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 A B S T R A C T

Firebrands are a leading cause of structure ignitions in wildland-urban interface fires. Understanding the 
burning rates of firebrands can provide insight on the ability of firebrands to ignite the substrates they land 
on. Experiments were designed to determine the effects of wood type, air flow speed, and air flow temperature 
on the burning rates of individual disk-shaped firebrands resting on a flat, non-combustible surface. The 
experiments showed differences in the burning rates between the wood types and flow speeds, but the effects of 
air flow temperature were not significant. A simplified burning rate model was developed, and model prediction 
matched well with experimental results under certain conditions. Additionally, dimensional analysis was used 
to correlate the experimental data.
1. Introduction

Firebrands are burning pieces of vegetation or other flammable ma-
terials, such as structural wood pieces in the wildland-urban interface 
(WUI), that break off from the source and travel downstream while in 
a state of flaming or smoldering. To ignite spot fires, or fires that are 
outside of the main fire front, the firebrands must land on a flammable 
substrate and contain enough energy to initiate pyrolysis/combustion 
in the substrate. The thermophysical properties of the firebrands and 
the substrates, in addition to the environmental conditions, determine 
whether or not ignition of the substrate will occur. Focusing on the 
firebrand, its size, shape, temperature, and burning rate (rate of mass 
loss due to flaming or smoldering combustion) are all important param-
eters that determine how much energy the firebrand can impart to the 
substrate.

Prior research has shown that firebrands are a major source of 
structural damage and fire spread in wildland and wildland urban 
interface (WUI) fires. Post fire investigations of a community in the 
Witch and Guejito Fires of 2007 (US) showed evidence that 20 of the 
74 destroyed structures were due to firebrands directly [1]. Another 
35 of the structures were destroyed due to spot fires forming in the 
vegetation surrounding the structure and spreading to the structure, 
not the main fire front. In a post-fire investigation of the Grass Valley 
Fire of 2007 (US), there was evidence that many structures were 
ignited by firebrands [2]. In Portugal’s 2017 Pedrógão Grande Complex 
Fire, firebrands accounted for approximately 61% of the damaged and 
destroyed structures [3].

In addition to damaging structures, firebrands increase the fire 
spread through the formation of spots fire due to short-range (<1 km), 
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mid-range (1–5 km), and long-range (> 5 km) firebrand transport and 
ignition. Short-range firebrand transport and spotting typically occurs 
directly in the fire’s path and generally has minimal or no lofting of 
the firebrands [4]. Short-range spotting has been documented in a 
number of recent wildfires. In the Witch and Guejito Fires of 2007 
(US), spot fires were observed on the opposite side of a major highway 
from the main fire front due to firebrand transport [1]. In southeastern 
Australia, the 2009 Kilmore East Fire experienced very fast spread rates 
due to bountiful short range spotting [4]. In the 2012 Waldo Canyon 
Fire (US), spot fires were observed between 360 m to 515 m from 
the fire [5]. High quantities of firebrand production were also noted 
in the 2015 Hidden Pines Fire (US) [6]. Air support noted spot fires 
200 m ahead of the fire front. Firebrands led to spotting across dozer 
lines and roads in the 2018 Camp Fire (US) [7]. The mechanisms of 
mid-range spotting are different with more lofting experienced by the 
firebrands. Additionally, firebrands can experience mid-range transport 
distances without lofting when they originate from a higher locations 
and move downwind and downhill concurrently, for example a fire-
brand generated from a ridge line [4]. In the 2010 Fourmile Canyon 
Fire (US), spot fires were observed between 800 m and 1600 m from 
the flaming front [8]. The mechanisms in long range spotting are not 
as well understood. Firebrand transport depends on flame structures, 
airflow induced by the fire, the interaction between the environmen-
tal/weather conditions and the fire, the aerodynamic properties of the 
firebrand, the combustion of the firebrand while in flight, and heat 
transfer associated withe flying firebrand [9]. Storey et al. determined 
that the most important factor in long-range spotting is the size of 
the source, and the fuel, weather, and topography have lesser, but 
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still important effects [10]. In addition to short-range spotting, long-
range spotting was observed at distances greater than 5 km in the 
Kilmore East Fire [4]. In the 2018 Camp Fire, long-range spotting was 
observed 6.3 km into the affected community. The effects of firebrand 
spotting are prevalent in historical fires and extend beyond the area 
that directly encounter the wildfire. Understanding how spot fires form 
and how firebrands ignite homes is critical to the protection of WUI 
communities.

The burning rate is an important parameter to determine the amount
of heat that can be transferred from the firebrand to a substrate, which 
in turn, determines the likelihood of ignition of a flammable substrate. 
The environmental conditions such as the speed and the temperature 
of the air flowing over the firebrand could affect the mass burning 
rate of the firebrand. Despite the importance of the burning rate in 
understanding the hazards posed by firebrands, there are relatively 
few studies in the literature measuring the burning rates of firebrands. 
Under quiescent air flow, Kwon and Liao measured the mass loss rates 
of flaming firebrands (wooden cubes) [11]. Lattimer et al. reported the 
mass loss rates of single and groups of three cylindrical smoldering 
firebrands under air flows of 0.5 m/s to 2 m/s [12]. Yan et al. 
investigated the effect of firebrand size and air flow speed on the 
burning rates of flaming to smoldering spherical wood firebrands [13]. 
In these three studies, the experiments were all conducted without the 
firebrand in contact with a substrate. The firebrands were suspended 
in the air in some manner, such as using a thin metal holder or placing 
the firebrand on a fine metal spike. Even fewer burning rate studies 
exist with the firebrand resting on a substrate, which is the scenario of 
interest in firebrand deposition and ignition. Using cuboid firebrands, 
Kwon and Liao also measured mass loss rates of smoldering firebrands 
resting on a birch plywood substrate under induced wind speeds of 
0.5 m/s and 0.75 m/s [14]. The mass loss rates presented in that study 
were the combined burning rate of the flammable substrate and the 
firebrand rather than just the firebrand’s burning rate. The need for 
additional research on firebrand combustion processes and burning 
rates was highlighted in a recent review paper by Manzello et al. [15].

In wildland fires, it is possible that the air used to transport fire-
brands is at elevated temperatures due to heat from the fire where 
the firebrands are generated. This air would likely continue flowing 
over the firebrand until substrate ignition or firebrand extinction. In 
addition to providing a transportation mechanism, the flowing air 
provides oxygen vital to the combustion reactions in the firebrand. 
The wind speed and the air flow temperature are both factors that 
could affect the firebrand’s burning rate and the heat transfer from 
the firebrand to the substrate. This study is focused on measuring 
the burning rates of firebrands on a non-combustible substrate under 
different air flow conditions by varying air flow speed and air flow 
temperature. A non-combustible substrate was chosen to provide a first 
step at understanding and modeling the burning behavior of firebrands 
without the complication of the burning behavior of the substrate. With 
both a firebrand and substrate in a state of combustion, it would be 
difficult to decouple the burning behavior.

2. Experimental setup

The experimental setup in Fig.  1 was utilized to measure burning 
rates from smoldering birch and cedar firebrands. These two wood 
types were selected due to their prevalence in nature, their use as 
building materials, and their difference in material properties. Cedar 
is a softwood, and birch is a hardwood. In these experiments, a blower 
drives the air flow through the 100 mm × 100 mm cross-section wind 
tunnel. Additional features include: a heater section, which allows the 
room air to be heated to temperatures up to 50 ◦C before entering 
the test section; a temperature controller to moderate the air flow 
temperature; a 0.127 mm diameter k-type thermocouple to measure the 
air temperature in the test section; a variable autotransformer (variac) 
to control the blower and regulate the flow speed; horse hair filters, 
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fine mesh screens, and a honeycomb panel to straighten and flatten 
the air flow profile; a pitot static probe to monitor the air flow speed; 
a scale with a resolution of 0.001 g to measure the firebrand’s mass 
throughout the test; a zinc-selenide window to view the firebrand; and 
an infrared (IR) camera to measure the top surface temperature of 
the firebrand through the IR transmissive zinc-selenide window. Fig. 
2 shows a simplified schematic of the test section in the wind tunnel. 
A 77.5 mm × 77.5 mm hole was cut in the bottom of the test section 
to allow for the weighing of the firebrands with the scale. A calcium 
silicate piece (75 mm × 75 mm × 25 mm) was placed on the scale to 
provide a surface for the firebrand to rest on during testing. The top of 
the calcium silicate piece was lined up with bottom surface of the wind 
tunnel to form a new floor where the hole was cut for weighing the 
firebrands. There was a 1.25 mm gap between the edge of the calcium 
silicate and the edge of the hole to allow for free movement of the scale 
and accurate weighing. An angled frame was attached to the top of 
the tunnel to hold the zinc-selenide IR transmissive window. The slight 
angle is necessary to allow the IR camera to view the firebrand and 
nullify the effects of the zinc-selenide’s reflectivity. A polycarbonate 
door on the front of the wind tunnel test section provided physical 
access for the firebrand to be placed on the calcium silicate substrate. 
A visible spectrum camera recorded the experiments through this door.

Before conducting an experiment, the air flow speed and temper-
ature were set. To conduct the experiment, first, the data acquisition 
system to record flow speed, flow temperature, and firebrand mass was 
started. Second, the firebrand was generated, and the visible and IR 
spectrum recordings were initiated. Third, the firebrand was placed on 
the calcium silicate substrate within the test section. The experiment 
continued until the firebrand was observed to no longer be glowing and 
the firebrand temperature was less than 300 ◦C or the firebrand was 
blown off of the calcium silicate substrate as was the case with higher 
flow conditions. Finally, the data acquisition system and video record-
ing were stopped, and the remnants of the firebrand were removed 
from the wind tunnel. The calcium silicate substrate was allowed to 
cool back to ambient conditions before another experiment was con-
ducted. In these experiments, the IR camera was capable of measuring 
temperatures between 300 ◦C and 1500 ◦C, and the emissivity of the 
firebrand was assumed to be 0.8 [16].

The firebrands were made of either birch or western red cedar from 
commercially available 25 mm diameter dowels. The dowels were cut 
into 8.5 mm thick disks and oven dried for at least 8 h at 110 ◦C. 
The dried wooden disks were stored in a desiccator prior to use in 
experiments. The oven dried wooden disks were placed over a propane 
flame for approximately 10 s, allowed to continue burning until flame 
out, and then transferred to the center of the calcium silicate substrate 
in the wind tunnel using tongs. By allowing the firebrands to naturally 
flame out, the firebrands produced were wood char with smoldering 
visible at the edges of the disk. The direction of the wood grain was 
not controlled in these experiments. After generation, the firebrands 
were approximately 19.1 mm in diameter and 6.8 mm thick.

To explore the effects of environmental conditions, three air flow 
speeds and two air flow temperatures were considered in these exper-
iments. While there is data in the literature on the global wind and 
temperature data during a wildfire event, to the author’s knowledge, 
no data exists for the air flow temperature and speed when firebrands 
are being deposited away from the main fire front. The flow speeds 
were 0.8 m/s, 1.3 m/s, and 1.9 m/s. Most firebrand experiments are 
performed with the air at laboratory conditions (23 ◦C). However, 
wildfires occur outdoors, and the temperature could be considerably 
higher. For instance, the temperatures were above 37 ◦C at the start 
of the Bastrop Complex Fire [17]. To explore the effects of the airflow 
temperature, the air was either unheated (23 ◦C) or heated (49 ◦C). 
After oven drying, the birch disks used to generate the firebrands had 
an average mass of 2.5 g (density 598 kg/m3) with a standard deviation 
of 0.04 g. The cedar disks had an average mass of 1.6 g (density 388 
kg/m3) with a standard deviation of 0.1 g. The orientation of the grain 
structure to the wind was not controlled in these experiments. At least 
three repeated experiments were conducted for each combination of 
flow speed, air temperature, and firebrand wood type.
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Fig. 1.  A picture of the experimental setup with (1) a heater section, (2) a variac, (3) a temperature controller, (4) a data acquisition system, (5) a scale, (6) a 
test section with a polycarbonate door for physical and optical access, (7) infrared camera with zinc selenide window for optical access. The blue arrow indicates 
the air flow direction. The blower (not pictured) was located directly to the left of (1).
Fig. 2. Side view schematic of the wind tunnel test section.

3. Results and discussion

Over seventy experiments were conducted using smoldering fire-
brands. Figs.  3 and 4 show representative experiments for the six 
combinations of air flow speed and air flow temperature for the differ-
ent wood types, birch and cedar, respectively. The room temperature 
(23 ◦C) air cases and the heated (49 ◦C) air cases do not look signifi-
cantly different for either the birch or the cedar firebrands throughout 
testing. Comparing the images for the same time frame, air flow speed, 
and wood type, the differences due to air flow temperature are minor. 
However, for both birch and cedar, there are obvious visible differences 
in the 120 s firebrand images with the change in flow speed. The 
firebrands at the lowest flow condition (0.8 m/s) exhibit the lowest 
amounts of glowing compared to the higher air flow speeds. The ash 
layer growth and the fully consumed portions indicate higher levels of 
combustion in those regions of the firebrand. The solid black regions 
imply that there was no further combustion in that area after the initial 
char formation. The low flow speed cases show the largest fully black 
regions of the three flow conditions demonstrating lower amounts of 
burning behavior. This is also evidenced by the decreased average mass 
3 
loss rates when comparing the two wood types. For instance, the birch 
firebrands at 0.8 m/s had burning rates of 0.9 mg/s and 1.0 mg/s for 
the air flow temperatures of 23 ◦C and 49 ◦C, respectively, compared to 
the 1.9 m/s cases where the burning rates were 1.8 mg/s and 1.6 mg/s. 
The average mass loss rates were determined using a linear fit on the 
raw mass data during the first two minutes of each experiment. The 
slope of the line is the average mass loss rate, and the 120 s period was 
chosen to mitigate noise in the raw data. The percent error in the linear 
fit of the mass during experiments was between 1%–2%. The standard 
error of the linear fit was on average 0.16 g with some cases as low 
as 0.035 g. The amount of visible glowing area, black (char) area, ash 
layer growth, and consumed firebrand material for the 120 s firebrand 
images at the middle flow speed condition, 1.3 m/s, fall in between 
the low and high flow speed cases as expected. The 120 s firebrands 
at the highest flow speed show the most noticeable differences from 
their prior image at deposition. In both birch and cedar, the profile of 
the firebrand changes significantly due to the amount of the firebrand 
that was consumed over the 120 s duration. This is particularly evident 
in the cedar, where the leading half of the firebrand is consumed. The 
mass loss rates for the cedar firebrands were on average 2.1 mg/s and 
1.9 mg/s for the unheated and heated air flow conditions, respectively.

Comparing the birch and the cedar firebrands for the same flow 
conditions, there are subtle differences visible in the image pairs. The 
cedar firebrands seem to have slightly more consumed firebrand ma-
terial than their birch counterparts at the same flow speed. One might 
expect to see higher mass loss rates for the cedar firebrands; however, 
that is not the case for all flow conditions. At the highest flow speed 
condition, the cedar firebrands have higher average burning rates, but 
for the other two flow speeds, the birch burning rates are greater, 
as seen in Table  1. At the lowest flow speed, the birch firebrand’s 
burning rates are almost double the cedar firebrand’s burning rates. 
Before generation, the cedar wood disks weighed around 0.9 g less 
than the birch wood disks. The cedar disks and birch disks lost 86% 
and 84% of their mass, respectively, during the firebrand generation 
process meaning the birch firebrands still weighed more than the cedar 
firebrands at deposition. To have similar amounts of observable mass 
loss over the course of an experiment in the visible spectrum videos 
with the different wood densities, the birch firebrands would have more 
measurable mass loss by the scale. For the lower flow conditions, the 
birch firebrands did have higher measured burning rates than their 
cedar counterparts. At the 1.9 m/s flow speed, the cedar has slightly 
higher mass loss rates than the birch, but the values are still within 
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Fig. 3.  Image pairs of the birch firebrands at deposition (0 s) and at 120 
s into the experiment for the six unique combinations of flow temperature 
(23 ◦C and 49 ◦C) and flow speed (0.8 m/s, 1.3 m/s, and 1.9 m/s). The flow 
direction is indicated by the blue arrow in the upper left corner. The average 
mass loss rate over the first two minutes is indicated in the bottom right corner 
for each image pair.

Fig. 4.  Image pairs of the cedar firebrands at deposition (0 s) and at 120 
s into the experiment for the six unique combinations of flow temperature 
(23 ◦C and 49 ◦C) and flow speed (0.8 m/s, 1.3 m/s, and 1.9 m/s). The flow 
direction is indicated by the blue arrow in the upper left corner. The average 
mass loss rate over the first two minutes is indicated in the bottom right corner 
for each image pair.

the uncertainty of the experiment. In Figs.  3 and 4, it appears that 
the cedar firebrands are also comparatively smaller than the birch 
firebrands at 120 s for the 1.9 m/s flow conditions due to more 
mass consumption. While not directly comparable due to differences 
in experimental setup (i.e. firebrand shape, firebrand wood type, and 
lack of substrate contact), the magnitude of mass loss rates observed in 
our experiments are similar to the mass loss rates measured by Lattimer 
et al. under similar flow conditions [12]. Additionally, Lattimer et al. 
observed similar trends in burning rate with air flow: lower wind speeds 
generally experienced lower mass loss rates than higher wind cases. 
With spherical Schima Superba firebrands under 2 m/s air flows, Yan 
et al. measured similar burning rates during the smoldering portion 
of their experiments and firebrand mass loss rate increased with air 
flow speed. These firebrands were supported by a metal nail and not in 
contact with a substrate like our experiments [13].

Overall, the lower flow condition cases exhibited less change in 
mass over time as seen in the average normalized mass data in Fig.  5. 
To allow for direct comparison despite the difference in mass between 
cedar and birch firebrands, each experiment was normalized by the 
initial mass of the wood disks. A portion of the initial mass of the 
wooden disk is consumed during the firebrand generation process 
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Table 1
Average mass loss rates over the first two minutes of burning in the wind 
tunnel for the different wood types and air flow conditions. Each mass loss rate 
is an average of at least three replicate experiments. The standard deviation 
of the average mass loss rate is provided in parentheses.
 Air flow Birch Cedar

 23 ◦C 49 ◦C 23 ◦C 49 ◦C  
 0.8 m/s 0.9 (0.1) 1.0 (0.1) 0.5 (0.1) 0.4 (0.1) 
 1.3 m/s 1.5 (0.3) 1.4 (0.8) 0.8 (0.4) 1.0 (0.1) 
 1.9 m/s 1.8 (0.8) 1.6 (0.8) 2.1 (0.6) 1.9 (0.6) 

Fig. 5.  Average normalized mass loss rates for the different air flow 
conditions. Birch cases are represented by solid lines, and cedar cases are 
represented by dashed lines. Raw data was filtered using a Savitzky–Golay 
filter with a 10 s window. Mass data was normalized by the initial (pre-
generation) mass of the firebrand.

leading to normalized mass values that are less than one. For compar-
ison purposes, the mass loss curves were shifted up or down so the 
normalized peak mass occurred at the same magnitude across all flow 
conditions. The highest flow speeds for both air flow temperatures and 
wood types experienced the most mass loss. At the 1.9 m/s flow speed, 
the cedar firebrands had higher relative mass loss compared to the birch 
firebrands at the same flow conditions. There was less noise in the 
normalized mass data at the lower flow speeds. This was also observed 
in the average mass loss rates presented in Table  1, where the standard 
deviation increased with air flow speed.

In addition to the burning rate data, surface temperature measure-
ments were made on the top surface of the firebrand via an IR camera. 
Representative examples of the different experimental cases can be seen 
in Fig.  6. Qualitatively, from these IR images of the top surface, we 
see that the portion of the firebrand that is above 300 ◦C increases 
with flow speed for both the cedar and birch firebrands. There does 
not appear to be a clear trend in the firebrand temperature with air 
flow temperature. The firebrands with the same wood type and flow 
speed exhibit similar temperatures and areas in the 120 s IR images. 
However, there is a distinct difference in the birch and cedar firebrands 
under the same flow conditions. The birch firebrands have a larger area 
of the firebrand above 300 ◦C than the cedar firebrands after 120 s.

The area-averaged firebrand surface temperatures during the first 
60 s of individual experiments are presented in Fig.  7. Due to the limita-
tions of the IR camera, the average temperatures do not include values 
below 300 ◦C. In general, the temperature of the firebrand increased 
with increasing flow speed. This trend with airflow speed is likely 
due to the increased oxygen available for smoldering reactions at the 
firebrand’s surface. An increase in smoldering reactions would lead to 
an increase in firebrand temperature. The average peak temperature for 
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Fig. 6.  IR image pairs of the birch and cedar firebrands at deposition (0 
s) and at 120 s into the experiment for the six unique combinations of flow 
temperature (23 ◦C and 49 ◦C) and flow speed (0.8 m/s, 1.3 m/s, and 1.9 m/s). 
The flow direction is indicated by the blue arrow. The color scale for the 
temperature of the firebrands goes from 300 ◦C to 1000 ◦C. The individual 
experiments correspond to the visible spectrum images in Fig.  3 for birch and 
in Fig.  4 for cedar.

different cases can be seen in Table  2. This was true for both birch and 
cedar firebrands. The magnitude of the temperatures for the birch and 
cedar firebrands were similar; however, the cedar firebrands reached 
peak temperatures more quickly than the birch firebrands. Most of the 
cedar experiments arrived at their peak average temperature within 5 
s compared to the birch cases where the majority did not reach peak 
average temperatures until more than 15 s had passed. Additionally, 
the cedar firebrands experienced more cooling over the 60 s time period 
than the birch firebrands, both in terms of average temperature as seen 
in Fig.  7 and in the area of the firebrand above 300 ◦C. Within the 
first minute, between 13% and 61% of the initial area of the cedar 
firebrands had cooled to a temperature below 300 ◦C. For the birch 
firebrands, the cooled area was between 2% and 7% of the initial area. 
There was a large variation in temperature across the top surface of the 
firebrands. This was visible in Figs.  3 and 4 as well, where there were 
areas of black next to bright glowing orange and yellow areas. Local 
peak firebrand surface temperatures reached up to 1100 ◦C in some 
cases. There was no clear difference in the firebrand temperature with 
air flow temperature.

Across all of the experiments, the airflow temperature did not 
appear to have a strong effect on the burning behavior of the firebrands, 
5 
Fig. 7.  Area averaged temperature above 300 ◦C for the top surface of the 
firebrands during the first 60 s of the individual experiments. Solid lines 
represent birch firebrands, and dashed lines represent cedar firebrands. The 
light color lines indicate the flow temperature was 49 ◦C rather than 23 ◦C 
for a given flow speed. For instance, the light blue solid lines represent 
experiments with birch firebrands, 49 ◦C air temperature, and air flow speeds 
of 0.8 m/s.

Table 2
Average peak area averaged firebrand temperature above 300 ◦C for the 
two different wood types, three flow speed, and two flow temperatures. The 
temperature presented for the birch firebrands with 49 ◦C air flows under the 
0.8 m/s and 1.3 m/s air represent single experiments, not averages.
 Air flow Birch Cedar

 23 ◦C 49 ◦C 23 ◦C 49 ◦C  
 0.8 m/s 612 ◦C 612 ◦C 610 ◦C 612 ◦C 
 1.3 m/s 657 ◦C 666 ◦C 659 ◦C 671 ◦C 
 1.9 m/s 715 ◦C 696 ◦C 717 ◦C 722 ◦C 

the mass loss rates, or the firebrand temperatures. On the absolute 
temperature scale, the heated flow case at 49 ◦C is 322 K, which is 
only 9% higher than the room temperature case of 296 K (23 ◦C). 
From a heat transfer perspective, the change in airflow temperature 
will mainly affect the convective and radiative losses from the firebrand 
to the environment. If we assume the firebrand temperature is between 
1000 ◦C and 500 ◦C, the convective losses would be 4%–13% lower for 
the higher airflow temperature condition. As the firebrand temperature 
increases, the effect of the 26 K difference between the airflow tempera-
tures lessens. This is even more apparent for radiative losses, where the 
difference between the cases would be 6% at a firebrand temperature 
of 500 C and less than 1% for a firebrand temperature of 1000 C. These 
minor differences in the heat transfer due to the change in airflow 
temperature are likely the reason why there were not strong trends in 
the burning rates and firebrand temperature with airflow temperature.

3.1. Simplified burning rate model

Due to the relatively small size of the firebrand, it can be assumed 
that the firebrand temperature is essentially spatially uniform. An 
energy balance for the firebrand is presented in Eq.  (1), where 𝑚
is the mass of the firebrand, 𝐶𝑝 is the specific heat capacity of the 
firebrand, 𝑇𝐹𝐵 is the firebrand temperature, 𝑡 is time, 𝑚̇ is the mass 
loss rate, 𝛥𝐻𝑐 is the heat of combustion, ℎ is the convective heat 
transfer coefficient, 𝐴 is the surface area with respect to convection, 
radiation, and conduction, 𝑇∞ is the ambient or air flow temperature, 𝜀
is the firebrand emissivity, 𝜎 is the Stefan–Boltzmann constant, 𝑘 is the 
thermal conductivity of the substrate, and 𝑞ε  is the conductive 
𝑐𝑜𝑛𝑑,𝐹𝐵→𝑆
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heat transfer from the firebrand to the substrate. Eq.  (1) states that 
the change in internal energy from the firebrand is balanced with the 
energy generated by the smoldering firebrand and the losses due to 
convection, radiation, and conduction. 

𝑚𝐶𝑝
𝑑𝑇𝐹𝐵
𝑑𝑡

= 𝑚̇𝛥𝐻𝑐 − ℎ𝐴𝑐𝑜𝑛𝑣(𝑇𝐹𝐵 − 𝑇∞)

− 𝐴𝑟𝑎𝑑𝜀𝜎(𝑇 4
𝐹𝐵 − 𝑇 4

∞) − 𝐴𝑐𝑜𝑛𝑑 𝑞̇′′𝑐𝑜𝑛𝑑,𝐹𝐵→𝑆

(1)

From Fig.  7, we can see that the firebrand temperature is relatively 
constant over the first 60 s. Using the assumption that the firebrand 
temperature does not vary with time over the period of interest, the 
term on the left side of Eq.  (1) goes to zero. The energy balance can be 
rewritten as Eq.  (2), 
0 =𝑚̇𝛥𝐻𝑐 − ℎ𝐴𝑐𝑜𝑛𝑣𝛥𝑇

− 𝐴𝑟𝑎𝑑𝜀𝜎(𝑇 4
𝐹𝐵 − 𝑇 4

∞) − 𝐴𝑐𝑜𝑛𝑑 𝑞̇′′𝑐𝑜𝑛𝑑,𝐹𝐵→𝑆
(2)

where 𝛥𝑇  is 𝑇𝐹𝐵 − 𝑇∞. If we model the heat loss from the firebrand to 
the substrate as transient conduction into a semi-infinite medium with 
a constant temperature boundary condition [18], Eq.  (2) becomes: 
0 =𝑚̇𝛥𝐻𝑐 − ℎ𝐴𝑐𝑜𝑛𝑣𝛥𝑇

− 𝐴𝑟𝑎𝑑𝜀𝜎(𝑇 4
𝐹𝐵 − 𝑇 4

∞) −
𝑘𝐴𝑐𝑜𝑛𝑑
√

𝜋𝛼𝑡
𝛥𝑇

(3)

where 𝑘 is the thermal conductivity and 𝛼 is the thermal diffusivity 
of the substrate. To determine the total mass loss, Eq.  (3) can be 
integrated with respect to time. The total mass loss can be found 
by Eq.  (4), where 𝛥𝑡 is the burning time of the firebrand. The heats 
of combustion for birch and cedar were taken to be 18.83 kJ/g and 
20.76 kJ/g, respectively, from de Dios Riveria et al. [19] for the heat of 
combustion of hardwoods and softwoods. The convective heat transfer 
coefficient was assumed to be a flat plate with the relationship [20], 
ℎ𝐷∕𝑘𝑎𝑖𝑟 = 0.664𝑅𝑒1∕2𝑃𝑟1∕3, using the film temperature of the air. 
The thermal conductivity of the calcium silicate substrate was 0.094 
W∕mK. The thermal diffusivity was determined using the thermal 
conductivity, the density, which was 640.7 kg∕m3, and the specific heat 
capacity, which was 1.172 kJ∕kgK. The firebrand temperature was the 
average temperature measured by the IR camera during the first 60 s 
of the experiments. Similarly, the ambient temperature was the average 
temperature of the air flow. 

𝛥𝑚 = 𝛥𝑡
𝛥𝐻𝑐

[ℎ𝐴𝑐𝑜𝑛𝑣𝛥𝑇

+ 𝐴𝑟𝑎𝑑𝜀𝜎(𝑇 4
𝐹𝐵 − 𝑇 4

∞) +
2𝑘𝐴𝑐𝑜𝑛𝑑
√

𝜋𝛼𝑡
𝛥𝑇 ]

(4)

Fig.  8 compares the mass loss measured in the experiments to the 
mass loss calculated from Eq.  (4). The results presented are for the 
subset of experiments where the firebrand temperature was recorded 
by the IR camera. Overall, the model predictions compare fairly well 
with the experimental data, especially for the mid-range values. For 
the higher experimental mass loss cases, the model underpredicts the 
mass loss. Similarly, for some of the lower mass loss experiments, 
the model overpredicts the mass loss. There is not a clear trend in 
the over or under prediction with flow condition or wood type. The 
standard error of the estimate is 0.036 g if the model is assumed to 
perfectly fit the measured data. The highest residual observed was 
0.109 g for a high flow condition case with a birch firebrand. The model 
underpredicted the mass loss, which from Fig.  8 happened in a few of 
the experiments with high mass loss and high flow speed. The majority 
of the mass loss, according to the model described in Eq.  (4), is due to 
the radiative losses from the firebrand. The substrate has a low thermal 
conductivity, so even with the assumption of perfect contact, the losses 
due to conduction were comparatively low, accounting for less than 2% 
of the total heat loss.

Although there are some discrepancies, the simple model provides 
a means for estimating the firebrand mass loss based on the firebrand 
temperature, material properties, and environmental conditions over 
the period where the firebrand temperature does not vary significantly. 
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Fig. 8.  Comparison of the measured and Eq.  (4) predicted mass loss from the 
smoldering firebrands over a 60 s period. The dashed black line represents a 
perfect match. The shaded gray regions represent one standard error of the 
estimate away from the perfect match.

This model does not require significant computational resources or 
onerous measurements of different physical properties meaning that it 
can be used easily for a quick estimate of the burning rate. However, 
there are some limitations to the model. This model is only applicable 
when the firebrand temperature is in a quasi-steady state. If there are 
large variations in the firebrand temperature with time, we can no 
longer simplify the energy balance as we did in Eq.  (2). Additionally, 
we assumed a flat plate convection model which is not actually the 
geometry in these experiments as the firebrand is actually protruding 
from a flat plate. However, with the low profile of the firebrand and 
the relatively low velocities, this assumption provided adequate results. 
With different geometries and higher airflow conditions, a different 
model for or an actual measurement for the heat transfer coefficient 
would be needed. Another assumption in this model was that the sub-
strate was a semi-infinite medium due to the low thermal conductivity 
of calcium silicate. If a more conductive medium was used, our simple 
model may no longer apply. Finally, this model assumes that the area of 
the firebrand is not changing with time. From Figs.  3 and 4, we see that 
the firebrand area can change as the time progresses. The firebrands 
at 120 s under the highest flow conditions have visibly lost mass at 
the leading edge of the firebrand. This change in area would affect 
the heat losses due to convection, radiation, and conduction, as well 
as affecting the heat generation of the firebrand. As time progresses, 
the changing area could have more of an effect on the heat and mass 
transfer modeling. With this in mind and the quasi-steady temperature 
assumption, our model was applied to a short time at the start of testing 
where the variation in temperature and area are minimized.

3.2. Dimensional analysis

To explore the effects of the experimental parameters more fully 
and their correlation with the mass loss rate, dimensional analysis 
was performed. The mass loss over a given period is expressed as a 
function of the six governing experimental parameters shown in Eq. 
(5), where 𝑈 is the airflow velocity, 𝑚𝑖 is the initial firebrand mass, 
and 𝐷𝐹𝐵 is the firebrand diameter. Using the method of Chen [21], 
three dimensionless 𝛱 groups are formed. These dimensionless groups 
are 𝛥𝑚∕𝑚𝑖, 𝑈𝑡∕𝐷𝐹𝐵 , and 𝑇𝐹𝐵∕𝑇∞. Using the experimental data and 
regression analysis, the correlation of the 𝛱 groups is given in Eq.  (6). 

𝛥𝑚 = 𝑓 (𝛥𝑡, 𝑈, 𝑇 , 𝑇 , 𝑚 , 𝐷 ) (5)
𝐹𝐵 ∞ 𝑖 𝐹𝐵
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Fig. 9.  Comparison of the measured and predicted non-dimensional mass loss 
from the smoldering firebrands over a 60 s period. The measured values come 
from the experimentally measured mass loss and the initial mass of the wooden 
disks. The predicted values are based on Eq.  (6). The dashed black represents 
a perfect match. The standard error of the estimate is represented by the gray 
shaded bands.

𝛥𝑚
𝑚𝑖

= 8.11𝑒−8
(

𝑈𝛥𝑡
𝐷𝐹𝐵

)1.44 (

𝑇𝐹𝐵
𝑇∞

)0.82
(6)

The non-dimensional mass loss from the experimental data and the 
predicted non-dimensional mass loss from Eq.  (6) are compared in Fig. 
9. The standard error of the estimate was 0.016 for the dimensional 
analysis. The maximum residual was 0.046 for a cedar firebrand under 
the highest flow condition. At the lower flow speeds, the correlation 
provided better predictions of the mass loss than at the higher flow 
conditions. The error for the measured mass loss rates was also higher 
for the higher air flow cases. This uncertainty likely translated to larger 
deviations between the predicted and measured non-dimensional mass 
loss rates at higher flow conditions. The exponents on the correlation 
provide an indication of the relative importance of the different pa-
rameters in predicting the mass loss. From Eq.  (6), the 𝛱 group with 
velocity, time, and firebrand diameter has a larger exponent than the 
𝛱 group with the firebrand temperature and the air flow temperature. 
Additionally, the magnitude of the velocity 𝛱 group is larger than the 
ratio of the flow and firebrand temperatures. Together, this indicates 
a strong dependence on the 𝑈𝑡∕𝐷𝐹𝐵 group when predicting the mass 
loss in this correlation. Also, its important to note that there is a larger 
relative variation in the velocity 𝛱 group compared temperature 𝛱
group between experiments, which allows more of the variation seen 
in the experimental mass loss rates to be represented.

4. Conclusions

This paper provides the first steps towards measuring and pre-
dicting the burning rates of firebrands resting on substrates under 
forced air flow conditions. Currently, the literature on firebrand burn-
ing rates is sparse, with even fewer studies where the firebrand is 
resting on a substrate. By placing the firebrand in these experiments on 
a non-combustible substrate, we can study the physics behind firebrand 
burning rates and the effects of environmental conditions without the 
complications of a burning substrate. The process of decoupling the 
firebrand burning rate from a combustible substrate burning rate is 
non-trivial. This study is the first systematic step towards studying the 
burning rates of firebrands resting on combustible substrates. Addition-
ally, there is little research on the effect of air flow temperature on 
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the burning behavior of firebrands. This study explores this effect by 
elevating the air flow temperature for a portion of the experiments.

The burning rates of cedar and birch firebrands were measured 
under three different airflow speeds and two airflow temperatures. The 
experiments showed were clear differences in burning rates with wood 
type and airflow speed. However, the effect of the airflow temperature 
was negligible for the conditions in this study. In addition to the mass 
loss rates, the firebrand temperatures were measured via IR camera 
during experiments. Similar to the burning rates, there were apparent 
differences with airflow speed and negligible differences with airflow 
temperature. The variation in firebrand temperature with firebrand 
type was not clear.

Due to the relatively constant firebrand temperature for the first 60 
s of the experiments, a simplified firebrand burning rate model was 
developed to determine the total mass loss from the firebrand at short 
times. The model adequately predicted the firebrand mass loss with 
larger discrepancies at the highest air flow speeds. Additionally, the 
firebrand burning rates were correlated with experimental parameters 
using dimensional analysis. This analysis showed a strong correlation 
between the non-dimensional burning rate and the non-dimensional air 
flow speed. The simple model and dimensional analysis allow us to 
explore the physics behind the phenomena observed in the experiments 
and the important parameters affecting the firebrand burning behavior. 
From the experimental results, the modeling, and the dimensional 
analysis, we see the important of the air flow on the burning rates 
and temperatures of the firebrand with a lesser dependence on wood 
type and air flow temperature. In the future, experiments will be 
conducted using different firebrand geometries, wood types and wood 
grain directions, and substrate materials, both combustible and non-
combustible. This will allow for additional validation of the burning 
rate model and dimensional analysis presented in this paper.
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