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Chapter 1. Introduction

1.1 Background

While fire is a very common phenomenon almost eveeyutilizes for heating
or power, it also has the capability of growing ofitontrol, presenting a dangerous
situation to human lives and properties. While fwras studied scientifically as early
as Faraday, further understanding of fire aids @mmdnotes human welfare, whether
utilizing fuel more efficiently or preventing firelated disasters. To create a general
understanding, scientists often give a qualitadiescription of fire as a distribution of
flammable material which mixes with air, is heateshd reacts, exothermically.
However, to get a more quantitative descriptioriraf, work still needs to be done.
Experimental data should be obtained under a vadge of conditions and correlated
with appropriate parameters. The fire process carlisided into elements which
each can be calculated using basic laws of natjre [

This study here will focus on fire spread, wher@yant flows aids the heat
transfer to a burning fuel, advancing the fire fraha rate that typically accelerates
with time. The study extends the previous work bglléer et al. [2], trying to
compare new results to an existing theory and dfyarg the influence of whole
arrays of discrete objects on flame spread. In shisly, a laboratory experiment is
used as a scale model of a full-scale scenariongryo find the fundamental
mechanismsof fire spread phenomenon through different maleria complex

configurations.



1.2 Cable Tray Fires

Electric cables are ubiquitous in both high tedbgy and household
applications. It also plays critical functions iuakear power plants (NPP) and
telephone-switching buildings. Power cables prowetitricity to machines such as
motors, transformers and heaters. Control andumsgntation cables also connect

plant equipment as switches, relays and contatts [3

Electrical cable insulating materials preserseaous hazard as a fire fuel
load located adjacent to a potential ignition seufthe cable itself). Insulation on
these cables consist of a variety of thermoplastid thermoset polymer, which can
be an intervening combustible during a fire. Eleatables have been a key factor in
many fires in NPPs over the years. For examplel9n5, a major electrical cable
system fire occurred at the Brown Ferry NucleanPtan by the Tennessee Valley
Authority. The fire was started by an employee was using a candle to check for
air leaks through a fire wall penetration seal [@je fire was not been put out until
seven hours after ignition and caused damage to I6@0 cables, resulting in the
shutdown of two nuclear generating units for mdranta year. The damage was
extensive because of the flammability of the cgltbaracterized by ease of ignition
and flame spread properties. Property damage téathity was estimated at about
10 million dollars (US), and the cost of replacempawer was approximately 10
million dollars (US) each month [4]. Table 1.1 aldmws some other fires involving

cable trays.



Table 1.1: Sever Fire Incidents involving cablés [4

14

N
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Affected Plant Unit Incident Date FireType

San Onofre, Unitl (USA) 12/03/1968 Self-ignited cable fire resulting
from changes in cable layout (size).

Greifswald, Unit 1 07/12/1975 Large switchgear and cable fire.

Beloyarsk, Unit 2 (Russia 31/12/1978 Large cable fire in turbine hall
propagating to other plant areas
resulting in severe damage |[of
redundant instrumentation.

South Ukraine, Unit 2 14/12/1984 Cable fire inside containmg

(Ukraine) propagating to various plant area

Kalinin, Unit 1 (Russia) 18/12/1984 Large turbinalHire with several
pilot fires at a power cable.

Ignalina, Unit 2 05/09/1988 Large cable fire by self-ignition

(Lithuania) causing damage of various cables

Waterford, Unit 3 (USA) 10/06/1995 Switchgear efirpropagating via

2

vertical cables and a fire barrier fto
horizontal cable trays.

While there has been significant improvement in shéety of cable due to

added fire retardants in cables and enhanced gestid regulations, the growing use

of large trays of electrical cable (e.g. servermed and their critical roles in safety

create a pressing need for further study. Ongoingkwn electrical cable tray fires

has sought to accordingly predict damage pattaaiss of spread and total heat-

release rates that may be aided by a small-scaldelmg tool such as the one

proposed here.



1.3 Wildland Fire Risk

A wildland fire is a fire in an area of flammablegetation that happens in a
wilderness area whether it is an uncontrolled foecurring normally or an
intentionally prescribed fire for fuel maintenan®éildland fires have been a primary
disturbance affecting occupants, fire fighters aachmunities surrounding wildlands
(dubbed the wildland-urban interface or WUI). Adl@nd fire is different from other
kinds of fires because of its extensive size, ffeed at which it spreads out from its
original source, its probability to change spreadation unexpectedly, and its ability
to jump gaps such as roads and rivers. A significacrease in wildland fires are
predicted in the United States, South Africa artteoparts around the world. In the
United States, typically there are between 60,000 80,000 wildfires that occur
every year, burning 3 to 10 million acres of lanet gear [5]. While it is almost
impossible to eliminate the occurrence of wildfireerldwide, there are several
efforts order ways to predict and reduce the risd accurrence of wildfires near
critical WUI communities. When it comes to riskcén be defined as the probability
for the occurrence of uncontrolled, adverse conseces to human life, health,
property or the environment. In other words, riskhe exposure to a chance of loss
of something we value. So the wildland fire riskers to two aspect: (1) the chance a
wildland fire will occur in that area and (2) thetential loss of human values if it
does. Table 1.2 shows some wildland fires whichpkeapd in recent years causing a

considerable amount of loss.

The hazard of a wildland fire involves many feasurérst, the burning of the

fire damage many natural resources if the fuel doadthe environment are not

4



maintained. The environmental damage occurring ffarge wildland fires can be

disastrous, including smoke generated by the fineging the visibility, with toxic

gases posing risks to local communities. Lives Haan lost in such situations where

occupants don’'t evacuate in time and respondirgdidinters are trying to limit the

spread of the fires (e.g. Yanell Hill Fire [6]).

Table 1.2: Recent Wildland Fires in the United &tat

Y ear

Size
(acres)

Name

Area

Effects

2013

25,332

Rim Fire

California

Occurred in YosamiNational
Park. Biggest wildfire on record
in the Sierra Nevada, and third
largest wildfire in Californi
history. The city of Sa
Francisco went into a state pf
emergency.

2013

14,280

Black
Forest Fire

Colorado

Large, fast-spreading fire due to
dry conditions, high heat and
restless winds. The fire has
destroyed 509 homes and left 17
homes partially damaged. As [of
June 13, 2013 it became the
most  destructive  fire i

Colorado state history. The
estimates of damage re
expected to exceed $90 million.

2012

18,247

Waldo
Canyon Fire

Colorado

Located near Pikes Peak, north
and west of Colorado Springs |in
the Waldo Canyon. Destroyed
346 homes making it the second
most destructive fire in state
history. Two fatalities reported.

2012

297,845

Whitewate
Baldy

Complex
Fire

-New Mexico

Largest wildfire in New Mexicp
state history. Began in the Gila
Wilderness as two separate fires
that converged, both caused |by
lightning. Destroyed 12 homes




in Willow Creek, NM.

2011 34,000 Bastrop Texas The fire caused two confirmed
County deaths in the Bastrop area, gnd

Complex destroyed 1,691 residential

Fire structures, more than any other

single fire in Texas history. The
cost of the removal of fire debrjs
was estimated at $25 million.

Modeling has become a useful tool in wildland fiesearch, especially for
predicting the spread and quantifying risk. Wildlaires are driven by complicated
physics and chemical processes, occurring at difterscales ranging from
micrometers to kilometers. Because of the uncdstaimprecision and scarcity of
input measurements, many operational wildlandrficelels can’t be used as a perfect
form for the spread of wild fire. Currently, thenfilamental mechanisms responsible
for wild fire ignition and fire spread have not beexplained very explicitly. In
developing a better model for flame spread, funddelly understanding fire

propagation between discrete elements will be plexvihere.



Chapter 2: Theory

2.1 Burning Theory

Fire is a rapid oxidation of a material in the dwtnic chemical process of
combustion, releasing heat, light, and varioustreagroducts. It is an interaction of
heat, fuel and oxygen. Small fires become largesfby flame propagation. How a
material ignites and burns is a complex processhvhias been studied for years.
When a solid material’s surface is exposed to & bBearce and receives enough
energy, flammable vapors are produced through asrdecomposition (pyrolysis).
A small thermal source can then lead to ignitiontred vapor and oxygen mixture
when the concentration of flammable vapors becoiigh enough. If the heat
generated by the flame or another existing enemyce is able to maintain the
necessary flow of flammable vapors from the solidtenial to the gas phase,

sustained combustion of the fuel will occur [7].

2.1.1 Ignition of a Solid Fuel

To get a better understanding of the factors cdimtgothe ignition of a solid
material, several steps are outlined below to éxple process. Important factors in

ignition are shown illustratively in Figure 2.1 [7]



First, a solid material is exposed to a heat squmamsing its temperature
enough to chemically decompose pyrolysis producttuding gaseous fuels. This

decomposition procedure can be described as alizel@&rrhenius-type reaction,

g’ = AgeBs/(RT), (2.1)
where As is the pre-factorEs is the activation energy and is the universal gas
constantAs and Esare properties of the solid material. The Arrherggsiation is a
nonlinear function of temperature where a critipglolysis temperatureT, may

exist to allow a critical rate of production of piysis vapor.

AR T,

Figure 2.1 Factors involved in ignition of a safigaterial [7].

sufficient for ignition to occur. For a heated fidlid material, Equation 2.1 can be

adapted as

mF” _ foapyAse—Es/(RT) dx, (22)



wheredyy is the critical heated depth. As shown in Figutk BPefore the temperature
reachesTyy, m;"' does not increase much, however when the temperegachedy,,
mr has a drastic enough increase to allow for a gailotgnition. Alternate
definitions of ignition to the pyrolysis temperatualso exit, such as the critical mass-

loss rate for ignition [9] and are related in aifammanner.

If piloted ignition is considered, then B}, a sufficientniz"" is released out of
the surface of the material. The gaseous fuel typically diffuse via turbulent
natural convection unless the fire size is so srital mass diffusion dominates,
mixing with ambient air in a thin laminar flame shevithin the boundary layer. This
process will take some time to reach the ignitioergy, so the surface temperature

will continue to rise.

Last, when the combustible mixture is in contadhva heat source, there will

be an additional delay for the chemical reactioretich a flaming condition.
This three-step process leads us to an expressidhd time to ignition as
tig = tpy + tix t tchems (2.3)

wheretyy is the conduction heating time for the solid taaeTyy, tmx is the time
needed for the flammable gas to reach the pilagedion source antinemis the time

for the flammable mixture to proceed to combustobthe piloted ignition source.

2.1.2 Burning of Synthetic Polymers

Polymers are a large and growing fraction of the foad in household

applications, commercial environments and tranggpiori. The combination of



customizable mechanical properties, low weight, @asly processability makes them
an important part of today’s modern society. Mashmonly used polymers contain
a large fraction of carbon and hydrogen atoms, Wwhitakes their composition

similar to that of a fossil fuel [9].

As mentioned above, polymers are composed of largkecules with the
same intermolecular and intramolecular forces asrtwlecular weight compounds.
These chemical bonds need more energy to be btokemoduce volatile fuel matters.
A significant and continuous supply of thermal gyeis also needed for ignition and

sustained burning in this process [10].

Generally, flaming combustion of polymers involvesth physical and
chemical processes taking place in three phasegjah, interphase, and condensed
phase. The interphase is described as the inteantedtiveen the gas and condensed
phase during burning. An example of a horizontalymper slab burning with a
diffusion flame is shown in Figure 2.2. On the Jefind side, the physical processes
are shown which contains (1) energy transfer betwd® gas phase and the
interphase and (2) energy loss from the interplwsethe condensed phase. When

burning at typical burning rates, the polymer stefeetreats at a velocity of about 10-

6 m/s. Fuel gases are generated at a relativelyw®acity £10-3 m/s) compared to

the burning velocity of these flammable gases whered with air €1 m/s).

Accordingly, the fuel production is the rate limigi step in polymer flaming
combustion, and it is governed primarily by theerat which heat and mass are

transferred to and from the polymer, respectively.

10



The chemical processes are shown in the right-Batedof Figure 2.2, which
contain (1) thermal degradation of the polymer he interphase as the result of
energy transfer, (2) mixing of the gaseous fuehvaiir by diffusion, and (3) burning
of the flammable gas mixture in a combustion zoftee combustion zone begins
within a fuel-rich region toward the middle of tpelymer and ends at a fuel-lean
region on the outside. The chemical and physicatgsses of flaming combustion

particular to each of the gas, intermedia, and enseld phases are treated separately.

Significant parameters that determine the burniatg thave already been

developed in the following equation [11]:

ST AT
ml! — QF QL : (24)
Ly

whereQy andQ;’ refer to the heat flux from the flame and heak floss from the
surface, and., is the heat of gasification. Equation 2.4 is asstino apply to a
quasi-steady state. The heat loss t@ffis transient as it contains conductive losses
via the solid which will diminish with time as tlsolid heats. Because of the high
temperature of the polymer’s surface, radiativet hess from the material is very
large. IfLy is presented for a noncharring material, it cavdd&l under stead burning
and the noncharring material might be considerediaasng all fuel converted to
vapor products. Otherwise, between the polymer madtend the fuel phase, there is
a layer of char which will thermally shield the dfieated fuel beneath. The charring
layer will cause even higher temperatures and tineithg behavior may consequently
change, leaving only a fraction of the material tten be converted into a flammable

gas.

11



PHYSICAL

CHEMICAL

AIR

COMBUSTION ZONE (Fuel/Air Mixture)

Fuel Rich Limit

Fuel Lean Limit
FUEL &

A

Far Field

Radiation
Gas Phase l o
Surface Radiation
Reradiation /l/
Flame w
Convection Vaporization

Mesophase

Cond;nsed Phase Conduction

Pyrolysis, Charring

Devitrification
and Melting

Figure 2.2 Physical and chemical processes inlaéingirig combustion of a polymer

[10].

2.1.3 Burning of Woods

Unlike synthetic polymers, wood

is a natural polym&hich is

inhomogeneous and nonisotropic, mostly composecktilose, hemicellulose and

lignin. These three components will decompose fétreéint temperatures as shown in

Table 2.1, releasing volatile compounds [12]. Tlees wood products don’t

naturally have a fixed ignition temperature, thening instead occurring over a

range, where the probability of ignition eventudlgcomes high enough to occur.

12



Table 2.1: Decomposition temperatures of diffecamponents in wood [13]

Substance Decomposition Temperature
Hemicellulose 200-260 °C
Cellulose 240-350 °C
Lignin 280-500 °C

When wood is exposed to a heat source, waterdiests to evaporate from
the surface of the wood. With gasification begimgnat the wood surface and the
temperature deeper inside the wood continuing ge, revaporation of water will
occur from the interior of the wood. As this belmvcontinues, the area that is
pyrolysed spreads into the wood [13]. Lignocellidomaterials decompose in 2
sequential processes. First, under 300°C, degoadafi the polymers occurs by the
breaking of internal chemical bonds, dehydratioormiations of free radicals,
formation of carbon monoxide and carbon dioxided dormation of reactive
carbonaceous char. Second, over about 300°C, #akibhg of secondary chemical
bonds occurs, including the formation of intermésliaproducts, such as
anhydromonosaccharides, oligosaccharides and paolyaddes. The combustion
process then proceeds similar to what happenspolyamer material as described

above.

2.2 Flame Soread

The fire hazard of a flammable material relies oangnfactors such as its
ignitibility, heat-release rates and flame spreatd.r Because the growth of a fire,
including its heat-release rate depends on flameaslp it is critical to understand the
rate at which a fire spreads under many differenarios. Flame spread can be

described as a forward-propagating front wherddhding edge of the flame plays a

13



role as both the heat source raising the fuel aloédte flame front to its ignition
temperature and also as the source of pilotediggnifThere are many parameters
which are known to be important in determining tla@e of flame spread over

flammable solids, including both material and eanmental factors [14].

Material factors include both chemical and physfeatures of the flammable
material. The chemical factors refer to the comjpmsiof the fuel and the presence of
flame retardants causing effects such as solidegpblarring which may insulate the
material or gas-phase flame retardants which chadiyignhibit the flame. The
physical factors include the fuel's initial tempiena, thickness, thermal properties,
geometry and environmental factors consisting efdabmposition of the atmosphere,
its temperature, existing heat sources and theowoding air velocity. The
composition of the atmosphere generally referfi¢oaxygen concentration in the air.
If the oxygen concentration is high, materials témagnite more easily, resulting in
flames spreading faster and materials burning higher rate due to an increased
reaction rate and flame temperature. With an irsingatemperature of the fuel, the
flame spread rate also increases, as the highanmitiz¢ fuel temperature requires less
energy to raise the unburnt fuel to a sustainaiphétion temperature ahead of the
flame. An existing heat source will also preheatfilnel surface which will lead to an

increase in the rate of flame spread.

Fire researchers often simplify the complexity @k tcomplex chemical
process occurring in both the gas and solid phagekr studying flame spread,
instead relying on the results of simplified meth@hd empirical correlations from

small-scale fire tests which are useful in the ea@abn of the fire hazard of a given

14



material. To simplify interpretation of these kewgesses, the flame spread process
is considered here as a one-dimensional flame petjpe. An energy conservation

equation encompassing a flame front can be wratei5]
pVAh = q", (2.5)

whereV is the flame spread ratg,is the density of the fuelg” is the rate of heat-
transfer per unit area to unignited fuel attdis the difference in thermal enthalpy
(per unit mass) between the fuel at its ignitiomperature and its initial temperature,

which can be expressed as [15]
Ah = Cp(Ti - TO)! Q)Z

whereT; is the ignition temperature of the fudly is the initial temperature of the
flammable material and, is the average heat capacity (per unit mass) legtlyend

To. Here the ignition temperature is defined as tlaimum fuel temperature on the
surface of fire inception. Applying Equation 2@ Equation 2.5 then results in the

flame spread rat&/ expressed as

1

v=—1 R.7

cp(Ti—To)p ’

Based on Equation 2.7, the flame spread rate depmmng’’ , the heat energy
transfer rate to a given surface per unit area,nlagerial properties and the initial
temperature. As we can generally define the matepi@perties and initial
temperature, the rate of heat trangférwill become the controlling mechanism of

flame spread in Equation 2.7 and also the primangerns of this study.

15



Flame spread over a solid material can be dividenltwo regimes: thermally
thin and thermally thick. For a thermally thin sblit is assumed that there are no
spatial temperature gradients inside the matelted. prerequisite is that the thickness

of the solidd is less than the thermal penetration depth

d«&z¢az“$m, (2.8)

wherea is the thermal diffusivity and is the time the area of the material

sustain a heat.

Then, for small ignition times, the time to ignitics

pcpd(Tig—To)
tszLﬁLi, (2.9)
whereg, is the external incident heat flux.

For a thermally thick material, the thickness o thaterial must

be
d >» 6; =~ at, (2.10)
which for small ignition times is
- 2
thgmwciﬁ), (2.11)

wherekpc, is the thermal conductivity, density and spediféat capacity of the solid

fuel respectively.

16



2.3 Porous and Discrete Flame Soread

In wildland fires, flame propagation occurs alongliacontinuous fuel bed,
often defined as a porous fuel where fuel partialesrelatively homogeneous. Pagni
and Thomas [16], for example presented a methopradict a steady-state flame
spread rate through a thin, porous layer of fusfuened to be a one-dimensional,
homogeneous, porous fuel layer. The rate of enaayysfer from the combustion
zone to the fuel is assumed to dominate the raflawie spread. The energy-transfer
mechanisms assumed to preheat the fuel includetefEnd ember radiation, surface
and internal convection, turbulent diffusion ofrfla eddies and gas-phase conduction
[16]. Ambient flow, fuel moisture, fuel bed slopedaendothermic pyrolysis were
also considered in the analysis. The results of tiests lead to conclusions that
without ambient flow, the controlling preheatingehanism is flame radiation, with a
contribution of ember radiation and gas-phase coinaly, however with the presence
of ambient flow, the dominant preheating mechanksmsomes a combination of
convection along with a considerable contributimnf flame radiation, where energy
transfer by turbulent flame eddies and the eneifggoded by pyrolysis prior to

ignition can be neglected.

More recently Finney et al. conducted a set of datmwy experiments in
discontinuous fuel beds where the gap structurpthdand slope were varied [19].
Fires in these fuel beds showed that thresholdst éar horizontal spread which
depend on environmental factors such as the amwient fuel moisture content and
depth of the fuel bed made of fine fuel (excelsi&Qr experiments with and without

wind in discrete fuel beds, fire propagation ocedronly after direct flame contact.
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It can be summarized from the previous studies tiatdifference between
discrete and porous fuel materials lies in whichtda is treated as the primary
controlling factor in pre-heating the fuel and tlilasne propagation. In the burning of
fine discrete materials, the net radiative hea#ipgears insufficient for fire spread so
that convective heat transfer plays an importalat irofire spread. In denser material,
which might be defined as porous, without forcedhwvaxtion, the controlling
mechanism is flame radiation. These analyses havadbimplications for method
used to model fire propagation, particularly thgpartance of convective heat transfer

and the features of flames distinguishing bothréigcand porous fuel types [18].

In the real world, many materials are often plaicearrays of discrete patterns
whose combustion properties may be different tihat of a homogeneous material.
Because of safety hazards, economical factors, th@ddifficulties of controlling
boundary conditions, a full-scale experiment is aletays applicable. A laboratory
scale model may instead be used as a scale moddiutifscale experiment. To find
the fundamental mechanisms responsible for firgpggation, matchsticks, paper
arrays and other fine fuel arrays have been emglaydaboratory experiments to

determine the properties of fire spread behaviér.[1
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Chapter 3: Literature Review

Many studies have been devoted to modelling flapreasl along
both thermally thin and thick solid materials. Sgmteexperiments through discrete
fuel elements have been conducted in vertical,zbatal and sloped configurations.
A theory was developed using a constant ignitionperature and a flame standoff-
distance profile, which achieved remarkable agredmath experimental results,
suggesting that convective effects dominate in expnts at laboratory scale [20].
Some later studies were also conducted in moddiedl lager configurations. Also,
some buoyancy effects have been incorporated texperimental and theoretical

aspects of fire spread through discrete fuel elésnen

3.1 Flame Propagation along Matchsticks and Paper Arrays

Arrays of wooden dowels have proved to be a usaeithod to model small-
scale fire spread phenomena between discrete lerakats. Although real fires may
be larger and more turbulent than those condudtkdbaratory scale with these small
fuels, much can still be learned from lab theseeexpents, especially about the
fundamental mechanisms of fire spread between adesduels. Then similarity to
some wildland fuels also leads to a great analodly which to study wildland fire

spread behavior [21].
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Before using matchstick arrays, Fons presentedthaddo investigate how a
wood cylinder ignites under rapid heating [22], gk@mto fire conditions present in
wildland and structure fires. The time required $etf-ignition of a wooden cylinder
was recorded and the internal temperatures obsehedg the ignition period of a
wood cylinder inserted in a furnace were presentée. ignition time was defined as
the time interval between insertion of the specimaed the first appearance of a
flame. Different furnace temperatures and sizethefspecimen were used to record

effects on the time of ignition. With an increaddle diameter of the specimen, the

ignition time decreased as~1/+d. Also, the results showed that the rate of heating
affects the ignition time significantly. Given thmelationships, the ignition time and
therefore the rate of spread is affected by then@ss of the fuel material. As such,
flames spread more readily through finer, less eléngls which are more easily

ignited by a passing flame, such as those oftendon wildland fuel beds.

Experiments through discrete fuel elements hava laeeomplished in either
horizontal or inclined configurations. Vogel and INdims were the first to employ
vertical wooden matchsticks of different lengthsl apacings to model horizontal fire
propagation along fuel elements. They determineglired conditions for flame
spread as well as presented a model for the formancement of the fire [20]. Figure
3.1 shows their experimental apparatus. A theorg developed using a constant
ignition temperature and a flame stand-off distapiedile from a previous study of
steadily-burning cellulose cylinders for the igaititime, propagation rate, burning
time, char angles and downward propagation ratevdmet matchsticks [22]. The

close agreement between theory and experiments teathe conclusion that
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convective effects are the primary controlling éacin flame propagation at

matchstick-size scale.

Figure 3.1 Flame propagation along a linear maihsrray from Vogil and

Williams [20].

Emmons and Shen utilized paper arrays to model efl@pread in the
experiments [23]. Figure 3.2 shows a diagram ofrtlexperimental apparatu
Measurement were taken of the rate of fire spréadugh horizontal paper stri|
placed on their edge, separated by different spacirigsas found that the ignitic
times observed represented several different bgrmiodes and that steady burn
occurs at two different speeds. However, attertptBnd a more complete theo
failed beause there was no overall narrowing of the mechamesponsible for i

that couple geometrical configurati
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Shen between horizontal strips of paper [23].

Prahl and Tien continued work on flame propagalietween single rows of
vertically-oriented matchsticks and in rows of ¢gonbus paper strips, now adding an

imposed ambient velocity from a wind tunnel [24heTanalysis attempted to extend
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the previous work of Vogel and Williams by includimdditional effects of forced
convection in the flame spread direction. Figures éhd 3.3 indicate the details of
their experimental set up. Based on a combinatibnelementary theoretical
considerations and empiricism, correlations betwisane propagation, wind speed,

matchstick or paperstrip spacing and fuel heighevaeveloped and verified.
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blows from the right fan to the left fuel bed) [24]
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Figure 3.4 Details of firebed used by Prahl andh {japer strips clamped down at

both end of the fuel bed) [24].

Experiments expanding on horizontal matchstickyariay Hwang and Xie
[25] added the influence of a sloped configuratiith more experiments on paper
arrays in similar but larger configurations perfedrby Emori et al. [26], Weise and
Biging have also combined some buoyancy effects itte experimental and

theoretical aspects of fire spread through disdretbmaterials [27].

Of all previous studies on arrays of fuels, onlg dras been conducted on a
vertical array. Gollner et al. performed experinseon vertical arrays of horizontally-
protruding matchsticks to explore the behavior pivard flame spread over discrete
fuels in the laboratory [2]. Figure 3.5 shows thapid flame spread observed for
loosely-packed arrays of matchsticks in their expents. When the spacing between
fuel elements was increased, the flame spreadwaseincreased due to increased
convective heat fluxes from the heated, buoyanw.fldnlike propagation through
horizontal arrays, where a steady state is oftached, flame spread through

vertical arrays of matchsticks is driven by buoyamehich results in an accelerating
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rate of flame spread. A theory for flame spreadgsaburnout times and burning rates

was developed for flame spread through a singlecat¢row of sticks.

Figure 3.5 Side (top) and front (bottom) video shmghe fire behavior observed
during experiments. (a) S=0.8 cm array, flame ragidn face of matchstick tips; (b)
S=0.0 cm single row, flame spreading up matchsti@ysS=0.6 cm single row, flame
spreading up matchsticks; (d) S=0.8 cm single ftame spreading up matchsticks;
(e) S=0.8 cm single row, matches burning out andliog upward; and (f) S=1.4 cm
single row, flame spreading up matchsticks. Note)—(f) are single-column
experiments, but holes left from arrays in the miegeking are seen in some of the

front images [2]. S indicates the spacing betweatchsticks.
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3.2 Flame Propagation along Cable Trays

Practically, matchsticks arrays and other discfe& configurations present
similar features to flame spread through cable strapd some wildland fuels.
Insulation on electronic cables can provide a aersible density of flammable
material when these cables are arranged in large tnays, such as those found in
nuclear power plants and telephone-switching bogsli In fires in cable trays, a
small fire started on a lower wire tray will igniteires above and then spread both
vertically and horizontally through the trays. Imeory, scale modeling using fuel
arrays may assist in the process of designing thesgs so that flame spread is

limited and maximum heat-release rates of ecdbdys are reduced.

Hunter, [28] developed an early model to descriamé& propagation through
horizontal insulated cables and cable trays whiehevexposed to a fire plume, based
on tests performed by Klamerus. The model inclutletdted-oxygen effects by
assuming that if the oxygen concentration is nstificient for ignition, the gas also
can accumulate elsewhere and burn later. Ignitielaydtimes and attainable mass
fluxes of flammable gases generated by the caljeviere predicted. The delay time
increased when the outer radius of the shell otcdide increased, in another words,
additional coatings extend the ignition delay tifoe cables. Longitudinal heat flow
was considered as a key factor to prevent dirggtiagn of single-conductor cables in
the cool plumes encountered over cable-tray firegire 3.6 gives a demonstration of

Klamerus’ tests [28].
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Figure 3.6: Upward fire spread in a stack of hartabopen-bottom trays filled with
cables [28].

Alvares and Fernandez-Pello developed an analgsimiques to predict the
characteristics of an actual power and communioatable fire, which occurred on 8
May 1988, in Hinsdale, IL [29]. The characterisparameters included the fuel
burning rate, heat-release rate, smokes and HCEkrggon, growth of the smoke
layer, smoke and HCL concentration in the layed amoke detector and sprinkler

activation times. The analysis presented a simgllernative way to estimate the

development of the fire.
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Chapter 4: Experimental Approach

4.1 Method Summary

While Gollner et al.’s previous study provided sfgant insights into the
problem of flame propagation through a single rascigte fuels, it was unable to
guantify the effect of wide arrays of discrete @lge where flame spread occurs in
two dimensions and is often limited by the high sign of available fuel and
interactions between fuel elements. In this styghgvious work is extended by
performing experiments on wide arrays of birch deweith different spacings.
Flame spread occurs both upward through the arral l@orizontally between
columns of dowels as the spacing decreases. Waiidss rof upward flame spread
along the center column are well-predicted throute low density arrays,
experiments are found to propagate upward sigmfigasslower through the higher
density arrays than predicted. This work will do@nhand attempt to describe these
effects, with planned work in the future focused dqurantitatively predicting these

effects.

In this study, an array of wooden dowels were itesemto aluminum plates
with different spacings of 0.75, 0.875, 1.0, an8 &m between dowels. Wooden
birch dowels with a diameter of 0.32 cm were cutht® length of 3.18 cm and then
sealed in an airtight plastic bag until just bef@eeperiments, where they were

exposed to the laboratory environment. Temperatm@ humidity measurements
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were taken during the experiments and varied betw88-74°F and 44-46% relative

humidity.

To prevent effects of the moisture content of tlmoavfrom affecting results,
tests were performed at different spacings on mdiffe days, multiple times and no

variation with different ambient conditions was ol

4.2 Experimental Setup

Figure 4.1 shows an example of the experimentabi@bps used in the
laboratory along with the configuration for fourffdrent spacings. The arrays of
wooden dowels were inserted into pre-drilled alwmnplates which are also shown
in Figure 4.2. The aluminum plate is a rectanglgh & length of 25.4 cm, width of
20.3 cm and a thickness of 0.5 cm (with an exceptiging the 1.0 cm spacing plate,
where the thickness is just 0.2 cm). The platesewmainted black with high-
temperature matte paint and also provided cleacespdoth below the array of
dowels and on the sides in order to reduce thetsfigf entrainment at the edges of
the plate from influencing test results. The alwmmplate was mounted atop a drip
pan used to collect any material that may droprduburning. Both were placed atop
a load cell to measure the mass of the experimest ttme. The load cell was an
AND GF-6100, with a measuring range from 0.5 to@80D01 g. The load cell is
connected to a computer, reading the mass dat#aieg per second during the tests.

Figure 4.3 gives the appearance of the entire appsmbefore a test.

The apparatus was placed below a fume hood to tremtproducts of

combustion and curtains were placed around theutar edge of the setup to reduce
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The apparatus was placed below a fume hood totkientroducts of combustion and
curtains were placed around the far outer edgéhefsetup to reduce flow effects
from the laboratory from influencing the experimehlte hood was installed 115 cm
above the worktable, with a dimension of 92 cmeimgth and 50.5 cm in width. The
curtain was draped around the hood, with only ade spen for the operation of

experiments.

Two cameras were used in the experiment. One way, Sugh-definition
camcorder, recording at 60 frames per second ¢gsuring a wide-angle front view
of the entire apparatus, including the spread tardd heights. Another was a Casio
EXX-H, high speed camcorder, recording at 300 fh&ctvwas focused close up at an

angle to burning matchsticks.
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Figure 4.2 Pre-drilled aluminum plate with spacoi@.875 cm
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Figure 4.3 Experimental apparatus used with am@gacing plate

4.3 Test Specimens

The test specimens are commercially available bivobden dowels of 0.32

cm diameter. The wooden dowels were cut into 3rh8ang before each test. This
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length was chosen because the top of the wooderldavere far enough from the
pre-drilled aluminate plate to avoid a regime ofgwall burning, while also not

being so far that they “curled” toward one anotth@ring burning.

Table 4.1: Experimental configurations tested, wi®4l is the ratio of the spacing to

diameter of wooden dowels.

Spacing (cm) | Dowel Diameter | S/d Ratio
1.t 0.32 4.72
1.C 0.32 3.1t
0.87¢ 0.32 2.7¢
0.7% 0.32 2.3¢€

4.4 Experimental Procedure

Wooden dowels were first cut into 3.18 cm long segts, using a band saw.
The 3.18 cm matchsticks were sealed in an airfpdggtic bag until just before the
tests. All the wooden dowels were then inserted pne-drilled aluminum plates with
different spacings, leaving = 2.68 cm of wood exposed lengthwisgwith an
exception being the 1.0 cm spacing plate, wher¢hilskness of the plate was just 0.2
cm, due to availability of material for machining)dditional matchsticks parameters
are provided in Table 4.2, with the number of columns amdthe numbebof rows,
M; the initial total mass of matchsticks afsdhe total exposed area on the surfaces of

the matchsticks.

Experiments were started by igniting one dowel g@dialselow the center or the

left-most column of the bottom row. This dowel wgsited with a standard lighter
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while a metal plate was held in place above it tevent ignition or preheating of

sticks above. The experimental time began oncendéttal plate was removed.

Table 4.2: Experimental setup and initial condision

Spacing Columns Rows Initial Mass | SurfaceArea
S(cm) w n Mi (9) Ai (cm?)
15 11 10 11.85 305
1.0 17 16 21.88 837
0.875 19 18 36.83 949
0.75 23 22 54.50 1403
0.75 23 2 4.95 127
0.75 23 3 7.43 191
0.75 23 4 9.91 255
0.75 23 5 12.39 319
0.75 23 6 14.96 383
0.75 23 7 17.34 447
0.75 23 8 19.81 511
0.875 19 2 4.09 105
0.875 19 3 6.14 158
0.875 19 4 8.19 211
0.875 19 5 10.23 264
0.875 19 6 12.28 316
0.875 19 7 14.32 369
0.875 19 8 16.37 421
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4.5 Analysis

For each test, data was collected on the massritesof the entire array,
ignition and burnout times of the individual matttls and flame height of the entire
array. Masses measured by the load cell were ctad/erto mass-loss rate by taking
the derivative of polynomial fit to the mass lokinition and burnout time were
carefully derived by manually stepping frame bynieathrough a 300 fps recording
of the experiments angled at a 45° angle to thetfad the array. Ignition was
distinguished by observed blacking of at least ®%e matchstick being observed,
while burnout time was indicated by no flame renmanclose to the matchstick in
guestion. Observations of a matchstick require daeeto flames flicking around the
region in question, however observation were oftérscured by 5 frames (0.1
second), well with other errors encountered in élperiment. Flame height were

found using a technique on front video similar teyiously described technique.

The spread of flames through the matchsticks amesrecorded by a front-
facing Sony, high-definition camcorder, recording 6® frames per second (fps)
capturing a wide-angle front view of the entire agpus, including spread and flame
heights. In experiments along single matchsticks<Glojiner et al. [2], ignition was
recorded with a side-facing camera, this was nabtoin present tests because the
dense columns of matchsticks obstructing the viBsvovercome this, a high speed
camcorder, Casio EXX-H, was used to observe theraxents at 300 fps which was
focused close up at an angle to burning matchstit&sget the best observation of
igniting matchsticks between flames, the high spesdera was placed at an angle

slightly off center line of the plate. In ordertrack the spread process of the flame
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spread, the high speed video was carefully revielWwgdnalyzing the footage, frame
by frame after tests. This method is the same en& adetermine the ignition of
matchsticks in Gollner et al.’s previous study, adnly useful for these small scales
experiments because flames are not large and beightigh to obscure a view of
pyrolyzing from a side view camera. Ignition wadigied as the point where 50% of
the matchsticks had blackened and burnout was etkfas the point when flame
adjacent to the burning matchsticks couldn’t obsdrin the video. To get the mass
changing information, a load cell is connected toomputer, reading the mass data

1.7 times per second during the tests.

Chapter 5. Experimental Results
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5.1 Physical Observation

After removing the metal plate separating the fgsited matchstick from the
array, flames spreads above the ignited matchstigkinging on the matchstick
vertically above and started heating. Flames frobendenter bottom matchstick pass
on to the matchsticks above them, giving heat émntland leading to a faster spread
process that ignites the whole column or array lamchs until all flammable gases

have been consumed.

In the widest spacing, 1.5 cm, the flame spreasisglong the center column
of the matchsticks without igniting sticks to erth&de, as shown in Figure 5.1,
similar to previous experiments by Gollner et 2l. [As the spacing decreases, up to
1.0 cm, the flame primarily spreads along the aeca®imn, however towards the top
row some horizontal spread occurs, with ignitiomudtchsticks in adjacent vertical
columns, shown in Figure 5.2. In 0.875 cm and @mM5spacings, which are shown in
Figure 5.3 and 5.4, flame spread occurs both \adigi@and horizontally. The rate of
upward spread was noticeably slower than in thedlyspacked arrays. White smoke
was also observed, indicating some position oftélsés were in an under-ventilation

condition.
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Figure 5.1 Front video showing a time-lapse oflibbavior of experiments with a
spacing of 1.5 cm. Note only the center row of rhsticks ignite during the spread
process
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Figure 5.2 Side video showing a time-lapse of thleavior of experiments with a
spacing of 1.0 cm. Note that a majority of flameesyal occur in the vertical direction,
however some wooden dowels to the left and riglihefcenter column begin to

ignite.
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Figure 5.3 Side video showing a time-lapse of thleavior of experiments with a
spacing of 0.875 cm. Note that from the base otttperiments, flame spread
immediately starts to spread horizontally, everiyualolving the whole array.
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Figure 5.4 Front video showing a time-lapse oftibbavior of experiments with a
spacing of 0.75 cm. Note that flame spread, froenbifise, occur both vertically and
horizontally, eventually involving entire array.
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5.2 Vertical Flame Sporead

5.2.1 Experimental Results

To follow the flame spread along matchsticks, ahhgpeed camera was
placed at an angle about 45° off the center ofettfgeriment set up. This angle was
chosen to overcome the flame obscureness of pyngiyzel. Pyrolysis frontx, was
defined as the vertical flame spread over matdkstitgnition was defined as at a
time when a 50% blackened matchstick was obsermdddatermined by analyzing
video footage, frame-by-frame. The method is samtbe determination of pyrolysis
of Gollner et al. [2] on the single row of matchkkti flame spread study.
Measurements from each test in each spacing weseaged at each time step.
Although blacking is not the actual beginning ofitgpn, it gave the most
approximate way that could indicate the ignitionrmei in different spacings

experiments. Figure 5.5 shows the progressiohepyrolysis front.

Models for vertical flame spread predict power-ld@pendencies between the
pyrolysis front and time of the form,~t% because of the influence of buoyancy,
which has been reviewed by Fernadez-Pello and blifa@] and verified for use in
matchstick arrays by Gollner et al. [2]. The pouaw fit was applied to fit ignition
time versus pyrolysis front, which shown in Figwe. In the 1.5 cm spacing
experiment, the flame experienced a linear propagatvith time, while other
spacings fit a power-laws with the exponent frodh tb. 1.6. With increasing spacing
between each matchstick, flames more readily dyr@ctpinge on the lower surface

of the matchstick above, leading to an increagesating and shorter time for ignition.
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The velocity of buoyant, hot gasses also increasdseight increases above the first
ignited matchsticks, increasing the heat-transéafficient and therefore decreasing

ignition times and thus increasing the flame spredel

Note that for the densest-spaced data, 0.75 cminggathere is a sharp
increase in the flame spread rate near 70 sectvitite the other tests appear to have
experienced a more uniform acceleration, the chamgleis dense array test is most
likely due to further availability of oxygen as thames spread toward the end of the
array, where it is open to the atmosphere. Fudiszussion of this effect and related

experiments on horizontal propagation are shover.lat

5.2.2 Analysis

Vogel and Williams [20] developed a theory, calti@ ignition times
corresponded with flame jump times in their stufiharizontal arrays of matchsticks.
In the present experiments, ignition times do roptad to flame jump times in the
horizontal configuration because when heights e®es, buoyant hot gases flow
faster, increasing heating rates and shorteningiogntimes. For example, ignition
times increase as+* to t® when the spacings are smaller than 1.5 cm. Ignttines
in horizontal arrays were achieved only by use waasient heat-conduction equation,
while in the present experiments convection heatsier may be more appropriate to

estimate the ignition times and so explain releVvesat transfer processes occurring.
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As shown in Equation 2.3;; = t,y, + tmix + tenem, the ignition time for a
solid material contains chemical, mixing and pysidyprocess, however the chemical
time for ignition can be estimated and is on theéeorf 10* s, which is very small
and can be negligible in this whole process. Toagetpproximate estimate of the
mixing time, t,,;, can be calculated by assuming a laminar boun@ger lexits over
the surface of the matchstick. The matchstick cdddreated as a cylinder, where
6BL~d/\/R_ed , and the Reynolds numbRe,; was assumed to be between 50-500 for
this study depending on height. The boundary lagekness within which the
diffusion flame occurs can be estimatedSgs=~ W, wherea,, is the mass
diffusivity of gas. Then the mixing time can be eppmated on the order of 10
second for laminar flow. Therefore it is also msohaller than the pyrolysis time that

has been observed.

The ignition time for a thermally thin material caow be expressed as

PsCp,sA(Tp—Too)
¢, ~ ety Te) 5.)

where p; andc, ; are the material’s density and specific heat capaeihich are
constant material propertied, is the thickness of the fuel}, is the pyrolysis

temperature of the fuel and is assumed That T;,, T is the ambient temperature

g’
andg- is the average heat flux per unit area given &uhignited matchstick while
the flame puff around the surface. Because of #wt that the thickness of the

matchstick is less than its thermal penetrationtdép,~k,(Ti; — T)/ g’ ~ 0.1 mm,
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the assumption of thermally thin behavior is reatde. The average heat flux here
can be estimated from correlations for cross fldang a blunt body or laminar

convection down a vertical plate.

It is assumed that the heat-transfer is dominatgdcdnvection, ignoring
radiation effects due to the experiments small ,sizdated to a heat-transfer
coefficient, h which will be determined by a Nus$seumber correlation for the
different spacings experiment. For a buoyant flawGrashof number correlation
would typically be used, but when the separatiosui§icient where S is much larger
than d, an upper cylinder will lie in the “fake wegkof the lower cylinder [31]. In the
far wake, the details of the size and shape ofldlaer cylinder are unimportant,
therefore the flow can estimated as cross-flow @veylinder. The Reynolds number

can be assumed by using a forced-flow correlatibitkvcan be written as
Re, = pgugd/.ug ' (5.2)

wherep, andu, are the density and viscosity of gas, respectiaalju, is a buoyant

velocity approximated from the height of the matihs positionx,
Uy ~,\/gx, 5.3
whereg is the gravitational acceleration, and¢an be calculated as
x=0+d)xn+d, (5.4)

wheren is the rows number of the matchstick when the flasach in the

test.
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A correlation used here which can describe heatstea from the

flame to individual matchsticks is
Nuy = 0.344R,,*°°, (5.5)

whereNu, = ﬁd/kg is the average Nusselt number of the flow. Thisetation for
cross-flow over cylinders was used by Gollner e{3lto explain heat transfer from
vertical flames to single row of matchstick, aneégicted ignition time accurately in

their study, encouraging its use in present study.

Figure 5.6 shows the calculated pyrolysis front, aadunction of time,
compared with power-law fits to experimental ddtaven in Figure 5.5. In the 1.5 cm,
1.0 cm and 0.875 cm tests, the calculated igniiimes match a power-law fit to the
experimental data well. The flow in these spacwidknot only be around the edges
of matchsticks, but also touching the bottom amsiarfaces, bathing all the surfaces
with flame, so the heat transfer correlation foossrflow over a cylinder closely
matches in these looser spacings tests. Whenaire$ get to the higher matchsticks
in the tests, buoyancy makes hot gases flow fasteuylting in an increase in heat
transfer rates and a similar acceleration in thmé spread rate which corresponds to
the observation during the tests. This acceleranay also be caused by an increase
in radiative heating, however, the good match wirging the convective correlations
to explain the heating process reveals that coivesatot radiative heat transfer is the

dominant mechanism at this small scale.

Unlike other tests, the 0.75 cm test calculatedimmtimes are much smaller

than the experimental data fit line, which meaas# spread was much slower than
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the theory predicted. This result may be relatedthe configuration of the
matchsticks. In the 0.75 cm experiments, matchstiake close to each other,
occupying much more space than other tests which @k the air entrainment
from the environment. This may both block flamesyirheating above matchsticks as
well as reduce the availability of oxygen withirettest, reducing flame heights and
thus heating and spread rates. A limited-oxygemasoe is further corroborated due
to observations of significant white smoke duritgnfe spread and burning in the
densest configuration but not others, and alsousecaf a jump in the flame spread
rate toward the end of all 0.75 cm spaced tesgmabng increasing availability of

oxygen due to ambient air availability on the tdphe array.
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5.3 Burnout Times and Burning Duration Times

5.3.1 Experimental Results

Burnout times throughout the array were observéagusie same high speed
video technique and defined as the point when the® no flame observed in the
video. Figure 5.7 shows the results of center callmarnout times as a function of
height. The burnout data may be more subject torern observations as well as
inconsistent processes during the burning of singéchstick and not so clear as the
ignition time data. Trends however are still simtlathose seen in Figure 5.5.

The burning duration time was defined as the tim#vben the ignition times
and the burnout times. Figure 5.8 shows the burdumgtion times as a function of
height for the center column of each test. The ay@itime seems to be constant in
each test. Data from 1.5 cm and 1.0 cm experimargsionger than the theory
burning duration time; the 0.875 cm case showsreganes, the first part is from the
bottom matchstick to about the ninth row, for whibtle burning duration times are
around the theory line, the second part is fromtédmh row to the top matchstick,
which has a longer duration times compared to leerty line; the burning duration
times in the 0.75 cm tests have smaller values thartheory. From Figure 5.8, a
trend indicates that burning duration time will rease with decreasing spacing
between each matchstick. There are two possibldamegms which may affect the
burning duration times. In the denser spacing emparts, matchsticks next to each
other will limit surface exposure to flames andthepand also limit the outflow of

pyrolysis vapors from the wooden dowels. Anothemtabution, the lack of oxygen
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during burning process, may provide a better exgilan to match the observations.
Because of the fact that matchsticks were so ¢tosach other, it is possible that this
configuration limited enough oxygen to be entraingd the flow field to sustain the

burning of the matchsticks.
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5.3.2 Analysis

From Gollner et al.’s previous study, experimengsehshould be considered
as the case which spacing is large enough so Heatntatchstick burns as an
individual element. The method to analyze the datdurning rate is similar to the
analysis of Lee [32]. The theory for a single sptarfuel droplet can be regarded as
a cylindrical geometry. Explain  To get the mbss rate of a horizontal cylinder, a
Schvab-Zeldovich formulation with a flame-sheet wloand a correlation for flame
standoff distance is used. With initial raditis= d/2 , the mass loss rate for the

cylinder can be written as

. d drs .
m' = == (psrd) = 2mryps == = ' (ry), (5.6)

wherem' is the mass-loss rate per unit length of the dginandr is the radius of

the cylinder at time.

The burning duration time for a cylinder can becakdted as

tb = fri%dr . @

0 ru(rs) S
According to Lee’s studyn’(r;) can be found as

2mkg
Cp,gIn(rr/7s)

m'(ry) = In(1 + B), (5.8)

where B is the mass transfer number of the fuklx [Yy, oAH, — Cpo(Tp —
T»)]/AH, and integrating Equation 5.7, the burning duratibne for a cylinder

(S ~ ) is
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_ psCpgri[2In(ry/rs)+1] (5.9)

t
b 4k, In(1+B)

The ratio of flame standoff distance to initial ik&lin Equation 5.9n(r¢/7;)
is calculated from the correlatiolm(ry/r;) = 0.2(d/2)~%7%, withd in cm, derived
from Lee’s study [32]. The values of other paramsetesed to calculatg, are
presented in Table 5.1. The burning duration tinas walculated to be 17.04 seconds.

The prediction line is shown as dashed line in Fadu8.

Table 5.1: Values of properties used in burningatan time calculations.

Property Quantity Citation
B Mass transfer number, 1.75 [20]
Cpg Specific heat of gas 1065 ]/kg - K [20]
d Diameter 32x1073m
kg Thermal conductivity of ~ 0.06 W/m - K [20]
gas
In(7y /75) Flame to surface radius 0.79 [20]
Ps Density of solid 5x1073m [2]

55



5.4 Horizontal Flame Soread

5.4.1 Horizontal Experimental Results for Full Arsa

As mentioned earlier, in 1.5 cm arrays, horizofitahe spread barely appears.
In the 1.0 cm case, horizontal spread doesn’t slppwntil the flame reaches the 7th
row above the bottom and only 4 or 5 matchstickeehaeen ignited in the upper
rows. In the 0.875 cm arrays, horizontal spreadnse® be faster in the upper rows
than the lower rows, so some rows in the centéhe@firray may be heated from both
the upper and lower sides. In the 0.75 cm spacey,atame spread exhibits a 2-D
nature, spreading throughout the arrays in a fulshdped pattern. A plot of
horizontal flame spread in full arrays experimergsshown in Figure 5.9 and
indicates the linearity of the horizontal flame ppagation, which is the same as Prahl
and Tien [24] found in their study for horizontahtohstick flame spread under wind-
driven conditions. Also in 0.75 cm and 0.875 cstgethe horizontal spread rates are
very close, but the 1.0 cm spacing case showser fggread behavior which can also

be observed in upward flame spread.
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5.4.2 Horizontal spread experiments of differemts@f matchsticks

To gain more insight into horizontal spread alormpden dowel arrays, tests
on different rows of matchsticks were conductedizomtally as shown in Figure
5.10-5.14. In the 1.5 cm and 1.0 cm spacing testsnatter how many dowels were
inserted into the plates, there is no horizontakag appearing when the left-most
dowel in the bottom row were ignited. For the 0.&M5 cases, when there are only
two or three rows in the plate, flames only spremdome matchsticks in the upper
rows and will not burn all the matchsticks, showrFigure 5.10 and 5.11. The whole
row’s horizontal flame spread appears when the sdwgight increases to become
four and larger, shown as Figure 5.12. This indisdhat there is some influence of

nearby matchsticks on horizontal ignition and sgrea

1 LA

i YEESARAAAL

()20 (b)40s (©)60s ()80
Figure 5.10 No horizontal flame spread behavioppkaed with a spacing of 0.875

cm in 2 rows
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Figure 5.11 No horizontal flame spread behavioppkaed with a spacing of 0.875

cm in 3 rows.

2305 by 6lts ()90 s {d) 1205

{01505 {01805 (62105 () 2405

Figure 5.12 Horizontal flame spread behaviors wigpacing of 0.875 cm in 4 rows.
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Figure 5.13 Horizontal spread behavior with a spgaf 0.875 cm in 5 rows.

In the 0.875 cm spacing, when there are 5 rowfenplate, flames spread
horizontally along the upper rows from left to righeaving some matchsticks
unignited underneath, as shown in Figure 5.13 (ff#)-Then the flame spreads
downwards and back to the left, igniting some @& timburnt matchsticks, shown in
Figure 5.13 ((g)-(h)). A similar spread behaviwaakhows up in 7 rows test, shown

in Figure 5.14.
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Figure 5.14 Horizontal flame spread behavior wipacing of 0.875 cm in 7 rows.

5.4.3 Analysis

Figure 5.15 and 5.16 show the plots of horizonthé spread as a function
of time. The figures show a linearity of the hontal propagation, which shows
some similarities as depicted in Vogel and Willianstudy [20].Based on their

previous study, ignition time can be expressed as

N2
_ mk? (Tl To) (s — cl02%)2 | (5.10)

L™ aakd \1°-T,
wherek andk, are the thermally conductivity of solid and gaspectivelya is the

thermal diffusivity, which can be calculated by aetiona = pCL,Ti Is the ignition
h

eat

temperature, is the initial temperaturd;” denotes the flame temperatwes the
spacing between matchstickss a constant, whose value is 0.16 found in Vogedl a
Williams'’s research andis the length of matchsticks. Table 5.2 gives &alof all

the parameters in Equation 5.10. It indicates Wl row’s number increases, the

61



flame spread time decreases. This may be due tmdne probabilities for flame to

reach to the fuel in experiments with more rows.

Table 5.2: Values of properties used in ignitiondicalculations.

Property Quantity Citation
k Thermally 3.8 x 10_46_alSeC - [20]
cm
conductivity of the
solid fuel
kg Thermally 17 x 10_42_;1;8“ - [20]
conductivity of the gas
T; Ignition temperature 370°C [20]
Ty Initial temperature 25°C
T Flame temperature ~1500°C [20]
c Constant 0.15
l Length of the 1.0 inch
matchstick
Cheat Heat capacity 0.36 cal/g [20]
S The spacing between 0.29 inch | 0.34inch
matchsticks for 0.75cm | for 0.875
case cm case
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A comparison of the; given in Equation 5.10 with the experimental data
Figure 5.15 and Figure 5.16 appears in Table 5d3Table 5.4. Flame jump tinfg
is defined as the average time interval between &d{@cent matchsticks and

calculated as
At = —, (5.11)

wheret is the total propagation timeg,is the distance of the propagation and the

spacing between each matchstick.

Table 5.3: Comparison of Theoretical and Experiralelatopagation in 0.75 cm case

Row number s(inch) Theoretical ¢t; Experiment data At
(sec) (sec)
3 0.29 5.5 11.3
4 0.29 5.5 9.8
5 0.29 55 9.9
6 0.29 55 8.9
7 0.29 5.5 8.2
8 0.29 55 7.9
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Table 5.4: Comparison of Theoretical and ExperimleiAtopagation in 0.875 cm case

Row number s(inch) Theoretical ¢t; Experiment data At
(sec) (sec)
4 0.34 10.31 12.44
5 0.34 10.31 12.45
6 0.34 10.31 10.01
7 0.34 10.31 10.49
8 0.34 10.31 8.08
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Figure 5.16 Horizontal flame spread with a spach@.75 cm in different row
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Figure 5.15 Horizontal flame spread with a spach@.875 cm in different row
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Chapter 6: Conclusion

Study of full arrays of matchsticks has providedseful surrogate to explore
the flammability of discrete fuels, showing the liince of spacing has on the
upward and horizontal flame propagation. The fldighamics of the flow field
around the matchsticks is regarded as an impop@mtwhich will have a significant
effect on the heat transfer mechanism. Standard treasfer correlations for
observed flow scenarios were adapted to predidiagrtimes for matchsticks, which
revealed the controlling mechanism of convectivat lieansfer being responsible for
ignition at this small scale. Burning duration tim&tes were predicted using a
burning rate theory for a cylindrical geometry. Tiesults indicate a limit to the
theory developed through single columns of matckstiby Gonller et al. [2] and
theory from the linear, horizontal arrays of veatig oriented matchsticks by Vogel
and Williams [20]. The spacing between each maithsincourage flame interaction

and decrease the fire spread rate due to a laakadible oxygen.
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Appendices

Mass-loss histories were recorded for all spacimygraged together and
plotted here. Figure A-1 shows the mass loss lyiglaring the experiments. In the
beginning of the tests, all the mass-loss recosdsgemed to be the same because
only the center columns were ignited. After that;, denser spacing experiments,
more and more matchsticks were ignited and moresmas lost. The dashed lines
indicate the smoldering phenomenon in the densgererents. Although there was
no flame observed, the mass was still decreasinguse of the smoldering. Figure
A-1 also indicates the burnout time for each experit and it is clear that with more
matchsticks in place the burnout times becomesdonihe mass-loss rates shown in
Figures A-2 increase over time in the region of aphspread and begins to decrease
as matchsticks burn out. The dashed lines for demgeeriments also shows that
smoldering could happen even there was no flamereéd form the video. The mass
loss rate per unit area for different spacingssteshown in Figure A-3, was
calculated by dividing the mass-loss rates by thea éurning during the tests
determined by observations of ignition detailediearPlots of the mass-loss rate per
number of matchsticks ignited and per total nundfanatchstick are also shown in

A-4 and A-5.
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Figure A-3: Mass-loss rate per unit area
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