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Glowing firebrands are a key ignition source in Wildland-Urban Interface fires, yet their thermal characteri-
zation is challenging due to small size, irregular shape and sensitivity to environmental conditions. This study
extends color ratio pyrometry from a single firebrand to firebrand piles to measure spatially resolved surface
temperatures, heat flux to a remote location, and radiative loss fraction in a wind tunnel at 0.9-2.7 m/s. A
Digital Single Lens Reflex camera, calibrated against a blackbody furnace, recorded temperatures at 1 Hz in
the range 873-1473 K. Mean surface temperatures were measured with color ratio pyrometry and determined
to be 1130-1260 K, with localized hot spots on the windward side of the pile. Radiant heat flux at a point
9.6 cm above the firebrand pile was computed using a pixel-wise view factor method with surface-specific
emissivity and transmittance. This approach reproduced the temporal trends measured by a Schmidt-Boelter
heat flux gauge, with peaks near 6 kW/m?. Including a correction for hot, non-glowing regions below 873 K
improved agreement across all wind speeds, keeping the average error below 9%. The radiative loss fraction,
measured via carbon oxide calorimetry, stabilized at 0.20-0.23 during the first 100 s of the glowing phase.

1. Introduction

The frequency and severity of wildfires have increased in recent
decades [1,2]. In Wildland-Urban Interface (WUI) fires, three primary
ignition mechanisms are identified: radiant heat, direct flame contact,
and firebrands, with firebrands as the dominant ignition source [3-5].
Field observations and laboratory experiments have shown that fire-
brands can travel several kilometers and accumulate on vulnerable
building components [4,6]. Recent studies demonstrated that wind
strongly enhances combustion rate, surface temperatures, and heat
fluxes of firebrands [7,8]. Wind tunnel experiments showed that pile
structure and airflow govern heat flux levels and ignition probability [9,
10]. However, little is known about temporal and spatial evolution
of surface temperatures in firebrand piles, where the combustion be-
havior is also influenced by their bulk density, porosity and internal
re-radiation effects [9,11].

Traditional temperature measurement techniques, such as thermo-
couples, are often limited when applied to firebrands due to their

small size, mobility, irregular shapes, thermal contact resistance, and
the effects of quenching. These limitations hinder reliable temperature
measurements on burning surfaces, especially when they crack or re-
cede during combustion [7,12,13]. Single-band or broadband infrared
(IR) thermography requires the surface emissivity to be known or
accurately estimated [13], although emissivity is not constant and can
vary with temperature. Furthermore, IR cameras are often limited by
low spatial resolution and high cost.

Color ratio pyrometry provides a non-intrusive method for deter-
mining surface temperatures using a calibrated Digital Single Lens
Reflex (DSLR) camera. This technique overcomes many of the limita-
tions of conventional IR and thermocouple-based measurements. It has
been successfully applied in diverse fields, including combustion diag-
nostics, aerospace testing, and explosive fireball characterization [14-
16]. More recently, the method has been adapted to wildfire-relevant
studies, allowing temperature measurements of individual glowing em-
bers and simulated flying firebrands, with results showing that wind
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Fig. 1. A bench-scale wind tunnel setup used in this study drawn to scale.
Source: Reproduced from Ref. [21].

speed can significantly increase ember temperatures and combustion
intensity [13,17-20]. In practical applications, color ratio pyrometry
may be used to detect incipient fires and to assess the intensity of
smoldering combustion. To advance these applications, future work
should investigate larger scales, the influence of firebrand sizes, the
effects of external light, and flame and smoke interference.

In this study, color ratio pyrometry is extended from single fire-
brands to a large number of glowing particles. Flaming combustion is
not considered. For the first time, these spatially resolved temperature
distributions are combined with heat flux measurements. The resulting
temperature maps serve as the basis for heat flux determination at a
distance, calculated through a pixel-by-pixel view factor analysis and
validated against a remotely positioned water-cooled gauge.

2. Experimental
2.1. Wind tunnel apparatus and instrumentation

In this study, a modified bench-scale wind tunnel, based on the
design by De Beer et al. [10,21] and Lauterbach et al. [22], was used
as shown in Fig. 1. The tunnel includes a contraction cone, test section
and exhaust system. The airflow was conditioned using a multi-layer
honeycomb mesh (27 x 26 cm inlet), ensuring uniform and laminar
airflow [23]. The cone reduces in height to 10 cm while maintaining
a constant width of 26 cm. Firebrand piles were placed on a square
sample holder (18.5 x 18.5 cm) within the 37 cm long test section as
presented in Fig. 2.

The original top mirror of the tunnel [21] was removed, and the
borosilicate glass window of the 20 x 20 cm top opening was replaced
by one with a central opening to accommodate a 9.52 mm diameter
water-cooled Schmidt-Boelter heat flux gauge (HFG). The HFG was
mounted centrally above the firebrand pile, with its surface coated in
high-emissivity paint (emissivity (¢) = 0.94) and calibrated against a
reference gauge by the National Institute of Standards and Technology
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Fig. 2. Wind tunnel test section with camera (72 mm diameter) and heat flux
gauge (9.52 mm diameter), including firebrand placement.

(NIST). The HFG was continuously water cooled throughout calibra-
tion and testing, with a flow rate of 1.25 1/min and a supply water
temperature of 18 °C. The documented uncertainty of Schmidt-Boelter
gauges is 8% [24]. A calibrated DSLR camera was positioned adjacent
to the gauge for pyrometry measurements as shown in Fig. 2. This
configuration ensures that both methods capture the entire hot region
within the test section. The front glass panel permitted continuous
observation.

Downstream of the test section, an exhaust system equipped with
a TerraBloom DBF6 high-temperature booster fan (diameter 15.24 cm)
controlled the wind speed in the tunnel from 0.5 to 2.9 m/s. Within the
exhaust, a orifice-probe (72 holes, each with a diameter of 0.95 cm) was
connected to a California Analytical Instruments ZPA non-dispersive
infrared gas analyzer to measure Carbon Dioxide (CO,) and Carbon
Monoxide (CO) concentrations for Heat Release Rate (HRR) determi-
nation.

Firebrands used in the experiments were fabricated from cylindri-
cal birch wood dowels (American Woodcrafter), each with an outer
diameter of 6.35 mm, a length of 25.4 mm, and an approximate
mass of 0.43 + 0.02 g. The firebrands were placed at the center of
a 0.32 cm thick, non-combustible ceramic fiber board, Kaowool Mill-
board 1401 (Thermal Ceramics). The board surface has an emissivity
of ¢ = 0.62 [10]. To estimate the heating of the Kaowool board, two
type K thermocouples were installed on the board surface at 3 cm and
4.5 cm on either side of the pile centerline as shown in Fig. 3. They were
inserted from the underside and mounted flush with the surface using
Autocrete HI-Temp ceramic adhesive. To minimize light reflections
from glowing firebrands, two rectangular areas (3 x 14 cm) on the top
surface of the Kaowool board were coated with high-temperature black
paint (e = 0.92), also covering the thermocouples.

2.2. Procedure

Wooden dowels for the firebrand generation were placed in a con-
vection oven at 103 °C + 2 °C for 24 h, per ASTM 4442-20 [25] and
stored in an airtight resealable bag until the experiment is conducted.
Glowing firebrands from wooden dowels were generated on a wire
mesh pan above a propane flame (1.85 L/min, 40 s). After the propane
was turned off, the dowels continued to burn until the self-sustained
flames extinguished. The glowing firebrands were then transferred and
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Fig. 3. Schematic illustration of the Kaowool board (white, ¢ = 0.64) showing the locations of the four thermocouples (TC 1-TC 4), the black-painted regions
with high-emissivity coating (gray, ¢ = 0.92), and the designated firebrand placement area (red). The green boundary marks the region where the background

temperature was applied in subsequent calculations.

placed onto the Kaowool board over a rectangular area measuring
12 cm in length and 3 cm in width, using a custom-built funnel. To
promote near-uniform exposure to airflow across the surface while
ensuring sufficient mass, the rectangular pile was prepared with a mass
per area of approximately 0.06 g/cm?. The pile was configured to
resemble a single-layer arrangement of firebrands [22]. Based on these
dimensions, the resulting pile height ranged from 0.7 to 1.0 cm, with a
total mass of 2.2 g per experiment. The test section was subsequently
sealed with a borosilicate glass plate. A total of 16 tests were per-
formed, comprising four repetitions at wind speeds of 0.9, 1.4, 2.4,
and 2.7 m/s. This range was selected for consistency with previous
firebrand studies [10,22], with the highest wind speed constrained by
the practical limitation of the booster fan and the increased tendency
for firebrand displacement.

2.3. Camera calibration

Images were acquired using a Sony DSC-RX10MIII digital camera
with an integrated ZEISS Vario-Sonnar T* lens with 72 mm filter thread,
set to a focal length of 24 mm, an aperture of f/5.6, and an International
Organization for Standardization (ISO) number of 200. The camera
has a 20.1 MP Exmor RS CMOS sensor (13.2 x 8.8 mm) with 14-
bit depth per channel [26]. To eliminate automatic corrections and
ensure repeatability across all trials and previous studies [13], the
digital camera was operated in Manual Exposure mode. RAW images
(.ARW) were recorded at 5472 x 3648 pixels. White balance was fixed
to daylight, and long-exposure noise reduction was disabled, although
these settings do not affect RAW pixel values. Exposure compensation
was set to 0 EV. Focus was fixed at 0.2 m for sharp imaging of the
firebrand pile. Images were triggered at 1 Hz using an Arduino UNO
microcontroller, while shutter speed was adjusted according to wind
speed to avoid pixel saturation and ensure sufficient brightness. The
resulting exposure times are summarized in Table 1.

Table 1
Test conditions: Wind speed and corresponding
camera exposure times.

Wind speed (m/s)

Exposure time (ms)

0.9 12.5
1.4 6.25
2.4 5
2.7 5

The camera calibration for color ratio pyrometry was conducted
using a blackbody furnace (Oriel 67032), which operates between
323 and 1473 K with an accuracy of +0.2 K and emissivity of
e = 0.99 + 0.01. The camera was positioned directly in front of the
25.4 mm aperture. Images were captured at various shutter speeds,
and a 200 x 200 pixel region was centered on the blackbody opening.
To evaluate the accuracy of the calibration, the measured temperatures
were compared with the predefined setpoints of the blackbody furnace
under various camera settings within the calibration range of 873 to
1473 K. Additionally, the influence of a borosilicate glass window was
investigated, showing a maximum deviation of +13 K.

Color ratio pyrometry measures temperature based on emitted ther-
mal radiation in the visible spectrum, using the spectral emissive power
E, ; of an ideal blackbody:

G

B = e Cofay — 11

(€8]
where €} = 3.742x10° W ¥ €, = 1.439x10* umK, 4 is the wavelength,
and T is the blackbody temperature.

Images were acquired in the three color channels: red, green, and
blue, with peak wavelengths for the channels in the visible spectrum,
ranging from 430 to 680 nm [13]. The camera response P; to E,(4,T)
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Fig. 4. Original TIFF image (left) and ratio pyrometry temperature distribution (right) at 2.7 m/s wind speed at 10 s. t = 0 s marks wind tunnel closure. Rectangle

indicates the pile deposition area using a funnel.
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Fig. 5. Probability distribution of the glowing regions in the firebrand pile
temperatures at t = 10 s for wind speeds from 0.9 to 2.7 m/s with a bin width
of 10 °C. t = 0 s marks wind tunnel closure.

over the visible wavelength range can be expressed as [27]:

680 nm

P, =W,AA Aoy t / t(NE (4 T) (A d A, @

430 nm
where P, is the camera’s response for channel i (with i representing
one of the red, green, or blue color channels); ¥; is the gain of the
internal electronics; 44, is the area of a single pixel on the camera
sensor; Adw, is the solid angle of the pixel; ¢ is the exposure time; 7(4) is
the transmissivity; and y;(4) is the spectral sensitivity of the color filter.

Normalized pixel values (NI;) were derived to account for variations
in camera settings and is expressed as [13]:

I = 1; pe) f?

Ni=——"50 @
where I; denotes the pixel value of one of color channels (red, green, or
blue), and I; p represents the dark current, which had negligibly small
fluctuations over various exposure times.

Temperatures were derived using color ratio pyrometry performed
on a pixel-by-pixel analysis. The ratio of normalized pixel values in
the green and red channels (NI;/NIg) increases monotonically with
temperature and provides a stable correlation for temperature mea-
surements [13]. Compared to blue/green and blue/red ratios, it offers
a higher signal-to-noise ratio. The uncertainty of ember pyrometry at
each pixel is estimated at +20 K [13,19]. The color ratio pyrometry was
analyzed in Python to retrieve the temperature from NI;/NI. First,
dcraw [28], was used to convert the uncompressed RAW image into a
16-bit TIFF image at settings “-v”’, “-4”, and “-T”. Images were loaded
into Python using the OpenCV library and information on exposure
time, F-Number, and ISO were extracted.

Low-intensity pixels were identified when the red channel satisfies
Ioq <21,y pc and are set to null. To reduce artifacts from background
reflections and camera noise, a spatial 50% rule was applied: within
a 7 x 7 neighborhood, the center pixel was retained only if at least
25 surrounding pixels are valid; otherwise, it was set to null. All null
pixel were identified as non-glowing within the image. These include:
(1) cold areas of the Kaowool board, which were assigned an ambient
temperature of 298 K, (2) non-glowing firebrands and (3) heated
regions of the Kaowool board, which were accounted for using a mean
background temperature profile estimated from thermocouple mea-
surement on the board surface. The remaining non-null pixels, which
correspond to hot firebrand regions, were converted to temperatures
using the calibrated polynomial fit of the color ratio pyrometry. Hot
regions within the blackbody calibration range of 873 to 1473 K were
identified as glowing region. For pixels exceeding 1473 K, an additional
filtering step was applied: If more than half of the surrounding pixels
within a 7 x 7 neighborhood also exceed this threshold, the central
pixel was assumed to belong to a high-temperature region and its
value was capped at 1473 K. Otherwise, the pixel was replaced by the
mean of valid neighboring values to reduce the impact of saturation
and noise artifacts. This method enables the reliable extraction of
regions that provide high-accuracy measurements through color-ratio
pyrometry, while effectively excluding background areas. This pixel-
by pixel approach is particularly beneficial for firebrand piles, whose
position and shape varies.
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Fig. 6. Mean temperature of the rectangular firebrand pile area and corresponding mean T* temperature for wind speeds from 0.9 m/s to 2.7 m/s. Shaded areas

indicate + one standard deviation. t = 0 s marks wind tunnel closure.
3. Results
3.1. Ratio pyrometry

Glowing firebrands were reproducibly generated with minimal ash
accumulation. No visible flame or smoke formation was observed dur-
ing the wind tunnel tests, ensuring an unobstructed view to the HFG
and camera. Images were acquired without external illumination. The
measured surface temperature of the firebrands during the experiments
at a given wind speed varied with the location within the pile and was
strongly time dependent, with t = 0 s defined as the moment when
the test section was closed with the borosilicate glass window. Fig.
4 shows a representative RGB image together with the corresponding
surface temperature distribution of the firebrand pile obtained by ratio
pyrometry at 2.7 m/s and t = 10 s. The surface temperature field
exhibited localized hot and cold regions. Color ratio pyrometry captures
these variations, showing that firebrands exposed to the wind glow
more intensely and with higher temperatures.

The fraction of detected pixels within the pile area is governed
by the spatial distribution of firebrands and their glowing intensity.
Saturated pixels accounted for less than 1% within the pile area across
all wind speeds. Firebrands that are non-glowing or weakly glowing
are too dark to be detected or fall outside the calibration range due to
their measured temperature below 873 K. Accordingly, the maximum
detected fraction within the pile deposition area ranged from 15-16%
at wind speeds of 0.9 and 1.4 m/s. With increasing wind speed, higher
combustion intensity and temperatures resulted in a larger fraction
of glowing firebrands, reaching 30% and 37% at 2.4 and 2.7 m/s,
respectively.

Considering only the glowing regions of the firebrand pile, the tem-
perature probability density function at t = 10 s for one representative
test of each of the four wind speeds is shown in Fig. 5. Lower wind
speeds result in broader distributions at lower temperatures, whereas
higher wind speeds lead to narrower distributions shifted toward higher
temperatures. The mean glowing firebrand temperature increased with
wind speed, ranging from 1132 K to 1260 K. Consistent with the present

results, surface temperatures of glowing regions have been reported in
the range of 1020-1245 K for individual firebrands [13,17,18], and
970-1375 K for firebrand piles [20].

As a first estimate of the heat contribution from the undetected
regions, thermocouple measurements of the Kaowool board surface,
shown in Fig. 3, were used to characterize its heating. Since these
measurements are localized and taken at a distance from the firebrand
pile, they provide a lower-bound estimate of the temperature contribu-
tion of the surrounding area, with the maximum observed temperature
reaching 353 K + 12 K after 120 s. The mean temperature over the
entire rectangular pile area, including the measured average Kaowool
board temperature profile for non-glowing regions, is shown in Fig. 6.
Owing to the fourth-power dependence of the radiative heat flux on
temperature, the mean 7* temperature

N
—=_ 1
T4== YT} 4@
v &

was also calculated and plotted in Fig. 6, where N is the total number
of pixels i within the firebrand pile region. The latter is consistently
higher, emphasizing the influence of localized hot regions.

The results show that the firebrand temperature reaches its peak
at the beginning, near + = 0 s, and decreases monotonically over
the course of the experiment as the firebrands gradually burn out.
The maximum average pile temperature increases with wind speed
but also declines more rapidly, indicating faster and more intense
combustion under stronger airflow due to enhanced oxygen supply.
Toward the end of the tests, more firebrands remained visibly glowing
for longer periods at lower wind speeds (0.9 and 1.4 m/s), whereas
at higher wind speeds, the pile was consumed more quickly within the
same timeframe. Uncertainties of the temperature profiles are presented
as =+ standard deviation of the mean.

3.2. Heat fluxes

Heat fluxes were calculated for each pixel of the image based on the
measured temperatures. The integration of the spectral emissive power,
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as defined in Eq. (1), yields the total hemispherical emissive power of a
blackbody E,, which represents the radiative heat flux emitted over all
wavelengths of the electromagnetic spectrum [29]. According to the
Stefan-Boltzmann law, E, is proportional to the fourth power of the
absolute temperature, as shown in Eq. (5):

o]
E,= /0 E,,di=0oT*, 5)

where ¢ = 5.67 x 10~ W/m?K* is the Stefan-Boltzmann constant.

For real surfaces, imperfections such as ash and smoke cause the
radiative emission to deviate from that of an ideal blackbody. Assuming
that the emissivity ¢ and the transmittance r through ash and smoke
are independent of wavelength, the E, is reduced by the factor ¢z.

For the surface regions of the Kaowool board ¢ is given as illustrated
in Fig. 3 with = = 1. For glowing firebrand regions, ez was initially
estimated following the method of Ref. [13], which derives emissivity
from the measured pyrometry temperatures. This pixel-wise emissivity
extraction introduced strong variability, for which it is unclear whether
it reflects physical effects or noise propagation. The method yielded
an average emissivity of 0.8, consistent with the documented range of
0.73-1.0 for firebrands and charred wood surfaces [13,30]. Therefore,
the average emissivity of 0.8 was applied in the following calculations
to ensure that spatial variations in the heat flux are dominated by
temperature rather than emissivity variations.

In this study, the incident radiative heat flux from the firebrand
pile and surroundings to the HFG is to be determined. For this pur-
pose, both surfaces are modeled as parallel gray surfaces, neglecting
the surface roughness of the firebrand pile. The amount of radiative
energy exchanged between two surfaces depends on their geometry,
including surface area, distance, and relative orientation. These spatial
relationships are expressed mathematically using view factors [31].

For two infinitesimal surface elements d4; and d 4, the differential
view factor is defined as [31]:

diffuse energy leaving d A; intercepted by dA; ©)

AFan—ar, = total diffuse energy leaving d A;

Each differential radiating element d A; corresponds to a pixel in the
recorded image. The HFG was discretized into elements dA;.

Assuming diffuse emission, i.e., uniform radiation into the hemi-
sphere without reflection, the exchange between two differential el-
ements is shown in Fig. 7. The differential view factor between two
infinitesimal surface elements is [31]:
cos(8;) cos(0;)
T 4A,,

AL J
where 6; and 6; are the angles between the surface normals of d 4; and
dA; and the connecting line S, which is the distance between the two
differential areas.

In the present setup (see Fig. 2), the HFG was positioned centrally
above the firebrand pile at a fixed vertical distance z. The spatial
distance S is calculated between a given pixel at position (x, ,,, ,,0)
and the center of the HFG at (x,, y,.. z). Since both surfaces are assumed
to be parallel, with the gauge normal pointing downward and the image
surface normal pointing upward, it follows that 6, = ¢, = 0, thus:

)

dFdA,—>dAj =

cos2(0)
dFy=—==dA,, ©)
where cos(9) = <.
The incident radiative flux on the gauge (Egq,,) is obtained by
summing the power emitted by each pixel i using the Egs. (5) and (8):

o N 4 cosz(H,-)
Egensor = TA Z(e‘r)i T A . 52 dA;. )

gauge =1 gauge

Approximating the entire gauge as a single surface element elimi-
nates the factor Ag,,ge, reducing the expression to:

2
cos~(6;) T4
2 i

S (10)

N
[
E == E (e7); A;
Sensor & i

Fig. 7. Radiative exchange between two infinitesimal surface elements.

To validate the implementation of the pixel-wise view factor approach,
a comparison was made with an analytically derived closed-form solu-
tion for a uniform temperature area equal to the firebrand surface [32].
The error mainly depends on the estimation of the pixel size, which
represents the real-world length covered by a single image pixel and
varies with the camera-object distance. In this study, a pixel size of
4x 10~ m was applied, resulting in an error of 0.15% compared to the
pixel-independent analytical solution. For firebrand piles, the surface is
not ideally planar, and er was assumed uniform across the pile. Local
differences in surface orientation and distance may be considered as
additional sources of error.

Heat fluxes were simultaneously measured using the camera and a
water-cooled HFG positioned as shown in Fig. 2, with results presented
in Fig. 8. Peak values from the HFG measurement occurred between
15-18 s after tunnel closure, reaching nearly 6 kW/m? + 0.3 kW/m?
(mean + standard deviation) at 2.7 m/s. Convective heating of the
HFG was minimal due to the constant ambient-temperature airflow,
with thermocouple measurements at the HFG location showing a max-
imum temperature increase of only 9 K. Peak heat fluxes increased
linearly with wind speed, in agreement with the observations of Hakes
et al. [11], who reported faster and more intense combustion under
higher oxygen supply conditions at higher wind speeds.

The HFG captures radiation from the entire pile and the surrounding
Kaowool board surface, including cooler regions that remain below the
visible threshold (T < 873 K) due to their low radiative intensity. These
contributions arise from hot, non-glowing firebrands and the heated
surrounding Kaowool board surfaces. Thermocouple measurements on
the Kaowool board, placed as illustrated in Fig. 3, reached a maximum
average temperature of 353 K + 12 K (mean + standard deviation
of the four thermocouples) after 140 s. Therefore, as a lower-bound
estimate, the measured average temperature profile of the board was
applied to pixels within the boundary region shown in green in Fig. 3
when they were not identified as glowing regions within the calibration
range. Non-glowing pixels of the unpainted Kaowool board outside this
boundary region were set to ambient temperature (298 K).

Camera-based heat fluxes exhibited a similar wind-speed depen-
dence as the HFG measurements, with increasing peak fluxes at higher
wind speeds (Fig. 8). Pyrometry values were consistently lower than
HFG measurements. The relative maximum error, calculated as the
peak absolute difference normalized by the HFG peak, decreased from
51% at 0.9 m/s to 20% at 2.7 m/s. The mean relative error over the
350 s measurement period was 20, 15, 12, and 10% for 0.9, 1.4, 2.4,
and 2.7 m/s, respectively, reflecting improved agreement at higher
wind speeds due to higher signal intensity and a larger fraction of
glowing regions captured by the camera.



E.J. Igweh et al.

a) 0.9 m/s wind speed

6
<5
£
24
é 3.13
[CE B D Heat Flux Gauge
R I
o _| 4 TS e
T2 ez TR

Camera e
1
HFG maxatt=16s
0
0 50 100 150 200 250 300 350
Time (s)
7
c) 2.4 m/s wind speed

6
<5
£
24
x
3
w3
o
©
[
T2

1

HFGmaxatt=15s
0
0 50 100 150 200 250 300 350

Time (s)

N

b) 1.4 m/s wind speed

6
<5
£
= a2
41 T Heat Flux Gauge
x \"‘-..\
=3 Ssa
31 . T
= 243 . T
S |, 00 Tl
T2 TN, T

Camera  TTew
R A e
HFG max att=18s
0
0 50 100 150 200 250 300 350
Time (s)
7
d) 2.7 m/s wind speed

6
<5
£
24
X
3
w3
o
©
Q
T2

1 ‘-‘w-

HFGmaxatt=15s s TR
0
0 50 100 150 200 250 300 350

Time (s)

Fig. 8. Mean heat flux measured by the heat flux gauge and calculated heat flux from ratio pyrometry, both referenced to the gauge position, at wind speeds
from 0.9 to 2.7 m/s. Shaded areas indicate + one standard deviation. = 0 s marks wind tunnel closure.

The observed errors primarily represent the calibration limitation
of the camera with a temperature range of reliable measurements
between 873 K and 1473 K. Since regions within the wind tunnel test
section are partially covered by firebrands below the lower calibration
temperature, radiation emitted by them is not captured by the camera.
With increasing wind speed, the fraction of glowing pixels increases due
to higher radiative intensity, and as a result, the error in the heat flux
measurements decreases. Additionally, the HFG integrates radiation
over a wider field of view, including contributions from transported
firebrands outside the camera frame, whereas pyrometry is limited to
the imaged pile region.

To assess the potential contributions of undetectable regions to the
measured heat flux, a temperature adjustment was applied to regions
not detected by the camera. First, the boundary region to which the
thermocouple measurement profile was applied was manually adjusted
to account for its thermal contribution, with stepwise increases imple-
mented. An increase of 250 K above ambient temperature corresponds
to an additional incident heat flux at the HFG of 0.50-0.53 kW/m?,
while a correction of +400 K results in 1.32-1.40 kW/m?. An initial
average temperature of approximately 673 K in non-glowing areas is
required to align pyrometry-based fluxes with HFG measurements.

Because non-glowing areas heat up and cool down during the
experiment, a constant background temperature may not be adequate.
The background temperature was therefore scaled dynamically based
on 40% of the average glowing firebrand temperature preserving the
overall temporal evolution of the temperature throughout the test. The
adjusted temperatures remain below the lower calibration threshold of
873 K, thereby still representing undetectable regions while accounting
for their high temperatures. The resulting pyrometry-based heat fluxes,
shown in Fig. 9, exhibit improved agreement with HFG measurements.
The maximum relative error is reduced by 22% at 0.9 m/s, where the
detection rate is lowest and most pixels are affected. At 2.7 m/s, the
maximum relative error is 19%. Over the 350 s measurement period,
the mean relative error decreases to 9, 7, 6, and 5% for the wind
speeds from 0.9 to 2.7 m/s, respectively. These results demonstrate that
undetected regions contribute considerably to the camera-derived heat

flux measurements, as accounting for hot regions below the calibration
limit strongly reduces the discrepancy with the HFG measurements.

3.3. Radiative loss fraction

The detailed temperature distribution obtained through color ratio
pyrometry allows the measurement of the total outgoing radiative
power (P,,) from the top surface of the firebrand pile. By applying the
Stefan-Boltzmann law as shown in Eq. (5), P, of the firebrand pile
area can be calculated from each pixel i:

N
Poy = Y (e7), 0T A,.

i=1

an

The mean radiative flux over the firebrand pile area was calculated as
Eng = Py /Apile> applying the same surface temperature distribution
used in Fig. 8. The maximum values increased with wind speed, ranging
from 18 + 5 kW/m? at 0.9 m/s, to 24 + 4 kW/m? at 1.4 m/s,
43 + 4 kW/m? at 2.4 m/s, and 53 + 7 kW/m? at 2.7 m/s. These values
are consistent with previously reported maximum radiative heat fluxes
for both individual firebrands and firebrand piles, which typically range
from 30 to 100 kW/m? [8,10,11,33,34].

The radiative loss fraction, y, = P,,/HRR, was analyzed, account-
ing for radiative losses from the top surface of the firebrand pile
area. Values were primarily documented for fuel beds during wildfire
spread in laboratory settings, where radiative fractions of 0.1-0.4 have
been reported [35]. For ember beds after flame extinction, values of
0.073-0.133 were measured [36].

The HRR was obtained from carbon oxide calorimetry as presented
in Ref. [21] using CO and CO, concentrations and is shown in Fig. 10(a)
for wind speeds of 0.9-2.7 m/s. Following tunnel closure (+ = 0 s),
HRR increased gradually, peaking between 23-30 s as oxygen supply
increased with wind. Peak HRR rose from 0.3 kW at 0.9 m/s to 0.9 kW
at 2.7 m/s, consistent with higher combustion intensity at stronger
winds, and mirrored the trend observed in heat flux measurements.
HRR decreased over time as firebrands were consumed, reaching values
below 0.2 kW after approximately 150 s.
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Fig. 10(b) shows the temporal evolution of y, for all wind speeds.
Curves represent the mean of three repetitions, with shaded areas
indicating + one standard deviation. A 2 s moving average was applied,
and the data series begin once valid measurements were available after
tunnel closure and camera placement. Quantity y, was initially high,
up to 0.5, and decreased rapidly to 0.20-0.23 within the first 10 s
for all wind speeds. After the initial combustion phase until 100 s,
7z, fluctuated due to low signal-to-noise ratios at very low HRR and
heat flux levels; data are therefore shown only up to 150 s. Based on
the results, both surface reaction rates and heat release rates exhibit
a strong nonlinear dependence on temperature. Higher wind speeds
increase the surface temperature and, consequently, radiative losses.
Within the measured temperature range, these effects scale similarly,
resulting in an approximately constant radiative loss fraction, largely
independent of the wind speed.

4. Conclusions

This study demonstrates the application of color ratio pyrometry
to glowing firebrand piles, extending its use beyond single firebrands

for the thermal and radiative characterization under controlled wind
tunnel conditions ranging from 0.9 to 2.7 m/s. The DSLR camera
was calibrated using the blackbody furnace, and image processing was
performed to consistently identify glowing regions within the calibra-
tion temperature range from 873 to 1473 K. This method introduces
a non-intrusive alternative to point-based temperature measurements,
enabling high-resolution temperature fields of firebrand surfaces. These
results were used to evaluate radiative heat flux measurements at
a distance. The measurements were validated against independent
data from a centrally mounted, water-cooled Schmidt-Boelter heat
flux gauge above the firebrand pile. Complementary heat release rate
measurements were performed, enabling estimation of the radiative
loss fraction. The main findings are summarized as follows:

1. Mean surface temperatures of the glowing regions ranged from
1130 K to 1260 K, with localized hot spots predominantly on the
windward side.

2. Increasing wind speed enhanced combustion intensity, with a
larger fraction of glowing firebrands and a higher detection rate
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for color ratio pyrometry measurements. Peak temperatures of
the firebrand pile increased from 431 K to 644 K and peak
radiative heat fluxes reached 6 kW/m? at the heat flux gauge.

3. Heat fluxes from the pixel-wise view factor analysis repro-
duced the temporal evolution measured by the Schmidt-Boelter
gauge. Introducing contributions from non-glowing regions be-
low 873 K reduced the mean error to 5-9% across wind speeds
of 0.9-2.7 m/s.

4. The radiative loss fraction stabilized in the range of 0.20-0.23
within the first 100 s of the glowing phase, indicating that the
radiative loss fraction is largely independent of wind speed.

Remote, non-intrusive measurements of heat flux provide a practical
alternative to direct gauge measurements in fire experiments, enabling
spatially and temporally resolved data without interfering with the
combustion process. The observed reduction in error when accounting
for non-glowing regions highlights the importance of properly quanti-
fying lower-temperature areas to improve measurement accuracy. The
approximately constant radiative fraction indicates a reference value
for the quantification of radiative heat transfer in glowing firebrands.
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