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Chapter 1: Introduction

Over the past several decades, the number of devastating wildland-urban in-
terface (WUI) res has increased drastically. The WUI is de ned as the location
where human development abuts or intermixes with wildland vegetation [4]. Fires
that enter these areas are referred to as WUI res and pose a signi cant hazard
to homes, people, businesses, and infrastructure. Although the number of wildland
res has remained relatively constant over the past several decades, the number of
wildland res a ecting human development has increased dramatically. In 2016 over
4,000 structures were destroyed by wild res in the United States alone. On average,
over 2,000 structures in the United States are lost annually to wildland res [5].
Global statistics re ect similar trends [6].

A number of factors have in uenced the increase in the number of WUI res:
climate change, fuel management practices, and an increase in human development
into WUI areas [7]. Local changes in climate have occurred in many wildland re-
prone areas, resulting in hotter temperatures and less precipitation. These changes
a ect the likelihood of the initiation and spread of wildland res. Lower moisture
content (MC) of fuels, as a result of hot temperatures and low precipitation, increases

the severity of wildland res, as dry fuels are able to ignite more quickly, thus



spreading the re more quickly. In the early 1900s, the United States. Forest
Service introduced a policy to suppress all wildland res [8]. Although large res
can result in high structure and economic loss, small res are a natural part of
the environment and work to mitigate fuel build-up in forests, actually decreasing
the likelihood of large, severe res. The result of the Forest Service policy was a
huge build-up in fuels across the country. When res burn in areas with major
fuel build-up, they can often become severe. Finally, by 2000, WUI development
had increased by 50% since 1970, and expansion into WUI areas is expected to
continue [9]. Increased human development in WUI areas increases the number of
structures at risk during WUI res, as structures are being built in areas that have
traditionally burned without being a threat to human development.

Structures ignite in a wildland re when the structure is directly or indirectly
exposed to ames or heat from the re. Three exposure processes are typically
de ned for WUI res: radiation, direct ame contact, and rebrands [7]. Radiant
ignition of structures occurs in a WUI re when the re front or another burning
object (e.g. a nearby structure or tree already ignited by the re) produces su cient
heat ux over an extended period of time to ignite the structure at a distance.
Although radiant ignition can occur in wildland res, results of the International
Crown Fire Modeling Experiments found that no ignition of wooden wall segments
occurred when the wall was 20 m or more from an actively crowning 150 kWfnre
[10]. Direct ame contact causes ignition of structures in WUI res when vegetation
(e.g. ornamental bushes) or other ammable material, such as fallen leaves, forms
an unbroken path from the re to the structure. Both of these ignition conditions
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can be mitigated using known methods, such as maintaining adequate defensible
space around a structure [11].

Investigations of past res, such as the Grass Valley Fire [12], the Waldo
Canyon Fire [13,14], and Witch and Guejito Fires [15,16], have found that rebrands
are responsible for the majority of structure losses in WUI res [17]. Firebrands, or
burning embers, are small pieces of burning material generated from vegetation or
burning structures during a re. Firebrands are lofted in the re plume and can be
transported up to 9 km ahead of the re front [16]. Firebrands can land in either a
smoldering or a aming state and cause ignition of a structure several hours after the
main re front has passed. Even though the evidence shows that rebrands cause
the majority of structure ignitions, rebrands have received less research attention
than radiant ignition has.

Firebrand research that has been conducted can be split into work on three
mechanisms: rebrand generation, lofting and transportation of rebrands, and
deposition and ignition by rebrands [7]. Firebrand generation describes the pro-
duction of embers in a wildland re and how those embers break o from structures
and vegetation. Firebrand lofting and transport describes the mechanisms which
can loft rebrands from the buoyant plume and transport them over large distances,
reported to be as far as 9 km in some cases [16]. Firebrand deposition and ignition
describes the processes that occur when a rebrand lands on a recipient material.
If this material is combustible, such as a pile of mulch or a deck, ignition describes

the process by which the rebrands ignite the material.



1.1 Motivation

The mechanisms governing ignition by rebrands are not well-studied. In
particular, wind-driven rebrand studies by Manzello and Suzuki [1] have found
that rebrands typically form piles and ignition tends to occur in locations with
rebrand piles, as shown in Figure 1.1. Despite the importance of rebrand piles for
ignition, most previous small-scale work has focused on ignition by a single rebrand.
A number of large-scale studies (full-scale structures or structural components) exist
which investigate ignition propensity from piles [37]; however, few small-scale studies

using rebrand piles can be found in the literature (e.g. [18]).

Figure 1.1: Firebrand pile forms on a deck during wind-driven rebrand shower

experiments. Figure from Manzello and Suzuki [1].

During a wildland re, rebrands can ignite vegetative fuels, such as leaves or
grasses, or WUI fuels, such as decks, porches, fences, or other dense fuels. Previous
studies on structure loss have found that ignition by rebrands is often indirect (i.e.

4



rebrands ignite an adjacent structure, such as the WUI fuels described, and that
adjacent structure subsequently ignites the structure). Previous work on rebrand
ignition has focused primarily on vegetative fuels, which are more porous than solid
WUI fuels. The porosity of vegetative fuels allows rebrands to embed themselves in
the recipient fuel, creating greater contact between the ignition source and fuel. On
the other hand, the contact area between solid fuels and rebrands is much smaller.
Firebrands accumulate in piles on top of solid fuels. The behavior of rebrand piles
is expected to be di erent than that of a single rebrand because the heating from
individual brands in the pile can interact. The pile behaviour, as well as the fact that
the fuel is solid rather than porous, is likely to change the heat transfer mechanisms
governing the smoldering ignition process and the transition from smoldering to
aming ignition.

This work aims to Il some of the gaps in rebrand ignition research. One part
of the research is to study the heat uxes produced by piles of smoldering rebrands
in order to understand the contact heat transfer between rebrands and the recipient
fuel. No data currently exists quantitatively connecting pile sizes (measured by the
mass or number of rebrands) and ignition; however, qualitative results of other
studies [18] suggest that greater numbers of rebrands are signi cantly more likely
to ignite a recipient fuel than are single rebrands. The work aims to determine
whether there is a link between pile size and ignition and describe the process of

ignition of typical WUI fuels.



1.2 Objectives

The ultimate goal of this research is to understand the ignition process of dense
structural WUI fuels by rebrand piles. Ultimately, understanding the ignition
process of these fuels can allow for the development of a model of the ignition
process. There are three main objectives in this work.

In order to measure the heating from and thermal characteristics of rebrand
piles, it is necessary to have a method to reliably conduct pile experiments and
measure relevant thermal quantities. The rst objective of this study was thus
to formulate a methodology for measuring temperatures and heat uxes in exper-
iments using smoldering rebrands. This objective necessitated the development
of a reproducible and repeatable method for the creation of rebrand piles and a
reliable method of measuring heat uxes from rebrand piles to di erent substrates,
including identifying the best sensor to measure the heat uxes in rebrand piles.

The second objective of this study was to quantify the heat ux from rebrand
piles to an inert surface, in order to isolate the heat ux produced by rebrands from
the heat ux produced when a recipient fuel ignites. This objective was feasible after
the rst objective had been completed. This objective included determining how
parameters such as rebrand diameter and pile size (mass, number) a ect changes
in heating behavior.

The nal objective was to describe the ignition process and the thermal char-
acteristics (heat ux, temperature) at the time of aming ignition. The objective

was meant to connect ignition and heat uxes measured for the second objective.



Conducting rebrand pile experiments on a recipient fuel and on an inert substrate

allowed for a description of ignition conditions.



Chapter 2: Literature Review

2.1 Overview

The main goal of this project is to understand the ignition process by which
rebrand piles ignite recipient WUI fuels. In this chapter, an overview of ignition
is provided in order to form a basis for understanding the rebrand pile. The
di erences between radiant ignition and ignition via rebrand piles are discussed, as
are the di erences between aming and smoldering ignition. The chapter concludes
with a discussion of previous experimental studies of rebrand ignition.

Ignition is the initiation of either aming or smoldering combustion. This
process is associated with a temperature rise of a fuel to a certain critical point. In
the case of aming ignition, the temperature rise results in pyrolysis of the solid fuel
to gaseous fuel. At a critical mass ux, this gaseous fuel will ignite. In the case of
smoldering ignition, combustion takes place in the solid phase. An important aspect
of this process is how energy, in the form of heat, is transferred to a fuel in order to
initiate a temperature rise.

The heat transfer process for a rebrand pile is not completely understood;
however, Figure 2.1 shows hypothetical formulations of the possible energy balance
of a rebrand or rebrand pile on a recipient fuel. Firebrands ignite recipient fuels
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due to heat transfer across an interface. Depending on how well the rebrand
contacts the recipient fuel, which may be poor for solid fuel but relatively good for
porous fuels, conduction or radiation will dominate the heat transfer process. This
heat transfer will occur in a variety of modes that ultimately result in in-depth heat
transfer to the recipient fuel,q%%epth , eventually heating the fuel until it ignites. The
pile will also produce heat due to continued smoldering, proportional to the rate of
mass loss and latent heat of the fuem®L.; however, the pile will also lose heat due
to convection, 22, and radiation ¢, to the ambient. For situations when there is

a gap in the fuel, it is suspected there could be additional re-radiation within the
fuel bed and access to oxygen that promotes surface oxidation, making smoldering

ignition and transition to aming easier.

Figure 2.1: Possible formulation of the energy balance of a rebrand pile on (left)
a at solid fuel, and (right) a solid fuel with a crevice. Based on Manzello and

Suzuki [1].

2.2 Ignition: Flaming and Smoldering

Descriptions of aming and smoldering ignition are provided. Ignition theories

applicable to the current problem are reviewed. A description of aming ignition and



ignition by radiation is described because these areas have received more research
attention. Understanding the ways in which researchers formulate and describe
radiant ignition can provide context when formulating a way to describe ignition

by rebrand piles. A brief review of smoldering combustion and its thermal char-
acteristics is provided in order to give a comparison to the magnitude of thermal
characteristics measured in this study's heat ux and ignition experiments.

There are several methods of describing a critical ignition point for radiant
ignition. Radiant ignition can occur as a result of a sustained ignition temperature
[19], sustained heat ux over a given period of time [10], or a certain mass ux over
a given time [20].

While ignition thresholds such as those described above are typically used to
determine aming auto-ignition, the initiation of smoldering combustion is partic-
ularly important in our application. Smoldering is a solid phase combustion pro-
cess, a heterogeneous oxidation reaction, which peaks at lower temperatures and
heat release rates than aming combustion { approximately 450{70C and 10{30
kW/m 2 [21].

In addition to producing lower peak temperatures, critical thresholds for smol-
dering combustion are also lower. For example, Rein found that under an incident
radiant heat ux, smoldering ignition of polyurethane could be initiated at 7 kw/m?,
while spontaneous aming ignition did not occur until 30 kW/m? [21]. Anthenien
and Fernandez-Pello were able to ignite polyurethane using conduction at as low
as 3.1 kw/m? [22]. Although these values are for polyurethane, which has di er-

ent thermal properties than WUI fuel materials (woods, plastics, and wood-plastic
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composites), the comparison between values for critical heat ux for smoldering
and aming ignition are notable as the values for smoldering are signi cantly lower.
Gratkowski et al. conducted experiments on the smoldering ignition of plywood in
a cone calorimeter. They found that the minimum heat ux at which the plywood

would ignite was 7.5 kW/n?¢ [23].

2.2.1 Theories of Ignition

A number of theories of ignition have been developed which are related to the
problem of rebrand ignition, although some of these theories have been developed
for other related applications. Gol'shlegeet al. provide a theory of hot spot ignition,
which assumes a hot, inert object lands on a reactive material. The objectis assumed
to create pockets of heating in the recipient fuel, and these hot areas are assumed
to be the locations where ignition occurs [24]. Although this theory could be a
good starting point, the assumption of an inert object is not valid for the rebrand
problem.

Haddenet al. [2] performed experiments using hot metal particles to ignite cel-
lulose fuel beds. They varied the particle size and found a hyperbolic relationship
between the particle size and particle temperature required to ignite the fuel bed.
They applied hot spot theory to their data and obtained a qualitative t. Results
of the experimental study and the theoretical t can be seen in Figure 2.2. Further
experiments by Zaket al. [25] and Fernandez-Pell@t al. [26] have noted the impor-

tance of heat losses from larger particles. The hot spot theory, though qualitatively
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validated, does not take into account ongoing reactions in the hot particles, which

may play an important role in rebrand pile heating.

Figure 2.2: Ignition results of experiments plotted with theoretical ignition bound-

ary. Figure from Haddenet al. [2].

Gray also discusses the concept of criticality, hypothesizing that critical igni-
tion curves can by plotted where the heat loss from a hot object balances with the
heat generation within the fuel [27]. This concept is similar to the ignition boundary
plotted by Haddenet al. [2]. This concept could be important in terms of de ning
ignition criteria for rebrand ignition of solid fuels.

In a dierent analysis, Gratkowski et al. employed the Frank-Kamenetskii
parameter, a measure of thermal stability, when using self-heating ignition theory.
This parameter indicates the balance of heat generation in relation to heat losses
and whether the heat generation will be su ciently larger to cause thermal runaway
of the system [23]. The theory found good agreement with experiments of radiant

smoldering ignition of plywood and with self-heating theory.
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Another theory of ignition is to solve the energy equations of a smoldering re-
action in order to determine a critical ignition heat ux as a function of smoldering
depth. This method is described in Dosanjh and Pagni [28] and applied experi-
mentally to the smoldering ignition of polyurethane in Anthenien and Fernandez-
Pello [22]. Using this method, Anthenien and Fernandez-Pello found good agreement
between the experiments and the theoretical prediction of ignition as a function of

critical heat ux and time.

2.3 Experimental Studies

A number of previous studies have explored facets of the rebrand ignition
problem, both experimentally and theoretically. A review of these studies provides
background on current experimental methods which can be a useful comparison for
formulating the research methods used for the current study.

The following sections describe experimental studies on ignition by rebrands.
Speci cally, di erent rebrand production methods are discussed, and ignition ex-
periments on vegetative and solid WUI fuels are reviewed to highlight important

considerations when formulating the experiments in this study.

2.3.1 Firebrand Production

A review of rebrand production methods used in previous studies was con-
ducted before determining the method used in the current study. Below are concise

descriptions of several rebrand production methods. Ellis?] fabricated glowing
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rebrands from eucalyptus bark by igniting the sample using a gas stove and then
placing it in a \truncated cone", in which the sample rotated while exposed to
air ow. This method was used only for a single rebrand. Santamariaet al. [30]
simulated rebrands both with charcoal and by submerging virgin material into
ames from a heptane pool re. In a method which would later be used in the Na-
tional Institute of Standards and Technology (NIST) rebrand generator, called the
NIST Dragon, Manzelloet al. suspended small Ponderosa Pin®ius ponderosa
disks above butane ames to produce either aming or glowing rebrands [18]. Af-
ter a set time, the rebrands were exposed to wind and became part of a rebrand
shower.

Dowling [31] ignited wooden cribs and set them adjacent to his experiment. A
similar procedure was used by Quarlest al. [32] when they tested decks for rebrand
exposure by igniting a wood crib on top of the deck. Other methods for producing
aming rebrands include igniting virgin fuel (e.g. wood, bark) with a ame and
allowing it to burn [33]. None of the studies reported time in ames or whether
the time was held constant for all tests; however, the use of ames for rebrand
production is a common and successful option. A re nement on this method was

utilized in this study.

2.3.2 Firebrand Ignition of Vegetative Fuels

A collection of experimental studies exist which focus on ignition of fuels by

rebrands. A number of these studies focus on recording Ignition vs. No Ignition
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for a range of experimental parameters; however, these studies do not investigate
heat uxes associated with ignition or the mechanisms governing the transition
from smoldering to aming ignition. A large number of studies on rebrand ignition
utilize vegetative fuels as the recipient fuel. Many studies also use one rebrand or a
small number of rebrands, rather than large piles. Of these studies, many explore
ignition as a function of number of rebrands deposited. There are a number of
larger scale studies using solid fuels as the recipient fuel for ignition experiments.

Manzello et al. [18] used either a single brand or three to four rebrands to
test ignition of pine needles, shredded paper, and cedar wood crevices. A single
glowing rebrand was able to initiate smoldering in the completely dry shredded
paper under an external air ow of 0.5 - 1.0 m/s. Four large (50 mm diameter disk)
rebrands were able to ignite pine needles, which transitioned from smoldering to
aming under a 1.0 m/s wind. No glowing rebrands were able to ignite the cedar
crevice. In later tests, Manzellcet al. [34] conducted similar tests as described above
on three other fuels: shredded hardwood mulch, pine straw mulch, and cut grass.
A single glowing rebrand was never able to ignite any of the fuels. Four glowing
50 mm disk rebrands were able to initiate smoldering ignition for some of the fuel
beds under external air ow.

Viegaset al. [33] conducted ignition tests using bark and pine cones as re-
brands and six fuel beds of dried and live eucalyptus leaves, dried and live pine
needles, hay, and straw. Experiments were conducted under ambient conditions.
For a single glowing rebrand, no ignition occurred. No experiments of glowing

rebrands under external air ow conditions were conducted.
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Ellis [29] conducted experiments using glowing and aming rebrands made
of 500 mm long bamboo pieces. The moisture content of the fuel bed, eucalyptus
litter, was varied from 4-21% and external air ow varying from O - 2 m/s was applied.
Glowing rebrands only produced ignition for fuel beds with lower moisture contents.

In general, fuel beds with higher moisture content required higher wind to produce

ignition.

2.3.3 Firebrand Ignition of Solid Fuels

Early tests by Waterman and Takata [35] were the rst experiments using
rebrands on urban fuels. They found that ignition probability increased with in-
creasing wind speed. An additional external heat ux was applied to act as a pilot
ignition source. Dowling [31] conducted rebrand tests in bridge timbers and found
that 7 g of rebrands were su cient to produce ignition.

A series of experiments by Manzellet al. have been conducted on both a small
and large scale using the NIST Dragon. In small-scale tests, they deposited glowing
rebrands (between one and four total rebrands) in a cedar crevice. External
air ows of 0.5 m/s and 1.0 m/s were applied. No ignition occurred [18]. In further
experiments, four glowing rebrands were deposited into crevices made of either
plywood or oriented strand board (OSB), both common building materials [36].
Ignition was sensitive to angle { only tests at 6®@r 9(°ignited. Additionally, of

tests at these angles, only tests with 2.4 m/s external air ow and dry recipient fuel
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ignited. The authors expected that the fuels with higher moisture content (i.e. 11%)
did not ignite due to the higher thermal inertia of these samples [36].

Manzello et al. [37] provides an extensive summary of large scale experiments
in Japan's Building Research Institute Fire Research Wind Tunnel Facility using
the full-scale NIST Dragon. These experiments determined vulnerabilities of siding,
roo ng, and other portions of full structures that are susceptible to rebrand attack.

Santamariaet al. [30] conducted ignition tests on solid wood boards using a
heat ux from a controlled source heater and piles of charcoal to simulate rebrands;
however, charcoal was not found to simulate rebrands well. Heat uxes from bark
rebrands were taken on a vermiculate inert board and found to produce heat uxes

of up to 6 W/m?2.
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Chapter 3: Experimental Methodology

3.1 Overview

Several experiments were conducted to determine characteristics of piled re-
brand behavior. There were three main objectives of this project, which produced

three overall sets of experiments:

1. Calibration tests used to identify and quantify given measurement techniques
2. Heat ux tests with rebrand piles under ambient conditions

3. Tests under forced ow conditions to describe an ignition condition

Each set of experiments can be broken down into individual test con gurations
based on the measurement instruments used. This further breakdown of experimen-
tal sets will be described in each section. While the calibration tests were focused on
the types of instruments to be used and correct quanti cation of heat ux, the other
two sets of experiments measured quantities (i.e. temperature, heat ux, ignition)
in relation to rebrand pile sizes. Table 3.1 shows the test matrix of the rebrand

pile sizes in terms of diameter and mass used for each speci c experiment.
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Table 3.1: The test matrix. For each type of test, experiments were conducted using

the diameter and masses of rebrands indicated. Note that the masses listed are

initial mass before burning.

Diameter Ambient Ambient TS Forced Flow Ignition
Water-Cooled Calorimeter TS Experiments
HFG Experiments  Calorimeter
Experiments Experiments
6.35 mm 1 brand, 20 g, 100 g None None
509,100¢g
9.52 mm 1 brand, 20 g, 100 g None None
509,100¢g
12.7 mm 1 brand, 20 g, 1brand,20g, 509, 100g 50 g, 100 g
509,100¢g 50 g, 100 g
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3.2 Calibration Tests

The speci ¢ measurement techniques chosen, as well as calibration results,
are described in Chapter 4. The rst objective of identifying a reliable method
of measuring thermal characteristics necessitated the identi cation of a method of
measuring heat ux from rebrand piles. An accurate instrument for measuring heat
ux was dicult to nd, as most heat ux measurements are focused on radiative
uxes. Three potential heat ux gauges were identi ed as options for our heat ux
experiments: water-cooled heat ux gauges, thermopiles, and thin-skin calorimeters.
For a full description of each instrument used, please see Chapter 4.

The water-cooled heat ux gauge is the most commonly used method for
measuring heat ux in re protection engineering research. The main concern with
the use of a water-cooled heat ux gauge for this application was whether the water-
cooling for the gauge would cool the rebrands. Testing whether cooling occurred
was one subset of the calibration tests.

Thermopiles have the advantage of not requiring water-cooling; however, they
can become fragile at high temperatures (including those temperatures expected
from rebrand piles). Due to the stochastic nature of ignition, it was desirable to
have an instrument su ciently durable to withstand many repetitions of heat ux
and ignition experiments. For this reason, a thermopile was not employed.

The thin-skin calorimeter is more durable than the thermopile and also does
not require cooling, making it a potentially good option for rebrand pile experi-

ments where heat uxes are low enough that cooling could likely in uence experi-
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ments. Unlike water-cooled heat ux gauges and thermopiles, thin-skin calorimeters
measure temperature which must be converted to heat ux via heat transfer calcula-
tions. An understanding of the energy balance for the complex heat transfer around
the rebrand pile posed the largest challenge for using the thin-skin calorimeters for
this application. Calibration of thin-skin calorimeters was the second subset of the
calibration tests.

A thin-skin calorimeter is a calorimeter fabricated by welding a thermocou-
ple to the backside of a thin metallic sheet. Given the properties (density, specic
heat, thickness) of the metal, the thin-skin calorimeter can be used to measure heat
transfer rates by calculating heat transfer components from a measured tempera-
ture history, using the assumptions of one-dimensional heat transfer and lumped
capacitance. The test method is described in ASTM E459 [46].

ASTM E459 states one application of thin-skin calorimeters as \heat transfer
measurements in res and re safety testing” [46]. A study by Hildalgo et al. [38]
describes an application of thin-skin calorimeters for measuring incident radiant
heat ux in large-scale re tests. This study describes a method of calibration of
thin-skin calorimeters meant to better account for uncertainties in the heat transfer
calculations.

In order to determine whether the water-cooled heat ux gauge cooled re-
brands, two sets of tests were conducted: one set with a 2.54 cm (1.0 in) Medtherm
heat ux gauge and the second set with a smaller, 1.27 cm (1/2 in) Medtherm heat
ux gauge. For both gauges, the measurement area is the same size; however, the
cooling area is larger for the larger gauge. Both gauges were used for repetitions of
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rebrand pile tests using a single brand and 50 g initial mass for three diameters of
rebrands. Averages for each diameter and pile mass were calculated and the two
gauges compared. Results can be found in Chapter 4, Section 4.2.1.

Initially, several methods were employed to attempt calibration of the thin-skin
calorimeters. One method of conductive calibration was attempted. This method
consisted of heating a copper slug in a propane ame until it was glowing and
then placing the slug on the thin-skin calorimeter. This method was not continued
because of uncertainty surrounding the contact resistance between the slug and
the thin-skin calorimeter. Another method attempted was calibration using a cone
calorimeter. Due to availability constraints on the cone calorimeter, a radiant heater
was used for calibration following the method described below.

Ultimately, thin-skin calorimeters were calibrated following a method described
by Hildalgo et al. [38]. The calibration used a radiant propane heater, a Dyna-Glo
TT15CDGP 15,000, which attached onto the top of a propane tank. The heater
was oriented vertically and placed directly facing a reference water-cooled heat ux
gauge and the thin-skin calorimeter to be calibrated. In order to attain higher heat
uxes, the steel heat re ector was removed from the front of the heater. The ref-
erence gauge and the thin-skin calorimeter to be calibrated were set up using ring
stands and were on a level vertically and horizontally. Additionally, it was critical
that the surface of each gauge was the same distance from the heater. The gauges
were set so that the center point between the gauges was in-line with the center of
the radiant heater. Both the heater and the gauges were beneath a ow hood in
order to exhaust products.
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During calibration, the gauges were set as far back as possible to one side
of the hood, while the radiant heater was set to the other side of the hood (see
Figure 3.1. The radiant heater was kept on \High" for all calibration points and
was moved closer to the gauges in order to increase the heat ux. Each position
was kept constant for 10 min in order to account for the time lag of the thin-skin
calorimeter and allow several minutes of constant readings. At the end of 10 min, the
radiant heater was moved closer to the gauges by a few centimeters. This procedure
was repeated until the radiant heater surface was as close as possible to the gauges
without the gauges entering the thermal boundary layer of the heater. A total of

ve to fteen radiative heat uxes were used for each calibration.

Figure 3.1: Side view photograph of radiant heater calibration set-up. The radiant
heater is on the right side of the gure; gauges are set up on the left side of the

gure.
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Several thin-skin calorimeters were calibrated by this method in order to de-
termine what di erences, if any, there were between speci c thin-skin calorimeters.
A total of ve thin-skin calorimeters with similar emissivity were calibrated and

compared to determine a general calibration.

3.3 Heat Flux Tests With Firebrand Piles

The second overall set of experiments was to quantitatively determine the heat
uxes from rebrand piles and to test the calibration methods employed as part of
the rst set of experiments. For this set of experiments, two subsets of analogous
tests (see test matrix in Table 3.1) were conducted: one using a water-cooled heat
ux gauge and another using an array of thin-skin calorimeters. Using both methods
of heat ux measurement allowed for a comparison of the two methods and a check
for the thin-skin calorimeter calibration. These tests were all conducted on an inert
ceramic insulation board in order to isolate the heat ux from the rebrand piles.

Experiments using thin-skin calorimeters provided spatial maps of the heat
ux beneath the rebrand pile and indicated the total area heated by the rebrands,
as well as heat uxes later in the tests. Experiments with a single-point water-
cooled heat ux gauge provided time-resolved heat ux measurement early in each

experiment and were used to validate the thin-skin calorimeter calibration.
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3.3.1 Experimental Design

Two experimental set-ups were built for heat ux tests, and di erences in
design arose out of the di erent size and shape requirements of the di erent sensors.
Both set-ups, shown in Figure 3.2, were created by layering a 1.5 cm thick sheet of
Superwool 607 High Temperature ceramic insulation board atop a 1.2 cm thick piece
of plywood. The insulation board was used as an inert material and the plywood
was used to provide a stabilizing mass for the set-up under wind. The insulation and
plywood, which comprised the whole experimental board, were both 18 cm x 18 cm.
Due to the sensitivity of the load cell and the ambient air movement of approximately
0.1 m/s, any overhang of the experimental board increased uncertainty in the mass
measurements; thus, the size was chosen to match the size of the load cell test
surface. Although no mass readings were taken during the water-cooled heat ux
experiments, the set-up size was kept constant in order to decrease potential changes
in air ow around the board.

In the thin-skin calorimeter set-up, sixteen sensors were arranged in a 4 x 4
array (see Figure 3.3) with the centers of the calorimeters separated by 1.5 cm,
leaving 0.5 cm between the edges of adjacent thin-skins. The wires from the sixteen
thin-skin calorimeters were threaded through the insulation and through drilled
holes in the plywood, then secured onto the back side of the plywood. In this set-
up, a Chromel-Alumel K-Type thermocouple with 30 gauge wire was placed on top
of the insulation and secured using a small metal staple, so that the thermocouple

bead was directly atop the insulation and in the middle of the array of thin-skins.
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Figure 3.2: Schematic side view of both heat ux experimental set-ups with propane
burner for fabricating rebrands. Figure of burner from Caton [3]. Not drawn to

scale.

Thermocouples were fabricated in the laboratory using a HOT SPOT TC Welder
spot welder. The thermocouple was placed on top of the insulation, beneath the
rebrand pile. It measured the temperature of either the gaseous products within
the rebrand pile or the temperature of a rebrand, if a particular rebrand landed
on the surface of the thermocouple. Thus, the temperature measured is a ballpark
pile temperature, but may experience variation based on how the rebrands in the
pile land.

The entire set-up was placed on a load cell and inside a laminar ow hood
for ambient experiments. The air ow in the laminar ow hood above the surface
of the experimental board was measured to be 0.1 m/s using a hand held hot wire

anemometer placed at several locations around the experimental sensors.
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Figure 3.3: Top view of the experimental board using thin-skin calorimeters with
reference numbering of calorimeters (drawn to scale). Thermocouple location shown

in center of thin-skin array.

During thin-skin calorimeter heat ux experiments, a Mettler Toledo MS6002TS
load cell with  0.01 g precision was used to measure the mass loss of the experi-
ment. Despite this precision, ambient air ow caused the mass readings to uctuate
by approximately 1 g. Due to the low mass loss of the rebrand piles (on the order
of 1 - 8 g) and the air ow uctuations, reliable mass loss rates were not calculated.

For the water-cooled heat ux gauge experiments, the 1.27 cm Medtherm

water-cooled heat ux gauge was used for this set of experiments. In the water-
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cooled heat ux gauge set-up, a hole 1.27 cm in diameter, the size of the casing of
the water-cooled heat ux gauge, was drilled into the wood and insulation board.
The water-cooled heat ux gauge was placed directly in the center of the insulation
board. The tubes from the gauge were L-shaped and were secured to the top of the
plywood beneath the insulation for stability of the gauge. Water tubes for cooling
were connected to a pump in a 15 gal water storage tank. A thermocouple was placed
in the water tank in order to ensure a consistent cooling source was provided. In
both this set-up and the previous set-up, a video camera recorded the experiment

from an elevated side view.

3.3.2 Wood Properties and Firebrand Production

Birch wooden dowels were used to produce rebrands used in all tests. For
these experiments, cylindrical dowels of three diameters, 6.35 mm, 9.52 mm, and
12.7 mm, were cut to 25.4 mm in length. While rebrands come in di erent shapes
and sizes { disks or bark pieces, needles, and sticks { collection studies by Manzello
et al. [39] found that cylindrical sticks are one of the most common brand shapes.
Although Santamaria et al. [30] also found bark to be a common rebrand, sticks
are more reproduciblely simulated. Diameters and length were chosen because they
were near the average size based on collection studies and because of the availability
of dowel sizes. Although 12.7 mm diameter rebrands may be larger than average,
this provided the ability to compare over a range of diameters (from 6.35 mm to 12.7

mm). It is important to note that these diameters represent the initial diameters of
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the wood; however, the diameters of the burned rebrands are smaller. See Caton [3]
for representative proportions of diameter decrease in wooden dowels.

All dowels were birch, which was chosen in this study as it was readily avail-
able in the sizes of rebrands typically observed in WUI res; however, its den-
sity is slightly higher than that of softwoods more commonly found in WUI res
(approximately 600 kg/m® in comparison to the 350-530 kg/ri density range of
softwoods [40]). Wood was dried at 103 2°C in a VWR Gravity Convection
Oven per ASTM Standard D4442 [41]. Drying was complete when the mass of the
sample steadied within 0.1 g for three consecutive hours, when measured on a
Mettler Toledo NewClassic MF load cell (Model # MS32001L) with accuracy
0.1 g. Moisture content (MC) was also measured using an A&D MF-50 moisture
content analyzer. Dried wood was placed in one gallon plastic bags with drierite to
keep it from regaining moisture between drying and testing. The wet-basis MC of
the samples was in the range of 0 0.5 %.

In order to test the e ect of smoldering rebrands on recipient fuels, it was
necessary to devise a method to repeatably produce smoldering rebrands. Previous
studies using rebrands have used a variety of methods of producing brands, but
many focus on aming rather than smoldering brands. Of those studies that used
glowing rebrands, methods used to produce smoldering rebrands were either not
repeatable or di cult for use in producing a pile of rebrands. Previous rebrand
production methods are discussed in Section 2.3.1.

Several fabrication methods were tested to determine the most repeatable

method of producing smoldering rebrands. Initially, wooden dowels were placed in
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a 12 cm x 16.5 cm x 11 cm Thermolyne furnace (Type 1400) at a set temperature
between 300-45W for a given time between 5-30 min. (The temperatures and times
were varied to determine if a given temperature-time combination would produce
a pile of glowing rebrands.) Although one to two dowels typically glowed at their
tips, most dowels were either charred or had turned to ash when removed from the
oven. It was determined that the oven did not provide su cient oxygen for the
dowels to reach a smoldering state [21].

Another method tested for producing rebrands was heating on a Corning PC-
600D Hotplate. Dowels were deposited on the hot plate and turned occasionally.
Imaging using a Seek Thermal IR camera determined that the hot plate did not
provide even heating to the brand surface. Additionally, the highest temperature
produced by the apparatus (55%C) did not provide su cient heat for the wood
to smolder. It was determined that exposure to ames would likely be necessary
to produce smoldering and would more realistically replicate exposure during a
wildland re.

In order to best simulate a real re exposure, dowel pieces were exposed to
ames. Initially, dowels were put in a small metal bowl with 5 mL of heptane or
ethanol; however, though the dowels amed, they did not continue glowing after
the ames ceased. Ultimately, the dowels were exposed to a propane ame. All
dowel pieces to be used in a given test were put in a wire mesh basket which was set
on a Bunsen-type burner over a propane ame (e.g. for a test of 25 g of 6.35 mm
brands, all 25 g would be exposed to ame simultaneously). The ame height was

kept constant, so that it touched the bottom of the basket in every test. The ame
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was turned o after all of the brands had visibly ignited, approximately 150-200 s.
After the cessation of aming, glowing rebrands were deposited on the test set-up.
Another method of extinguishing was tested, in which the ames were manually
extinguished by placing the rebrands in a metal box with a hole drilled in the top
to allow smoke to escape. It was found that brands were more reproducibly formed
in a glowing state when they self-extinguished. This rebrand production procedure
was kept constant throughout all of the tests.

Although this rebrand production method was repeatable to conduct, there
were certain associated uncertainties. Larger quantities of rebrands amed for
longer periods of time after the burner was turned o. As a result, larger piles of
rebrands may have been in a more degraded state upon deposition than smaller
piles or single rebrands. It is uncertain whether these di erences produced any

discernible di erences in the data recorded.

3.4 Experimental Procedures

A set of experimental procedures was developed for each type of test, depend-
ing on the instruments used and the ow conditions (forced ow or ambient). All
general procedures were kept the same for all types of tests. After the experimental
board was in place, rebrand production was begun. Once the burner was turned
0, data acquisition was initiated in order to capture ambient conditions before the
test began. Data acquisition used in each test is listed in Tabl@?. Glowing re-

brands were deposited on the test board, and data acquisition was continued until
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measured parameters decreased below a set threshold, speci ed for each instrument
used. For tests in ambient conditions, both the propane burner and the test board
needed to t under the laminar ow hood, while forced ow and ignition experi-
ments were conducted in a large burn room with overhead exhaust capabilities. Due
to the proximity of the propane burner to the test set-up in the ambient con gu-
ration, the aming of the rebrands elevated baseline temperatures of the thin-skin

calorimeters and thermocouples to approximately 3G before the tests began.

3.4.1 Firebrand Pile Tests Using Thin-Skin Calorimeters

Before beginning each test using the thin-skin calorimeter array, each calorime-
ter was tested to determine that it had not broken. This procedure was undertaken
because the thin-skin calorimeters were fragile { sometimes the attachment of the
wire to the metal broke. Testing was conducted by exposing each calorimeter to a
small butane ame and checking whether it increased in temperature as expected.

To begin the experiment, rebrands were placed onto the thin-skin calorimeter
array after they ceased aming. For tests with single rebrands, tongs were used to
move the rebrand from the wire mesh basket and to set it directly atop Thin-Skin
Calorimeter 6 (see Figure 3.3). For piles, glowing rebrands were poured onto the
center of the test set-up from the side of the wire mesh basket, using a large pair of
tongs as a guide. Once the rebrands were deposited on the test set-up, tongs were
used to push the rebrands to the center of the board if they had fallen to the side.

For larger piles of 6.35 mm rebrands, a few glowing brands sometimes decreased
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in diameter su ciently to fall through the holes in the mesh. When this occurred,
those rebrands were not later placed on the pile.

After rebrands were deposited on the test board, the pile was left, and data
was recorded until the thermocouple and thin-skin calorimeters decreased below
27°C. This cut-o temperature for thermocouples was used because heat uxes cal-
culated at this temperature were small. At this point, data acquisition was stopped.
The rebrand remnants, char and ash, were swept o the test board using a small

piece of cardboard, and the sensors were cleaned of debris using compressed air.

3.4.2 Firebrand Pile Tests Using Water-Cooled Heat Flux Gauge

For tests using a water-cooled heat ux gauge, water tubes were connected to
the gauge and the pump was placed in the 15 gal water storage container and allowed
to cycle water for two to three minutes before rebrand production began. For tests
using a single rebrand, the brand was placed directly atop the center of the sensor.
For piles, the same procedure was followed as for the thin-skin calorimeter array.
Data acquisition was stopped when the heat ux gauge no longer registered any
external heat ux.

After each test, the gauge was checked to see if any paint had been discolored or
scratched. If signi cant changes occurred, the heat ux gauge was repainted and re-
calibrated, as described in Section 4.2. In order to ensure that the rebrands on top
of the sensor did not damage the gauge, re-calibration was conducted after the rst

ve heat ux tests were nished. Both the old and new calibration coe cients were
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applied to voltage measurements on the nal test, so that the e ect of calibration
could be determined. The results of this comparison are shown in Figure 3.4. The
di erences in the heat uxes produced by the di erent calibration coe cients were
within the uncertainty of the tests. The procedure was repeated again after fteen

more tests. Again, the e ect on heat ux was su ciently small.

Figure 3.4: Comparison of heat ux calculated using initial calibration and new

calibration after ve tests of 12.7 mm rebrands with a 50 g initial pile mass.
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3.5 Tests Under Forced Flow Conditions

The objective of conducting tests under forced ow was to describe a spe-
ci ¢ ignition condition. The application of wind was necessary to aid ignition, as
preliminary tests of aming ignition of a recipient fuel under ambient air ow con-
ditions were not successful. Again, two subsets of tests were conducted. The rst
subset was a series of ignition tests using rebrand piles on a recipient fuel which
were conducted to determine time to ignition and the necessary wind velocity and
pile size to produce aming ignition. The second subset was a series of heat ux
measurements on an inert board using the same external conditions as were used to
produce ignition. This second subset of experiments was conducted to isolate the

thermal characteristics that occurred immediately preceding ignition.

3.5.1 |Ignition Test Set-up

The experimental set-up for the ignition tests was fairly straightforward. A
6.35 mm thick aluminum plate with a super elliptical leading edge (described in
[42]) was placed several centimeters in front of the outlet of the wind tunnel. The
aluminum plate allowed for the formation of a laminar boundary layer before the
rebrand test section. In the ignition tests, an 18 cm x 18 cm sheet of oriented strand
board (OSB) was placed behind the aluminum edge, ush with its surface. (The
analogous thin-skin calorimeter set-up shown in Figure 3.6 shows the orientation of

the aluminum plate in relation to the wind and experimental set-up.)
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OSB was used in these tests because of its common usage as a building mate-
rial, often used as sheathing for walls and roo ng. It has also been used for ignition
tests in other studies [36]. OSB was dried at 103 2°C in a VWR Gravity Convec-
tion Oven, following the same procedure as was used to dry the wood for rebrands.
As described previously, dried wood was placed in gallon plastic bags with drierite
to keep it from regaining moisture between drying and testing. Drying the wood was
important, as many studies have found that the ignition of recipient fuels (including
woods and plastics) is sensitive to the MC of the fuel [18, 33, 36, 43].

Preliminary ignition tests were conducted under ambient conditions to de-
termine whether aming ignition could be achieved. Firebrand pile sizes up to
100 g initial mass (10 g deposited mass) of 12.7 mm rebrands were tested; how-
ever, no piles achieved aming ignition, though most achieved smoldering ignition.
The largest diameter rebrand were used because results by Haddenal. [2] and
Manzello et al. [18, 34] found that larger hot objects are more likely to produce
ignition.

Subsequently, tests under forced ow were conducted. These experiments were
conducted in front of the outlet of a laminar blower, the characteristics of which are
described in Singh and Gollner [44]. A series of tests was conducted in which the pile
mass was kept constant (100 g initial of 12.7 mm rebrands) and the wind velocity
was increased from 0.85 m/s to 1.98 m/s. These tests were used to used to identify
an ignition condition (wind velocity and pile size) which would reliably transition
to aming ignition. The repeatable ignition condition for a at sheet of OSB with
surface area 18 cm x 18 cm was 1.84 m/s wind velocity and 100 g initial mass of
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12.7 mm rebrands. This wind speed is consistent with average wind speeds found
in res (e.g. 1.8 m/s in the New Jersey Pine Barrens prescribed burns [45]).

A video camera recorded experiments at 29 fps (frames per second) from an
elevated side view, angled downward towards the experiments and allowing coverage
of the thin-skin calorimeter array to be determined. A FLIR ThermCAM SC3000
infrared camera (IR) camera with a spectral response of 8-9n recorded IR video
from directly above the set-up and recorded in the temperature range of 350-1300
This range was chosen to cover the initial high temperatures of the rebrands. The
emissivity of the rebrands was unknown, though previous researchers have used
values between 0.6 - 1.0 [7]. A value of 0.92 was chosen; however, IR results were
meant to give a qualitative rather than quantitative view of heating from the top of
the pile.

For these tests, three wood con gurations were compared: a at board anal-
ogous to that used for heat ux tests, an L-shaped con guration with the vertical
board of the L perpendicular to the wind direction, and a crevice of width 5 mm
and depth 26 mm with the crevice perpendicular to the wind direction. These last
two con gurations simulate the edge of a home where the deck meets the wall of
a house and decking boards, respectively. The crevice sizes correspond to typical
con gurations [1]. Both of these con gurations are known to be particularly suscep-
tible to rebrand accumulation [37]. All three ignition con gurations with relation
to the wind direction can be seen in Figure 3.5.

Before testing, the mass of the OSB sample was taken so that total mass loss

could be calculated. Firebrands were deposited in the middle of the OSB sample
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Figure 3.5: Schematic of recipient fuel con gurations oriented with respect to wind

direction.

for both the at and crevice samples, and in the corner of the L-shape, for the L-
shaped sample. Tests were continued until the IR camera registered no variation in
temperature between the sample and surrounding area. After testing nished, the
rebrands were removed from the OSB by tapping gently on the edge of the OSB,

and the nal mass of the OSB sample was taken.

3.5.2 Thin-Skin Calorimeter Forced Flow Experiments

Heat ux tests using thin-skin calorimeters were also conducted under the
forced ow conditions found to produce ignition. Figure 3.6 shows the experimental
set-up for the wind tunnel experiments. The experimental board was the same board
used in the ambient tests. The procedures for checking the thin-skin calorimeters
before testing were the same. An additional step to prepare for experiments was
to focus the IR camera. In order to do this, a metal bracket was heated using
a butane blow torch and then placed on the experimental board beneath the IR

camera. The camera was then focused from the computer until the metal bracket

38



was clear. Otherwise, all procedures for the testing were the same. The wind tunnel
was turned on and set to the correct velocity at the same time as the data acquisition
was begun. Again tests were stopped when thin-skin calorimeter readings decreased

below 27C.

Figure 3.6: Schematic side view of wind tunnel set-up for thin-skin calorimeter heat

ux tests, showing direction of wind and angles of cameras. Not drawn to scale.
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Chapter 4: Measurement Techniques and Calibration Results

4.1 Overview

Two sets of experiments were described in the previous chapter. rebrand
pile tests using a water-cooled heat ux gauge and using thin-skin calorimeters and
ignition experiments. Key quantities were acquired for the di erent experiments:
temperature, heat ux, visual observations, and mass. Two measurement methods
were used to obtain temperatures: thermocouples and an IR camera. Likewise,
two measurement methods were used to acquire heat ux: thin-skin calorimeters
and a water-cooled heat ux gauge. During all tests using thin-skin calorimeters,
thermocouples also measured temperature of the rebrands. A load cell was used
for thin-skin calorimeter tests under ambient conditions. Video recording was taken

of all experiments,

4.2 Heat Flux: Water-Cooled Heat Flux Gauge

As a result of the uncertainties associated with the use of thin-skin calorime-
ters, a water-cooled heat ux gauge was also used to measure heat ux during these

experiments. The water-cooled heat ux gauge was a 1.27 cm (1/2 in) Medtherm
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GTW-7-32-485A heat ux transducer. The water-cooled heat ux gauge had a lin-
ear calibration with voltage and was re-calibrated on a cone calorimeter against a
reference gauge. In preliminary experiments, a 2.54 cm Medtherm heat ux gauge
was also used; however, this gauge was not used during any experiments described

in the Results section.

4.2.1 Results of Gauge Size Comparison

Initially, a larger heat ux gauge of 2.54 cm diameter was used to conduct
preliminary tests. Due to a sharp drop-0 in heat ux after an initial high peak, it
was determined that the water cooling of the heat ux gauge could potentially be
cooling the rebrand piles, particularly for smaller mass tests, such as those using
a single rebrand.

A comparison of 50 g tests (shown in Figure 4.1) using both the 2.54 cm and
1.27 cm water-cooled heat ux gauges show that the heat uxes measured by the
larger gauge are all lower than the average heat ux of the two gauges, while the
smaller gauge recorded higher heat uxes over the entire test length. It was inferred
that cooling at these high masses would indicate even more cooling at lower mass
piles. At longer times for larger piles (e.g. after 500 s), it is possible that some local
cooling could occur as the mass and temperature of the pile decrease; however, it is

expected that the cooling will be decreased with the smaller gauge.
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Figure 4.1: Comparison of heat uxes measured for a 50 g initial mass 12.7 mm

diameter rebrand pile.

4.3 Heat Flux: Thin-Skin Calorimeters

Thin-skin calorimeters were used to measure the spatial distribution of heat
ux beneath the rebrand piles. Because the thin-skin calorimeters were fabricated
and calibrated in-house, the following sections provide details on the fabrication,

calibration, and method of calculating heat ux from the temperatures measured

on the backside of the thin-skin calorimeters.
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4.3.1 Fabrication

Thin-skin calorimeters were fabricated using 0.25 mm K-type wire and Inconel
alloy 625, a nickel-chromium alloy, used for its high thermal-fatigue strength and
melting temperature above 129 [47]. The thermocouple wires were welded to
the back surface of the calorimeter using a HOT SPOT TC spot welder used to
make thermocouples. Wires were spaced 1.6 mm apart in accordance with ASTM
E459 [46]. The area of the calorimeter surface was 1 €mit was important to
decrease the area of the thin-skin surface because the calculation of heat ux from
a thin-skin calorimeter uses the assumption of lumped capacitance. The thickness,

, of the Inconel was 0.508 mm. ASTM E459 [46] provides an equation to calculate

the optimum thickness for the calorimeter:

— § k(Tmax TO)
opt 5 q

(4.1)
where k is the thermal conductivity of the thin-skin calorimeter in W/mK, Tpax

is the maximum temperature of the thin-skin calorimeter in K, Ty is the initial
temperature, andqis the heat uxin W/m 2. An average thermal conductivity value
was taken by averaging the values df at the maximum and initial temperatures
(values found in [47]). A maximum temperature of 76C was chosen as a typical
average maximum value for large pile tests and an initial temperature of room
temperature, 2FC, was used. Thek values for these temperatures are 20.8 W/t@

and 9.8 W/m°C, respectively [47]. Results of tests using the water-cooled heat

ux gauge found maximum heat uxes around 60 kWim?2. When these values are
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substituted into Equation 4.1, a value of 0.113 m (113 mm) foryy is found. The

opt Value is based on optimizing the maximum exposure time; however, because
the sensors continued to measure heat uxes comparable to the water-cooled gauge
throughout experiments, it was assumed that exposure time was su cient for this
application.

As the optimum thickness is unrealistic for the small-scale experiments, metals
of three thickness (1.27 mm, 0.8128 mm, 0.508 mm) were compared for accuracy
and time response. These thicknesses were chosen based on availability. Thin-
skin calorimeters of all thicknesses tested produced similar heat ux readings when
tested in a cone calorimeter at a set heat ux; however, the thicker calorimeters had
a slower time response, making the thinnest calorimeter more useful for transient
readings. Although the 0.508 mm thick calorimeters produced the shortest time
response, the thickness of the calorimeter is on the order of the diameter of the
thermocouple wire, introducing an additional potential error.

After fabrication, thin-skin calorimeters were exposed to a butane blow torch
ame for ve minutes in order to tarnish the surface of the metal. Flame exposure
was conducted because the metal naturally became tarnished when the thin-skin
calorimeters were beneath the rebrand pile. Because the emissivity of the metal
was expected to change when it became tarnished, the metal was exposed before
testing in an attempt to keep the emissivity fairly constant between early and late
tests. One large source of uncertainty was the emissivity of the tarnished metal.
This uncertainty was accounted for by using a correction factor in the calculation

of heat ux, described in Section 4.3.3.

44



For preliminary tests, the surface of the thin-skin calorimeter was painted using
Zynolyte® Hi-Temp paint with a known emissivity of approximately 0.94 [48]. Due
to issues obtaining additional paint from the same manufacturer, this paint was
not available for the thin-skin calorimeters used in the majority of experiments.
Medtherm high temperature optical black coating, also of emissivity 0.94, was brie y
tested as a potential substitute; however, the paint underwent a reaction when in
contact with the rebrands, changing color and, thus, emissivity. As a result, the
tarnished thin-skins with unknown emissivity were used for all experiments described
in the Results section. Emissivity may change with temperature for this metal;

however, the temperature dependence is also unknown.

4.3.2 Calibration

The ASTM EA459 standard [46] describes the use of thin-skin calorimeters in
radiative and convective environments. Even in these environments, calibration is
necessary to ensure that the calorimeters produce accurate heat uxes. Hildalkgfo
al., for example, show the initial discrepancies between a known incident radiant
heat ux and heat uxes measured by a thin-skin calorimeter [38]. Uncertainties
regarding the heat ux readings arise out of the di culty of not having a complete
knowledge of all of the components of the heat transfer processes. In particular, the
thin-skin calorimeter heat transfer is calculated with assumptions of lumped capac-
itance, one-dimensional heat transfer, known material properties, and a constant

emissivity [46]. In order to account for these uncertainties, thin-skin calorimeters
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were calibrated using a radiant propane heater. A cone calorimeter was used once
as a comparison, but this method was not used extensively enough to provide a solid
calibration.

The calibration with the radiant heater required that the thin-skin calorimeter
be oriented in a vertical position, while the thin-skin calorimeters in the test array
were oriented horizontally. This di erence has an e ect on the convective losses from
the gauge. Although the Nusselt number correlation was changed for the vertical
and horizontal orientations, an additional calibration was conducted using a cone
calorimeter. Two thin-skin calorimeters were calibrated using this method. In this
calibration, a reference water-cooled heat ux gauge and the thin-skin calorimeter
to be calibrated where placed adjacent to one another beneath the center of the
cone. For one calibration, the thin-skin calorimeter was calibrated separately at
two point heat uxes. For the other calibration, one thin-skin calorimeter was
calibrated at seven heat uxes from 3-53 kW/n, chosen to cover the range of heat
uxes expected. In the rst calibration, a painted thin-skin calorimeter was used;
however, the second calibration was for a tarnished thin-skin calorimeter, similar
to those used in the tests. Use of the radiant heater allowed a greater number of
gauges to be calibrated, thus providing a larger sample size for comparison.

There are still uncertainties associated with this calibration method. It uses
an incident radiant heat ux; however, the calorimeters are exposed to conductive
heat uxes as well during the rebrand experiments. A method for conductive
calibration was not developed for comparison. Additionally, in the vertical set-up,

there is a signi cant convective component. On the other hand, in the experiment,
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the assumption is made that, during rebrand pile tests, convective losses from

covered thin-skin calorimeters are negligible.

4.3.3 Theoretical Formulation

Rather than measuring heat ux, the thin-skin calorimeter measures temper-
ature, which can then be used to calculate heat ux. An equation for the total heat
ux from the rebrand pile to the thin-skin calorimeter can be found by conducting
an energy balance on a control volume of the thin-skin calorimeter, as shown in

Figure 4.2.

Figure 4.2: Energy balance around control volume of a single thin-skin calorimeter.

Estor = Ein Eout (4.2)

where E;, denotes the energy ux into the control volume andEe,; denotes the
energy ux out of the control volume. Using Equation 4.2 for a general energy
balance and the heat transfer terms from Figure 4.2 produces the heat transfer
balance shown in Equation 4.3.
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Gt %onv  Goras Eor  Lona =0 (4.3)
wheredZ, is the net heat transferred into the thin-skin calorimeter from the rebrand
pile, o, is the energy transferred away from the thin-skin calorimeter via natural
convective cooling,o2,, is heat reradiated from the thin-skin calorimeter to the
environment (or to the rebrand pile), o8, is stored heat, andy®?., is heat conducted
through the thin-skin calorimeter to the wire and insulation, with all quantities
measured in W/n?.

Convective cooling occurs from the thin-skin calorimeter array to the environ-
ment via
@ony = h(Trs  T1) (4.4)
whereh is the convective heat transfer coe cient in W/m?K, T, is the temperature
of the thin-skin calorimeter in K, and T, is the ambient air temperature in K.

The thin-skin calorimeter radiates heat following the Stefan-Boltzmann Law:

q(.)eorad =" (TT43 T14) (4-5)
where" is the emissivity of the Inconel metal and is the Stefan-Boltzmann con-

stant.

The heat storage rate is de ned as

Gstor = CD a (4-6)

where and ¢, are the density (in kg/m®) and specic heat (in J/kg K), respec-
tively, of the Inconel metal, both provided as a function of thin-skin calorimeter
temperature in [47], and is the thickness of the thin-skin calorimeter in m.
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A correction term is calculated in place of the conductive heat transfer rate
to the surrounding insulation. This correction term is assumed to be a fraction
of the incident radiative heat ux as it should be small and both are assumed to
be temperature dependent. The correction thus also takes into account that the
emissivity of the tarnished metal is unknown, as is the conduction. The correction

heat rate is calculated as:
ignd = C TS 0rad (4-7)

where C is the C-factor as a function of temperature found by calibration as de-
scribed in 4.3.2, ;< is the absorptivity of the Inconel metal.

Another method of calculating the correction factor is presented in Hildalgo,
et al. [38]:

@gnd =C TS 0rad (4-8)

whereq'incrag IS the incident radiant heat ux in W/m 2 calculated as

1 h i
erad = @ ©) Cior * Gerad + Lonv (4.9)

following Equation 11 from [38]. In this case, the C-factor method of calculating
o , is used because the conduction into the wires is unknown, the temperature of
the insulation board is unknown, as is the nal emissivity of the Inconel metal.
When the expressions from Equations 4.4 - 4.8 are substituted into Equation
4.3 (with the expression forg'jncrag Substituted into the expression forq"cong, the

following expression fog',e; can be found:
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1 h i
q(a)gt = ﬁ g(s)t?)r + dJeorad + gggnv (4-10)

4.3.4 Results of Calibration

The purpose of the calibration was to nd a correction factor which could
be applied to the heat ux calculations in the experimental use of the thin-skin
calorimeters. TheC described in the previous sections was found following the

method of Hildalgoet al. where

Q%O 0
Cc= 2dc o sses (4.11)
TS c
wheredX is the incident heat ux measured by the reference water-cooled heat ux
gauge. This term di ers from g ., which is theoretically what a reference gauge

would measure during an experiment, whereafl is what the reference water-cooled

heat ux gauge measures during the calibration.

Gosses = Gior *+ Horaa + Sony (4.12)
which are calculated as described in the Section 4.3.3, previously.
The correction factor was applied to theq , term, which could better be
described as a correction term to take into account the uncertainties associated with
the emissivity of the Inconel when tarnished and the conduction into the insulation

and into the wires of the thin-skin calorimeter. A comparison of the corrected
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net heat ux, %, was plotted againstg2 to determine the e ectiveness of the

correction factor. An example of such a plot is shown in Figure 4.3.

Figure 4.3: Components of heat ux for one radiant heater thin-skin calorimeter

calibration test.

It is clear that the correction factor does not adequately correct to the full
incident heat ux in this environment. This di erence is caused by the use of a
correction based on reradiation, rather than the incident heat ux. As a result,
the thin-skin calorimeter measurements are taken only as a qualitative indication
of trends; however, it is important to note that, even were the incident radiant
heat ux used to calculate the correction, the results would still only be qualitative
due to uncertainties that will be discussed in further sections. A comparison of
di erent C-factors found that the dependence on C-factor is so great that minor
changes have a large impact on the total correction. Due to the uncertainty in the
calibration, the heat ux calculated using the correction factor is expected to have
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a high uncertainty. The problems and uncertainties associated with the calibration
will be discussed further in the Conclusions and Future Work, Chapter 8.

The correction factor was plotted as a function of temperature and tted in
order to getC as a function of temperature to apply during the calculation of heat
ux in experiments. For the t, the spike at the low and high temperatures were
disregarded. These spikes occurred when the calibration data recorded ambient

temperatures after the rest of the calibration was nished.

Figure 4.4: Linear t to correction factor.

4.3.5 Application of Calibration to Experiments

Due to the uncertainties associated with the calibration method, the heat ux

values obtained using the thin-skin calorimeters have potentially high uncertainties.
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Comparison with results from the water-cooled heat ux gauge is used to show
that, despite the uncertainty, heat ux values from the thin-skin calorimeters follow
similar trends. As a result, the important contribution of the thin-skin calorimeter
data is the illustration of qualitative trends and spatial heating.

The thin-skin calorimeters measured temperature as a function of time. A
plot of the time-dependent temperature for all sixteen thin-skins calorimeters in the
array can be seen in Figure 4.5. This gure and subsequent gures will be shown of
a single test of 12.7 mm diameter rebrands with a deposited pile mass of 9.6 g.

Using these temperatures, heat ux as a function of time was calculated for

each individual thin-skin calorimeter. The total heat ux was calculated as:

thet = Geraa *+ Sior + ond (4.13)

where®,,, &%, , and 2 , are calculated as described in Section 4.3.3, agff, is
the correction term using the C-factor found via calibration.

Convective losses were not considered for the rebrand pile experiments, except
during single brand experiments, as most sensors were blocked for part of the test.
Later in the test, as rebrands turned to ash, it is likely that convective cooling
occurred. Additionally, convective losses from the sensors were certainly present for
exposed sensors. Considering these losses negligible could potentially result in lower
net heat uxes later in the test and for exposed thin-skin calorimeters. Figure 4.6
shows the raw heat ux calculated using the thin-skin temperatures for the same

test shown in the previous gure.
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Figure 4.5: Thin-skin calorimeter temperature as a function of time for 16 thin-skins

in array. Thin-skin calorimeter locations can be found in Figure 3.3.

The water-cooled heat ux gauge results were used to help determine the
accuracy of the thin-skin calorimeter measurements. Figure 4.7 shows a plot of
the average heat uxes measured using the water-cooled heat ux gauge for a test
of the same pile size and diameter rebrand as shown previously for the thin-skin
calorimeters. Figure 4.8 shows a magni ed version of Figure 4.7 to capture the

long-time behavior.
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Figure 4.6: Total heat ux imparted to the thin-skin calorimeters, calculated using

measured thin-skin calorimeter temperatures.

In order to compare thin-skin calorimeter heat ux results with those obtained
using the water-cooled heat ux gauge, time averages were taken of the covered thin-
skins for each test. A further description of this procedure can be found in Chapter
5, Section 5.4. Figure 4.9 shows this comparison between heat ux measured by the
thin-skin calorimeters and heat ux measured by the water-cooled heat ux gauge.
The averages are taken over ve test repetitions for the water-cooled heat ux gauge
and over nineteen test repetitions for the thin-skin calorimeters in this particular

con guration.
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Figure 4.7: Averaged heat ux results for a 12.7 mm diameter rebrand, 9.6 g

deposited mass pile, measured using the water-cooled heat ux gauge.

Figure 4.9 shows a representative trend comparison between the two heat ux
measurement methods that can be seen in all pile sizes except the single brand.
The water-cooled gauge peaks early, then drops to a steady value, before decreasing
again at the end of the test as the rebrands cool. The thin-skin calorimeters peak
later in the test, which is consistent with the slower time response. They sustain a
higher heat ux value than the water-cooled heat ux gauge for the rest of the test.

The lower heat ux from the water-cooled heat ux gauge could be consistent
with potential cooling or the di erence in heat transfer between a cold object (the
gauge) and hot object, as opposed to the thin-skin calorimeters, which increase in
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Figure 4.8: Magni ed replication of previous gure of averaged heat ux results
for a 12.7 mm diameter rebrand, 9.6 g deposited mass pile, measured using the

water-cooled heat ux gauge, showing long-time trends.

temperature throughout the duration of the test. Despite the problems with the
calibration, the thin-skin calorimeters read heat uxes broadly comparable to those

measured using the water-cooled heat ux gauge.
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Figure 4.9: Plot of averaged heat ux over all repetitions for a 12.7 mm, 9.6 g test
to compare heat uxes obtained using thin-skin calorimeters and the water-cooled

heat ux gauge.
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Chapter 5: Results of Firebrand Pile Tests

5.1 Overview

Several types of data were acquired throughout the di erent categories of tests,
as described in Chapter 4. Firebrand pile tests under ambient conditions were con-
ducted using both thin-skin calorimeters and a water-cooled heat ux gauge. The
main results obtained for both sets of tests are heat ux versus time curves. Results
obtained using the thin-skin calorimeter array also included temperature measure-
ments from the thermocouple and thin-skin calorimeter and spatial distributions of
heat ux over the entire array. Initial time series heat ux curves were presented
at the end of Chapter 4. Results in this chapter will include visual observations,
the thin-skin calorimeter and thermocouple temperatures, components of heat ux
measured by thin-skin calorimeters, spatial distributions of heat ux, and methods

of comparing heating from piles.

5.2 Visual Observations

Visual observations provided interesting information regarding the burning

of rebrand piles. Although all of the rebrands were fabricated together, there
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were di erences between rebrands even when they were rst deposited on the
test board. Some rebrands appeared to be mostly charred, while others glowed
completely throughout the entire brand. The most common behavior was glowing
at both tips of the rebrand. The varieties of glowing can be seen in Figure 5.1,
which shows single rebrands and rebrand piles immediately after deposition on

the experimental board.

Figure 5.1: Image sequence showing varying rebrand pile sizes, increasing in diam-

eter from left to right and increasing in pile mass from top to bottom.

Though rebrands were at rst deposited in a glowing state, they quickly
transitioned to ash in many tests. The beginnings of this transition can be seen in
Figure 6.2 in the following chapter. In many cases, the entire top of the pile would
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turn to ash, which can be seen in Figure 6.4 in the following chapter. It was assumed
that the ash indicated that the test would be coming to an end; however, the ash
was later thought to insulate hotter glowing cores of rebrands. This phenomenon
was especially apparent in wind tunnel tests. At times the wind blew away sections
of ashy material revealing glowing rebrands beneath. This behavior may explain
di erences in temperature measured by the IR camera, a surface thermocouple, and

the thin-skin calorimeters.

5.3 Thermocouple and Thin-Skin Calorimeter Temperature Results

Both the thin-skin calorimeters and a thermocouple measured temperatures
during the thin-skin calorimeter tests. The temperatures measured by these two
instruments are compared in order to determine whether the thin-skin calorimeters
can provide a realistic spatial distribution of temperature beneath the rebrand pile.

Figures 5.2{5.4 show three methods of comparing the temperatures obtained
by the thermocouple and the thin-skin calorimeters. The gures show a 9.6 g de-
posited mass pile of 12.7 mm diameter rebrands under ambient conditions. Figure
5.2 shows the temperatures from all sixteen thin-skin calorimeters alongside the
temperature from the thermocouple as a function of time.

It is clear from Figure 5.2 that the thermocouple experiences a much faster
time response than the thin-skin calorimeters. This result is expected, as the time
response of the thermocouple should be approximately 10 s, based on the wire

gauge, and the response of the thin-skin calorimeters was found to be on the order
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Figure 5.2: Temperature as a function of time as measured by thin-skin calorimeters

and thermocouple beneath 12.7 mm diameter rebrand pile of 9.6 g deposited mass.

of 100{150 s. The thin-skin calorimeters also continue reading high temperatures
for a much longer period of time. There are two potential reasons for this behavior.
First, the thin-skin calorimeters are larger and thus store more heat. Second, as
di erent parts of the rebrand pile heat and cool, the thermocouple may not always
be in the optimum location to measure the pile temperature. It is relevant to note
that peak temperatures from the thin-skin calorimeters and from the thermocouple
are similar.

In order to obtain a clearer picture of the heating in the pile, the thermocouple

temperature was plotted with the temperatures of the four surrounding thin-skin
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calorimeters. These results are shown in Figure 5.3. This gure shows similar
trends to the previous plot (Figure 5.2) of all thin-skin calorimeter temperatures;

however, in this case, two of the thin-skin calorimeters nearest to the thermocouple
follow almost the same temperature trend as the thermocouple itself. The thin-skin
calorimeters with this general trend do not capture the same peak temperature, but

capture the same cooling behavior.

Figure 5.3: Temperature as a function of time as measured by the thermocouple and
its four immediate nearest thin-skin calorimeters for a 12.7 mm diameter rebrand

pile of 9.6 g deposited mass.

Figure 5.4 shows a further comparison of temperatures using the averaged tem-

perature for all covered thin-skin calorimeters in this test. Although peak tempera-
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tures are not captured, the thin-skin calorimeters capture the general temperature
trend. This trend suggests that thin-skin calorimeters may function as a relatively
accurate representation of the temperature beneath a rebrand pile at long times.
As a matter of fact, the thin-skin calorimeters could provide more accurate surface

temperatures than they do heat uxes.

Figure 5.4: A comparison of temperature as a function of time for the thermocouple
and an average temperature of the thin-skin calorimeters initially covered by the

rebrand pile for a 12.7 mm diameter rebrand pile of 9.6 g deposited mass.
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5.4 Heat Flux Results

Di erent aspects of the heat ux measurements show important trends. Using
the thin-skin calorimeter data, we can see the relative magnitude of the di erent heat
transfer components. The thin-skin calorimeters also provide a spatial distribution
of heat ux as a function of time throughout the test. Finally, comparisons can be

drawn between the methods of measuring heat ux.

5.4.1 Components of Heat Transfer

In order to calculate net heat ux imparted to each individual thin-skin calorime-
ter, individual components of heat ux were calculated as functions of time and
summed. Figure 5.5 shows the components of heat transfer for a single thin-skin
calorimeter central to a large rebrand pile. These values give an example of the
approximate magnitudes of heat ux components calculated for piles. Re-radiation
plays an important role in the heating, which is consistent with the high tempera-
tures and glowing observed. Unfortunately, the conduction correction term domi-
nates, indicating that the thin-skin calorimeters can be subject to large errors given
the high dependence of the correction term on individual heat transfer components
(e.g. radiation). This calibration may then compound uncertainty in the emissivity
value.

Convection losses were not included when calculating the net heat ux for
piled con gurations as most sensors were covered; however, convection was added

to the calculations for a single rebrand, as this con guration left most of the thin-
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Figure 5.5: Components of heat transfer for a single thin-skin calorimeter during a

piled test.

skin array exposed. Figure 5.6 shows a similar plot of heat ux components for a
test using a single 12.7 mm rebrand. Here convective losses form the main portion

of the heat transfer, though re-radiation is also important.
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Figure 5.6: Components of heat transfer for the covered thin-skin calorimeter of a

single rebrand test.

5.4.2 Spatial Distribution of Heat Flux

Figure 4.6 in the previous chapter shows a wide distribution of heat ux behav-
iors for di erent thin-skin calorimeters. Some thin-skin calorimeters reach a peak
heat ux and drop o quickly, while others sustain a peak heat ux for over 500 s.
Some calorimeters also peak later in the test. In order to understand these trends,
video data was analyzed to determine which thin-skins were completely covered by
rebrands at the beginning of the test, which were partially covered by rebrands,

and which were completely exposed or not covered at all. Figure 4.6 was re-plotted
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as Figure 5.7 showing which thin-skin calorimeters fell into each of these categories

of coverage.

Figure 5.7: Heat ux as a function of time for a 12.7 mm diameter, 9.6 g deposited
mass test, measured using the thin-skin calorimeter array with coverage of thin-skins

denoted.

The majority of the array is covered at the beginning of this test; however,
similar plots of tests with smaller rebrand masses show di erent proportions of
coverage. In order to compare the e ect of coverage, as well as compare curves be-
tween plots, averages were taken of temperatures and heat uxes based on the three
coverage levels identi ed. These averages can be seen for this test for temperature

and heat ux, in Figure 5.8 and Figure 5.9, respectively.
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Figure 5.8: Averaged temperatures of thin-skin calorimeters based on coverage: full,

partial, or no coverage (12.7 mm diameter, 9.6 g deposited mass test).

Figures 5.8 and 5.9 use the coverage from the rebrand pile of the thin-skin
calorimeter array at the beginning of the test. This method produces trends with
how long di erent heat uxes last.

Another way to visualize these trends is by looking at the spatial distribution
of heat ux. The thin-skin calorimeter array provides a way to look at how heating
changes based on pile location. Figure 5.10 shows how heat ux evolves spatially
throughout a single test. The areas of highest heat ux change throughout the test.
The rst time step shows two areas beginning to heat which are further heated in

the following time step. At the third time step, though, the area of highest heat
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Figure 5.9: Averaged heat ux of thin-skin calorimeters based on coverage: full,

partial, or no coverage (12.7 mm diameter, 9.6 g deposited mass test).

ux has shifted towards the middle of the array. The middle area continues to have
the highest heat ux for the rest of the test. The dashed lines represent 14 kW/f
a critical heat ux condition for radiant ignition of wood.

Figure 5.11 shows three spatial maps of heat ux for a single rebrand and for
a pile of 9.6 g of rebrands. The comparison shows an instantaneous snapshot of
heat ux, the average heat ux throughout the test, and the maximum heat ux for
the entire test. The single rebrand heats a large area, indicating the importance
of re-radiation from the rebrand. The heating in the large pile does not show the
same trends. Similar to Figure 5.10, the heated area changes. For these gures, the

color scale changes between gures to show the heated area trends optimally.
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