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The wild fire problem in U.S. and across the world has caused the losses of human
lives and property. Firebrands can dramatically increase the hazards of wildland fires.
While embers have been extensively studied (e.g. firebrand generation, transport,
ignition, size, mass, and moisture contents etc.), little is known about their
temperatures. Also, all past works failed to measure firebrand temperature relying on
thermocouple and IR camera, which are not accurate and have many drawbacks.
Therefore, in this dissertation, to address this an imaging stationary ember and airborne
firebrand pyrometer was developed using an inexpensive digital color camera. The
camera response was calibrated with a blackbody furnace at 600 — 1200 °C. The embers
were 6.4 mm maple rods with lengths of 2 cm. Temperatures were obtained from ratios
of green/red pixel values and from grayscale pixel values. Ratio pyrometry is more
accurate when ember emissivity times ash transmittance is not unity, but grayscale

pyrometry has signal-to-noise ratios 18 times as high. Thus, a hybrid pyrometer was



developed that has the advantages of both, providing a spatial resolution of 17 um, a
signal-to-noise ratio of 530, and an estimated uncertainty of £20 °C. The measured
ember temperatures were between 750 — 1070 °C with a mean of 930 °C. Comparing
the ratio and grayscale temperatures indicates the mean visible emissivity times
transmittance was 0.73. Temperatures were also measured with fine bare-wire
thermocouples, which were found to quench smolder reactions, make imperfect
thermal contact, and underpredict the mean ember temperature by more than 200 °C.
The pyrometry was also performed on a pendulum firebrand with different velocities
imitating airborne firebrands in real fire scenario. The temperature increases as the
velocity of pendulum firebrands increases. Ratio pyrometry determined mean
temperatures of pendulum firebrand between 878 — 1064 °C. Grayscale pyrometry
temperatures were lower. The relationship between velocities and temperatures were
quantified. The pyrometry was additionally performed on smoldering fuels such as a
rolled paper, incense, maple rod, ashless filter paper, and rattan sticks with different air
jet velocities to explore the smoldering extinction at high air velocity.

To summarize, the main achievement of my Ph. D researches was to develop a new
diagnostic of ember and firebrand temperature and emissivity and was successfully
completed. The results would be a stepping stone to nearby future exploration of
wildfire. The hazards of various firebrand materials and moisture contents could be
better assessed in different wind velocities. Computational fire models could be
improved. The firebrand size could be simultaneously measured with the same device,

both key firebrand attributes could be determined in near real time.
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Chapter 1: Introduction

1.1 Overview of the literature

Wildland fires are a problem with global impact. They are responsible for increasing
losses of lives and property, and increasing costs of fire prevention and suppression [ 1—
3]. Of particular concern are fires in the wildland-urban interface (WUI) [4].

Embers are small smoldering fuels, and firebrands are airborne embers. Firebrands
can have a large impact on wildland fire spread [5—6] and they often complicate
firefighting. Smoldering can be associated with long burn times, concealed luminous
emissions, minimal smoke, and the potential for sudden eruption into flaming [7-8].
Firebrands can be lofted several km and still ignite spot fires. An improved
understanding of firebrands is crucial to protecting against wildland fires, e.g., by
contributing to improved fire codes and standards, improved vegetation management,
and improved computational fire models.

Extensive research has been conducted on embers and firebrands, examining
firebrand mass and morphology [9-10], generation [10-14], transport [15-18], and
viability to ignite spot fires [9,19-23]. Firebrand generators have been developed for
laboratory studies [11-14]. Firebrand behavior has simulated using geometric scaling,
analytical models, and numerical models [14—18].

A firebrand generator was developed by Manzello et al. [11-12] to emulate the
firebrands produced from burning trees, characterize their size and mass, and compare
varying the effect of wind velocities [11-12]. Suzuki et al. [10] imitated real-scale

buildings, generated firebrands from structures of oriented strand board (OSB) and



from wood studs from a sofa, and characterized the firebrand size and mass. A firebrand
generator was used to ignite wood fencing and structures exposed to firebrand showers
[13].

The flight paths and life times of firebrands with forced convection were studied
by Tarifa et al [15]. Oliveira et al. [16] proposed mathematical models of cylindrical
wind-driven firebrands trajectories while varying wind velocities. They considered
initial orientation, oscillation, rotation, mass, size, time and distance travelled.
Numerical modeling of trajectories of spherical, cylindrical, and disk firebrands was
performed by Anthenien et al [17]. Tse et al [18] predicted the flight distance of burning
materials such as hot particles, burning sparks, and burning embers being carried with
numerical model.

Firebrand physical properties such as mass, weight, surface area, and surface to
volume ratio were investigated by Ganteaume et al. [9]. They also examined
ignitability, sustainability, combustibility, and thermal decomposition. Kuznetsov et al
[20] tested the ignition of pine wood with varying heat fluxes. Manzello et al [22] did
experiments to understand how firebrands ignite various types of mulch and cut grass
with different sizes, wind velocities, and states of flaming. They also studied the effects
of crevice angle for plywood and OSB on ignition by firebrands [21]. Higher airflows
generated higher surface temperatures of glowing firebrands, which led to increased

heat flux from the firebrand and increased net heat flux to the fuel bed.

1.2 Motivation

The key attributes of a firebrand are its size and temperature. While firebrand sizes

have been measured in real fires, much less is known about the temperatures of embers



as well as firebrands. This could be impeding fire safety because cool firebrands are
not viable ignition sources and may be incapable of self-sustained burning, whereas hot
and small firebrands have short burning durations. If the temperatures of airborne
firebrands showers [10, 24] can be measured easily and accurately in laboratories and
in wildland fires, this could be transformational. The hazards of various firebrand
materials and moisture contents could be better assessed. Computational fire models
could be improved. Also, for example, different gutters, roofs design, and shrub
management would be required for houses in WUI depending on the surrounding
vegetation and its firebrand characterization. If firebrand size could be simultaneously
measured with the same device, both key firebrand attributes could be determined in

near real time.

1.3 Technical gaps

Little previous research has been performed regarding ember or firebrand temperature
measurement. Measurements have been performed with thermocouples [21,25], but
these suffer from poor thermal contact, smolder quenching, and conductive losses.
Ember pyrometry has been performed with infrared (IR) imagers and IR spot detectors.
Temperatures of 190 — 946 °C have been reported [5,7,21,26]. Smoldering ember
temperatures of 500 — 600 °C were found with an IR radiometer on a drone in daytime
and at night by Cheng et al. [7]. Fateev et al. [26] measured a minimum smoldering
temperature of 190 °C with an IR imager. Manzello et al. [21] and Urbas et al. [25]
observed temperatures of 800 — 946 °C by assuming emissivities (g) of 0.6 — 1 using
infrared measurements validated by thermocouples [5]. Recently, Hakes et al. [27]

obtained temperatures of firebrand piles only qualitatively using an IR camera.
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However, these IR pyrometers have several drawbacks: surface emissivity must be
known or estimated [5,21,25]; the surface emissivity generally increases as a firebrand
burns [28]; ash and smoke along the line of sight can decrease the indicated
temperature; and the ember image must fill at least one pixel or the spot detector. These
drawbacks are compounded for IR imagers because, compared to modern color
cameras, they have low pixel counts, low bit depths, low sensitivity, and high costs.
For example, the IR imager used by Ref. [5] for ember pyrometry (FLIR Model
A8300sc) costs US$ 100,000 but has only 0.9 megapixels.

Recently, Urban et al. [29] demonstrated the surface temperature of glowing
embers with different air flows using ratio pyrometry, which is related to my Ph. D
dissertation topic. Comparing infrared camera measurement, authors verified ratio
pyrometry is more accurate. However, the spatial resolution was limited due to a
decreased signal to noise ratio (SNR) from ratio pyrometry. Also, ember emissivity and
ash and smoke transmittance were not measured.

To summarize, not only does little past work exist concerning firebrand
temperatures, but all previous works failed to measure the temperatures accurately and
precisely, mostly using infrared imagers or thermocouples (typically used for charring
materials [23]). Thus, the main purpose of this dissertation is to develop a nonintrusive
and inexpensive ember pyrometry to measure ember temperature and emissivity

accurately and precisely.

1.4 Objectives
The hypothesis of this research is as follows: combined ratio and grayscale pyrometry

with a color camera can accurately measure firebrand temperature and emissivity in the



visible. The ultimate long-term goal is to develop an inexpensive and accurate
diagnostic of a stationary ember and airborne firebrand temperature measurement in
real fire scenarios.

Ratio pyrometry can be very accurate. Compared to grayscale pyrometry, it has
several advantages for fire embers. First, its temperatures are independent of firebrand
size or distance from the detector. Second, it is less impacted by smoke, ash, or other
attenuation along the line of sight. Third, it does not require an assumed emissivity of
the fuel surface. Fourth, it allows firebrand size to be measured in addition to
temperature.

On the other hand, ratio pyrometry has lower signal-to-noise ratios (SNRs)
compared to grayscale pyrometry. Grayscale pyrometry generally requires: blackbody
behavior of the hot surface; negligible radiative extinction from ash and smoke; and no
temporal drift or ambient temperature dependence from the camera.

During my Ph. D, a major part of the effort was to develop a new diagnostic for
smoldering ember temperature that combined both ratio and grayscale pyrometry with
a consumer color camera. Both pyrometry methods were calibrated with a blackbody
furnace at precisely controlled temperatures. To date, no study has measured with
sufficient accuracy the temperatures of embers or firebrands undergoing self-sustained
smoldering. Thus, a nonintrusive and inexpensive ember pyrometry was developed
using a color camera. By combining ratio and grayscale pyrometry, a hybrid pyrometer
was developed that incorporates the accuracy of ratio pyrometry and the low noise of
grayscale pyrometry. The measurements also yield the ember emissivity in the visible

range. The pendulum firebrand temperature imitating airborne firebrands in a real fire



scenario was also investigated. The relationship between the velocity of firebrands and
their temperatures was quantified.

Additionally, a second major part of the effort was to fundamentally and
experimentally understand the smoldering extinction behavior with varying high air
velocity. Little is known about the extinction of smoldering at high air velocity. The
smoldering temperature and burning rate was primarily investigated using the
developed pyrometry performing on various smoldering materials.

The below are the main objectives.

(1) Acquire and assemble materials (a digital camera and a blackbody furnace).
(2) Calibrate pyrometer with the blackbody furnace.

(3) Generate reproducible embers.

(4) Perform pyrometry on stationary embers.

(5) Perform pyrometry on pendulum firebrands.

(6) Perform pyrometry on smoldering materials.



Chapter 2: Pyrometer Calibration

2.1 Introduction

An alternative temperature measurement technique, instead of using thermocouples or
infrared imagers, is pyrometry in visible wavelengths such as ratio and intensity
pyrometry. Ratio pyrometry requires less knowledge about the surface emissivity.

Imaging ratio pyrometry can be multi-wavelength or multi-band pyrometry [30].
Multi-wavelength pyrometry involves bandpass filters external to the camera.
Consumer-grade color cameras have been used extensively to perform ratio pyrometry
of soot [31-35].

More recently, this method has been used for surface pyrometry. In multi-band
pyrometry, the color filter array on the CCD or CMOS chip is used to obtain the red,
green, and blue emissions. Lu et al. [28] measured temperatures of embers burning
inside flow reactors with wall temperatures above 1000 °C. This environment is more
representative of biomass combustors than that which a firebrand encounters after
being lofted tens or hundreds of meters.

Similar measurements were performed for burning coal particles [36—38]. But these
are hotter than wood embers and cannot burn unaided in the air. These pyrometers are
often calibrated by measuring char particles temperatures with thermocouples [39-40].

Ratio pyrometry has been applied to heated materials at 500 — 1930 °C [41-43], but
the materials were not flammable. Zander [41] measured temperatures of materials that
were heated resistively or with a plasma torch to above 1230 °C. In the HST3 free
piston driven shock tunnel, the temperature distribution was measured in the radiating

shock layer in the flow by Deep et al with DSLR camera-based two-color ratio
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pyrometry [42]. Raj et al. [43] measured the temperature and emissivity of solid
materials such as Inconel and stainless steel using two color pyrometry. More recently,
hot metal sparks temperatures were determined by color ratio pyrometry by Liu et al
[44].

To summarize, only one past study measured the temperature of embers or
firebrands using ratio pyrometry undergoing self-sustained smoldering [29]. That study
had limited spatial resolution and SNRs. Furthermore, no past study has exploited the
accuracy of ratio pyrometry and the precision of grayscale pyrometry.

This chapter elucidates pyrometry calibration.

ISO, fnumber, and exposure time were all normalized. The effect of camera zooms
setting, white balance, and the distance between the blackbody source were studied.

The calibration was confirmed with pyrometry performed on blackbody images.



2.2 Pyrometer components

2.2.1 Digital camera
Imaging was performed with a Sony DSC-RX10 III cyber-shot digital camera,
shown in Figure 2-1. This has a 1.3 X 0.9 cm Exmor RS stacked back-illuminated

complementary metal-oxide semiconductor (CMOS) sensor with 20.1 megapixels and

Figure 2-1 Digital camera, Sony DSC-RX 10 IIL

a bit depth of 14 in each color plane. The stacked CMOS sensor from RX10 III provides
excellent image quality and processing efficiency. Sony RX10 III images are sharp,
clear and well- exposed. It has fast continuous shooting at a rate up to about 14 fps.
Table 2-1 represents comparison of specifications of the digital camera with infrared
devices. The lens was built in the camera and is not interchangeable. The lens was a
Zeiss Vario-Sonnar T* Lens, with variable zoom (8.8 — 220 mm) and f (2.4 — 4). A
Hoya 72 mm protector filter was attached to the lens to facilitate cleaning. Although

BG7 colored glass filters [35,45] or interference bandpass filters [31,46] are common
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in soot pyrometry, no filters were used here so the transient burning could be observed
with the shortest exposure times. For example, images of the blackbody furnace at 1000
°C with a BG7 filter required a factor of 60 increase in exposure time to obtain
comparable greyscale pixel values.

To avoid rolling shutter distortions only the mechanical shutter was used. The white
balance was daylight, but this had no effect because the images were recorded in RAW

format. The ISO (International Organization for Standardization) range was 100 — 400,

Table 2-1 Specifications of a digital camera and FLIR.

Bit Detector  Response

Device  Model Accuracy Precision Cost

depths  Resolution time
A Sony e
digital RX 42 5496X3672 1.3 ms +25 °C $1,298
0.0005 C
camera 10 II1
ITEL;? 24 464X348 N/A +35°C N/A $9,999
Infrared  FLIR o
Camera  A8300sc 42 1280 x 720 500 ns +2°C N/A $100,000
FLIR 42 640 x 512 270 ns +2°C N/A $110,000
X6800sc X :

FLIR A8300sc was used for combustion in a supersonic flow [5]. FLIR X6800sc was used
for a glowing firebrand [47].

which for this camera controls the electrical gain, rather than image postprocessing.

The RAW images were converted to 16-bit tiff images using dcraw [48] with
default settings except —4 and —T [31]. The tiff files were opened in Imagel.
Rectangular regions were selected and for these the pixel coordinates and the red,
green, and blue pixel values (I, Ic, and /z) were exported. Saturation occurred at a
pixel value of 65535.

2.2.2 Blackbody furnace
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The camera was calibrated with a blackbody furnace (Oriel 67032), shown in Fig. 2-2.
It has a maximum temperature of 1200 °C, a temperature accuracy of £0.2 °C, an

emissivity (&) of 0.99 £ 0.01, and an aperture diameter of 25 mm. A similar blackbody

Figure 2-2 Blackbody furnace (Oriel 67032).

was found to have &€ = 0.99 for wavelengths between 0.5 — 4 um [49]. The lens was
1 cm away and was focused on the aperture. Exposure times were adjusted such that

the highest pixel values (always red) were close to saturation but none was saturated.

2.3 Camera Calibration

2.3.1 Dark current

Dark current is the signal from a photodetector when there is no incident light. In Fig.
2-3, dark images were recorded at various shutter times to determine dark-current pixel

values, Ipc. Various ISOs were considered. At ISO 200, these intensities were small
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Figure 2-3 RGB counts of dark currents plotted with respect to exposure time from

0.00005 — 1 s with (a). ISO 100; (b). ISO 400; (c). ISO 1000; and (d). ISO 4000. F

number was 2.4. Intensities were exported with MATLAB tool.
(below 20 counts in each color plane) and had negligible variation with shutter time. It
may come from dark currents of a CMOS sensor from the SONY camera, which is
pretty fixed in terms of unit sensor area. Also, dark noise from CMOS is significantly
less than CCD providing higher overall contrast and a more clear image [50]. Fig. 2-4
represents dark current signal with respect to ISO for each plane. As ISO increases
from 0 — 4000, intensities increase from 400 in the highest pixel values (red). These

were still small relative to 65536 at saturation. For this camera ISO is an electronic gain

on the chip and exposure compensation is a postprocessing operation.
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Figure 2-4 Intensities of dark currents with exposure time of 0.00001 — 1 s plotted
with respect to ISO from 100 to 4000 for each color planes (a). Red; (b). Green; and
(¢). Blue. F number was 2.4.

2.3.2 Blackbody images

Blackbody images were recorded at 600 — 1200 °C and were used to calibrate the
camera. Fig. 2-5 is a representative color image of blackbody. The brightest red pixel
values were nearly 60000. For each blackbody image a 200 x 200 pixel area centered

on the middle of the blackbody was selected, this corresponding to about 5% of the

Figure 2-5 A representative color image (2400 x 2400 pixels) of blackbody images
at 1000 °C. For this, ISO = 200, f'= 2.4 (the camera minimum), and ¢ = 2 ms.
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blackbody area. For this region, the means of Iz, /g, Iz, and Igs were found with respect

to blackbody temperature.

2.3.3 Linear response to exposure time
Blackbody intensities were measured by varying exposure time at fixed temperatures.
Fig. 2-6 shows raw data so collected. The red pixel values were higher than those of

blue and green. Schott colored optical filters were considered, but this increased the
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Figure 2-6 Linear response to shutter time at fixed temperatures with (a). 800 °C;
(b). 900 °C; (c). 1000 °C; and (d). 1100 °C. F number and ISO were 2.4 and 100.

required shutter time by about an order of magnitude.
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The camera response is linear in shutter time and inversely proportional to f-number

squared.

2.3.4 Effect of white balance

White balance is a camera setting that attempts to yield realistic colors. It involves
image postprocessing. Fig. 2-7 shows the effects of white balance settings. Various
settings were tested, including daylight, cloudy, incandescent, warm white, flash, and

auto, and there was no difference in the raw files produced.
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Figure 2-7 Linear response to shutter time at the fixed temperature of 800 °C with
different white balance setting (a). daylight; and (b). shade. ISO and f number were
200 and 2.4. Electronic shutter setting was used.

2.3.5 Effect of focal length and distance

Blackbody intensities were measured while varying the focal length and the distance
to the blackbody. Images were recorded as shown in Fig. 2-8 at 800 °C. The ISO,
shutter time, and f-number were fixed at 200, 0.0667 s, and f/4, respectively. The
resulting intensities are plotted in Fig. 2-9 with respect to focal length at a fixed distance

and with respect to distance at a fixed focal length. The response was independent of
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Figure 2-8 Blackbody images varying focal length and distance. Distance of 2.6
cm with focal length of (a). 24 mm; (b). 40 mm; (c). 65 mm; (d). 100 mm; and (e).
144 mm. Distance of 25.9 cm with focal length of (f). 24 mm; (g). 50 mm; (h). 131
mm; (i). 221 mm; and (j). 351 mm. Distance of 48.7 cm with focal length of (k).
24 mm; (1). 70 mm; (m). 144 mm; (n). 300 mm; and (o). 500 mm.
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Figure 2-9 Intensities plotted with respect to focal length (24 mm — 144 mm)
with distances of (a). 2.6 cm; (b). 25.9 cm; and (c). 48.7 cm and respect to
distance with a focal length of (d) 24 mm.

either lens zoom or distance from the blackbody. It did not follow Newton’s Inverse

16



Square Law that light intensity is inversely proportional to distance squared from the

blackbody source until 50 cm and longer distance measurement will be needed.

2.3.6 Blackbody normalized intensities
Grayscale pixel values were defined as
Igs=(Ir+1Ic+13)/3, (2-1)
and normalized pixel values were defined as
NI = (Ii—Lipc) f*/ tISO, (2-2)
where fis f-number, i denotes R, G, B, or GS, and ¢ is exposure time.

In each image of the blackbody a 200 x 200 pixel region was considered. The
resulting mean normalized pixel values are plotted with respect to blackbody
temperature in Fig. 2-10. The normalization of Eq. (2-2) collapses the measurements
for various f, ISO, and ¢. There is a4 — 5 order of magnitude increase in N/ as blackbody
temperature increases from 600 — 1200 °C. The red pixel values are the highest, and
those for green are higher than for blue except at low temperatures. Additional tests
(not included in Fig. 2-10) found these correlations to be independent of both lens zoom
and distance from the blackbody as represented in Fig 2-9.

The spectral emissive power of an ideal blackbody is
Ew=C/A[exp(C/AT)-1], (2-3)

where C1, C2, T, and A are, respectively, first and second radiation constants (3.742 x
1071 W-m? and 0.01439 m-K), temperature, and wavelength. Quantity £ is plotted in

Fig. 2-10 at 430 and 680 nm, which are close to the peak sensitivities of similar cameras

in the blue and red planes [41,45,51]. Among the six curves in Fig. 2-10, five have
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similar shapes. However, the NIz curve has a smaller slope owing to the behavior of
the CMOS and/or its filter mask.
The NI correlations in Fig. 2-10 allow pyrometry on hot objects such as embers.

This can be ratio pyrometry, based on one or more N/ ratios, or grayscale pyrometry,

1E8 T T T T T T T 1E9
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1E6 1 1E7
1ES 1 1E6 —~
3]
=~ £
L 1E4 | {185 =
z E
L
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€1 | O 10 200 00025-08 | 1gp
A 16 200  0.00625-2
) O 24 100 0.00125-02
1E0 1 H 1 1 1 1 1 1E1

500 600 700 800 900 1000 1100 1200 1300
Blackbody Temperature (C°)

Figure 2-10 Measured normalized pixel values of the blackbody furnace images.
Also shown is the spectral emissive power at 430 and 680 nm.

based on Nlgs. Ratio pyrometry has lower signal-to-noise ratios (SNRs). On the other
hand, grayscale pyrometry generally requires: blackbody behavior of the hot surface;
negligible radiative extinction from ash and smoke; and no temporal drift or ambient

temperature dependence in the camera.
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2.3.7 Blackbody intensity ratios
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Figure 2-11 Normalized intensity ratios of the blackbody furnace images.

For ratio pyrometry the three N/ of Fig. 2-10 are converted to three ratios as plotted in
Fig. 2-11. These are smooth and monotonic with respect to temperature. A camera
whose red, green, and blue planes had no wavelength overlap would yield a monotonic
increase in these ratios with increasing temperature. Such monotonicity has been
observed before for some cameras [28,45,51], but not for others [42,52]. It is seen in
Fig. 2-11 only for G/R. Both ratios involving the blue color plane decrease with

temperature owing to the low slope of N/ evident in Fig. 2-10.
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The B/R curve in Fig. 2-11 is too flat for pyrometry with reasonable signal-to-noise
ratios. B/G ratio pyrometry was found to yield unacceptably high scatter because it
omits the red pixels, which have the highest pixel values and the highest signal-to-noise
ratios. Thus, only G/R is considered below for ratio pyrometry.

The variation in Nlg / NIr in Fig. 2-11 varies by only a factor of 16, indicating a
decreased signal-to-noise ratio for ratio pyrometry as compared to grayscale pyrometry
using Fig. 2-10. Pyrometry performed on the blackbody images indicated SNRs (the
temperature mean divided by standard deviation) of 30 and 530 for ratio and grayscale

pyrometry, respectively. These values vary by a factor of 18.

2.4 Curve Fits for Nlgs and NI,/NI;

2.4.1 Intensity Pyrometry
The curve fit for Nigs in Fig. 2-10 is a 2" order best-fit polynomial of 7 in terms of
logio(Nlgs) as shown in Fig. 2-12. It was used to convert Nlgs to firebrand and

smoldering material temperatures.
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Figure 2-12 Temperature plotted with respect to normalized intensity.

2.4.2 Ratio Pyrometry

The curve fits for NI;/ NI; in Fig. 2-11 are 3™ and 4™ order best-fit polynomials of
logio(NI; / NI;) in terms of 7 as shown in Fig. 2-13. From three ratios, the G/R ratio was
used to convert Nlgs to firebrand and smoldering material temperatures. Fig. 2-14

represents all pyrometry data in Excel.
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Figure 2-13 Temperature plotted with respect to color ratio.
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Figure 2-14 Excel Data for Figure 2-12 and Figure 2-13.

2.5 Blackbody Uncertainty

2.5.1 Blackbody uncertainty
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Representative blackbody images were used to estimate the pyrometer uncertainties.
The calibrations above were confirmed with pyrometry performed on blackbody
images recorded at 700 — 1100 °C. Fig. 2-15 represents how many pixels were lost out

of a 200 x 200 pixel square from blackbody images when using B/G, B/R, and G/R
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Figure 2-15 Blackbody uncertainty: Number of pixels lost from outside
temperature bound and low signal.

pyrometry. Due to weak blue signals with increasing temperature, the number of pixels
lost increased to 7500 and 17500 pixels from B/G and B/R pyrometry, respectively.
Fig. 2-16 indicates the mean temperatures of 200 x 200 pixels using G/R, B/R, and B/G
ratio pyrometry and GS pyrometry to estimate the pyrometer uncertainties. The
calibrations from Fig. 2-12 and Fig. 2-13 were used to obtain these pixel temperatures.

The blackbody images were interrogated to determine color ratios for each pixel using
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pyrometry with respect to blackbody temperature.

three different fit curves in Fig. 2-13. Polynomials of 3™ and 4 order of logio(NIr /
NIg) in terms of temperature were used. To estimate the GS pyrometer uncertainties, a
27 order best-fit polynomial curve of T in terms of logio(N/gs) was used in Fig. 2-12.
The results determined that B/R ratio pyrometry in Fig. 2-16 was completely off the
ideal linear fit (y = x) and became worse as the blackbody temperature increased with
higher standard deviation. This is due to the curve being too flat in Fig.2-11 as

described in section 2.3. Also, B/G pyrometry was found to yield unacceptably high

scatter as show

Fig. 2-17 and Table 2-2 summarize the mean blackbody temperatures using G/R

ratio pyrometry and grayscale pyrometry. For blackbody pyrometry, the uncertainties

n in Fig. 2-15.
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Figure 2-17 Calculated blackbody temperature using G/R ratio pyrometry and GS
pyrometry.

of both ratio and grayscale pyrometry for a 7 x 7 pixel region are estimated at £10 °C.

Without any smoothing, the mean temperatures of these pixels were within 3 °C of the

blackbody temperature. The absolute value of the difference between the pixel

Table 2-2 Calculated mean temperatures and standard deviation using G/R ratio and

GS pyrometry.
G/R Grayscale
Temp G/R (Smoothing) Grayscale (Smo}c])thing)
700  702.0 +29.1 702.0 + 8.9 694.2+0.9 694.2 + 0.4
800  798.1 £28.0 798.2 + 8.6 797.1+1.3 797.1 +£0.7
900  900.3 +29.8 900.2 +£9.7 902.1+1.7 902.1 +1.1
1000 1003.6 £28.4  1003.5+8.9 1005.5+2.0 1005.6 + 1.3
1100 1101.17£30.3 1101.8+10.0 1105.5+2.5 1105.6 + 1.8
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temperatures and the blackbody temperature had means of 23 and 4 °C for Traio and
Tas, respectively.

Fig. 2-18 — Fig. 2-22 represent temperature contour plots created in Tecplot, which
were converted from blackbody images. Since some pixels were lost from B/R and
B/G, some blank cells were filled with linear values from top to bottom and from left
to right in Excel. It was verified that blue signals yielded unacceptable high scatter in

images of the blackbody from all temperatures. G/R ratio pyrometry was accurate

without any signal loss.
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Figure 2-18 Temperature contour plots converted from blackbody images recorded
at 700 °C using three normalized intensity ratio curves: (a). G/R; (b). B/R; (¢). B/G;

and (d). GS.
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Figure 2-19 Temperature contour plots converted from blackbody images recorded
at 800 °C using three normalized intensity ratio curves: (a). G/R; (b). B/R; (¢). B/G;
and (d). GS.
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Figure 2-20 Temperature contour plots converted from blackbody images recorded
at 900 °C using three normalized intensity ratio curves: (a). G/R; (b). B/R; (¢). B/G;
and (d). GS.
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Figure 2-21 Temperature contour plots converted from blackbody images taken at
1000 °C using three normalized intensity ratio curves: (a). G/R; (b). B/R; (¢). B/G;

and (d). GS.
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Figure 2-22 Temperature contour plots converted from blackbody images recorded
at 1100 °C using three normalized intensity ratio curves: (a). G/R; (b). B/R; (¢).
B/G; and (d). GS.
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2.6 Schott Filters

Some past imaging ratio pyrometer have used Schott filters to reduce the red pixel
values. This requires longer exposures to approach saturation. Appropriate exposure

time with and without BG 7 and BG 40 filters was studied. Fig. 2-23 represents

Time: 1/80 S Time: 1/30S Time: 1/20 S Time: 1/15S
No filter Aperture 2.4 (largest)
Focal length 24 mm
R: 13747, G: 571.75 R: 34508, G:1439.6 R:55022, G: 65526 R Saturated
Time: 1S Time: 1.3S Time: 1.6S Time: 2S Time: 2.5S Time: 3.2S

BG 7 filter
R:9225.9, G: 13191 R: 11655, G: 16607 R: 14734, G: 20945 R: 17859, G: 26136 R: 21391, G: 31141 R: 27023, G: 39194
Time: 1/20'S Time: 1/15S Time: 1/10 S Time: 1/6S Time: 1/4S Time: 15§
R:7700.2, G: 2535.7 R:9663.8, G: 3195.9 R:15322, G: 8157.1 R:24347, G: 8157.1 R: 38612, G: 12992 R Saturated

Figure 2-23 Color images of blackbody images at 1000 °C. For this, ISO =200 and
f=24.

blackbody images at 800 °C with varying exposure time. R,G,B signals from 200 x 200
pixel regions centered on the middle of the aperture from each image are plotted with
respect to exposure time in Figs. 2-24 — 2-26. Both BG filters maximizes S/N ratios by
increasing green signals relative to red, but the cost was an increased exposure time.
As described in Fig. 2-23, 3 s was needed to obtain high pixels of green (40000) with
BG 7 filters, while the highest pixel of red (about 60000) without filters was obtained
with only 0.25 s of exposure time. This was tested with different blackbody
temperatures. From images of the blackbody using BG 7 filter at 1000 °C, a factor of

60 increase in exposure time was needed to obtain comparable pixel values.
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Figure 2-24 Measured pixel values with no filter.
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Figure 2-25 Measured pixel values with Schott BG 7 filter.
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Figure 2-26 Measured pixel values with Schott BG 40 filter.
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Chapter 3: Stationary Ember Temperatures

3.1 Introduction

By considering both ratio and grayscale pyrometry for stationary ember temperature
measurement, a hybrid pyrometer is identified that incorporates the accuracy of ratio
pyrometry and the precision of grayscale pyrometry in this chapter. It also yields the
ember emissivity times transmittance in the visible range.

3.2 Experimental

3.2.1 Sample preparation
The fuel was round maple rods, 6.4 mm in diameter (McMaster Carr). These were cut

20 mm long and 3.2 mm axial holes were drilled to promote burning. Maple rods were

Birch

Birch

Figure 3-1 Sample preparation of maple, oak, and birch rods. Shown here are: (a).
cutting rods into small pieces; (b). preparing rods after cutting; (c). drilling holes
along horizontal axis via lathe machining; and (d). preparing rods after drilling.
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observed to burn more steadily than oak or birch rods. Prior to ignition the rods were
dried for at least 3 hours in an oven at 103 °C [53]. SiC yarn, 0.5 mm in diameter, was
inserted into the holes for mounting. No effect of ember cooling by the yarn was
detected. The rods were mounted horizontally. The terminal velocity of such a rod

(neglecting its hole) with its axis horizontal in air at 25 °C and 1.01 bar is 12 m/s [54].

3.2.2 Ember Generation
Fig. 3-2 represents experiment setup. For some tests a thermocouple was used. For
this a circumferential groove with a width of 0.5 mm was cut in the rod. Into the groove

was placed a bare-wire K-type thermocouple with a wire diameter of 125 pum. Tension

Figure 3-2 Experiment setup. (a). Side view; and (b). top view.
was applied such that the wire maintained good contact with the rod. The thermocouple
output was recorded at a sampling rate of 2 kHz. No corrections were made for
thermocouple radiation or conduction.
A 50 mm long laminar diffusion flame from a butane lighter was used for ignition.

The flame tip impinged on the bottom of the rod, translated back and forth across its
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length for 8 s, and was removed. Time zero was defined as the onset of flame

impingement.

ISO 400, f/3.2, 1/1000'8

Figure 3-3 A color image of maple ignition with a gas phase flame.

The ember supported flaming combustion until approximately 35 s. A fan above
the camera was activated at 40 s to promote uniform smoldering on the ember surface.
The fan discharge was at an angle of 30° below horizontal, producing an air velocity
near the firebrand of 2.5 m/s (determined with a handheld rotating vane anemometer.)
At approximately 70 s, the rod began to break up and fall from its mount. Little or no
smoke was observed. Small amounts of gray ash accumulated on the ember and then

fell away.
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3.3 Results

3.3.1 Color image of ember
Pyrometry was performed on smoldering embers. For this the camera was mounted
with its optical axis horizontal and perpendicular to an ember. The front of the lens was
1 cm from the closest part of the ember and the zoom setting was 11.5 mm. The focus
was adjusted to be clear across as much of the ember surface as possible.

An image of a smoldering ember without external illumination is shown in Fig. 3-

4a. This was recorded 40 s after ignition. The initial cross section of the ember was a

Figure 3-4 Representative color images (1212 x 396 pixels) of a glowing ember (a)
with no external illumination; and (b) with a lamp behind the camera. For both
images ISO =400, f= 2.8, and # = 1.56 ms. For improved visualization, some pixels
are saturated.

rectangle, but it deformed during burning. The bottom of the ember is relatively dim
owing to the downward fan orientation. The top of the ember is mostly orange but has

many raised black regions.
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The image of Fig. 3-4b was recorded 6 s earlier with a lamp behind the camera.
This illumination changes the black regions to light gray, indicating they are ash. This
identification of ash was confirmed by scratching ember surfaces with a small blade,

whereby gray ash fell away, and the black regions became orange.

3.3.2 Ember pyrometry

For ember pyrometry, images similar to Fig. 3-4a were recorded with dimmer
exposures such that the pixel values were as high as possible without saturation at any
pixel in any color plane. One such image is shown in Fig. 3-5a. The size of each pixel
in the object plane is 17 um. The thermocouple (TC) is visible as the dark vertical band
and its bead location is indicated in Fig. 3-5a.

Intensities of red, green, and blue color planes from the glowing ember of the image
in Fig. 3-5a were examined to ensure they were free from saturation, as shown in Fig.
3-6. Intensity contour plots for each component were created in Tecplot. It was
confirmed that the brightest pixels in red plane were not saturated but were close to
saturation. However, green and blue contour plots show some pixels were lost. This
indicates that color ratio pyrometry has a reduced signal-to-noise ratio compared to
grayscale pyrometry and B/R and B/G ratios are of little or no value.

For ratio pyrometry, Nig / NIz was found for each pixel in Fig. 3-5a. These were
converted to temperatures using the curve fit of Fig. 2-13, a 3™ order best-fit
polynomial of 7 in terms of log( Nl / NI ). A null temperature was assigned to every
pixel that was outside the ember, had a green pixel value below 100, and/or was outside
the range of 600 — 1200 °C. Owing to scatter, spatial smoothing was performed. For

this, each pixel was assigned the mean temperature of the unsmoothed temperatures of
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the 7 x 7 pixel region centered on it. Pixels with a null temperature were excluded from

3.2 mm
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Figure 3-5 (a) Representative color image (1200 x 432 pixels) of a smoldering
ember at 50 s. For this image ISO =200, f=2.8, and t = 1.3 ms. Figure (b) is the
resulting color contour plot of ratio pyrometry temperatures. Figure (c) is the
resulting color contour plot of: grayscale pyrometry temperatures, hybrid
pyrometry temperatures, and visible emissivity.
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this mean. If more than 50% of these 49 pixels had null temperatures, the smoothed

center pixel was assigned a null temperature.
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Figure 3-6 Signal loss from (a). red; (b). green; and (c). blue.
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Fig. 3-5b shows the ratio pyrometry results. The hottest regions correspond to the
orange regions in Fig. 3-5a. The coolest are near the ember bottom, where air velocities
are low. The ends of the embers are hot owing to low heat conduction into the unburned
wood. The black regions surrounded by orange, identified above as ash, are cool
because the ash slows the transport of oxygen and products.

For grayscale pyrometry, Nlgs was found for each pixel in Fig. 3-5a. These were
converted to temperatures using the curve fit of Fig. 2-12, a 2" order best-fit
polynomial of 7 in terms of log( Nlgs). A null temperature was assigned to every pixel
that was outside the ember or within 6 pixels of the ember edge. No pixel within the
ember was outside the range of 600 — 1200 °C. No spatial smoothing was applied.
Figure 4c, with its first legend line, shows the grayscale pyrometry results.

Figure 3-5c¢ shows the grayscale pyrometry results. Compared to the ratio
pyrometry results these temperatures are far less scattered. This is despite 7 x 7 pixel
spatial smoothing in the ratio pyrometry and no spatial smoothing in the grayscale
pyrometry.

Grayscale pyrometry indicates lower temperatures than ratio pyrometry at most
locations. The ratio pyrometer is immune from interference of nonunity emissivity
times ash transmittance ( € T ) when € t is the same for the R and G pixel wavelengths.
The grayscale pyrometer has no such immunity, as it interprets decreased GS pixel
values as decreased temperatures.

This was investigated by comparing the mean temperatures of 30 x 30 pixel regions
that were nearly isothermal for both methods. Several ember images were analyzed,

using different wind velocities from 0 — 7 m/s, and the results are plotted in Fig. 3-7.
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Figure 3-7 Grayscale pyrometry temperature and visible emissivity plotted with
respect to ratio pyrometry temperature for smoldering embers. For the 7 m/s tests
the ratio pyrometry correlation was extrapolated to 1300 °C.

The mean pyrometry temperature and emissivity times ash transmittance from 73
isothermal regions were investigated. Details are described in Appendix B. These data
include images captured without and with the fan activation (leading to 2.5 m/s of
velocity) and with higher velocity of air supply (7 m/s). Airborne firebrands typically
move at their terminal velocity [ 15]. The terminal velocity of the cylindrical maple rods
(assuming no hole inside) with its axis horizontal in air at 25 °C and 1.01 bar was
12 m/s [54]. This is close to the 7 — 8 m/s terminal velocities measured by Tarifa et al

[15] using similar size of cylindrical firebrands.
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The measurements in Fig. 3-7 are well correlated with the line fit shown. This line
allows the grayscale pyrometry temperatures, with their low noise, to be corrected
upward to match the ratio pyrometry results, with their resilience against nonunity
emissivity, ash, and smoke. This correction is called hybrid pyrometry. The fit shown
in Fig. 3-7 yields

Thypria=(Tgs +72.24°C )/ 1.06, (3-1)
where Thypria 1S the temperature from hybrid pyrometry. For the ember of Fig. 4a, the
hybrid pyrometry results are shown in Fig. 4c using the second legend.

Figure 3-8 shows the probability distribution function (pdf) of the hybrid

temperatures of Fig. 3-5c¢. Its shape is similar to pdfs of smoldering coal [37]. The mean

0-010 T T T T T T T T

0.008

0.006

Probability

0.004

0.002

0.000 L
700 800 900 1000 1100

Temperature (°C)

Figure 3-8 PDF of the temperature of the ember in Fig. 3-5c¢ using hybrid
pyrometry. The bin width was 1 °C.
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temperature was 930 °C, and the standard deviation was 52 °C. The minimum and
maximum temperatures (excluding the 20 coolest and 20 hottest pixels) were 750 and

1070 °C.

3.3.3 Visible emissivity times transmittance
The transmittance in the visible of a thin layer of ash on these embers can be
estimated from this form of the Lambert-Beer Law,
t=exp(—kypYL), (3-2)
where £, is the ash mass extinction coefficient, L is the ash layer thickness, Y is the
mass of ash per mass of wood burned, and p is the virgin wood density. Reference [55]
reports k, = 0.229 m?*/g for coal ash in the visible. The measured density of the maple
rods is 746 kg/m>. Quantity Y for wood is estimated from Table 1 of Ref. [56] to be
5.8E-3. The ember images of Fig. 3-4 indicate an ash layer thickness of 0 — 0.3 mm.
Inserting these values into Eq. (3-2) predicts a range of 7 0of 0.74 — 1 as shown in Fig. 3-
9. The uncertainties on this estimate are large owing to uncertainties in &, and L.
Although smoke was occasionally seen above the embers, none was observed
between the embers and the camera. Because both ash-free regions, with unity z, and
ash-covered regions follow the same correlation in Fig. 3-7, it is possible that the
minimum 7 of 0.74 estimated above is too low and that 7 is nearly unity for this ember.
As shown in Fig. 3-10, two different scenarios were considered for visible ember
emissivity. For a smoldering ember with emissivity ¢ and with emission passing
through ash and/or smoke with transmissivity 77, the resulting spectral emissive power
is
Ei=¢TrEw, (3-3)
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Figure 3-9 Estimated transmissivity of ashes and smoke.

where Ej 1s given by Eq. (2-3) and where E4, Tr, and ¢ pertain to the wavelengths
imaged by the camera. Assuming the product ¢ 7 is the same for the wavelengths
recorded by the R and G pixels, the temperature indicated by ratio pyrometry, 7Tqio, 1S
the true temperature of the ember below the ash. The temperature indicated by
grayscale pyrometry, 7gs, predicated on &= Tr = 1, is the temperature of a blackbody
with the same spectral emissive power. Evaluating Eq. (3-3) at Tyaio and Eq. (2-3) at
TGs and equating them allows the product ¢ 77 to be determined from

STI":eXp[-CZ/)\J(TGSil_Tratioil)]- (3_4)

46



1 mzﬁ

Transmissivity
I_Y_J

Figure 3-10 Two different scenarios.

Eq. (3-4), combined with the linear relationship between T¢s and Trasio in Fig. 3-7,
allows ¢times 7 to be plotted with respect to Trasi0 in Fig. 3-7. This curve increases with
temperature. This is consistent with past work, which found emissivity to increase with
metal temperature [43] and with ember burn time [28].

Because the red pixel values are the highest, the 680 nm curve is the best estimate
of the ember emissivity in the visible. This curve is used to convert 7sria to visible
emissivity, with the results shown in Fig. 3-5¢ using the third legend. This ember has a
mean visible emissivity of 0.73, which is similar to the ember emissivity of 0.6 reported
by Ref. [21].

For a more rigorous version of Eq. (3-4), the camera sensitivity should be
considered. Typical color CMOS and charged-couple device (CCD) cameras are
sensitive to wavelengths between 450 — 650 nm [28,41,45,51]. A camera sensitivity
can be defined as

S=NI/E, (3-5)
where NI and E are the intensity and the light energy at single wavelength. Egs. (2-3)

and (3-3) can be substituted into the total emissive powers of blackbody and the

47



smoldering ember with limit O to infinite, respectively. For example, the total emissive

power of the smoldering is described in Eq. (8).

E=["E,dA (3-6)
where E in this case is the total emissive power, and E is spectral emissive power of
the smoldering ember. Hence, evaluating the total emissivity power of the smoldering
at Trario and the blackbody at Tss using Eq. (3-6) combining into Eq. (3-5), and Eq. (3-

7) and Eq. (3-8) can be derived as

650 nm
Eos=fye0 um S Ea (Tas) dA, (3-7)

650 nm
ratio _f

=Jusonm S & TEw (Tuw) dA, (3-8)

where Egs and Erasio are the total emissivity power of the blackbody and the smoldering
ember. Equating Eq. (3-7), and Eq. (3-8) allows the product &7 to be determined from

. Tf650 nm

_ f650 nm
asonm S Ew (Traio) dA =

450nm S Ew (Tes)dA. (3-9)

Assuming the camera sensitivity is constant in the given wavelength range, Eq. (3-9)
can be simplified as

650 nm

650 nm
et 450 nm Eﬂb(TGS)dﬂ/f‘l-SO nm Eﬂb(Tratio)d/l. (3-10)

Equation (3-10), combined with the linear relationship between 7s and 7T'asi0 in Fig. 3-
7, allows & times 7 to be plotted with respect to 7,40 With a black dash line in Fig. 3-7.

This curve was slightly shifted from the 680 nm curve. This ember has a mean visible

emissivity of 0.71.
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3.3.4 Thermocouple results
The thermocouple temperatures for the test of Fig. 3-5 are plotted in Fig. 3-11. When
Fig. 3-5a was recorded this temperature was 695 °C, which is over 200 °C lower than
the mean ember temperature. This is a concern for past work that relied on
thermocouples to measure ember temperatures of 220 — 850 °C [21,25].

Grayscale and hybrid pyrometry indicated the thermocouple bead temperature to
be 757 and 781 °C as shown in Fig. 3-12 and Fig. 3-13. For measuring GS and hybrid

temperatures in thermocouple bead region (white cells), a 3 x 3 pixel region centered
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2 at50 s

700 | flame extinguishment

600 r

Fan activation
500
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300

200
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Figure 3-11 Thermocouple temperature plotted with respect to time. The
temperature was 695 °C at 50 s.
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Figure 3-12 Grayscale temperatures in thermocouple bead region.

on the middle of the thermocouple bead was selected. Grayscale pyrometry indicates
the thermocouple bead temperatures to be 757 = 4.2°C. Hybrid pyrometry indicates the

thermocouple bead temperatures to be 781 = 4.2°C. These temperatures are higher
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Figure 3-13 Hybrid temperatures in thermocouple bead region.

owing to imperfect imaging of the small bead. Hybrid pyrometry indicated a
temperature of the smolder region near the bead of 860 °C. Fig. 3-5b and 3-5¢ show

that the thermocouple causes significant smolder quenching. Additionally, the
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thermocouple bead is cooler than the adjacent ember owing to imperfect thermal

contact.

3.3.5 Uncertainty of ember temperature
Owing to less uniform temperatures and uncertainties in emissivity times
transmittance, for smoldering embers the uncertainty in 7y at any pixel is estimated

at £20 °C. Fig. 3-14 supports estimated uncertainties of ember temperature, which
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Figure 3-14 Uncertainty of G/R ratio pyrometry function for temperature difference
at (a). 800 °C; (b). 1000 °C; and (c). 1200 °C.

shows that measured ratio pyrometry temperatures change depending on ratios of
emissivity times transmittance of green to red signals from camera detectors at fixed
temperatures. The estimated uncertainty for ¢ is £10%.

It is of interest to consider whether this pyrometer can be applied with similar
uncertainty to embers of other materials and shapes and/or in environments with
different compositions and flow fields. The main limitations are that the ember
temperatures should be within the range of the blackbody furnace calibration: 600 —
1200 °C, and the ember emissivity times transmittance should be constant for the

wavelengths recorded by the camera.
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3.3.6 Tests in a fluorescent light versus sunlight
Tests were conducted in sunlight and with a fluorescent bulb light. Fig. 3-15 is a color
image of a smoldering ember in daylight with ISO = 200, /3.2, and t = 1.6 ms. As

shown in Fig. 3-16, the daylight disrupts pyrometry. With the lights on, the embers

Figure 3-15 A representative color image of a glowing ember with sunlight.

become gray, and red, green, and blue have similar values as shown in Figure 3-15.
Hence, comparing the red, green, and blue values for the same ember in many lighting
situations will be required to decide how to correct these to representative dark
environment signals in the future. Subtraction based upon a method that considers the
colors of nearby objects may be required. It was found that the test results were not

significantly affected by the fluorescent bulb light as described in Figure 3-17.
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Figure 3-16 Figure (a) and Figure (b) are the resulting color contour plots of ratio
pyrometry temperatures and grayscale pyrometry temperatures from a smoldering
ember in sunlight.
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Figure 3-17 Figure (a) and Figure (b) are the resulting color contour plots of ratio
pyrometry temperatures and grayscale pyrometry temperatures from a smoldering
ember in fluorescent bulb light in the laboratory.
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Chapter 4: Pendulum Firebrand Temperatures

4.1 Introduction

In a real fire scenario, many wind-driven firebrands (called firebrand showers),
attack materials and structures. These airborne firebrands can have different
temperatures and temperatures that vary with time. It has been challenging to measure
airborne firebrand temperatures in real fire scenarios.

Here pendulum firebrands that emulate airborne firebrands are observed and their
temperatures are measured with pyrometry. Quantitative correlations between

firebrand temperature and velocity were studied.

4.2 Experimental

4.2.1 Sample preparation

The fuel was the same maple rod that was used for the stationary ember in Chapter 3.
Round maple rods with a diameter of 6.4 mm (McMaster Carr) with 3.2 mm axial holes
were selected. Those were put in the oven at 103 °C to eliminate moisture [53].

Fig. 4-1 represents the pendulum experimental apparatus. For the pendulum rod, a
C360 brass solid round rod of 12.7 mm diameter (Chase Brass and Copper Company,
0500RD03) was selected because brass is easily machinable. The rod length was 50 cm.
The mass of the rod was distributed along its length. The maple rod ends were held
with a tweezer. The pendulum pivot was a bearing with negligible friction.

For camera triggering, Imaging Edge software from SONY was used. Images were

recorded in raw format.
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Figure 4-1 Experiment setup.

To release the rod consistently, a 5 VDC electromagnet solenoid was used as shown
in Fig. 4-1. The solenoid was controlled by a data acquisition system, DAQ (National

Instruments, NI USB-6003) connected to a reed relay, shown in Fig. 4-2.
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Figure 4-2 Reed relay SPST 500mA 5V (DigiKey, 306-1247-ND).

4.2.2 Data Acquisition System
The NI DAQ was controlled by LabVIEW 2017 software, which provides a graphical
programming language for creating instrumentation, acquisition, and control
application. An additional LabVIEW driver, DAQmx, was used for rapid processes
with simplified programming. It also triggered the digital camera by clicking the mouse
on the Imaging Edge software’s press button consistently and repeatedly. Fig. 4-3
represents a block diagram in LabView.

A wiring diagram is shown in Fig. 4-4. The output voltage power source and
maximum current of the DAQ are +5 V, £3% and 150 mA, respectively. For the relay

output electric circuit, load 1 and 4 were connected to electromagnet and power supply.
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Figure 4-3 A block diagram in LabView.

For the control circuit, control 2 and 3 in the relay module, which has 10 mA coil

current and 5 VDC coil voltage, were connected to analog output channels on DAQ.
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Figure 4-4 Data acquisition and reed relay on breadboard wiring diagram.

4.2.3 Firebrand generation

The procedure to generate smoldering firebrands was the same one used to generate
smoldering embers. A butane lighter flame was introduced under the suspended rods
in initial position for ignition. When flaming (see Fig. 4-5) self-extinguished, the rod
was elevated by 90° and held by the electromagnet. A left click on the laptop triggered
the camera and released the magnet. The camera exposure was set to capture the initial

90° of pendulum motion. With longer exposure time, the firebrand trajectories were
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Figure 4-5 A color image of maple ignition with a gas phase flame.

recorded when the pendulum rod swung away from left to right as illustrated in Fig.4-
6. The ISO and f number were selected to avoid saturation at any pixel in any color
plane. The front of the camera lens was 1 m from the ember. The lens focal length was
set to 11.8 mm. The mechanical shutter was used to avoid rolling shutter distortion.
The camera was focused on the firebrand. Images were recorded in a dark room with a

dark background.
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Figure 4-6 A schematic figure of a pendulum firebrand.

4.3 Results

4.3.1 Color image of pendulum firebrand

Fig. 4-7 represents a color image of a pendulum firebrand. The exposure time was 0.8 s.
The ISO was 200 and the f number was 4. Unlike stationary ember images, most of the

image of a pendulum firebrand images is dark.
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h=51.5cm

Figure 4-7 A color image (2874 x 2760 pixels) of a pendulum firebrand. For this
image ISO =200, f=5, and t = 0.8 s.

4.3.2 Firebrand ratio pyrometry
The pendulum firebrand image of Fig. 4-7 was analyzed to determine color ratios for
each pixel. These were converted to temperatures using the curve fit of G/R ratio from
Fig. 2-13 and the pendulum firebrand temperature contour plot was created as
illustrated in Fig. 4-8. No spatial smoothing was applied. MATLAB was used to
convert ratios to temperatures. (Note that MS Excel was used for this function in
Chapter 2.)

The ratio pyrometry correlation was extrapolated to 1300 °C. The temperature
limits in the contour plots were adjusted to 650 — 1150 °C.

Three different positions were zoomed in to get a better view of the firebrand.

Unsmoothed contour plots are shown in Fig. 4-9. Position 1 is when the smoldering
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Figure 4-8 It is the resulting color contour plot of ratio pyrometry temperatures of
pendulum firebrands.

ember was generated and starts to move. Position 2 is when the firebrand was moving
downward. Position 3 is when the firebrand was passing the bottom. As shown in
position 1, the relatively cold ember surface was starting to heat up as it began to move,

and a hotter firebrand was observed in position 2 and 3. However, temperatures above
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Figure 4-9 Contour plot zoomed in to three specific locations in the firebrand
trajectory. (a) portion 1; (b) portion 1; and (c) portion 3 with unsmoothing.
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0.5 m height including initial ember temperatures were discarded owing to
oversaturated pixels.

Pendulum firebrand temperatures were determined by G/R pyrometry. Because the
low SNR for ratio pyrometry, many signals were lost from the entire of firebrand

trajectories.

4.3.3 Time correction for firebrand grayscale pyrometry

GS pyrometry on moving firebrands complicates temperature measurement because a
pixel illumination time estimate for each pixel is required. The grayscale pyrometry
temperatures along firebrand height were determined by GS pyrometry with a time
correction.

A null temperature was assigned to every pixel that was outside the firebrand and
to some pixels on the firebrand edge. Grayscale pixel values are found using Eq. (2-1).
The mean temperatures every 20 pixels along the height and width above and below
45° angle as its starting point, respectively, were determined. Heights are plotted as a
function of grayscale intensities, shown in Fig. 4-10. Grayscale values increase with
decreasing height.

The firebrand velocity was measured with a high-speed camera and was also
predicted using conservation of energy (Eq. 4-1). Neglecting friction, the total energy
of the pendulum is constant [57]. Conservation of energy is

U -U:=K>-Kj, (4-1)
where K;, K>, U;, and U are initial and final rotational kinetic energy and initial and
final potential energy. Friction and drag are assumed to be negligible. K; and U: are

equal to 0 at the top and bottom of the swing, respectively. U; is
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Figure 4-10 Heights plotted with respect to grayscale intensities. Height is defined
as zero at the bottom of the trajectory.

U=mgL (cosf—cosa), (4-2)
where g, L, m, «, and @ are the standard acceleration due to gravity (9.8 m/s), which
causes the mass of firebrand to rotate downward, height of the firebrand (m), mass of
firebrand, initial angle from A position (°), and angle from B position (°) in the motion.
K> about the pivot point is found from:

K>=1/21w?, (4-3)
where I is the moment of inertia about its center of mass for mass distributed pendulum
rod. The moment of inertia about the end point of the rod is given by [58-59]

I=1/3mL2. (4-4)
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Equating the change in potential energy and kinetic energy allows the angular velocity,
o (rad/s) to be determined from
®=1[24g(cosf—cosa)/L] ", (4-5)
When the pendulum at an initial angle (o) moves to at an angle (0), the height of
firebrand can be defined as
h=L cosf@—cosc. (4-6)
Substituting Eq. 4-6 into Eq. 4-5, the resulting angular velocity in terms of height is
o=[24gh/L*] 7" (4-7)
Hence, the resulting firebrand velocity (m/s) is
v=2nL/360°573 ». (4-8)
The pixel illumination time is defined as
t,=L/v. (4-9)

The firebrand height is plotted with respect to measured and calculated velocities
and pixel illumination times using Eq. (4-8) and Eq. (4-9) in Fig. 4-11. The predicted
maximum velocity at the bottom is 11.0 m/s but that measured is 4.0 m/s due to the
friction. The predicted pixel illumination time is 2 — 14 ms and that measured is 5 —
130 ms, respectively.

On the basis of firebrand velocity and illumination time, firebrand locations are
plotted as a function of normalized grayscale pixel values, which were determined by
using Eq. (2-2), in Fig 4-12. Pixel illumination time is corrected by simple models and
recording videos for each pixel along the height and velocity. The normalized grayscale

values increase with decreased height with a 6 — 7 order of magnitude increase in NI.
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Figure 4-11 Heights plotted with respect to velocity (primary x axis) and pixel
illumination time (secondary x axis).
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Figure 4-12 Heights plotted with respect to velocity with GS pixel values
normalized by pixel illumination time and f-number.

4.3.4 Correlations between firebrand velocity and pyrometry temperatures

The quantitative correlation between pendulum firebrand temperature and velocity was
studied comparing the resulting mean G/R and GS temperature every 20 pixels along
the firebrand location in y axis above 45° angle and x axis below 45° angle. For
grayscale pyrometry, the normalized GS results in Fig. 4-12 were converted to
temperatures using the curve fit of Fig. 2-12. Comparing the two pyrometry methods,
pendulum firebrand heights are plotted with respect to pyrometry temperatures as
shown in Fig. 4-13. GR and GS temperatures slightly increased until reaching the

location of maximum velocity.
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Figure 4-13 Heights are plotted with respect to G/R and GS temperatures.

GS temperatures, which had times corrected by simple models and recording

videos, are lower than G/R temperatures.
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Chapter 5: Spectrometer Calibration

5.1 Introduction

An optical spectrometer (also called a spectrophotometer, spectrograph, or
spectroscope), is a device that measures light intensity as a function of wavelength [60].
It can be used to measure temperatures of smoldering materials. Optical spectrometers
have many applications, including material identification, flame spectral diagnostics,
and pyrometry in fire research [42,51,61-64].

A spectrometer was used to monitor the emission spectrum from the radiating shock
wave by Deep et al. [42]. A spectral emissivity model was established by Xu et al. [51]
to measure char particle temperatures determined by ratio pyrometry in combination
with emission in the visible range detected by the spectrometer. Zhang et al. [61]
observed excited radicals in co-flow jet normal and inverse diffusion flames by flame
emission detected by spectrometry accompanied by image analysis. Hu et al. [62]
measured the spectral impinging zone signals. Yan et al [63] measured spectral
intensity, temperature, and emissivity of heated metal in coal power plant boiler
furnaces using a spectrometer. The spectrometer was also coupled with Laser-Induced
Breakdown Spectroscopy (LIBS) imaging and was used for analysis of elements in
mining cores at the vacuum ultraviolet level by Trichard et al [64]. To date no study
has measured the temperature of smoldering materials using optical spectrometry.

This chapter elucidates the spectrometer calibration in detail using a 16-bit Optics
FLAME-S spectrometer. A blackbody radiation furnace was used to calibrate the

spectrometer in the 700 — 1200 °C temperature range by measuring the optical emission
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spectrum over a range of 200 — 850 nm. The calibration can be used to evaluate

smoldering material temperatures such as embers and firebrands.

5.2 Spectrometer Calibration

5.2.1 Acquire components

The spectrometer was a FLAME-S-UV-VIS-ES (Ocean Optics) as shown in Fig. 5-1.

Figure 5-1 Optical Spectrometer.

Table 5-1 summarizes specifications of the spectrometer. It is a 16-bit Optics FLAME-
S Spectrometer and costs $4400. It has a Sony ILX-511B line detector with 2048 pixels.

Its wavelengths range is 200 — 850 nm and its resolution is 50 pm. The pixel

Table 5-1 Specifications of a spectrometer, FLAME-S-UV-VIS-ES (Ocean
Optics).

Minimum

wavelength, Maximum Number of Bit depth
nm wavelength, nm Pixels
Manual 200 850 2048 16
Measurement 192.185 877.203 2048 15
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corresponding to 623.02 nm was permanently saturated from previous improper use
with a red laser. The available integration time was 1 ms — 65 s.

For spectrometry calibration, blackbody, radiometric and lamp calibration are
possible. Here a blackbody furnace (Oriel 67032) was used. OceanView 1.6.7 software
was used for data acquisition. For collecting light, a cosine corrector (Lambartian
surface to collect light from 180 field of view, FOV), integrating sphere, bare fiber, and
gershun tube have been widely used. In this experiment, a gershun tube was used, with
interchangeable aperture disks for view angles of 1, 3, 8, 10, and 14° without any lenses.

A 400 pm premium fiber, solarization-resistant with a length of 25 cm, was used.

5.2.2 Experiment setup
The spectrometer was calibrated with the blackbody as pictured in Fig. 5-2. The
spectrometer and the blackbody furnace were mounted on the stage and apertures on
the spectrometer and the hole made in the blackbody wall were aligned.

Measured spectral intensities at fixed temperatures were corrected for dark current
and normalized by integration time. Dark current subtraction is important to correct

baseline offset and fixed pattern noise [65]. Spectra of the blackbody were recorded for

Figure 5-2 (a) Front; and (b) side views of the test apparatus: a blackbody furnace
and a spectrometer.
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various integration times, blackbody temperature, separation distances, and blackbody
aperture diameters. A quantitative calibration was performed in the range of 600 —

850 nm.

5.2.3 Dark current
The dark spectra was measured by varying integration time from 0.1 s to 60 s as shown

in Fig. 5-3. These were probed from up close within the range of 10 nm wavelength as

(a) Dark Current (b) Dark Current
65000 65000
55000 | Integration time : 0.1 s 55000 Integration time : 10 s
45000 |- 45000
z z
€ 35000 | S 35000
S S
8 8
g 25000 Q 25000
2 o
15000 - 15000
5000 | 5000
-5000 -5000 . . . . : : .
150 250 350 450 550 650 750 850 150 250 350 450 550 650 750 850
Wavelength (nm) Wavelength (nm)
(C) Dark Current (d ) Dark Current
65000 65000
55000 | — Integration time : 30 s 55000 | Integration time : 60 s
45000 |- 45000 |
0 0
€ 35000 € 35000 |-
3 =]
<] <]
< o
Q 25000 | Q 25000
- o
15000 | 15000
5000 | 5000 |
-5000 -5000 . . . . . . .
150 250 350 450 550 650 750 850 150 250 350 450 550 650 750 850

Wavelength (nm) Wavelength (nm)

Figure 5-3 Intensity of dark currents plotted with respect to wavelength for different
integration times. (a). 0.1 s; (b). 10 s; (¢). 30 s; and (d). 60 s. Dead pixel counts were
found at 623.02 nm.

shown in Fig. 5-4. This represents day-to-day variation of dark current signals for
wavelengths of 750 — 760 nm over varying integration times. The dark currents were
measured three times and were repeatable. Higher integration times had
a wider range of dark current intensities. Similar results were obtained in the 250 —

260 nm wavelength region. Fig. 5-5 represents mean intensity of dark currents with
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respect to integration time. The mean dark current intensity at 0 — 10 s integration time

Dark Current (5 sec) b Dark Current (10 sec) Dark Current (30 sec)
a) o 1000 C) so0
500 800 3000
400 __ 600 _
z 2 @ 1000
5 €
5 3 5
8 300 8 400 8
8 8 8 1000
200 200
-3000
100 0
0 -200 -5000
750 752 754 756 758 760 750 752 754 756 758 760 750 752 754 756 758 760
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d ) Dark Current (40 sec) (e) Dark Current (50 sec) (f) Dark Current (60 sec)
3000 4000 4000
1-ntegration time 605
3000 3000 —2me
2000 e zine
2000 2000
£ 100 2 1000 £ 1000
3 : g
g 2 g
£ 0 g ° 8 0
1000 -1000
-1000
2000 -2000
-2000 -3000 -3000
750 752 754 756 758 760 750 752 754 756 758 760 750 752 754 756 758 760
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5-4 Day-to-day variation of dark current signals in the wavelength region of
750 — 760 nm varying integration time of (a). 5 s; (b). 10 s; (c). 30 s; (d). 40 s; (e).
50 s; and (f). 60 s.
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Figure 5-5 Mean intensity of dark current as a function of integration time.
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was nearly constant, but signals abruptly decrease as integration times increase and

become negative for times above about 10 s.

5.2.4 Effect of distance

The effect of distance between the camera sensor and the blackbody radiation furnace
was investigated by measuring mean blackbody intensity integrated over the range of
200 — 850 nm wavelength. The blackbody temperature was 800 °C and the integration
time was 2 s. There was no interchangeable aperture attached to the spectrometer.

Fig. 5-6 represents mean intensity signals plotted with respect to the distance. The

20000

15000

10000

Mean intensity (counts)

5000

Distance (cm)

Figure 5-6 Mean signals plotted with respect to distance.

response was dependent on distance because the spectrometer collected light from

outside the blackbody.
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5.2.5 Linear response to integration time

Blackbody intensities were measured by varying the integration time at fixed

temperatures as shown in Figs. 5-7 — 5-8. The blackbody temperature was 800 °C. An
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Figure 5-7 Linear response to the integration time. Raw data.
interchangeable aperture disk at the smallest field of view of 1° was installed. Fig. 5-7
shows the intensity measurements. The peak values were found at a wavelength of
710 nm regardless of the integration time. Measured blackbody intensities at 710 nm
increase as integration times increases from 5 — 50 s. Fig. 5-8 shows mean blackbody
intensity adjusted by dark current. It was found that the spectrometer response is linear

with respect to integration time.
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Figure 5-8 Linear response to the integration time. (a) raw data; (b) mean intensity
as a function of integration time.

The effect of field of view (FOV) at different aperture angles was investigated for a
blackbody temperature of 800 °C. Aperture disks at 1, 3, 8, 10, and 14° were used. The
distance between the blackbody and the spectrometer was 8 cm. Fig. 5-9 represents
intensities normalized by the integration time plotted with respect to the wavelength.
When FOV was limited to a smaller angular area, signals of radiance were weak due
to insufficient incident flux. The signal was being saturated at angles of 10° and14°.
The spectrometer calibration curve for each aperture angle is shown in Fig. 5-10.

Blackbody intensities were normalized by integration time and corrected by the spectral
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Figure 5-9 Mean intensity of dark current as a function of integration time.
emissive power of an ideal blackbody (Eq. 2-3). Only the 600 — 800 nm wavelength
range was considered because different behaviors were found at shorter and longer
wavelengths. All the curves collapse the measurements regardless of the integration
time and blackbody temperature for each different aperture angle. However, the
calibration curves vary with aperture size. The limitation of the optical spectrometry is
a spatial emission integrated spectrum over the target measured under the viewing
angle of the aperture attached on the spectrometer [42]. The 3° aperture size was

selected for measuring the spectra of smoldering materials.
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Figure 5-10 Intensity normalized by integration time and blackbody spectral
intensity with different aperture size.

5.2.7 Effect of temperature

The blackbody intensities were measured at blackbody temperatures of 700 — 1200 °C.
The distance between the blackbody and the spectrometer was fixed. The view angle
was 3°. The largest aperture on the blackbody entrance was used. The calibration curves
were made as shown in Fig. 5-11. The curves at different temperatures are in agreement

from 600 — 800 nm. Any curve fits in Fig. 5-11 allow spectrometry on smoldering

materials.
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Figure 5-11 Intensity normalized by the integration time and the blackbody spectral
intensity with different blackbody temperature.
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Chapter 6: Smoldering Materials with High Air Velocity

6.1 Introduction

This chapter involves upward smoldering of materials varying air jet flow velocity.
Smoldering combustion is a heterogenous surface combustion reaction [66—70].
Smoldering can occur for various materials such as wood, cotton, cellulose, cigarette,
peat, polyurethane foam, dust, etc.

Smoldering can be controlled by two mechanisms: the rates of oxidizer supply to
and heat transfer from the reaction zone [67-69]. Increasing the rate of oxidizer supply
generally promotes the rate of smoldering spread. Smolder temperatures generally
increase with increasing air velocity.

There have been many studies of smoldering. Moussa et al. [71] investigated the
theory and performed experiments on the smoldering combustion mechanism of
cylindrical cellulosic materials. Three regions were distinguished: pyrolysis, char, and
porous residual char and/or ash. A correlation between the maximum temperature and
the rate of smoldering spread was found but without any convection. Kinbara et al. [72]
measured the velocity of downward smoldering propagation using circular cylindrical
incense, rolled paper, cardboards strips, and piles of cardboard. The theory of
downward smoldering was developed assuming (1) heat produced from smoldering is
governed by air supplied by diffusion, (2) heat is proportional to ignition temperature
of the materials, and (3) air supply and heat dissipation occur at a stagnant layer.

Smoldering behavior was also investigated with different air velocities for upward
and downward flows. Yang et al. [73] investigated the effects of air flow on smoldering

incense in controlled air flow (around 0 — 10 m/s). They studied correlations between
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smoldering temperature and burning rate of materials and air flow velocities. These
studies were conducted with air flowing in the opposite direction of the smoldering
propagation. Ohlemiller et al. and Torero et al. [67—69] demonstrated forward and
reverse smoldering through porous fuels with imposed air flow and modeling. Air flow
was limited to 5 mm/s in polyurethane foam. Palmer [74] studied smoldering
combustion for fine cork, grass dust, sawdust, and fireboard with air flow in the range
of 0 — 4 m/s. Previous studies of smoldering materials in air flow were conducted in
relatively low air flows and little is known about the extinction of smoldering at high
air velocities. Temperatures were measured with fine thermocouples, which are not
accurate due to conductive and radiative heat losses and smoldering quenching.

Here smoldering materials are experimentally investigated with high air velocities.
Effects on the temperature, burning velocity, and extinction are explored. The main
difference between this study and previous studies is the investigation of possible
smoldering extinction at high air velocity. Upward smoldering with upward air flows
are studied. The temperatures were determined by the pyrometry established in
Chapter 2 and were validated by optical spectrometry developed in Chapter 5.
Different materials such as incense, maple rod, rolled paper, rattan sticks, and ashless
filter paper were selected as fuels, oriented vertically, and aligned with an air jet a few
centimeters away. The major effort was to identify correlations between air velocity
and burning rate and temperature.

Among the fuels, only smoldering incense achieved steady state smoldering.
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6.2 Experimental

6.2.1 Sample preparation and generation
Incense sticks (Hosley AMZ-BS537310N-1-EA), rolled paper, maple rod (McMaster
Carr 97015K13), rattan sticks (Shenzhen Aigua Technology Co,. Ltd. BO71DPG9T1),
and ashless filter paper (Whatman F1241-1A) were prepared. Vertical pieces of rolled
paper with 10 cm length were prepared. The paper was rolled as tightly as possible by
using small drill bits. The round maple rods were 6.4 mm in diameter and 20 mm long.
3.2 mm holes were drilled on axis to promote burning. The rattan sticks, 3 mm in
diameter and 30 cm long were prepared. The ashless filter paper was round with a
diameter of 4.7 cm diameter. It was rolled into cylinders. All prepared materials were
dried in an oven at 103 °C to remove moisture.

Fig. 6-1 shows the test schematic for experiments. All fuels were vertically placed
for steady burning as shown in Fig. 6-1. A camera and an air jet were mounted securely
in a fixed position. The materials were mounted on a post with a jack screw to keep the

smolder region in a nearly fixed position. The distance between the ember and the jet

Figure 6-1 Testing configuration for incense. Shown here are: (a). front view; (b).
back view; and (c). side view.

83



was 10 cm. The boundary of a virgin fuel and the end of smoldering tip was examined.
A butane lighter flame was introduced under the end of materials for ignition. For
generating steady smoldering, the gas phase flame was extinguished when the tip began
glowing. Air was supplied from the air jet with varying air velocities. The jet velocity
was controlled by a needle valve, which was attached to a pressure gauge. The air
velocity was measured by an anemometer (Omega AI.05261). This procedure was

repeated many times to ensure repeatability.

6.3 Results

6.3.1 Color image of incense

Images of smoldering incense without the air jet are shown in Fig. 6-2. For all images,
ISO =200, f= 2.4, and t = 0.02 s. Ashes accumulated on the tip and then collapsed.
The rate of ash production was far more than with maple rods. The camera was focused

son the ember. Images were recorded in a dark room with a dark background.
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Figure 6-2 Smoldering incense.

6.3.2 Results of smoldering incense without air supply

Fig. 6-3 illustrates smoldering incense temperatures determined by G/R and GS
pyrometry with no air flow supply. The pyrometry developed in Chapter 2 was
performed. The polynomials in Figs. 2-12 and 2-13 were used to determine the incense

temperatures.
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Figure 6-3 A representative color image (150 x 200 pixels) of smoldering incense.
Shown here are: (a) a color image; (b) ratio pyrometry result; and (c) grayscale
pyrometry result.
A representative color image of smoldering incense displayed in Fig. 6-3a. Fig. 6-
3b and Fig. 6-3c shows the ratio pyrometry and grayscale pyrometry results. Table 6-1

summarizes the incense temperatures measured from 4 isothermal regions in Fig. 6-3a.

The G/R ratio and GS pyrometry indicate temperatures of 844 — 964 °C and 704 - 790

Table 6-1 Smoldering incense results.

X Y GR (°O) GS (°O) Emiss x trans
P1 63 55 841.0 741.3 0.12
P2 73 123 844.1 773.9 0.24
P3 62 143 964.2 704.4 0.01
P4 70 160 867.0 790.3 0.22

°C, respectively. Mean G/R ratio and GS pyrometry over all whole pixels (200X 150)
were 929 + 115.9 °C and 692.6 + 45.9 °C. The incense’s mean emissivity times
transmissivity using Eq. (3-4) was 0.01 — 0.24 (assuming a wavelength of 600 nm) due
to interference from emissivity, ash transmissivity, and smoke from incense. This is
smaller than an ember’s mean emissivity times ash transmittance found in Chapter 3

because thicker ash was created from the incense.
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The pyrometry temperatures were validated by the temperature characterized by
the optical spectrometer. Light emission from the smoldering incense, which was 8 cm
away from the spectrometer, was measured in the field of view (FOV) at 3° as shown

in Fig. 6-4. Fig. 6-4 shows incense intensity normalized by 5 s of the integration time.
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Figure 6-4 Incense intensity normalized by time.

As shown in Fig. 6-5, this data was corrected by calibration in the 550 — 800 nm
wavelength range represented in Fig. 5-11. To quantify incense temperature from
incense intensity, spectrum pyrometry was performed. The measured corrected incense

intensity was 0.00754 W/m? at 700 nm. It was divided by 0.00048 and 0.0034 W/m?,
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Figure 6-5 Incense intensity calibrated by correction factor.

which corresponds to the blackbody spectral intensities from the Planck’s law at 700
and 800 °C temperatures at 700 nm wavelength. The resulting constant values, 1.58
and 0.22 were multiplied by blackbody spectral intensities at 700 and 800 °C over the
whole wavelength range. The resulting two curves of blackbody spectral intensity at
700 and 800 °C are plotted in Fig. 6-5. Incense temperature was 700 — 800 °C. There
was significant difference between G/S ratio pyrometry temperature and optical
spectrometry temperature. It is attributed here to the error of the optical spectrometer:

The spectrometer has low spatial resolution so that collected spectra can be measured
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Figure 6-6 Burning rate (primary y axis) plotted as a function of time.
from unwanted areas. Also, smoldering material emissivity should be assumed to have

large uncertainty. Fig. 6-6 represents the burning rate of smoldering incense plotted

with respect to time. The mean burning rate was 0.017 £ 0.001 cm/s.

6.3.3 Results of smoldering incense with varying air velocity
Tests were performed with the air jet flowing. Mean smoldering incense temperatures

were determined by G/R ratio and GS pyrometry. Burning rates at various air velocities
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were measured. Fig 6.6 represents burning rate and ratio pyrometry temperatures

plotted as a function of air velocity.
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Figure 6-7 Burning rate (primary y axis) and ratio/grayscale pyrometry temperature
(secondary y axis) plotted as a function of air velocity.

The temperature increased with increasing jet velocity owing to more oxygen
attacking the surface, faster reactions, and heat transfer until air velocity reached
19.2 m/s. However, temperatures and burning rate were reduced at 22.5 m/s and
extinction occurred at 28 m/s, which higher than in previous work [67—69,73-74]. A

large variation of these measurements may come from unsteady flow rates.
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6.3.4 Results of other smoldering materials

It is remarkable that none of the other fuels supported steady smoldering wither with
or without the air jet. These were: rolled paper, maple rod, rattan sticks, and ashless
filter paper. Smoldering rolled paper was generated uniformly in the beginning but at
one point, smoldering only inside the rolled paper was propagating, while the
smoldering rate outside was extinct. At least fifteen rolled papers were burned, with the
same results. It was not possible to generate steady state smoldering of the vertical
maple rods and smoldering was extinguished even if a slow air flow was supplied.
Rattan sticks and ashless filter paper did not smolder. Ashless filter paper burned fast

with a gas-phase flame, but never smoldered without flaming.
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Chapter 7: Conclusions

In this dissertation, an imaging stationary ember and airborne firebrand pyrometer,
which can contribute to better understanding of temperature measurement in WUI
society, was developed. It uses an inexpensive digital color camera. The main findings
are as follows:
1. Aninexpensive and accurate pyrometer for embers was developed using a Sony
DSC-RX10 II Cyber-shot digital camera. Ratio pyrometry and grayscale
pyrometry were considered. The pyrometer was calibrated for ratio and

grayscale pyrometry with a blackbody furnace with the range of 600 — 1200 °C.

2. A digital color camera was used to perform pyrometry on smoldering wood
embers. The major findings are as follows.

a. Ratio pyrometry is accurate when the product ¢ 7 is invariant across the
detected wavelengths. Grayscale pyrometry is accurate when ¢ 7 is
unity, which is less common. The SNR for grayscale pyrometry is 18
times as high.

b. Grayscale pyrometry temperatures are lower and are linearly correlated
with ratio pyrometry temperatures. This correlation allows hybrid
pyrometry, whereby the grayscale temperatures are corrected upward to
account for nonunity £z . It also allows determinations of &7 .

c. The hybrid pyrometer had a spatial resolution of 17 um, a SNR of 530,

and an estimated uncertainty of £ 20 °C.
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d.

The measured ember temperatures were between 750 — 1070 °C with a
mean of 930 °C. Ash and smoke caused negligible attenuation. The
mean &7 was 0.73.

The pyrometer precision was +/- 0.0005 °C.

Even fine bare-wire thermocouples quench smolder reactions and make
imperfect thermal contact. For these tests the thermocouple indicated a

temperature 230 °C below the mean ember temperature.

3. A digital color camera was used to perform pyrometry on a pendulum firebrand.

There are key results, as follows.

a.

The pendulum firebrand temperature was measured using pyrometry.
The trajectory of a pendulum firebrand was recorded in a color image
with a streak using 0.8 s exposure time.

Temperature increases as the velocity of pendulum firebrands increases.
Ratio pyrometry determined mean temperatures of pendulum firebrand
between 878 — 1064 °C.

Grayscale pyrometry temperatures were lower.

4. Pyrometry was performed on upward smoldering materials. There are key

results were as follows.

a.

The burning rate of incense in quiescent air was 0.01 cm/s. Ratio

pyrometry determined a mean temperature of 929 °C. Grayscale
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pyrometry determined a lower temperature. The spectrometer
determined the temperature between 700 — 800 °C.

The incense’s mean ¢ 7 was 0.01 — 0.24, which is smaller than an
ember’s ¢ 7 because thicker ash was created from the incense.

Ratio pyrometry determined mean temperatures of smoldering incense
between 929 — 1067 °C with an air velocity of 0 — 19 m/s. The burning
rate increased to 0.03 cm/s. At 22.5 m/s, the incense temperature
decreased to 1050 °C.

The smoldering incense was extinguished with an air velocity of 28 m/s.
Rolled paper, maple rod, rattan sticks, and ashless filter paper were
unable to generate steady one-dimensional propagation of the reaction

front during smoldering regardless of air supply.
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Chapter 8: Future work

8.1 Firebrands

1. Different firebrand materials, sizes, and moisture contents will be tested.
a. (e.g. birch, pine, oak, etc.)
2. The overall emissivity will be measured using a heat flux sensor and pyrometry.
3. Additional tests are needed such as daylight tests, far away tests, and tests with
smoke.

a. Light correction is needed, comparing values for the same ember in many
lighting situations. The light intensities outside the ember should be
subtracted (e.g. direct sunlight).

b. Pyrometry will be performed on blackbody and firebrands with a large
amount of smoke generation (thick enough) to verify ratio pyrometry works
well in the presence of smoke.

c. Far away tests are needed varying the distance between the camera and
embers/firebrands.

4. Pyrometry will be performed on airborne firebrand showers in real fire scenarios.

The relationship between firebrand velocity and temperature will be identified.

8.2 Smoldering materials

1. The effect of air velocity on smoldering materials will be investigated.
a. An accurate wind velocity measurement should be used. The air flow rate in
the air jet tube will be measured.
b. Different fuels such as improved rolled paper, smoldering woods, charcoal,
etc. will be used.
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The relationship between air velocity and burning rate and temperature will
be studied.

Possible extinction at high air jet velocity will be studied.

New modeling of velocity versus temperature/burning rate will be

established and will be verified by predicting and measuring those.
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Appendix A. Script for Pixels Analysis

Matlab code 1 (Drag area and export mean intensity)

clear all
close all

format shortG

[

% Reads in image, sets to 1l6-bit wvalues
RGB = imread ('800.tiff");
RGB2 = im2uintl6 (RGB) ;

[o)

% Selects pixels to analyze
imshow ('800.tiff");
rect = getrect;

startx = round(rect (1)
starty = round(rect (2)
width round (rect (3))
height = round(rect(4))

- 0.5);
- 0.5);

’
’

b 4 width;
y = height;
tot = x*y;

Empty matrices for storage of RGB values
= zeros(x, Vy);
= zeros(x, Vy);
= zeros(x, Vy);

W @ ™ oe

a = zeros(l, tot);
b = zeros(l, tot);
ctr = 1;

% Creates matrix of indexes for call to impixel
for i=startx: (startx+x-1)
for j=starty: (starty+ty-1)

a(ctr) = 1i;
3

o
Q
pors
K
Il

ctr = ctr+l;
end
end
% Gets pixel values of image using indexes a,b
pixels = impixel (RGB2,a,b);
% Stores red, green, and blue in separate vectors
red = pixels(:,1);
green = pixels(:,2);

97



blue = pixels(:,3);

[o)

% Sorted red, green, and blue
sortedred = sort (red);

sortedgreen = sort (green);
sortedblue = sort (blue);
ctr = 1;

[o)

% Reassembles matrix of R,G,B values
for c=1:x

for d=1l:y
R(c,d) = red(ctr);
G(c,d) = green(ctr);
B(c,d) = blue(ctr);

ctr = ctr+l;
end
end

% Averages

AvgRed = round (mean (red))
AvgGreen = round(mean (green))
AvgBlue = round(mean (blue))

Matlab code 2 (Export 200 X 200 pixels intensity)

clear all
close all

RGB = imread(' DSC1485.tiff');
RGB2 = im2uintl6 (RGB) ;

x = 200;

y = 200;

tot = x*y;

R = zeros(x, V);

G = zeros(x, V);

B = zeros(x, V);

a = zeros(l, tot);
b = zeros(l, tot);
ctr = 1;

startx = 2688;
starty = 1752;

for i=startx: (startx+x-1)
for j=starty: (starty+ty-1)
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ctr = ctr+l;
end
end

pixels = impixel (RGB2,a,b);
red = pixels(:,1);
green = pixels(:,2);

blue = pixels(:,3);

sortedred = sort(red);

sortedgreen = sort(green);
sortedblue = sort (blue);
ctr = 1;

for d=1l:y
R(c,d) = red(ctr);
G(c,d) = green(ctr);
B(c,d) = blue(ctr);

ctr = ctr+l;
end
end

AvgRed = mean (red)
AvgGreen = mean (green)
AvgBlue = mean (blue)

Matlab code 3 (Temperatures from G/R ratio)

clear all
close all

format shortG

[

% reads 1in excel
excelred = xlsread('RGB (ratio) .xlsx', 'Red');
excelgreen = xlsread('RGB (ratio) .xlsx','Green');

o

dimension (X,Y)
= length (excelred);
size (excelred, 1) ;

<X
Il

o\°

creates empty matrices
r = zeros(y, X);
gr = zeros(y, X);

HQ
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red = excelred - 48.4;
green = excelgreen -7.3;

for i
for

Il
U
X

l:y

% constraint to disregard pixels with small red and green
signals

if(green(j,i)<100)

green (j,1i) = 0;

end

if(red(j,1i)<200)
red (j,i) = 0;
end

o)

% logl0 of green/red ratio
gr(j,i):loglo(green(j,i)/red(j,i));

if (isnan(gr(j,i)) == || isinf(gr(j,i)) == 1)
gr(jli) = 0;
end
% Make 0 outside of the temperature range of 500 - 1300
degree C
if (-2.466>gr(j, 1)1l gr(j, i)>-0.816)
gr(jl i) = 0;
end

gri = gr(j, 1);

% Use color ratios to solve for temperature

Tr gr = 292.25846742827*gri”~3+1733.7511309046*gri"2
+3614.49035899075*gri+3253.19866773618;

T gr = Tr gr;

% record temperature in new matrices

Tgr(j, i) = T_gr;

% Replace NAN values and 3253.19866773618 (constant values
from above equation) with 0
if(Tgr(j,1i) == 3253.19866773618)
Tgr(j,1) = 0;
end
end
end

[o)

% write temperatures out to new excel file
filename = 'RGB (temp) .xlsx';
xlswrite (filename, Tgr, 'Temp Green Red');
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Appendix B. [sothermal Regions of Embers

B.1 Test 1 (smoldering ember with fan activation)
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= e

Position 5 _‘_
Position 11

Figure B-1 Indication of isothermal regions of ember from color image (1200 x 432
pixels) of a glowing ember at 50 s. The exposure was 1.3 ms at {/2.8.
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Figure B-2 (a) Grayscale pyrometry temperature and (b) visible emissivity plotted
with respect to ratio pyrometry temperature for smoldering embers in Fig. B-1.
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B.2 Test 2 (smoldering ember before and after fan activation)
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Figure B-3 Indication of isothermal regions of an ember from a color image (1188
x 372 pixels) of a glowing ember. The exposure was 1/30 s at f/2.4. Captured before

the fan was activated.
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Figure B-4 (a) Non-smoothed ratio pyrometry results for red/green pyrometry; and
(b) intensity pyrometry results from color image in Figure B-2.
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Figure B-5 Indication of isothermal regions of an ember from a color image (1140
x 348 pixels) of a glowing ember. The exposure was 1/15 s at f/2.4. Captured before
the fan was activated.
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Figure B-6 (a) Non-smoothed ratio pyrometry results for red/green pyrometry;
and (b) intensity pyrometry results from color image in Figure B-5.
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Figure B-7 Indication of isothermal regions of an ember from a color image (996 x
324 pixels) of a glowing ember. The exposure was 1/640 s at f/2.4. Captured after
the fan was activated.
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Figure B-8 (a) Non-smoothed ratio pyrometry results for red/green pyrometry; and
(b) intensity pyrometry results from a color image in Figure B-7.
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Figure B-9 (a) Grayscale pyrometry temperature and (b) visible emissivity plotted
with respect to ratio pyrometry temperature for smoldering embers in Fig. B-3,
Fig. B-5, and B-7.
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B.3 Test 3 (smoldering ember before and after fan activation)
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Figure B-10 Indication of isothermal regions of an ember from a color image (1200
x 420 pixels) of a glowing ember. The exposure was 1/6 s at {/2.5. Captured before

the fan was activated.
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Figure B-11 (a) Non-smoothed ratio pyrometry results for red/green pyrometry; and
(b) intensity pyrometry results from a color image in Figure B-10.
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Figure B-12 Indication of isothermal regions of an ember from a color image (1164
x 408 pixels) of a glowing ember. The exposure was 1/10 s at {/2.5. Captured before

the fan was activated.
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Figure B-13(a) Non-smoothed ratio pyrometry results for red/green pyrometry; and
(b) intensity pyrometry results from a color image in Figure B-12.
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Figure B-14 Indication of isothermal regions of an ember from a color image (1044
x 336 pixels) of a glowing ember. The exposure was 1/640 s at f/2.5. Captured after
the fan was activated.
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Figure B-15 (a) Non-smoothed ratio pyrometry results for red/green pyrometry;
and (b) intensity pyrometry results from a color image in Figure C-14.

108



—~
Q
=

1050

)

950

850

750

Grayscale Pyrometry Temperature (°C

650

y =1.05x - 62.32
R*=0.98

650

750 850 950

Ratio Pyrometry Temperature (°C)

1050

(b)

Emissivity (¢)

08

06 |

04

02

650

X
X A
A X
A
X
X X X x X
X;
b Ax
A aX A a A
x X, R‘(‘m
A A
A
v
AA A A
A
X
X
4430 nm (Blue)
A
A X680 nm (red)
750 850 950

Ratio Pyrometry Temperature (°C)

1050

Figure B-16 (a) Grayscale pyrometry temperature and (b) visible emissivity plotted
with respect to ratio pyrometry temperature for smoldering embers in Fig. C-10,
Fig. C-12, and C-14.
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B.4 Test 4 (smoldering ember with 7 m/s velocity of air supply)
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Figure B-17 Indication of isothermal regions of an ember from a color image (1056
x 312 pixels) of a glowing ember at 50 s. The exposure was 1/640 ms at £/10. The

velocity of the air supply was 7.0 m/s.
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Figure B-18 (a) Non-smoothed ratio pyrometry results for red/green pyrometry;
and (b) intensity pyrometry results from a color image in Figure B-17.
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Figure B-19 (a) Grayscale pyrometry temperature and (b) visible emissivity plotted
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with respect to ratio pyrometry temperature for smoldering embers in Fig. C-17.
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Appendix C. Incense Pyrometry With Air Supply

C.1 Test 1 (Air supply velocity : 3.7 m/s))
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Figure C-1 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 3.7 m/s air velocity. For this image ISO =200, f=2.5, and t = 1.3 ms.
Figure (b) is the resulting color contour plot of ratio pyrometry temperatures. Figure
(c) is the resulting color contour plot of grayscale pyrometry temperatures.

C.2 Test 2 (Air supply velocity : 7.2 m/s))
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Figure C-2 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 7.2 m/s air velocity. For this image ISO =200, f=4, and t = 1 ms. Figure
(b) is the resulting color contour plot of ratio pyrometry temperatures. Figure (¢) is
the resulting color contour plot of grayscale pyrometry temperatures.

112



C.3 Test 3 (Air supply velocity : 10 m/s))
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Figure C-3 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 10 m/s air velocity. For this image ISO =200, f=8, and t = 1 ms. Figure
(b) is the resulting color contour plot of ratio pyrometry temperatures. Figure (c) is
the resulting color contour plot of grayscale pyrometry temperatures.

C.4 Test 4 (Air supply velocity : 13.8 m/s))
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Figure C-4 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 13.8 m/s air velocity. For this image ISO =200, f=9, and t = 2.5 ms.
Figure (b) is the resulting color contour plot of ratio pyrometry temperatures. Figure
(c) is the resulting color contour plot of grayscale pyrometry temperatures.
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C.5 Test 5 (Air supply velocity : 15.8 m/s))
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Figure C-5 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 15.8 m/s air velocity. For this image ISO =200, f=9, and t = 1.3 ms.
Figure (b) is the resulting color contour plot of ratio pyrometry temperatures. Figure
(c) is the resulting color contour plot of grayscale pyrometry temperatures.

C.6 Test 6 (Air supply velocity : 19.2 m/s))
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Figure C-6 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 19.2 m/s air velocity. For this image ISO = 200, f=9, and t = 0.5 ms.
Figure (b) is the resulting color contour plot of ratio pyrometry temperatures. Figure
(c) is the resulting color contour plot of grayscale pyrometry temperatures.
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C.7 Test 1 (Air supply velocity : 22.5 m/s))
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Figure C-7 (a) Color image (400 x 300 pixels) of a smoldering incense, which was
exposed to 22.5 m/s air velocity. For this image ISO =200, f=9, and t = 1.3 ms.
Figure (b) is the resulting color contour plot of ratio pyrometry temperatures. Figure
(c) is the resulting color contour plot of grayscale pyrometry temperatures.
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