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A B S T R A C T

Previous studies have shown that most structure ignitions in wildland urban-interface fires are due to firebrand
deposition and ignition. The heat transfer mechanisms involved in firebrand deposition need further study
and characterization for better understanding of the firebrand ignition process. In particular, convective
heat transfer correlations over a single firebrand and a pile of firebrands are lacking. Using the heat-mass
transfer analogy, naphthalene sublimation experiments were conducted to determine convective heat transfer
correlations for a single naphthalene cylinder (a surrogate firebrand) and an idealized three-firebrand pile
resting on flat plates from mass loss measurements. These experiments were conducted in a wind tunnel using
a heated (50 ◦C) or room temperature air flow (0.5 m/s to 2.1 m/s). There was good agreement between the
Nusselt number correlation obtained using heated air and results with unheated airflows. Experiments using
heated airflow reduced the experimental run times and uncertainty in mass loss measurements significantly.
In general, the single firebrand had higher Nusselt numbers than the individual firebrands in the pile. In the
three-firebrand pile, the firebrand at the top of the pile exhibited the highest heat transfer. The naphthalene
sublimation technique can be easily extended to obtain convective heat transfer correlations for various
firebrand geometries and configurations.
1. Introduction

In wildland-urban interface fires, recent post-fire investigations
have shown that the majority of home ignitions are caused by fire-
brands [1–3]. These structure ignitions occur in a three step process:
firebrand generation, transport, and deposition/ignition. The firebrands
can take many forms depending on the source material where they
were generated. Often small pieces of branches or twigs break off of a
larger plant to form firebrands that are nearly cylindrical in shape [4,5].
After traveling away from the generation point, the firebrands can then
land on various substrates and possibly initiate an ignition event. This
ignition process due to firebrand deposition is being studied and mod-
eled by a variety of researchers [5–10]; however, there are some gaps
when it comes to modeling the heat transfer. Firebrands experience
conductive, radiative, and convective losses when they are deposited
on a substrate. With regards to the convective heat transfer, we might
assume that the cylindrical firebrands are resting on a substrate. In
more traditional terms, we might say a cylinder resting on a flat plate.
However, to the authors’ knowledge, there are no correlations for the
convective heat transfer from a hot cylinder resting on unheated flat
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plate in the literature. This scenario would represent a single firebrand
landing on a substrate; however, there are often multiple firebrands
that collect on a surface forming piles [11,12]. Accounting the heat
transfer from a firebrand pile would involve quantifying the amount of
heat transfer from the pile to the environment/substrate and the heat
transfer from individual firebrands to other firebrands within the pile.
Specifically with regards to convective heat transfer, the location of
the firebrand within the pile and with respect to the wind direction
could greatly change the amount of convective heat transfer a given
firebrand experiences. By studying the convective heat transfer of a
single firebrand on a surface and of a pile of firebrands, we can improve
our understanding and modeling of the heat transfer occurring in
firebrand deposition scenarios.

Isolating the convective portion of the heat transfer in a react-
ing system is non-trivial. For more than seventy years, naphthalene
sublimation has been used to characterize convective heat and mass
transfer in various geometries. With this technique, the surface or part
of it is coated with or formed from naphthalene which sublimes at
room temperature. As air flows over the naphthalene surface, mass
vailable online 7 July 2023
379-7112/Published by Elsevier Ltd.

https://doi.org/10.1016/j.firesaf.2023.103858
Received 5 June 2023; Accepted 4 July 2023

https://www.elsevier.com/locate/firesaf
http://www.elsevier.com/locate/firesaf
mailto:savannah.wessies@nist.gov
mailto:jiann.yang@nist.gov
https://doi.org/10.1016/j.firesaf.2023.103858
https://doi.org/10.1016/j.firesaf.2023.103858
http://crossmark.crossref.org/dialog/?doi=10.1016/j.firesaf.2023.103858&domain=pdf


Fire Safety Journal 140 (2023) 103858S.S. Wessies and J.C. Yang

p
t
f
m
a

n
m
f

is transferred away from the surface as the naphthalene sublimes.
This is similar to how heat would transfer from a surface to the air
flowing past it in a heat transfer scenario [13]. Using the heat/mass
transfer analogy, the mass transfer can be related to the convective
heat transfer. This mass-heat analogy allows for purely convective heat
transfer to be quantified for complex geometries and boundary condi-
tions. The general procedure for naphthalene experiments is described
below [14]:

1. Fabricate the naphthalene test specimen.
2. Measure and record either the initial mass or surface profile of

the naphthalene specimen
3. Place the naphthalene specimen in the test apparatus. Conduct

the test with the naphthalene test specimen in place and exposed
to the test conditions (e.g., air flow).

4. Remove the naphthalene test specimen from the test apparatus.
Measure and record the final mass or surface profile of the
naphthalene specimen.

5. Using the recorded pre- and post-test measurements of the naph-
thalene specimens, calculate the mass transfer coefficient or
other desired quantities (Sherwood number, heat transfer coef-
ficient, Nusselt number).

There are many different methods to reduce the mass and surface
rofile data to obtain the transfer coefficients. A procedure for de-
ermining the average heat transfer coefficients and Nusselt numbers
rom mass measurements is detailed below. Eq. (1) describes how the
ass transfer of naphthalene relates to the mass transfer coefficient

nd the mass fraction of naphthalene, where 𝑚̇′′ is the mass flux at
the surface, ℎ𝑚 is the mass transfer coefficient, 𝑌𝑠 is the mass fraction
of naphthalene vapor at the surface, and 𝑌∞ is the mass fraction of
naphthalene vapor in the far field. Generally, the mass fraction of
naphthalene in the far field is assumed to be negligible.

𝑚̇′′ = ℎ𝑚(𝑌𝑠 − 𝑌∞) ≈ ℎ𝑚𝑌𝑠 (1)

Using the experimentally determined pre- and post-test mass data,
the average mass flux from the surface of the naphthalene over the
course of the test can be found using Eq. (2), where 𝛥𝑚 is the change
in mass over the testing period, A is the surface area, and t is the test
time.

𝑚̇′′ = 𝛥𝑚
𝐴𝛥𝑡

(2)

It is implicitly assumed in Eq. (2) that A is constant and does
ot change significantly over the course of the test duration. The
ass fraction of naphthalene at the surface is proportional the density

raction of naphthalene at the surface, 𝑌𝑠 ≈ 𝜌𝑠
𝜌𝑡𝑜𝑡𝑎𝑙

, where 𝜌𝑠 is the
density of naphthalene vapor at the surface and 𝜌𝑡𝑜𝑡𝑎𝑙 is the total density
of the gas the naphthalene is subliming into. The partial pressure of
naphthalene at the surface is taken to be the equilibrium vapor pressure
of naphthalene. Using the ideal gas law (P = 𝜌RT), we can relate
the partial pressure of naphthalene at the surface to the density of
naphthalene at the surface. The vapor pressure of naphthalene has a
strong dependence on temperature, and there are correlations in the
literature relating the variation of vapor pressure of naphthalene with
temperature. One of the more widely used correlations was developed
in 1975 by Ambrose et al. [15]. The correlation, which is valid between
263 K and 343 K, is presented in Eq. (3). Temperature, T, and pressure,
P, are in K and Pa, respectively. 𝐸𝑠(𝑥) is a Chebyshev polynomial in x of
degree s, where 𝑥 = [2𝑇 −(𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛)]∕(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛). In these equations,
a0 = 301.6247, a1 = 791.4937, a2 = −8.2536, a3 = 0.4043, T𝑚𝑎𝑥 = 344
K, and T𝑚𝑖𝑛 = 230 K. An expanded form of Eq. (3) is shown in Eq. (4)
in terms of x.

𝑇 𝑙𝑜𝑔10(𝑃 ) =
1
2
𝑎0 +

3
∑

𝑠=1
𝑎𝑠𝐸𝑠(𝑥) (3)

𝑇 𝑙𝑜𝑔 (𝑃 ) = 1𝑎 + 𝑎 𝑥 + 𝑎 (2𝑥2 − 1) + 𝑎 (4𝑥3 − 3𝑥) (4)
2

10 2 0 1 2 3
Once the mass fraction of naphthalene vapor at the surface is known
and the naphthalene mass flux is experimentally measured, Eq. (1) can
be used to determine the mass transfer coefficient for the given exper-
imental configuration and conditions. With the known mass transfer
coefficient, ℎ𝑚, the heat transfer coefficient, ℎ, can be calculated using
the heat and mass transfer analogy, ℎ = ℎ𝑚𝑐𝑝, where 𝑐𝑝 is the specific
heat capacity of the convecting gas. The Nusselt number (Nu = hD/k)
can then be determined, where D is the diameter of the cylinder and k
is the thermal conductivity of the convecting gas.

In this paper, we will describe the experimental procedure and
data reduction using the mass loss measurement approach to deter-
mine the heat transfer coefficients of a surrogate deposited firebrand
(cylinder resting on a flat plate) and the most basic pile configuration
of three surrogate firebrands deposited on a surface. The majority of
naphthalene sublimation experiments in the literature are conducted at
room temperature (approximately 20 ◦C to 25 ◦C). However, at room
temperature, the experiments must be conducted for longer periods of
time to ensure sufficient mass loss. By increasing the temperature of
the freestream air, the same amount of mass loss would occur over a
shorter period of time. This paper explores the effects of increasing
the temperature of the air flowing for characterizing the convective
heat transfer. Nusselt number correlations for the surrogate firebrand
(cylinder resting on a flat plate) and a pile of three surrogate firebrands
resting on a flat plate in cross flow will be presented.

2. Experimental setup and methodology

The experimental setup consists of a wind tunnel equipped with
a blower, a heating section, a scale with a 0.001 g resolution, and
a data acquisition system. The experimental system is depicted in
Fig. 1. The blower was connected to a variac to control the flow
speed. Freestream velocities ranged between approximately 0.5 m/s
and 2.0 m/s. Immediately after the blower, the wind tunnel converged
into a 100 mm × 100 mm square cross-section and the heating section,
which was equipped with a temperature controller to regulate the air
flow temperature in the wind tunnel. Following the heating section
(length 50 cm), the flowing air passed through a series of horse hair
filters and fine mesh screens to flatten the flow profile. At the start
of the test section, there was approximately 2% variation in the flow
velocity within 25 mm on either side of the center line. A k-type
thermocouple was installed in the wind tunnel at the inlet of the test
section to ensure that the air in the test section was at the desired
temperature.

In the test section, two small holes were drilled in the bottom of the
wind tunnel wall to allow for mass measurement during testing. The
scale was raised to rest below the bottom surface of the wind tunnel
test section, and two aluminum supports (117 mm length) resting on
the scale reached into the wind tunnel through the drilled holes. The
aluminum supports are pictured resting on the scale in Fig. 1. These
supports and a 90.2 mm × 152.4 mm piece of 3 mm thick polycarbonate
formed a platform that rested 50.8 mm below the top surface of the test
section in the center of the tunnel (see Fig. 2). The short side of the plat-
form (90.2 mm) was perpendicular to the flow and centered across the
width of the test section. There was a small gap between the platform
edge and the sides of the wind tunnel. There were three 0.127 mm
diameter, k-type thermocouples located near the platform (approxi-
mately 3 mm above the platform and 50 mm apart). During the heated
tests, the variation between the thermocouples was about 1 ◦C to 2 ◦C.
When room temperature air was used, the temperature variation across
the platform was between 0.2 ◦C to 0.5 ◦C. Additionally, a pitot tube
was situated 25.4 mm from the top of the wind tunnel downstream of
the platform. The scale in these experiments had a RS232 connection
for continuous mass measurements throughout the experiments. During
the experiment, the surrogate naphthalene firebrands were weighed at

various time intervals. After the mass measurements were recorded, the
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Fig. 1. Schematic of the experimental system. A wind tunnel with a blower (1) connected to the inlet. The air is pushed through the heating section (2) before entering the test
section (3). A blue arrow is used to indicate the air flow direction. A pitot tube (4) monitors the flow speed. A scale (5) is located underneath the test section. A variac (6) and
a temperature controller (7) are used to control the flow speed and temperature, respectively. The data acquisition system is located at (8). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
data collection was terminated. Velocity, temperature, and mass data
were collected in each experiment via a data acquisition system.

The surrogate firebrands (naphthalene specimens) in these subli-
mation experiments took the form of a cylinder with a diameter of
6.35 mm and 50.8 mm long. These dimensions are within the range
of firebrands produced in wildland fires. Silicone molds were formed
and used to fabricate the naphthalene cylinders. The inside surface
of the silicone molds is smooth and shiny, and this finish transfers
to the molded naphthalene. According to the literature, a ‘‘glasslike
smoothness’’ is desired for the naphthalene specimen’s surface [13]. To
generate the naphthalene specimens, solid naphthalene is melted and
poured into the silicone molds. After the naphthalene cools and solidi-
fies, the naphthalene cylinder is removed from the mold. The cylinder
was placed on its rounded side in contact with the platform during
an experiment (refer to Fig. 2). Small grooves along the length of the
platform allowed for repeatable placement of the surrogate firebrands
across replicate tests. For the individual firebrand experiments, a single
naphthalene cylinder was placed on the platform in the first groove
(25 mm from the leading edge). The cylinder was positioned with its
length parallel to the short side of the platform. Similarly for the pile
tests, one cylinder was placed in each of the first two grooves, and a
third rested on top of the other two surrogate firebrands.

To perform an experiment, the wind tunnel and heating section
were first turned on at least thirty minutes prior to testing. This warm
up time allowed the air flow to reach a uniform temperature within the
test section. During this time, the naphthalene cylinders were fabricated
using the silicone molds. Before placing the naphthalene cylinder(s) in
the test section, each naphthalene piece was weighed on a scale with a
resolution of 0.001 g, and the initial mass was recorded. Immediately
following, data collection in the wind tunnel was initiated, and the
cylinders were placed in the wind tunnel. The experiment was then
allowed to run for a prescribed amount of time. To get the mass loss
of the individual members within the pile, an external scale (0.001 g
resolution) was used to measure each surrogate firebrand pre- and
post-test. This allowed for the calculation of Nusselt numbers for the
different positions in the pile. These external mass measurements were
also taken for the single tests.

To explore the effect of the air temperature on naphthalene sub-
limation, the wind speed and air temperature were varied in the
single firebrand configuration. Nominally three air flow conditions
3

were tested when the air temperature was held at 50 ◦C and at room
temperature (23 ◦C). The freestream velocities, U, were approximately
0.6 m/s, 1 m/s, and 2 m/s with some variation among tests. For the
heated flow, these velocities correspond to Reynolds numbers (Re =
𝑈𝐷∕𝜈) of approximately 196, 391, and 725 when using the diameter
of the cylinder, D, as the characteristic length and 𝜈 is the kinematic
viscosity. With room temperature air at nominally the same freestream
velocities, the resulting Reynolds numbers based on the naphthalene
cylinder’s diameter were 250, 436, and 841. For the heated flow
experiments, room temperature naphthalene cylinders were placed in
the wind tunnel under a 50 ◦C air flow. With a room temperature
cylinder placed in the heated air flow, there is a delay before the
cylinder reaches the temperature of the flow. During this preheating
time, the naphthalene does not sublimate at the same rate as later in
the test once it has reached the desired temperature. Experiments with
a thermocouple embedded in the center of the naphthalene cylinder
showed the cylinders took just under ten minutes for the internal
temperature of the cylinder to equilibrate with the flow temperature.
With this in mind, Nusselt numbers were calculated for the first ten
minutes of testing and then for the remaining time period to investi-
gate how the preheating period affects the transfer coefficients. This
preheating time was not necessary for the room temperature tests as the
naphthalene cylinders and the air flow were at the same temperature.
The room temperature tests were collected at much longer time scales
(hours rather than minutes) to produce sufficient mass loss. At least
six experiments were conducted for each of the heat flow conditions,
and triplicates were conducted for each flow condition with the room
temperature air flow.

In addition to the singular firebrand configuration, experiments
were conducted with three surrogate firebrands in a pile. These experi-
ments were only conducted with the heated (50 ◦C) airflow. Four differ-
ent freestream velocities were used for the pile configuration: 0.5 m/s,
1.1 m/s, 1.9 m/s, and 2.1 m/s. These corresponded to Reynolds num-
bers of 182, 404, 696, 767 based on the diameter of the surrogate
firebrand. Measurements were taken for each naphthalene cylinder
allowing for heat transfer characterization of the individual firebrands
and of the global pile. Data for the heat transfer coefficient was col-
lected for at least ten minutes after the initial preheating period. For
the lower flow tests (Re ≈ 182), an additional ten minutes of data was

collected to minimize the errors associated with lower mass loss per
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Fig. 2. Surrogate naphthalene firebrands placed on the platform in the test section in two configurations: (a) single and (b) pile of three. This is a top down view. The blue
arrow indicates the direction of the flow. The red dashed circles mark the locations of the thermocouples during testing. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
test. Four experiments were conducted for each flow condition in the
pile configuration. In the pile tests, after the initial preheating time of
ten minutes, the experiments were conducted for ten minutes.

3. Results and discussion

In these experiments, we are interested in the convective heat trans-
fer characterization, so the results will be presented in dimensionless
form using the Nusselt number (hD/k), where D is the diameter of the
naphthalene cylinder and k is the thermal conductivity of the air.

3.1. Single surrogate firebrand

The single surrogate firebrand experiments were designed to char-
acterize the convective heat transfer from a single firebrand resting
on a surface and also explore the effects of using a heated airflow
in naphthalene sublimation. First we considered the preheating time
due to placing a room temperature object into a heated air flow.
The results can be divided into two sections: preheating and data
collection. The Nusselt numbers were calculated for both the preheating
and actual data collection periods. The values are plotted against the
Reynolds number in Fig. 3. At lower velocities, there tended to be
less of a difference between the preheat and data collection Nusselt
numbers. However there was higher variability between the values for
the preheat portion of the experiments compared to the actual data
collection portion at the lower velocities. This is particularly evident
at Re ≈ 196, where the uncertainty of the mean Nusselt number for
the preheating was almost double the uncertainty of the mean Nusselt
number for the actual data collection. The uncertainty of the mean
was calculated using a 95% confidence interval based on the student’s
t-distribution. At the highest velocity, there was a distinct difference
between the preheat and data collection heat transfer. For Re ≈ 725,
the average Nusselt number during preheat was 3.74 ± 0.31 compared
to 4.15 ± 0.25 during the data collection period.

In addition to looking at the average Nu and variability, we can
compare the correlations between the data. The line of best fit for the
data was assumed to have the following form, 𝑁𝑢 = 𝑎𝑅𝑒𝑏, where a
and b are constants. The constants, a and b, were optimized for using
4

scipy.optimize.curve fit with a Levenberg–Marquardt algorithm for the
least-squares regression [16]. The correlation for Nusselt number based
on Reynolds number was determined for each period (preheating and
data collection). The best fit equations are displayed in Fig. 3. At lower
Reynolds numbers, the two curve fits are almost the same. However,
as higher Reynolds numbers are approached, the preheat correlation
predicts lower Nusselt numbers than the data collection correlation.
There is a clear difference between the values collected during the
initial heating period of the naphthalene cylinders in the heated air
flow. For this naphthalene form factor and heated air flow, ten minutes
provides sufficient time for the naphthalene to equilibrate to the flow
temperature. For other experimental configurations, the preheat time
would need to be re-evaluated.

For the single surrogate firebrand configuration, experiments were
also conducted at room temperature for similar flow conditions to
ensure the validity of the Nusselt number correlation determined in
the heated flow tests. Moving forward, only the values for the Nusselt
number from the data collection period will be discussed. The Nusselt
number results of the individual tests are plotted in Fig. 4. The values
from the heated airflow tests and the room temperature air flow tests
have good agreement. At the lowest Reynolds numbers (Re ≈ 196 and
Re ≈ 250), the average Nusselt numbers were very close in value.
For the heated air and Re ≈ 196, the average Nusselt number was
1.98 ± 0.18. The average Nusselt number was 1.88 ± 0.28 for the
room temperature case. At the higher Reynolds numbers (Re ≈ 725
and Re ≈ 841), the room temperature case measured higher average
Nusselt numbers, but also had a higher Reynolds number compared to
the heated flow case. Additionally there was greater variability between
tests for the room temperature results at the highest flow condition. The
uncertainty in the mean for the highest Reynolds numbers were 0.86
and 0.35 for the room temperature and heated flows, respectively.

The correlation (Nu = 0.08558 Re0.5886) and the Nusselt numbers
from the heated and room temperature flow cases are presented in
Fig. 4. The standard error of fit is also presented as the shaded region
around the line. As expected, the majority of the data is within the
bounds of one standard deviation of the fit away from the line of best
fit. When this region is expanded to two standard deviations of the
fit, only one data point is outside of the bounds. This correlation and
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Fig. 3. Comparison of the Nusselt numbers for a single surrogate firebrand on a platform at different Reynolds numbers for the preheat and data collection periods during
experiments. The solid blue line is a power law line of best fit (Nu = 0.08558 Re0.5886) for the Nusselt numbers from the data collection. The dashed green line is the power law
fit (Nu = 0.1189 Re0.5238) for the preheat data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Comparison of the Nusselt numbers from a single surrogate firebrand on a platform at different Reynolds numbers for two different air flow temperatures. 23 ◦C indicates
the tests conducted at room temperature. The air was heated to 50 ◦C for the heated flow tests. The black line is best fit determined for the heated data set of the form, 𝑁𝑢 = 𝑎𝑅𝑒𝑏.
The shaded regions represents the standard error of fit. The larger shaded region in the lighter green color is 2 standard deviations of the fit from the line of best fit. The smaller
shaded region in the darker green color is one standard deviation of the fit away from the line of best fit in either direction. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the uncertainty bands were formed only using the heated flow data,
and there is still good agreement with the room temperature data.
Only one room temperature data point was outside of the two standard
deviations of the fit. If all of the data including the room temperature
data points were used for the correlation, there is only a small change in
the correlation. From this analysis, we can see that the heated air flow
over the naphthalene specimens allows for the convective heat transfer
to be characterized given the preheating time is accounted for. This
configuration differs from a cylinder in cross flow due to the cylinder
resting on a flat plate. However it would be interesting to compare the
heat transfer coefficients for these two configurations to see how the
presence of the flat plate affects the heat transfer. Using the correlation
by Churchill and Bernstein for a cylinder in cross flow for Re = 100
to 900, Nusselt numbers would range between approximately 3.3 and
9.3. On average, these values are about twice that of a single cylinder
5

resting on a flat plate based on the correlation in this study. Using
traditional correlations for a cylinder in cross flow from the literature
would significantly overestimate the convective transfer.

One of the benefits of using a heated air flow in naphthalene
sublimation experiments is the decrease in time required to have suf-
ficient naphthalene mass loss. Based on the correlation by Ambrose,
Lawrensen, and Sprake [15], the vapor pressure naphthalene increases
by a factor of ten when the temperature is increased from 23 ◦C to
50 ◦C. This means the naphthalene will sublimate at a much faster
rate in the heated flow cases. Based on the experimental mass loss
rates, depending on flow condition and air flow temperature, there
was significant difference in the time required for a given amount of
mass loss. To illustrate this point, Table 1 shows the times required
for 0.05 g of naphthalene mass loss for the different cases based on
the mass loss rates measured in the experiments. From the values,
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Table 1
Time required for 0.05 g of naphthalene mass loss for a given flow
condition and air flow temperature.
Reynolds number Temperature (◦C) Time required (min)

250 23 273
196 50 23

436 23 156
391 50 16

841 23 90
725 50 11

we can see that the heated flow cases take between 9%–12% of the
time required for the room temperature tests. Based on the vapor
pressure curve for naphthalene, the time required for the 50 ◦C air
flow cases to sublimate the same amount of mass is approximately
10% of the time required for the room temperature (23 ◦C) air flow
cases at nominally the same flow condition. Simply heating the air
to 50 ◦C drastically decreases the amount of time required to run
an experiment. Even considering the small amount of heating time
required, the test time is still much shorter than it would be in a room
temperature air experiment. With shorter test times, more tests can
be conducted in the same period of time that would be needed for
room temperature experiments. This could lead to more experiments for
a given configuration, therefore decreasing the uncertainty associated
with the measurement. Another advantage would be increasing the
number of configurations tested allowing for results that are applicable
over a wider range of experimental conditions.

3.2. Pile of three surrogate firebrands

Experiments were conducted for piles of three surrogate firebrands
under four heated air flow conditions. The Nusselt numbers were cal-
culated for each surrogate firebrand in the pile and for the whole pile.
First we consider the Nusselt numbers for each individual firebrand in
the pile shown in Fig. 5. From this plot we can see that the surrogate
firebrand at the top of the pile (position 3) had the highest heat
transfer coefficients. The surrogate firebrand on the bottom and on the
downstream side (position 2) experienced the lowest heat transfer. On
average, the Nusselt number at position 2 was about a third of the
Nusselt number at position 3 for the same flow speed. Using the data
for each individual firebrand, power law correlations were optimized
for each firebrand position in the pile. Positions 1 and 3 have similar
shapes in their curves, but the magnitude of the Nusselt numbers is
lower. It is also interesting to note that the exponent on the Reynolds
number in these two correlations is close to 0.5, which is often used for
tube banks with low Reynolds numbers [17].

In addition to the individual surrogate firebrand Nusselt number
correlations, there is some correlation relating the Reynolds number
to the global heat transfer in the pile. For this analysis, the Nusselt
numbers for the individual firebrand were averaged for each exper-
iment, so the Nusselt number is still defined by the diameter of an
individual firebrand. These global Nusselt numbers can be seen in
Fig. 6. Additionally, a line of best fit using the power law form was
found for the global Nusselt number. Here the Nusselt number takes
the form 0.0659 Re0.5572. The majority of the data is contained within
the region of one standard deviation away from the line of best fit. The
remaining data is included if the region is expanded to two standard
deviations.

Finally, we compare the single surrogate firebrand heat transfer
to the heat transfer in the firebrand pile configuration. All Nusselt
numbers were defined using the diameter of a single firebrand, which
allows for direct comparison between the two configurations. Fig. 7
shows the Nusselt numbers and correlations for the experiments with
a single surrogate firebrand and the firebrand in position 1 in the pile
6

configuration. The single firebrand and the firebrand in position 1 are
in the same exact location of the platform used in these experiments.
They are both located in the first groove, 25 mm from the leading
edge of the platform. From this comparison, we can see that the
single firebrand experiences higher heat transfer than the surrogate
firebrand in position 1 of the pile at all of the flow conditions in these
experiments. This is most likely due to the decreased airflow on the top
and back side of the position 1 firebrand. The firebrand in position 3
blocks some of the air that would flow over the top of the position 1
firebrand if there was no obstacle. Additionally the firebrand at position
2 impedes the airflow to the back side of the position 1 firebrand. The
Nusselt number represents the average heat transfer over the entire
surface of the firebrand, so these areas with lesser air flow are included.
This likely leads to the lower Nusselt number at position 1 in the
firebrand pile compared to the single firebrand even though they are
at the same location in space. On average, the position 1 firebrand in
the pile was a factor of 1.5 lower than the single firebrand.

The correlations for the firebrands at the three different positions
within the pile, the average global firebrand pile, and the single fire-
brand Nusselt number are presented in Fig. 8. Looking at the individual
position Nusselt numbers, the position 1 firebrand Nusselt number is
approximately the average of the position 2 and 3 firebrands Nusselt
numbers. The global firebrand pile Nusselt number is the average of
the Nusselt numbers at the three positions, so this leads to a value
similar to position 1. Comparing the two highest heat transfer cor-
relations, the single firebrand and the position 3 firebrand, we see
that at lower Reynolds numbers (less than about 300), the Nusselt
numbers are very similar. The average Nusselt number for the position
3 firebrand was 1.1 times lower than the single firebrand. However as
flow speed increases, the Nusselt number correlations begin to diverge
and the single firebrand experiences more heat transfer. It is possible
that the air flow at the bottom portion of the position 3 firebrand
encounters less air flow than the single firebrand. The position 1 and
2 firebrand contact the position 3 firebrand at a higher location on
sides of the cylinder than the grooves in the platform. This could
lead to decreased airflow in this region. Another possibility is that
the concentration of naphthalene in the air flowing over the surrogate
firebrands is no longer zero/negligible after passing over the position
1 firebrand meaning the approximation in Eq. (2) no longer holds.
As the naphthalene at the surface of the position 1 sublimates, the
mass fraction of naphthalene in the air increases and the potential
for naphthalene sublimation decreases at position 3. In this case, ac-
counting for the naphthalene already in the air would lead to higher
transfer coefficients. The analogous heat transfer phenomena would
be the air in the thermal boundary layer heating up as it flows over
the pile. Similar effects with the reduced airflow and the presence of
naphthalene in the freestream air were experienced by the position 2
firebrand. This firebrand experienced Nusselt numbers that were on
average a factor of 3.4 lower than the single firebrand.

Generally, the single firebrand has the highest Nusselt number
of the configurations/positions in these experiments. However, if the
total convective heat transfer to the surroundings were considered,
the firebrand pile would have higher total heat transfer due to having
three times as many firebrands as the single firebrand. In the range of
Reynolds numbers valid for these experiments, the Nusselt number for
the single firebrand is not three times that of the global firebrand pile.

4. Conclusions

Naphthalene sublimation is a useful experimental technique to
quantify the convective heat transfer, especially in cases with complex
geometry or boundary conditions. In these experiments, naphthalene
sublimation was used to characterize the convective heat transfer
from a single surrogate firebrand resting on a flat plate and a pile
of three surrogate firebrands resting on a flat plate. For the single
surrogate firebrand, it was determined that Nu = 0.08558 Re0.5886 for

the Reynolds numbers tested in these experiments (Re ≈ 160–850).
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Fig. 5. Comparison of the individual Nusselt numbers for the surrogate firebrands in a pile configuration. The equations in the legend are lines of best fit for the given surrogate
firebrand. The image to right shows a side view of the pile configuration with numbers indicating the different firebrand positions in the pile. The blue arrow indicates the air
flow direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Comparison of the global Nusselt number for three surrogate firebrands in a pile. The black line is best fit determined for the heated data set of the form, 𝑁𝑢 = 𝑎𝑅𝑒𝑏. The
shaded regions represents the standard error of fit. The larger shaded region in the lighter purple color is 2 standard deviations of the fit from the line of best fit. The smaller
shaded region in the darker purple color is one standard deviation of the fit away from the line of best fit in either direction. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Generally naphthalene sublimation experiments are often conducted
at room temperature over long periods of time to ensure sufficient
naphthalene sublimation. However, by increasing the temperature of
the airflow to approximately 50 ◦C, the experimental duration was
decreased while still having the desired amount of naphthalene sub-
limation. When using a heated flow, it is important to consider the
temperature of the naphthalene cylinder when it is placed in the flow. A
preheating period is necessary to ensure the correct transfer coefficients
are calculated for the given experiment. In the experiments presented
in this paper, we found that a ten minute preheat time allowed for the
accurate determination of the transfer coefficients. To asses the validity
of the heated air flow approach, additional tests were conducted at
room temperature. There was good agreement between the Nusselt
numbers derived from the heated and room temperature experiments.
Additionally, the time required for the same amount of naphthalene
mass loss decreased by a factor of ten when the airflow was increased
7

from 23 ◦C to 50 ◦C. This would allow for more data to be collected in
the same amount time needed for experiments conducted under room
temperature conditions. Overall there are clear benefits from collecting
data in naphthalene sublimation experiments with a heated air flow.

Additional tests were conducted in the heat air flow with simplified
piles of three surrogate firebrands. Correlations were presented for the
firebrands in a pile, both globally and individually. The firebrand at
the top of the firebrand pile had the highest Nusselt numbers of those
in the pile. The surrogate firebrand at the bottom on the downstream
edge exhibited the lowest amount of mass transfer, and therefore the
lowest Nusselt numbers. The average global Nusselt number correlation
for the firebrand pile was Nu = 0.0659 Re0.5572. The results from the
firebrand pile experiments were compared to the single surrogate fire-
brand experiments. Comparing the single firebrand to the firebrand at
the same spatial location on the platform, but in the pile configuration,
showed that the single firebrand had higher heat transfer coefficients.
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Fig. 7. Comparison of convective heat transfer for the single surrogate firebrand and the surrogate firebrand in position 1 of the pile configuration. Individual experiments are
indicated with marker, and the lines represent the correlations based on the power law best fits for the data sets.
Fig. 8. Comparison of the correlations relating Reynolds numbers to Nusselt numbers for the single firebrand, individual firebrands within a pile, and the global firebrand pile.
Correlations are the same as those presented in Figs. 4, 5, and 6.
At lower flow velocities, the firebrand at the top of the pile saw similar
Nusselt numbers to the singular firebrand. However at higher air flows,
the single firebrand experienced more convective heat transfer than the
firebrand at the top of the pile. In general, the single firebrand had
higher Nusselt numbers than those in the firebrand pile. However the
difference was not enough that a single firebrand would have higher
total convective heat transfer than the three firebrands combined in
the pile configuration.

By studying the convective heat transfer of individual firebrands
and piles of firebrands deposited on a surface, we can improve our
understanding of the hazards associated with firebrand deposition and
ignition. We could also better model and predict the heat transfer
processes occurring during deposition and possible ignition events.
Moving forward, other configurations such as firebrands of different
shapes and aspect ratios should be considered. Additionally, different
piles structures and spacing should be investigated to explore their
effects on the convective heat transfer from a firebrand.
8
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