thermal
conductivity which accounts for pore radiation as
was done in [29]. For steel it was a constant value,
while for the aluminum, which melts over the tem-
perature range 643-657°C, the value changes to ac-
count for differences in the heat capacity and en-
ergy added from melting, 390 kl/kg. Do, is the
mass diffusivity of O, in air and taken to be a con-
stant. «; is the consumption of the jth solid specie.
The initial and boundary conditions are shown in
Egs. (6)—(8).

The solid phase was considered to be comprised
of three components: Virgin, Char, and Ash with
properties show in Table 1. The virgin material cor-
responds to the unreacted fuel bed which can re-
act through both thermal and oxidative pyrolysis
reactions producing Char, which in turn can un-
dergo oxidative reactions producing Ash. This type
of 3-step mechanism been applied in other stud-
ies of smoldering biomass [36,37], and the thermo-
chemical parameters used in this study are given in
Table 2.

The governing equations were solved with an
implicit finite volume scheme adaptive time step-
ping. Simulations were performed for particle sizes
and temperatures in the same range of those done
in the experiments. The minimum initial particle
temperature was determined, within 1°C of preci-
sion. SI was determined by checking if the smol-
der would propagate at least 10 mm from the
particle and show steady or accelerating smolder
propagation at this point. The subsequent smolder
propagation was not modeled. Simulations were
also conducted to observe the events leading up to
the initiation of the smoldering front. The com-
putational domain was 37.5 mm from the surface
of the particle and divided into 103 cells for all
simulations.
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Fig. 2. Images of surface smolder spread of a 1.6 mm
steel particle at 1000°C (top) and a 8 mm particle initially
at 600°C (bottom). The white light is IR light captured
by the camera and not visible to the bare eye. Time from
impact is shown in seconds for each frame. Note: airflow
is coming in from the left. Frames 1-3: Initial cooling for
both particles. For the small particle the hot node devel-
ops 21s after the particle cools in frame 4 and the hot
node develops at 330 s after impact for the large particle in
frame 6. Subsequent smolder spread is shown in remain-
ing frames.

4. Results & discussion

The primary goal of this work is to identify the
required particle temperature to ignite natural fuels
with a smolder, but for completeness flaming igni-
tion data is also shown. It is interesting to note that
during FI events, the flame on occasion receded
to a smolder after roughly 10s. During each test,
the progress of the char front on the surface of the
fuel was captured with the overhead camera and
two distinct phases of the SI process were observed
(see Fig. 2. Immediately after landing the particle
rapidly heats the surrounding fuel and a char shell
(typically at least 1 mm thick) forms around the

Smoldering Igniton (SI)

3215

particle. This initial smolder will cease to propagate
and different sized particles display different behav-
ior. Experiments with small particles will rapidly, in
roughly 10s, develop a ‘hot node’ —a small localized
smolder along the perimeter of the char shell which
will start to propagate. Experiments with large par-
ticles will develop a hot node after a considerably
longer time, often as long as 300s, after they impact
during which time they cool significantly. The fact
that the initial radial smolder stops and then a
secondary smolder, that is self-sustaining, begins
later at one location around the char shell indicates
that there is a process hindering the smolder. In
the first three images of the top and bottom of
Fig. 2, we see that the particle cools significantly
during the course of a test. If a particle cools
enough, it could be colder than the temperature
of the incipient smolder and heat transfer back to
the particle from the smolder might hinder or even
prevent the final step of the smoldering ignition.
We can examine the effect of heat losses back to the
particle through the modeling. Figure 3, shows the
temperature profile of the fuel for a SI case (left)
and a NI case (right). The temperature at (x=0) is
the temperature of the particle and we can see for
the SI case (i) that the particle temperatures initially
falls as that energy heats the fuel near the particle.
When SI occurs the we see a momentary local
maximum in the temperature profile (ii) and then
we see the particle temperature rise again (iii) and
the reaction front begins to propagate. However,
the inherent 1-D aspect of the model does not al-
low it to explain why the secondary self-sustaining
smolder starts at only one point from the initial

No Ignition (NI)
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Fig. 3. Time evolution of 1-D simulations. Both simulations are of 7 mm particles. The initial temperature of the particle
on the left was 536°C which resulted in ST and the particle on the right was initially at 531°C and resulted in NI. The solution
profiles are spaced 10s apart and total time shown in figure is 70s. (i) initial particle cooling due to heat loss to the fuel,
(ii) momentary increase in smolder temperature, (iii) particle is heated by the smolder. (iv) & (v) initial smolder/thermal

degradation due to heat from the particle.
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Fig. 4. Observed Ignition Propensity for (a) Stainless Steel & (b) Aluminum. The squares and circles are colored according
to the fraction of the tests that resulted in FI or SI, respectively. Each marker corresponds to at least five tests at that test
condition. Ignition boundaries for FI are shown with the dashed lines and for SI with solid lines.

smolder. This is likely caused by small local vari-
ations in the fuel bed which cause only one region
along the char shell to be viable for the secondary
self-sustaining smolder and also by the effects of
subsurface smoldering which cannot be visualized
by the current model and experimental apparatus.
In both the model and the experiments, NI events
exhibited the rapid initial radial smolder as with
the SI events as shown in the third frame from the
left of both the top and bottom of Fig. 2 for exper-
iments and the initial spread shown by the model in
Fig. 3 for the model (iv, v). The smoldering ignition
phenomena of the aluminum particles was very
similar to those with steel, with exception of the
tests where a relatively large aluminum particle was
molten. For these experiments there a thicker char
shell developed rapid when the particle impacted
the fuel, indicating that the energy from melting
helps initiate the smolder considerably.

The experimental ignition results are presented
in Fig. 4. Black circles or squares indicate that no SI
or FI events, respectively, were observed and con-
versely, white circles and squares indicate that all
the tests resulted in a SI or FI, respectively. The
data is used to find the SI or FI boundaries for
the fuel in contact with each type of particle. The
ignition boundaries are found by fitting a curve
through the data points. Determining precise FI
and SI boundaries is difficult as there is a range
of test conditions where both SI & NI or FI & SI
events were observed. This range is indicative of
our ability to control the different parameters of
the problem such as the exact fuel porosity at the
landing location, variations in the moisture content
and ambient conditions. It is possible to use statis-
tical methods to try and determine an average or
50% ignition boundary. In order to do this assump-
tions must be made regarding the distribution of
the variation with respect to each of these parame-
ters/confounding variables and then how precisely

they impact the ignition process. In this study we
have chosen simply to report ignition boundaries
determined by finding a set of maximum tempera-
tures for various particles sizes which did not ignite
for at least five tests. We feel that determining the ig-
nition boundaries this way is practical as it reports
minimum conditions found to initiate ignition for
the study and the criteria for choosing it is simple
and well defined.

The FI and SI boundaries for each metal type
follow the same trend observed in previous work
on SI [17,19] and FI [17,19,23] of different fuels.
There is a monotonic decrease in the required par-
ticle temperature for both SI and FI as the parti-
cle size is increased and FI requires higher parti-
cle temperatures than SI. We can see that smaller
particles had a much larger range of temperatures
at which ignition could occur while the range was
much smaller for larger particles. At temperatures
above 643°C the aluminum alloy used will start to
melt, because it is an alloy it melts over a temper-
ature range (643-657°C). We assumed the energy
added by melting over this range was linear with re-
spect to temperature. The energy from melting is a
likely explanation of why for particle temperatures
greater than or equal to 650°C aluminum particles
were able to ignite at lower temperatures than their
steel counterparts.

The ignition results from the show qualitative
agreement the experiments. Overall the model pre-
dicts ignition at lower temperatures than the ex-
periments. The agreement is within 50°C for par-
ticles larger than 4 mm. For smaller particles, the
model predicts a lower temperatures required for
ignition. The likely explanation for this is the cool-
ing of the particle as they fall from the crucible
to the fuel. In the case of small particles, higher
temperatures are required and the thermal mass of
the particle is relatively low so the heat loss rate
to the ambient surroundings are more significant
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FI and SI from experiments and SI from the model.

than the heat losses for larger, cooler particles. The
model presented here is limited as it does not re-
solve these heat losses. Another limitation of the
model that is presented here are the details of the
thermal contact between the particle and the sur-
rounding fuel. The complexities of considering ra-
diative heat transfer from the hot particle and the
fuel as studied in [38] were not examined here.

One clear difference in the SI boundaries of the
model and experimental data is the clear effect of
melting. The model’s SI boundary is nearly a hori-
zontal line for particles smaller than 1 mm in size.
This behavior was not observed in the experimental
SI boundaries. However the effect of melting can be
seen in the upper boundary, showing the minimum
temperature where ignition happened during each
test. Denoted by the white circles in Fig. 4b, we can
see that for aluminum particles larger than 3 mm
in diameter, particles heated to 675°C, the lowest
temperature above aluminum’s melting range, al-
ways ignited while the tests performed 25°C lower
had a lower observed ignition probability indicat-
ing that the energy added by melting also increases
the likelihood of ignition. This effect has also been
noticed by the authors for the FI of pure cellu-
lose powder fuels and it was noted that the latent
heat of melting adds energy equivalent to the en-
ergy gained from heating the aluminum particle an
additional 433°C. Thus, a completely molten par-
ticle has considerably more energy than a particle
just below the melting range, despite the tempera-
ture difference of the melting range is only 15°C.
This extra energy was also observed to impact the
flaming ignition behavior. From Fig. 5 it can be
seen that the temperatures required for FI are dif-
ferent for the aluminum and stainless steel particles,
with the aluminum particles requiring lower tem-
peratures, roughly 100°C lower, for the flaming ig-
nition of the fuel. Despite the difference in temper-
ature, we can see in Fig. 5b that the energy of the
particles are fairly similar showing that the particle
energy is important for ignition.

5. Conclusion

Experiments studying flaming and smoldering
ignition of a powdered grass blend by contact with
hot aluminum and steel particles have been con-
ducted over a wide range of particle sizes and tem-
peratures. The metals used are representative of
those which are known to ignite natural fuels in
practical settings. They also have different melting
temperatures and physical properties. Both metal
particles required similar temperatures to initiate a
smolder in the fuel. The smoldering ignition behav-
ior of the large particles is sensitive to the initial
particle temperature. For small particles the smol-
dering ignition behavior was different — aluminum
particles were molten and capable of smoldering ig-
nition at lower temperature than their stainless steel
counterparts. The process of melting adds extra
energy to the molten particles making ignition at
lower temperatures possible. Results from the mod-
eling of the smoldering ignition process support the
observed importance of initial particle temperature
and energy for large and small particles. However
from the results of both the model and experiments,
ignition cannot be determined simply by the initial
particle temperature and energy.

The timescales for flaming and smoldering ig-
nition after the particle impacts the fuel are also
different. Flaming ignition was observed in the gas
phase and typically occurred on the order of 10—
100ms. The initiation of a smoldering independent
of the particle took time on the order of 100-1000s
and propagated on the surface and inside of the
fuel. The effects of parameters such as those re-
lated to the fuel (chemical composition, moisture
content, & morphology), the particle (metal oxi-
dation reactions, & interactions with other parti-
cles/accumulation), ambient conditions (air flow,
humidity & temperatures) all contribute towards
determining the conditions required for FI and
ST and thus will affect the ignition boundaries re-
ported here. However the problem is complex and
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must be studied in a parametric fashion. There are
still aspects of this ignition process that still need
to be studied. Many of the parameters, mentioned
above, and processes that where not studied here,
such as smoldering to flaming transition, should be
investigated. The results presented here provide a
basic understanding of spot fire and spot smolder
ignition of biomass/natural fuels by hot metal par-
ticles and provide data for verification of theoreti-
cal models of this relevant ignition process.
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