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Highlights

Measuring Firebrand Heat Flux with a Thin-Skin Calorimeter

Amy E. Mensch,Savannah S. Wessies,Anthony Hamins,Jiann C. Yang

e A novel method for conducting time-resolved measurements of heat flux from individual firebrands was
demonstrated using a thin skin calorimeter.

o The average peak net heat flux measured for disc-shaped birch firebrands was 45 kW/m2, and did not change
significantly across a range of flow conditions.

o The firebrand total heating, duration of heating, and total mass consumed increased as the flow velocity increased.
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ARTICLE INFO ABSTRACT

Keywords: While the impact of wildland-urban interface fires is growing, firebrand exposure is a significant
wildland-urban interface fires but not well understood contributor to fire spread. The ignition threat of firebrand exposures
firebrands can be characterized by measuring the heat transfer of glowing firebrands to a surface. The
heat transfer current study presents a novel method for conducting time-resolved heat transfer measurements
thin skin calorimeter from individual firebrands across a range of flow conditions. Experiments are conducted with

individual glowing firebrands generated from birch discs and placed on a copper thin skin
calorimeter of the same diameter, which is embedded in the substrate. The net heat flux from
the firebrand to the thin skin calorimeter is obtained from the thermal energy storage in the
thin skin calorimeter, plus heat conduction losses to the substrate. Values of peak net heat flux,
total heating, duration of heating are reported under different flow conditions from 0.05 m/s to
1.6 m/s. The average peak net heat flux for the disc-shaped birch firebrands is 45 kW/m?, and does
not change significantly with flow condition. However, there is an increase in the total heating,
duration of heating, and total mass consumed as the flow velocity increases.

1. Introduction

Fire losses in communities within and bordering wildlands are a growing international problem [1]. Wildland
fires that spread into communities, known as wildland-urban interface (WUI) fires, can lead to substantial life and
property loss. These fires can produce hazardous conditions that can be very difficult to control, due to the influence
of topography, vegetative fuel types and distribution, local weather conditions, such as low humidity and high winds.
Of the 10 costliest wildland fires in the USA, seven have occurred since 2000 [2]. In the last 10 years in California
alone, one of every eight acres of land has burned, over 43,000 structures have been destroyed, and 173 lives have
been lost [3]. The 2018 and 2020 Northern California wildfire incidents referred to as the “Camp Fire" and the “2020
Fire Siege” caused 116 fatalities including 3 firefighters, destroyed over 28,000 structures with an estimated costs of
about $15 B (in 2021 U.S. dollars) [3-5]. In Australia, 173 people lost their lives and more than 3500 buildings were
destroyed in the 2009 Victoria Black Saturday fires [6]. In Portugal, the year 2017 witnessed the highest on record of
total burned area since 1980 (above half a million hectares), 115 fatalities and activation of about 1500 firefighters to
address the WUI fires [7].

Firebrands have been identified as playing a key role in fire spread and ignition of structural components during
WUI fires and are thought to cause as many as 90 % of structural ignitions during wildfire incidents [8]. Fire spread
by firebrands involves a set of serial processes, beginning with firebrand production, firebrand transport, and firebrand
deposition on a substrate (such as a structural component). During transport, cellulosic brands are typically burning in
a glowing rather than a flaming state. Upon landing, if the firebrand is still burning and has sufficient unburned mass,
then ignition of a substrate may occur, depending on the amount of heat transfer to the substrate [9].

Nazare et al. [10] and Rein [11] present comprehensive reviews of the technical literature on firebrand research.
There are several common criteria regarding ignition of a substrate. The most widely used criterion for ignition of
wood is the critical ignition temperature, followed by the critical heat flux for ignition, and the critical mass loss rate of
the target fuel. These critical ignition criteria are usually determined through exposure to radiant heating and a pilot.
Ohlemiller and Villa [12] discusses the critical ignition temperature for both thermally thick and thermally thin target
fuels. For all three critical ignition criteria, the ignition is driven by heat transfer from the heat source (firebrand) to a
substrate, which is the subject of this study.
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Table 1
Thermal Properties

TSC Substrate

Material copper  ceramic fiber board
¢, (kJ/kgK) 0.385 1.089

p (kg/m?) 8960 336

k (W /mK) 392 0.068

Ignition by firebrands is a transient phenomenon involving heat transfer from the firebrand to the fuel. Even a
single brand can ignite a cellulosic fuel bed [13]. As compared to radiative heat sources, conductive heat sources can
initiate smoldering fires with a much lower heat flux [11]. The likelihood of a single firebrand to cause ignition of a
non-porous combustible solid may be limited by the thermal mass of the substrate compared to the heating from the
firebrand. Various studies report different critical heat flux values for glowing ignition in wood specimens, depending
on the experimental conditions (such as convective flow) and the duration of the test [9].

To help develop fire-resistant WUI communities and protect structures from ignition, it is imperative to quantify
the exposure threat posed by firebrands to structures and structural materials. Only after the structural ignition threat is
fully understood can cost-effective and appropriate technological solutions be developed. Measurements of the time-
dependent heat flux from a single firebrand on a substrate is an essential step towards a fundamental understanding
of substrate ignition by firebrands. This paper presents a method to use a thin skin calorimeter (TSC) to quantify the
thermal hazard of individual well characterized firebrands over a range of flow conditions.

1.1. Previous measurements

Most previous experimental work on firebrand ignition has been mainly phenomenological, delivering firebrands
onto various combustible materials and geometries and reporting observations on the likelihood of ignition. Few
investigations have explored the mechanism of ignition through measurements of the heat flux from firebrands or
firebrand piles. The methods used to measure heat flux in these investigations are summarized below.

Hakes et al. [14] and Richter et al. [15] used a water-cooled heat flux gauge to measure the heat flux from cylindrical
firebrands to a substrate. Thomas et al. [16] determined the net heat flux from firebrand piles to an inert solid substrate
with an inverse heat transfer model using temperatures measured within the substrate. The net heat flux was lower than
the heat flux measured by a water-cooled heat flux gauge at the surface of the substrate, which the authors attributed to
differences in accounting for heat losses. Bearinger et al. [17] also used an inverse heat transfer analysis to determine
the heat flux from individual smoldering firebrands. Infrared thermography on the underside of the substrate allowed
them to report spatial distributions of heat flux with a resolution of 0.4 mm. A thin skin calorimeter, defined in ASTM
E469, is typically used for quantifying radiant heat flux in fire experiments [18], but can also be used to measure heat
flux to a surface. Hakes et al. [14] used an array of thin skin calorimeters to understand the spatial distribution of
heat flux on a substrate from deposited firebrands under ambient conditions, but the authors only reported heat flux
under wind conditions measured by their water-cooled heat flux gauge. Across all measurement methods, individual
firebrand peak net heat fluxes have ranged between 10 kW/m? and 30 kW/m? (over the firebrand initial projected area),
for cylindrical or rod-shaped firebrands and for wind conditions between no flow and 2 m/s [14, 17].

2. Methods

2.1. Experimental Setup

Heat transfer measurements from an individual firebrand to a substrate were conducted using a TSC. The TSC heat
flux measurement was based on the rate of change in the temperature of a metal disc, referred to as the TSC. The TSC
was made from copper with a thickness, 6, of 0.552 mm and a diameter, D, of 25.4 mm. The Biot number of the TSC was
estimated to be much less than unity, on the order of 10~ based on & and on the order of 1073 based on D, allowing
the assumption of a uniform temperature throughout the TSC. The TSC was embedded flush with the surface of a
25.4 mm thick insulating substrate made of ceramic fiber board as shown in Figure 1a. The thermophysical properties
of the TSC and substrate are given in Table 1, where c,, is specific heat, p is density, and k is thermal conductivity.
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Firebrand flow is into the page

TC | | 58 mm TC
6.4 mm 6.4 mm
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fiber board .24_9 i T

(a) (b)

Figure 1: Diagrams of (a) the TSC system and thermocouple locations and (b) the thermal energy balance on the TSC.

For measuring the TSC temperature, the wires of a K-type thermocouple (TC), 0.25 mm diameter, were welded
to the unexposed surface of the TSC. The TSC temperature data were recorded at 6 Hz. Additional K-type TCs were
installed at different locations within the substrate to estimate conductive heat losses from the TSC. The locations of
the TCs in the substrate are shown in Figure 1a. Small holes, 1.5 mm to 2.4 mm in diameter, were drilled vertically
from the bottom of the substrate for the TC installation.

The TSC and top surface of the substrate were flush with the floor of a single-pass wind tunnel depicted in Fig.
2. Ambient room air entered through a 406 mm by 406 mm square inlet containing a honeycomb flow straightener,
after which the flow path was constricted to 305 mm by 305 mm. The glowing firebrands were placed on top of the
TSC, located 1.30 m downstream from the constriction, using the door on the side of the tunnel. A quartz window
on the top of the tunnel allowed visual access during the experiments. About 250 mm downstream of the TSC, the
tunnel constricted again to connect to the axial blower. Four flow velocities represented different wind conditions for
the firebrands. The flow velocity was measured before the experiments with a hot wire anemometer at 12.7 mm above
the TSC, which was close to the height of the firebrand when placed on the TSC. The mean velocity and standard
uncertainty for a 95 % confidence interval for each flow condition are 1.6 m/s + 0.09 m/s, 1.0 m/s + 0.06 m/s, 0.6 m/s
+ 0.03 m/s, and 0.05 m/s + 0.003 m/s.

window view of
firebrand on
TSC, 10 s after
placement

Figure 2: Depiction of the single-pass wind tunnel to generate four flow conditions, with velocities between 0.05 m/s and
1.6 m/s. The TSC and substrate are shown behind the side door.
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Glowing firebrands were generated with a repeatable procedure using birch wood discs with a diameter of 31.75 mm
and a thickness of 10.6 mm, cut from commercially available dowels. Before testing, the discs were completely dried
in an oven at 110 °C for more than 8 h. The dried birch discs had a mean mass of 4.95 g + 0.11 g. The mass loss
from drying was between 8 % and 11 % of the original mass. To generate a glowing firebrand, a dried birch disc was
placed on the wire mesh base of a metal chimney, 150 mm in diameter and 180 mm tall. The chimney was positioned
over a 50 mm diameter burner with a pre-lit propane flame. This exposed the birch disc to direct flame contact, which
lasted for 10 s before the propane fuel was turned off. This consistent exposure time allowed for the birch discs to
ignite and burn with a self-sustaining flame in the chimney. The flame was allowed to self-extinguish, which occurred
an average of 246 s + 7 s after the initial chimney placement on the propane burner. Then the glowing firebrand was
picked up with tongs and placed on top of the TSC inside the wind tunnel using the side door. Placement on the
TSC occurred approximately 5 s after self-extinguishment. This firebrand generation procedure typically shrank the
firebrand to approximately the same diameter as the TSC (25.4 mm), by design to prevent cooling of the TSC from
exposure to the surroundings. Following the experiment, the mass of remnants of the firebrand was measured. Six or
seven repeated firebrand tests were conducted for each flow condition.

To evaluate the repeatibility of the firebrand generation process, additional tests were conducted to measure the
temperature rise of the birch discs during this procedure. A 1.59 mm diameter sheathed K-type TC was inserted into
a hole of the same diameter drilled from the side to the center of the birch disc at half of the thickness. The embedded
temperature profiles of four tests of the same size birch discs are shown in Figure 3. The data begins with the start of the
exposure to the propane burner flame, and the data ends when the firebrand flame self-extinguished. The temperature
rise in each test is similar, and the self-extinguishment temperatures and times are consistent across tests. The average
final temperature was 501 °C + 14 °C, and the average time until self-extinguishment was 201 s + 17 s. The time until
self-extinguishment was about 20 % less than the time for firebrands generated for the heat flux measurements because
the birch discs with holes had about 20 % less mass.

500 A

O 400 A

‘l; — Test A
= 3001 ---- Test B
g """"" Test C
g_ 500 —— TestD
(5}

=

100 A

0 T T T T T T T T
0 25 50 75 100 125 150 175 200

Time, s

Figure 3: Temperature measured by the sheathed thermocouple inside the birch wood disc during the firebrand generation
procedure for four repeat tests.

2.2. Heat Flux Measurements

The net heat flux from the firebrand to the TSC, g,,,, was determined using an energy balance on the TSC,
represented in Figure 1b and in Eq. 1.

_ = (oV dTrsc {
Aner = Gstor T deond = (p cp)TSCT + deona (D
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The thermal storage term, q,,,,., was a function of the density, p, volume, V', and specific heat, Cps of copper, and of
the derivative of the TSC temperature with respect to time, dTr g /dt. The time derivative was computed numerically
using a second order central difference. For all the experiments conducted, the peak dTpg-/dt occurred between
1.0 s and 2.2 s from ¢ = 0, which was defined as the time of the initial TSC temperature rise above the background
temperature.

In addition to the thermal storage of the TSC, we accounted for the conductive losses from the TSC to the insulating
substrate, g.,,4. to better quantify the heat flux exposure from the firebrand, g,,.,,. The firebrand was much hotter than
the TSC during the experiment. Additionally, the firebrand covered the top surface of the TSC, preventing exposure to
air flow. With this in mind, we assumed convective and radiative losses from the top surface of the TSC were negligible.
Eq. 1 was converted to the net heat flux from the firebrand to the TSC, in Eq. 2, by dividing by the surface area of the

TSC exposed to the firebrand, A, = zD?/4.
dT, q, dT,
"o TSC cond __ TSC "
G0 = (PCy)T5C i + _Asurf = (pc,O)rsc pT t4eona 2
The qé :} nd.exp WS determined experimentally by the TCs in the substrate. Figure 4 provides an example of typical

temperature measurements for the TSC and substrate TCs (locations shown in Figure 1a). The TSC temperature was
recorded at a rate of 6 Hz, and substrate temperatures were recorded at 3 Hz. The substrate temperatures slowly
increased after the initial TSC temperature rise, but the 24.9 mm TC on the bottom of the substrate showed almost no
increase. While the conductive heat loss may not be significant initially, qé ; nd.exp contributed to the total heating of the

substrate over time.

350

300 A
o j
- 0 — TSC
v 2.6 mm TC
S 200 +
B —— 5.8mmTC
T 150 - ---- 2.6 mm, offset TC
3 - 249mmTC
(«h} |
[ 100

50 A

0 T T T T T T T
0 50 100 150 200 250 300 350 400
Time, s

Figure 4: Evolution of temperatures measured within the TSC and substrate system at the locations shown in Figure 1a
during an experiment with the 1.0 m/s flow condition.

We estimated the conductive losses from the TSC to the substrate in both the vertical and lateral directions using
Fourier’s Law. The TSC temperature was assumed to be uniform due to its low Biot number, and there was assumed
to be no contact resistance between the TSC and the substrate, due to a snug assembly of the TSC into the substrate.
Each component of conductive heat loss from the TSC was estimated using g,q oxp = —k;AAT / L, where kg was the
thermal conductivity of the substrate, A was the heat transfer surface area, AT was the temperature difference, and L
was the distance between the temperatures. First, we considered the vertical component using the temperatures of the
TSC and the closest thermocouple, 2.6 mm TC, with A equal to A, ,, and the distance equal to 2.6 mm. For the lateral
conduction, we considered the temperature difference between the the substrate 2.6 mm below the edge of the TSC
and the 2.6 mm offset TC. We assumed the temperature of the substrate 2.6 mm below the edge of the TSC was the
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Table 2

Contributions to uncertainty in peak ¢” from the uncertainties in 8, dTygc/dt, and ¢” , with a coverage factor of 2
R X net R X cond ,exp

used for the combined uncertainty, for two representative experiments at 0.05 m/s and 1.6 m/s.

Flow Condition Uncert. contribution due to: 2 x Comb. Uncert.
(m/s) 5 (%) dTrsc/dr (%) dhyes, (%) | (%)
1.6 1.2 9.8 0.2 20
0.05 1.2 7.4 0.2 15

same as the 2.6 mm TC temperature. The heat transfer surface area was equal to (z D x 2.6 mm) and the perpendicular
distance from the edge of the TSC was equal to 6.4 mm. The vertical and lateral portions of the heat transfer were

summed to determine the total conductive losses from the TSC, before dividing by Ay, , to obtain ¢’ exp’

The uncertainty in the peak ¢/, was estimated to be + 15 % to + 20 %, based on estimates of the uncertainty in
6, dTrgc/dt, and qé :m dexp’ A coverage factor of 2 was included after the individual uncertainties were combined.
The numerical calculation of d T g /dt during the initial temperature rise had the most significant contribution to the
uncertainty in ¢/, as shown in Table 2. The uncertainty of d Ty g¢/dt was estimated from the change resulting from
the use of a different numerical method, a first order backward difference. The uncertainty in 6 was estimated from the
variation in the measured thickness at different locations on the TSC, and the uncertainty in qi_ ; ndexp W3S determined
based on a 2.2 °C uncertainty in the embedded TC measurements, as reported by the manufacturer of the TC wire.

3. Results and Discussion

Photos of the smoldering firebrand in the first three minutes from placement on the TSC are shown in Figure 5 for
two repeat experiments with the 1.0 m/s flow condition. Initially, glowing is observed around the circumference of the
firebrand, surrounded by ash where the wood has previously burned. Within 30 s, the glowing is concentrated toward
the leading edge of the firebrand, where the incoming flow supports the smoldering reaction. At 90 s, the smoldering
has progressed somewhat toward the center of the firebrand, but the intensity of glowing is beginning to decrease.
This time roughly corresponds with the peak temperature of the TSC in Figure 4, after which smoldering continues
to decrease and the TSC temperature begins to fall. In Test 2, the glowing is further concentrated at the large crack
that happens to bisect the firebrand, demonstrating the importance of access to oxygen to sustain smoldering. In both
experiments, we can observe shrinkage of the firebrand leading edge, as ash is removed by the incoming flow. In
the following sections, quantitative results will be presented for all flow conditions, including TSC temperature and
thermal storage, conductive losses from the TSC, net heat flux, and total heating from the firebrand.

3.1. TSC Temperature and Thermal Storage

The TSC temperature and thermal energy storage per unit area, g, _, averaged for each flow condition, are presented
in Figure 6 for the first 60 s of heating from the firebrand. There appears to be a minor temperature effect with flow
condition. At 60 s, the higher two flow conditions (Figs 6a and 6b) exceed 200 °C, while the lower two flow conditions
(Figs 6¢ and 6d) are just under 200 °C. By examining the maximum TSC temperature, we can better explore this trend.
The peak TSC temperature is averaged for each flow condition and reported below with the 95 % confidence interval
student’s t-distribution. For the highest flow condition (1.6 m/s), the peak TSC temperature is 242 °C + 20 °C over six
tests. For the 1.0 m/s flow condition, averaged over seven tests, the peak temperature is 230 °C + 19 °C. For the lower
two flow conditions (0.57 m/s and 0.05 m/s), the peak temperatures are 196 °C + 3 °C and 193 °C + 5 °C, averaged
over six and seven tests, respectively. From this analysis, we can see that there is a difference between the higher two
flow conditions compared to the lower two flow conditions. However, there is not a marked difference between the peak
temperatures of the two higher flow cases. Similarly, the average peak temperatures of the lower two flow conditions
are within the uncertainty of one another. Although, we see some variation in the peak temperature with flow condition,
there is not a similar variation in the ¢/, . results, which are based on the change in TSC temperature with time. From
the plots in Figure 6, the initial change in temperature with time is similar for all flow conditions, leading to similar

4,y TeSUILS.
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(e) Test2,0s (f) Test 2,30 s (g) Test2,90 s (h) Test 2, 180 s

Figure 5: Photos showing the progression of the firebrand from placement on the TSC during two experiments under the
1.0 m/s flow condition. Temperatures from Test 2 are shown in Figure 4.

Table 3

Average peak conductive heat flux for the different flow conditions determined from experimental temperature, ¢”

and from semi-infinite analysis, q:*:md,theﬂry' Uncertainties are based on the uncertainty of the mean value using thewsge%
confidence interval student’s t-distribution.
Flow Condition | qgmdyexp, KW /m? | qéfmdvmem, kW /m?
16m/s 45+ 04 34+04
1.0 m/s 42+03 35+02
0.6 m/s 3.8+0.1 34+01
0.05 m/s 3601 33+£02

3.2. Conductive Losses

The total conductive heat fluxes from the TSC to the substrate, g’/

, averaged for the four different flow
cond ,exp
/!

conditions, are presented in Figure 7. At time zero, the TSC and the substrate are in thermal equilibrium, and g, exp
is zero. After firebrand deposition, the TSC temperature increases, and conductive heat loss from the TSC to the

substrate begins. The initial qé ; nd.exp profiles are very similar under the four flow conditions. However, the effect of

flow condition on the profiles becomes apparent as the peak qg ; nd.exp is reached. The two higher flow conditions peak at
later times and at higher heat fluxes, and maintain an elevated heat flux compared to the two lower flow conditions for
the remainder of the test. There is also more variation in the higher flow condition cases. The average peak conductive
heat fluxes for the four flow conditions are found in Table 3.

At shorter times, when lateral conduction losses are negligible, we can also estimate the conduction losses from
the TSC using 1-dimensional semi-infinite analysis. In this scenario, the TSC acts as a time varying heat flux into
the semi-infinite substrate. The temperature distribution in the semi-infinite substrate with a varying heat flux at the
boundary can be found in [19] and is shown in Equation 3. In this equation, T(x, ) is the temperature of the substrate
as a function of distance from the TSC, x, and time, 7, Tj, is the initial temperature of the substrate, kg, is the thermal
conductivity of the substrate, a, is the thermal diffusivity of the substrate, ¢’/ is the heat flux from the TSC, and 7 is a
dummy integration variable. Assuming perfect thermal contact at the interface between the TSC and the substrate, the
TSC temperature is the same as the substrate temperature at the interface 7(0, ¢). This allows us to simplify Equation 3
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Figure 6: Comparison of the TSC temperature (dashed) and thermal storage per unit area (solid) for the different flow
conditions. The shaded regions represent the spread of the data between the maximum and minimum recorded at each
time step among the repeat tests. There were six repeats for (a) and (c), and seven repeats for (b) and (d).

to determine the conductive loss term based on T g¢, as seen in Equation 4. Recognizing the convolution integral and
taking a Laplace transform, we find that qé’o g San be calculated using Equation 5.

12 rtq” (t—1) 2
o0 =Ty+ = (2) cond' 0 (-x—) dr 3
4ot

ks n 0 \/;

1 (5)1/2 o= @

Trsc(®) =Ty + — ey ————
0 \Vr
1

k
q’ ()= (kpey)s / "dTrsc
cond T 0 dt = /_l’ e

Using the semi-infinite analysis described above, the theoretical conductive losses from the TSC can be calculated
using the measured TSC temperatures and are compared to the experimentally determined conduction losses described
in Section 3.2 in Table 3. The conductive loss results from theory and experiments from two representative tests at the
1.0 m/s and 0.05 m/s flow conditions are presented in Figure 8. From these two cases, we can see that the theoretical

S

dr (&)
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Figure 7: Average conductive heat flux from the TSC to the substrate for the different flow conditions. The shaded regions

represent the maximum and minimum qzmdexp values for a given time step.

1"

calculation, q:, Zm d.theory’ peaks more quickly than the experimental calculation, ¢ dexp’ Additionally, the theoretical

peak is lower than the experimentally determined peak. This is more evident at the higher flow cases compared to the

lower flow cases, but these trends were consistent across all tests and flow conditions. The average peak qé ; nd theory did

not vary significantly with flow condition. Similarly, we did not see large discrepancies in the time to peak g’/

cond theory
for different flow conditions. Time to peak qé ; nd.theory ranged between 8.2 s and 12.2 s for all the tested conditions.

These times to peak were considerably faster than the time to peak ¢// exp
1"

For 1.6 m/s, times to peak g, exp ranged between 69.5 s and 111 s. For 1.0 m/s, the range was between 68.3 s and
93.8 s. The times to peak were between 54.2 s and 63.3 s for 0.6 m/s. For 0.05 m/s the times to peak g’ fell

cond exp

between 53.8 s and 69.2 s. The qé ; nd.exp calculation may be delayed because the analysis assumes a quasi steady-state
"

condition between the TSC and the 2.6 mm TC at each time step. However, the g, theory peak may occur too early
due to the assumption of perfect thermal contact between the TSC and substrate. Despite the differences in timing,

" " . . L
theq, ditheory andq, d.exp A€ of similar magnitude, and the peak values are actually not significant compared to the

uncertainty in the peak ¢’/ . but are significant in the net heat flux over time. The semi-infinite model is based on
the assumption of one dimensional heat transfer. At short times, when the amount of lateral heat transfer is low, the
semi-infinite approximation is reasonable. However, as time progresses and lateral heat conduction becomes important,

the one dimensional semi-infinite assumption of qé ; nd.theory MAY NOL be valid. From Figure 4, we can observe that by
"

50 s the 2.6 mm, offset TC is increasing, and lateral conduction is occurring. In subsequent discussion, only g, , exp
is used.

, which did show an effect of flow condition.

3.3. Peak Heat Flux and Total Heating

As shown in Sections 3.1 and 3.2, the storage and conduction losses from the TSC can be determined from the
temperature history of the TSC and thermocouples embedded in the substrate. Summing these values, as shown in
Equation 2, the net heat flux from firebrand to the TSC can be determined, regardless of whether the mechanism is via
conduction, radiation, or convection. Figure 9 depicts the temporal histories of the storage and conduction components
along with the net heat flux for a single test at 1.0 m/s. At short times, the net heat flux is dominated by the thermal
storage in the TSC. As time progresses, the thermal storage rapidly decreases, and the conductive loss increases and
becomes the dominant contribution to the net heat flux. Eventually, around 125 s, the thermal storage term becomes
negative, meaning that the TSC is beginning to cool. The TSC temperature is still elevated compared to the substrate,
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Figure 8: Comparison of two different methods to determine the g’  loss from the TSC to the substrate for a single

representative test under two different air flow conditions: (a) 1.0 m/s (same test as in Figures 4 and 5e-5h) and (b)
0.05 m/s. q” represents conduction losses calculated using the theoretical, semi-infinite analysis. ¢” represents

> Geond theory : > S cond exp
conduction losses determined from the experimentally measured temperatures within the substrate.

so the conductive loss from the TSC to the substrate remains significant and slowly decays over time. The trends in
the storage, conduction, and net heat flux were observed across all tests and flow conditions. There was some variation
between tests in the time period before the thermal storage had a negative effect on the net heat flux. Overall, shape
and magnitude of the net heat flux profiles were similar to the single firebrand net heat flux profile reported by Hakes
et al. [14] for cylindrical firebrands using a water-cooled heat flux gauge. Much of the previous work in the literature
reporting net heat flux profiles utilizes firebrand piles rather than individual firebrands. There are some similarities in
the heat flux, although the magnitudes and time scales vary. For instance, Tao et al. [20] observed initial peak heat
fluxes that quickly decayed to a relative plateau for firebrand piles placed on a water cooled heat flux gauge. Similarly,
the water cooled heat flux gauge profiles for firebrand piles measured by Richter et al. [15] were characterized by a
quick peak heat flux followed by a sharp decay and a period of more gradual decrease in the measured heat flux.

The peak heat flux from the net heat flux profiles can provide a measure of the hazard associated with firebrand
deposition. The average peak heat flux across all tests and flow conditions was 45 kW/m?, and on average this peak
would occur after 1.6 5. As discussed in Section 2.2, the measurement uncertainty in peak ¢/, was estimated as + 15 %
to 20 %. Due to the firebrand covering the full surface of the TSC, the reported heat flux is the area-averaged heat flux
based on the contact area with the TSC. For comparison, Bearinger et al. [17], using inverse heat transfer analysis and
IR thermography to measure the temperature of the back side of the substrate, reported peak heat fluxes averaged over
the firebrand surface between 13.8 kW/m? and 27.1 kW/m? for their rod-shaped individual firebrands. They recorded
much higher local heat flux values between 28.1 kW/m? and 105.8 kW/m?.

For the different flow conditions, the average peak heat fluxes can be found in Table 4. From this table we can see
that 0.05 m/s had the lowest peak flux and the highest uncertainty in the mean value. The three higher flow conditions
had higher peak heat fluxes comparatively. However the peak heat fluxes from all flow conditions were within the
uncertainties of each other, so there is no clear difference with flow condition.

From Table 4, the peak heat fluxes occur within seconds of deposition. At short times, the majority contribution to
the net heat flux comes from the thermal storage term. In the first few seconds, the amount of conduction loss from the
bottom surface of the TSC is very low, so it could be feasible to use the 1-D semi-infinite analysis for the conduction
loss term. Calculating the conduction loss term with the semi-infinite analysis, the peak net heat flux for 1.6 m/s
is 47.1 kW/m?, compared to 46.8 kW/m? using the conduction loss determined from the experimentally measured
substrate temperatures. There is only 0.6 % difference between these two values. For the other flow conditions, the peak
net heat flux is also nearly the same regardless of the method used to calculate the conduction loss term. The largest
variation is observed for the 0.05 m/s condition, where the net heat flux using semi-infinite analysis for conduction
loss was 1.4 % higher. Overall, there is an average of 0.9 % difference between the peak net heat fluxes using the
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Figure 9: Net heat flux, ¢” , compared to the thermal storage, ¢” , and experimentally measured conduction loss, ¢
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for a single representative experiment at 1.0 m/s, also shown in Figures 4, 5e-5h, and 8a.

Table 4
Summary of the average peak net heat flux, time to peak net heat flux, total heating, and the time for total heating for
each flow condition with uncertainties of the mean based on a 95 % student t evaluation.

Flow Condition Peak Heat Flux Time to Peak  Total Heating Heating Time

(m/s) (kw/m?) (s) (MJ/m?) (s)
1.6 468 +5.1 1.5+0.2 1.59 + 0.17 462 + 47
1.0 46.1 + 6.2 1.5+03 1.35 + 0.25 361 + 70
0.6 48.4 + 3.7 15+03 0.99 + 0.06 311 + 23
0.05 405 +7.2 2.0+ 03 0.99 + 0.03 344 + 17

two different conduction calculations. For the peak net heat flux, it would be acceptable to use either approach for
conduction.

The total energy transferred by heat from the firebrand to the TSC during the experiment can be calculated by
numerically integrating the net heat flux profile over time. To fully capture the total heating from the firebrand to the
TSC, we only consider the times when the net heat flux is positive and in the direction of interest. Other researchers in
the literature have quantified the total heating based on water-cooled heat flux gauges measurements, also called “total
energy supplied" and “net heat", with values reported for individual cylindrical-shaped firebrands [14] similar to those
reported in Table 4. The total heating values in Table 4 show an increase with increasing flow condition. However,
accounting for the uncertainty in the mean values over replicates of tests, there is overlap between the total heating for
the 1.6 m/s and 1.0 m/s flow conditions and between the total heating for the 0.6 m/s and 0.05 m/s flow conditions. A
similar increase in the peak TSC temperatures between the lower flow conditions and the higher flow conditions was
noted in Section 3.1.

In the context of total heating, it would be inappropriate to use the net heat flux determined using the semi-infinite
analysis for conduction losses. The total heating is determined over longer time scales, between 245 s and 500 s. At
these time scales, the semi-infinite analysis under-predicts the conduction heat loss, and the conduction loss has a high
relative contribution to the total heat flux. Combined, these factors would underestimate the total heat transferred from
the firebrand if the semi-infinite analysis was used. For the 1.6 m/s flow condition, the total heating using semi-infinite
analysis for conduction loss is 0.82 MJ/m?, about half of the total heating calculated using the embedded thermocouple
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approach. On average for all flow conditions, the semi-infinite approach for the conduction loss leads to total heating
values 44 % lower than the embedded thermocouple approach.

The increase in total heating with increasing flow condition applies also to the duration of heating (refer to
Table 4). For the induced flow cases, as the flow velocity increases, heating occurs over a longer time period. To
understand these differences in the duration of total heating over the course of a test, we need to consider the exothermic
reactions occurring in the firebrand. The firebrands in these experiments are in a smoldering state. Smoldering
combustion is a solid phase oxidation process, where the solid char reacts with oxygen to produce heat, ash, and
other combustion products [11]. At higher flow velocities, we hypothesize that oxygen is able to penetrate readily
into the smoldering firebrand, either through the ash layer or by blowing away the ash, lengthening the time to sustain
smoldering combustion. This would lead to longer heat release from the exothermic char oxidation. As time progresses,
a combination of ash layer growth and increased convective, radiative, and conductive losses from the firebrand leads
to cooling of the firebrand and a decrease/cessation in the heat transfer from the firebrand to the TSC. For the lower
flow conditions, the firebrand cools off more quickly, and there is less total heat transferred to the substrate.

To further support this hypothesis about the connection between air flow velocity and total heating/heating duration,
we consider the relationship between the burning rate in the exothermic reactions, mass loss, and air velocity. The mass
loss over the duration of burning is a direct indicator of the burning rate. The firebrand mass measurements, taken before
generation and after testing, show an increase in mass loss with an increase in flow velocity. The residual mass for the
1.6 m/s flow cases was approximately 67 % of the residual mass for the 0.05 m/s cases. Similarly, Lattimer et al. [21]
found that the firebrand mass loss rate, which was reported for times greater than 2 s after the start of testing, increased
with wind speed. While lengthening the heating duration increases the total heat transferred from the firebrand, the
peak heat flux is less correlated with flow velocity. It is more likely that the net heat flux is limited by the wood material
and geometry in these experiments, rather than the flow speeds.

4. Conclusions

Improved understanding of the thermal hazard from firebrand deposition is needed to quantify, predict and mitigate
the ignition threat posed by firebrands. This study demonstrates the use of a minimally-invasive method to conduct time-
resolved measurements of the net heat flux from individual firebrands to a substrate under a range of flow conditions.
The net heat flux is obtained through an energy balance on a copper thin skin calorimeter, which is embedded in the
substrate and is the same diameter as the deposited firebrand. The net heat flux is the sum of the thermal storage in
the TSC and the heat conduction losses to the substrate. The peak net heat flux for the individual disc-shaped birch
firebrands is 45 kW/m? on average, with no significant differences for different flow conditions. The range of net heat
flux measurements is higher than previously reported area-averaged values for individual rod-shaped oak firebrands
measured with inverse heat transfer and individual cylindrical birch firebrands measured with a water-cooled heat flux
gauge. Increasing flow velocity results in an increase in the peak TSC temperature, firebrand total heating, duration
of heating, and total mass consumed, due to the increased accessibility of oxygen. While ignition from firebrands
is generally thought to occur from multiple firebrands, these individual firebrands measurements are an important
step toward fundamental understanding of firebrand ignition and demonstrate the potential of the TSC measurement
technique to study how additional parameters affect the thermal hazard of firebrands. Future work will explore firebrand
wood type, moisture content, firebrand size, substrate material, and multiple firebrand interactions.
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Highlights
Measuring Firebrand Heat Flux with a Thin-Skin Calorimeter

Amy E. Mensch, Savannah S. Wessies, Anthony Hamins, Jiann C. Yang

* A novel method for conducting time-resolved measurements of heat flux from individual firebrands was
demonstrated using a thin skin calorimeter.

* The average peak net heat flux measured for disc-shaped birch firebrands was 45 kW/m?, and did not change
significantly across a range of flow conditions.

* The firebrand total heating, duration of heating, and total mass consumed increased as the flow velocity
increased.
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