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Abstract

A series oexperimentswasconductedto better understand the burning characteristics of
three types of vegetative fuelsittle bluestem grassexcelsiorwood fibers andDouglas fir

trees. The measurements included thnsient heat release rate (HR&®termined using
oxygen consumption calorimetrthe mass loss rate, carbon monoxide (CO) and smoke yields
and the radiative emission to the surroundings. An estimate of the average radiative fraction
during the fires was obtained from radiative heat flux measurements made in the far field.
Experiments were also conducted oonstructedexcelsiobundles with controlled bulk

density The measurement results characterize the global combustion properties of the
vegetative samples and offer insight into theomplex burning behavioSeverakeyfindings

are reported

1. The ratioof the peak heat release rate to the initial mass of tkeet specimersas a function
of their moisturecontentwas consistent with geviously publishedire measurements on a
variety oftrees and bushedA fit to all the data showed that a power lasequately
representedthe results.

2. The moisture content significantly affected thediative fraction of theDouglas fitree
fires. The radiative fractiomf the Douglas fitree firesdecreasedrom 041to 0.15 as the
dry basignoisture content increasetfom 7 % to85 %.

3. The mean radiative fractions for little bluestem, excelsior, and Douglasetwere 0.3,
0.33, and 0.9, respectivelyConsidering the overlapping error batisere was no
statistically significant differencemong the fuel typedg-or the three fuetypes, the average
radiative fractionwas 0.32

4. The radiative fraction was observed to increase adfitleeprogressed from the flaming
phase to the smoldering phase during thees, suggesting that the radiative emission from
the hot charring soligignificantlycontributed to the total radiative emission of the firgor
the excelsior fires,his effect became morsignificant for higher bulk densés.

5. The soot yields had a high degree of scattéh mean values of 0.4% forbluestem
0.11% forexcelsior and 0.24% for Douglas filThe CO yielglvaried as a function of
specimen type, with mean values of 8& 3.3%, and 8.9% forbluestem excelsior and
Douglas fir, respectivelfturther work is needed to improve the estimate of the soot yield
since it is calculated using aassspecific extinction coefficient typical of soot and not a
value more typical of particulate matter produced during pyrolysis and smoldering
combustion.

6. Thepeak HRR of the excelsior fires was a function of ignition orientation and bulk density.
As expected, the upward spreading fires gave rise to larger peak HRRs than those spreading
downward

These measurements of global burning properties lealp provide guidance to the
development of wildland fire models.

Keywords burning rate; heat release rate; radiative fraction; vegetation fires.
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1. Introduction

According to the National Fire Protection Association (NFPA), morentifthe fires reported
in the USA in 2022 were outside fires, including brush, grass or wildlanfiliirésurteen of
the 20 costliest wildland fires in the USA have occurred over the last 10 (@afsiese large
fires threaten homes and communities, and reseascbngoing to better understand the fire
hazard

The main objective of this study was to better understandc¢haracter of burning vegetative
fuels, which ismportantto better understand firenazardsand to help guide and validate
computational fire models of outdoor fire spreathe intensity of a fire is an important
parameter forthe classification of wildfire hazardShefire heat release ratéas a significant
role in thespread rateof a fire, which is related to the heat and mass transfer processes that
occur during burningWildfires emit significant amounts cirbon monoxide@Q, carbon
dioxide CQ), and smoke, which can impakciS 2 Lbfedtif)far downstream of the fire. An
understanding bthe heat release rate of a fire and thygelds oftoxic combustion products
neededto better understandhe impact of fire on human health.

In addition to these impactglobal burning properties are often used@omputational Fluid
Dynamics (CFD) models such as the Fire Dynamics SimulatowffeD$)ore detailed

modeling approaches are not feasible or practidddese include radiative fractiorio correct
radiative emissions from the flang regionand fixed CO and soot yields for themogenous
combustion reactior9]. Specific values may not be available for a vegetation type of interest,
so it is important to understantheir range of variability as a function of plant structure and
compositionandthe uncertaintyfor asingle value.

The fuels selected fahe study indudelittle bluestem grasd)ouglas fitrees, and constructed
excelsior bundles oriented vertically or horizontallyhese are three very different types of
fuels in terms otheir appearancelLittle bluestemwas selected for study asig an important
species in terms ajrassfuel fires in Texag3-7]. Excelsioisthe name given tdhin strands of
wood produced by shavingspentrunks, whichis often used as a packing materfal fragile
items. Use ofexcelsiorcan be foundacrosswildland fireliterature as itallows testingof the
importanceof fuel bed geometry antbulk density orthe burningbehavia of a thin cellulosic
fuel - somethingthat is noteasily accomplisheith a systematic wawith natural plantg5-7].
Douglas fiis acommonevergreen conifethat is easily attainablgearroundand has also
beenused in previous studies of vegetation burning dynafBic¥. Several other vegetative
fuel types important to fire hazard in various regions of the country were consideretis
study, such achaparralfrom the western USA ansbwpalmetto from Florida but they were
simply not easily attainable due to cost and the availability of shipping.

This report is broken into several sections. The remainder of this introduictiefly reviews
previous studies oburningthe vegetative specimens tested hefection2 describes the
experimentalapparatus andnethods including the ignitiormethod, alist of the test
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specimensandthe measurement method for the moisture contentpeak flame heightand

CO and soot yieldSection3 presents the experimental resultscludingthe mass loss, the
heat release ratepeak flame heightthe yields of CO and soaindan estimate of the radiative
fraction. Sectiord summarizes the experimental resulection5 presents the references cited
in this report.AppendixA presents details othe test including theload cell type, the exhaust
hoodsize, theheat fluxgaugelocations and thecamera settingsAppendixB presents
uncertainty analyses dhe mass lossheat flux,andflame heightmeasuremenfor each ofthe
tests AppendixCliststhe values of theCO and soot yieldand AppendixD presentgplots of

the transientheat release rateradiative heat flux, antight extinction coefficienfor each of

the tests

Themeasurement resulté this reportare available as part of thBlISTFireCalorimetry
Databas€FCO)L0]. The FCD contains hundreds of measurement results of fire experiments
conducted since 2017 &t L { NatibaAalFireResearclhaboratoryNFRLaNd is used byire
scientists and firprotectionengineerdo supportengineeringanalysisincluding performance
baseddesign Measurement resultincluded in the FCD include theansient and peak heat
release ratesthe total heat releasedhe yields of CO and sodhe initial and final specimen
massas well as video record of the experiment§he hformation providedn the FCD for each
dataset incluésa summary of the measurement results, their uncertainty, and the
experimental test conditions. The data generated from this study will be included in the FCD,
which will link to this report.

1.1. Previous Studies

Althoughmany studies of vegetation burning focus on spread ratégeomogenous fuel beds,
somehave providedylobalburning properties for individual pids, includingsimilarvegetation
types to those tested heréVell et al. [9)measured the mass loss and radiative emission from
2m to 5 m tallDouglas fitrees. The study investigated how various factors, such as moisture
content(MC)and environmental conditions, affect the heat release r&empleteness of the
burning ofDouglas fidiffered according to three ranges of moisture contéon a dry basis)
MGCiry <30 %, 30 % MGCary < 70 %, antCyry > 70 %with the lowest moisture content trees
burning well and the high moisture content trees not burning afXl]. The results revealed
that higher moisture levels significantly reduced the fire heat release rate, underscoring the
importance of moisture content in wildfire manageme8chnéder et al. [8]tested the ability

of Douglas fir trees to ignite by radiation from adjacent burning trees. They measured mass loss
rates and local heat fluxes and found thmbisture contentaffected theignition propensity
Various studies have looked at the heat release rate of dry Christmas trees, showing that
keeping a tree watered is importat reduce fire risk[12].

Overholt et al[3, 4] measured the mass loss rate of burning single and mulliiple bluestem
plants in a compartment. Theearfield radiative emission was also measurdtie
experimental results were utilized to establish input parameters for a-8elde numerical
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simulation of a grassland using a phydiesed computational fire model. A sensitivity analysis
assessed how input parameters influenced the calculated fire spread rate, revealing that the

FdzSt Qa Y2AaiGdz2NBE O2yiGSyild KI &spégddS INBFGSad STFS
Babrauskas [13urveyedseveralprevious experimental studies on burning vegetation.

Compiling results for many types of shrubs and trees showed a correlation between the ratio of

the peak heat release rate to the specimen mass and the foliar moisture content.

In this study, a series of measurements were conducted to characterize the burning behavior of
three vegetative types, namely, a grabtlé bluesten), a tree Douglas fiy, and dryexcelsior
including the mass losate, the yields of CO and smoke, the radiative emission to targets, and
the average radiative fraction. Thegeriments were conducted under controlled laboratory
conditions. Measurements were made of the transient heat release rate (HRR) determined
using oxygen consumption calorimetry, the mass loss, and the radiative flux to targets away
from the fire.
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2. Experimental Methods

Fire experiments were conducted on little bluestem and Douglas fir tiedsconstructed
excelsior bundles orientedertically or horizontally. Thexperimentswere conducted below
0 KS b6Gwp Mand 3 mx3 mcanopyexhausthoodsand calorimeterswhich are
described in detail bBryant and Bundy [14]

Figurel shows a schematic diagram of the experimental setup undefttmex6 m canopy
hood. The experimerdl areadefined by theperimeter of the canopy hoodsas surrounded by
a cubic enclosure made ofdmuble-layered,fine wire meshscreen (6 mesh/cm with 83 %
porosity) to reduce the impact of air currents and room ventilatibomaddition,all makeup air
inlet vents in the lalwere closedfurther reducingthe effect of ambient convective currents on
the fire. A large round exhaust ductvith a0.5 m diameter was locatedl1 m above the floor.
Theminimumexhaust flomapproximatelyl kg/s) wasitilized to minimizedisturbanes and
reducethe influence of the exhaust on fiteehavior.The radial directionr] is referenced from
the center line of the specimen. The vertical directianig referencedrom the top of the
specimen holder for Douglas fir and little bluestem drman the bottom of the specimen for
excelsiorDetails on the experimental sgb for heat flux gagescan be found irBection2.7.

Double-layered
mesh

i dl= o N

Camcorder
Camera

Heat flux gauge

for single-location
radiative fraction
estimation
|| re z=0

Load cell \‘\\
TC DAQ

—E_ PC

Fig.1. A schematic diagramof the experimental setupunder 6n x 6m exhaust hood

¢CKS YlIaa odz2NYyAYy3 NIGS ¢6Fa YSIadaNBR dzaAy3a OF f A
temperature was measured using &yoe thermocouple to correct the mass drdtie to

temperature changes agescribed in Appendi®.1 A dry gypsum board (2 cm thick) was placed
between the load cell and the specimen holder to reduce heat transfer from the fire to the load
cells.Twocamerastfypicallya Nikon 500D and a CanotA45 recorded the fire at 30
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frames/ec. AppendixA providessupplementary details about the tests, including the load cell
type, the exhaust hood size, the heat flux gauge locations, and the camera settings.

2.1. Preparation ofTestSpecimens

Figure2 shows the photographs dhe three types of vegetative specimemvestigated in this
study, which includedittle bluestemgrassDouglas fitrees, andexcelsior The specimens were
stored in the lab until tested. The mass and moisture coh{seeSection2.3) were measured
before testing. The dimensionigjtial (wet) mass, and moisture content of specimens are listed
in Tablel. The specimens wenmmounted on the load celisingdifferent methodsto ensure

their proper placementwhich was a functionf the vegetative type andhe specimenf
dimensiors and weight

g = - | S5
pi——— e . G-

B Precisa scalcliN

Fig.2. Photographs of plants before experimentkttle bluestem(left), excelsior(middle), Douglas fir(right).

Tablel. Specimen @nensions,initial (wet) mass anddry basismoisture content. Thedirection of lame spread
is listedfor the excelsior fires

. Initial (Wet) Moisture Bulk Density
: Height Base
Test Specimen (cm) Width (cm) Mass Contgnt (kg/m3)
(9) Dry Basis (%)

little bluestem

1 bluestem 80 11 85 6 na
2 bluestem 110 11 72 6 na
3 bluestem 122 11 104 6° na
4 bluestem 90 11 36 6° na
5 bluestem 73 11 26 6 na
6 bluestem 89 11 21 62 na
24 bluestem 107 11 81 10° na
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. Height Base Initial (Wet) Moisture Buk Density
Test Specimen (cm) Width (cm) Mass Contgnt (kg/m3)
(9) DryBasis (%)
25 bluestem 75 11 84 10° na
28 bluestem 35 11 53 10 na
29 bluestem 75 11 103 1? na
30 bluestem 71 11 29 10° na
33 bluestem 50 11 53 10° na
34 bluestem 40 11 56 1? na
Douglas fir
12 Douglas fir 123 21 355 167 na
13 Douglas fir 94 44 298 15 na
14 Douglas fir 105 60 326 19 na
22 Douglas fir 102 70 284 8 na
23 Douglas fir 103 66 575 19 na
37 Douglas fir 120 50 522 75 na
38 Douglas fir 120 80 336 8 na
39 Douglas fir 113 70 551 35 na
40 Douglas fir 103 25 193 23 na
41 Douglas fir 120 45 733 85 na
42 Douglas fir 120 45 515 67 na
43 Douglas fir 110 70 615 6 na
44 Douglas fir 179 154 7551 1° na
45 Douglas fir 146 128 5119 10 na
46 Douglas fir 146 128 6688 10 na
47 Douglas fir 146 128 5419 11 na
excelsiorfires spreading upward
9 excelsior 60 15 146 6 14
15 excelsior 60 15 149 6° 14
16 excelsior 60 15 66 62 6
17 excelsior 60 15 57 62 5
21 excelsior 60 15 59 62 6
26 excelsior 60 15 148 6° 14
27 excelsior 120 15 267 62 13
35 excelsior 60 15 95 62 9
36 excelsior 120 15 124 6° 6
48 excelsior 60 15 148 62 14
49 excelsior 60 15 146 62 14
50 excelsior 60 15 202 62 19
51 excelsior 60 15 212 62 20
52 excelsior 60 15 205 62 19
56 excelsior 60 15 28 62 3
excelsiorfires spreading horizontally
31 excelsior 15 60 153 62 14
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. Height Base Initial (Wet) Moisture Bulk Denssit)P
Test Specimen (cm) Width (cm) Mass Contgnt (kg/m?)
(9) DryBasis (%)
32 excelsior 15 60 152 62 14
excelsiorfires spreading downward
7 excelsior 60 15 143 6 13
8 excelsior 60 15 147 6 14
10 excelsior 60 15 148 5 14
11 excelsior 60 15 157 6 15
18 excelsior 60 15 59 62 6
19 excelsior 60 15 61 6° 6
20 excelsior 60 15 58 62 5
53 excelsior 60 15 225 6° 21
54 excelsior 60 15 212 6° 20
55 excelsior 60 15 204 6° 19
agstimated

bthe excelsiorspecimers were assumedo be cylindrical(seeFig.2).

Theexcelsiorshavings wereelativelydry, approximatelycylindrical,and slenderwith a

0.6 mm average diameterTheexcelsiorarrived in assorted lengths (1 cm to 20 cm Iqadj)
jumbled and twisted togetherThe excelsiorspecimens weratrung about anetal skeleton
composed oh longcentral vertical rodvith small diametel(1 mm) steelrodsthreaded through
the central rod in perpendicular paievery10cm, starting about 60 cm abowesmall stand
Thebulk shapeof the excelsiorspecimenvasapproximatelycylindrical withradii of about
7.5cmand 60 cm in lengtifollowing the design oRef.[6]. Theexcelsiorspecimens were
arranged with diffeent bulk porosities which by design, were approximately uniform over
their entire length agheir structure was crafted in short regular segments with the samesmas
loading.Theexcelsiorspecimenss S NB & a Odafet Aréhgesof biilkkdensities from about
5 kg/m3to 20 kg/ms3.

Thelittle bluestemplantswere stored until uniformly dryA single plantomprisedabout 40 to

100 strands ofboutthe same length. The strands were somewhat roumith a diameter of

about 1 mm. Specimens of little bluestem were placed antd1 cm (inner diameter, 0.25 cm

wall) aluminum pipe 10.5 cm tall with the bottoemd capped The space between the roots

and the holder was filled with sand. The stems of the plants were fixed using a metal wire and

two vertical rods, as seen Kig.2. Different numbers of strands were placed in the aluminum

holder, giving rise to differing initd 334 Sa® ¢KS aLISOAYSyaQ KSAIKID
of the specimen holder or stand to the specimen tip. Titike bluestemvaried in height from

about 0.4 mto 1.2 m and in mass from 26 g to 10%hgeplants were dryand thedry basis

moisture contentvariedlittle, rangngfrom about 6 % to 9 %

Awide range of Douglas fir trees was tested, varying from aboutr0t® 1.8m in height and
200 g to 6700 g in mass. The dry basis moisture comgargedfrom 7 % to85%. The shapes of
the Douglas fitrees were irregular but could be idealized as conical.
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2.2.Ignition Method

Theignition protocol varied among the testSixtypes ofignitor burners were used:

(A) A doubletipped propane wand | RS . mm)duter diameter copper tubingvith
the tips separated b cmto 10 cm, depending on fuel geometgeeFig.3. The
propane flow was controlled by a rotameté®dwyer model# VA 20430)

(B) A singletipped propane wand made with %#6.4 mm)outer diameter copper tubing.
The propane flow was controlled by a rotamei{@wyer modek VA 20430)

(C)A Ushaped multiport propane burnerwitm  YY K2f S& S@GSNER. Hodp OY
There was &eparation of 10 cm between tip¥hepropane flowwascontrolled by a
rotameter (Dwyer mode¥ VA 20430)

(D) An 32Q(81 cm)diameter ring burnecomprisedvs inchouter diameter copper tubing
with 1 mm holes every 2.5 cm about the rirag seen irFig.3. A rotameter (Dwyer
model # VA 20430) controlled the propane flow

(E) A measured amount of (100 % purity) ethanol decanted onto a circle oftmmm)and
1 cm wide Kaowool sheet, forming a circle approximately 15natrameter. Athin
metal mesh(4 mesh/cm)was used tsupport the Kaowool shegeas seen irfig.3.

(F)Anearcirculajo n ¢ E o n ¢ oringbur@eYcorposed divOsémicircles ofs
inch (12.7 mm)outer diameter copper tubing witl2 mm holes every 4 cmh& propane
flow wassetby amass flow controllefAlicatMGserie9. The burner was positioned
several cm above the gypsum boawdhich insulated the load celis seen irFig.3.

Figure3 shows photographs of typ&, D, E,and Fignitors. Table2 lists the ignitor type (& F),

application locationignitor power duringthe application durationof the ignitor application

andthe total ignitor energyapplied to the specime(S Ij dzF £ (2 (KS LINRRdzOU 27
power and its duratiop Theassociatecexpandeduncertaintiesfor each experiment are also

listed, representinga coverage factor of two and a 95 % confidemterval. The ignition energy

was small compared to the specimen's heat release.rate

Fig.3. Photographs ofour of the ignitorsused in the experimentsignitor types (A), (D), (E) and (F) are shown
from left to right, respectively
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Table2. Ignitor type, applicationlocation, power, duration and total energy. The uncertaintylisted represents
the combinedexpanded (k=2) uncertaintyrepresenting a 95 % confidenaeterval.

Test  Specimen lgnior ol G dwaion® )
little bluestem
1 bluestem A Bottom 114 + 27 250+ 0.5 2.08+0.5
2 bluestem B Bottom 128 + 19 3.0£05 0.38+£0.1
3 bluestem B Bottom 128 + 19 4.0+£0.5 0.51+£0.1
4 bluestem B Bottom 128 + 19 3.0£05 0.38+£0.1
5 bluestem B Bottom 128 + 19 20+£05 0.26 £0.1
6 bluestem B Bottom 128 + 19 20+£05 0.26 £0.1
24 bluestem B Bottom 128 + 19 1.0+ 0.5 0.13+£0.1
25 bluestem B Bottom 128 £ 19 1.0£0.5 0.13+0.1
28 bluestem B Bottom 128 £ 19 20+0.5 0.26+0.1
29 bluestem B Bottom 128 + 19 1.0+ 0.5 0.13+£0.1
30 bluestem B Bottom 128 + 19 1.0+ 0.5 0.13+£0.1
33 bluestem B Bottom 128 £ 19 1.0£0.5 0.13+0.1
34 bluestem B Bottom 128 + 19 1.0+ 0.5 0.13+£0.1
Douglasfir
12 DF tree C Bottom 128 £ 19 150+ 0.5 1.9+0.3
13 DF tree D Bottom 988 + 20 16.0£ 0.5 15.8+0.6
14 DF tree C Bottom 128 + 19 7.0£05 0.9+0.2
22 DF tree E? Bottom na na 137 = 27
23 DF tree = Bottom na na 158 + 25
37 DF tree Ed Bottom na na 317+6
38 DF tree Ed Bottom na na 317 +6
39 DF tree Ed Bottom na na 317+6
40 DF tree E® Bottom na na 276 6
41 DF tree C Bottom 988 + 20 30.0+0.9 30+1.2
42 DF tree Ed Bottom na na 317+6
43 DF tree E¢ Bottom na Na 317 +6
44 DF tree F Bottom 30000 + 600 10.0+£0.5 300 + 15
45 DF tree F Bottom 30000 + 600 5.0+0.5 150 + 15
46 DF tree F Bottom 30000 + 600 5.0+0.5 150 + 15
47 DF tree F Bottom 30000 £ 600 5.0+0.5 150 £ 15
excelsiorfires greadingupward
9 excelsior A Bottom 128 £ 19 20+0.5 0.26+0.1
15 excelsior A Bottom 128 £ 19 20+£0.5 0.26£0.1
16 excelsior A Bottom 128 £ 19 1.0£0.5 0.13+0.1
17 excelsior A Bottom 128 £ 19 1.0£0.5 0.13+£0.1
21 excelsior A Bottom 128 + 19 1.0+0.5 0.13+£0.1
26 excelsior A Bottom 128 £ 19 1.0£0.5 0.13+0.1
27 excelsior A Bottom 128 £ 19 1.0£0.5 0.13+0.1
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. . Ignition Ignition Ignitor Igniter Ener
Test Specimen Ignitor Igcation F?ower (W) dguration (s) (ﬂJ) Y
35 excelsior A Bottom 128 + 19 1.0+ 0.5 0.13+0.1
36 excelsior A Bottom 128 £ 19 1.0+05 0.13+0.1
48 excelsiof A Bottom 150 £ 45 1.0+£0.5 0.15+0.1
49 excelsiof A Bottom 150 £ 45 1.0+£0.5 0.15+0.1
50 excelsior B Bottom 128 £ 19 1.0+05 0.13+0.1
51 excelsior B Bottom 128 £ 19 1.0+05 0.13+0.1
52 excelsior B Bottom 128 £ 19 1.0+£0.5 0.13+0.1
56 excelsior B Bottom 128 £ 19 1.0+05 0.13+0.1
excelsiorfires greadinghorizontally
31 excelsiof A Right Bot 128 + 19 1.0+0.5 0.13+0.1
32 excelsiof A Right Bot 128 + 19 1.0+ 0.5 0.13+0.1
excelsiorfires gpreadingdownward
7 excelsior A Top 128 £ 19 20x0.5 0.26+0.1
8 excelsior A Top 128 £ 19 3.0+05 0.39+0.1
10 excelsior A Top 128 £ 19 20x0.5 0.26+0.1
11 excelsior A Top 128 £ 19 5.0£0.5 0.64+0.1
18 excelsior A Top 128 £ 19 1.0£0.5 0.13+0.1
19 excelsior A Top 128 + 19 20+£05 0.26 £0.1
20 excelsior A Top 128 £ 19 20x0.5 0.26+0.1
53 excelsior B Top 128 £ 19 20x0.5 0.26+0.1
54 excelsior B Top 128 £ 19 20x0.5 0.26 +0.1
55 excelsior B Top 128 £ 19 20x0.5 0.26+0.1

a5.1 g of Ethanol was evenly applied onto the kaowool board

5.9 g of Ethanol was evenly applied onto the kaowool board

¢The excelsiorin Tests 31 and 32 were oriented horizontally.

411.8 g of Ethanol was evenly applied onto the kaowool board

€10.8 g of Ethanol was evenly applied onto the kaowool board

"¢ Ay GSNIAOLFE SEOSt &A 2N & NR 6nly onebudadBuhithfislatBiluted tm p
convective currents in the lafRadiation from the first § NESé¢ 1 & AyadzFFAOASY G

For the excelsior and little bluestem experiments, ignition was atypically achieved using ignitor
type (A). Ignitor type (B) was us&done experiment (Test 1). The ignitor flames for the

excelsior and bluestem experiments were set to approximately 1 cm in length. A rotameter was
used to measure thanitor power, which was typically 133 W. The propane ignitors were lit
about 25 s before ignition of the specimen. For ignition using Ignitor type (A), the propane
wand was simultaneously applied to two sid#ghe specimen, typically on its bottom. About
one-third of the excelsior fire experiments were conducted igniting the top of the specimen as
noted inTable2. In Tests 7 and 8, the excelsior was positionedzontallywith ignition on the
bottom of one end.

For the excelsior and little bluesteburns,the simple propandJ-tippedignitor C was adequate
to achieve uniform burningf the specimenDepending on the tree size, several ignition
methods were tested for the Douglas fir tree experimerisr trees larger than about 1.3 min

10
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height, ignitor type F was used. For trees less than about 1.3 m in height, ignitor types B, C, D,

and E were used’he methods endeavore@l 2 A3y AGS |t AARS& ySI N (K!

simultaneously For the Douglas fir trees, symmetric ignition was not always achieved. In those
few tests, the fire spread upward on one side of the tree before the otheened, obstructing
some heat flux gauges.

2.3. Moisture Content Measurements

The moisture content of the specimefmn a wet basisyvas measuredisinga moisture
instrument (Arizona Instruments, Computrac Max 408€8fpre the burn experimentOne

gram to threegram samples of needles and stems were collectetheriest day The moisture
analyzer was programmed to run at a temperature of Tl With the criteria to end the

moisture analysis defined as a mass rate of change of the sarhiglss than 0.026/min. The
termination criteria were conservative, and tests witimare strirgent (lower) rate of change
termination criteria showed no discernable difference for tests using the same sample batch.

Calibration of the moisture analyzer was evaluated and found to be better than 2 % based on
comparison experiments using an oven (at the same oven temperatures 6C)Hhd a

precision scaleSartoriusBalanceModel #GW6202 for the same sample foliage batch.
Measurements using the analyzer showed a high level of repeatability (better than 2 %) for the
same sample batci.he analyzer outputs the moisture content on a wet basis percentage
(MGuyet). Measurements were then converted to a dry basis percentagggithe following

equation:

00 pmtmo FTpmmOO (@)

Tablel lists the mean dry basis moisture content value for eiel, along with its combined
expanded uncertaintyThe moisture content of the specimens (odrg basi3 varied from 5 %
to 85%.Tablel shows that nanysamples were relatively dry, representing a wecase
condition regarding the fire's growth rate apeak heat release rate.

2.4. Heat Release Rate Measurements

The HRR of the fires was measured using the NFRL calorimetry sy&tgasssample was
extracted from the exhaust hood flgwnd paramagnetic @measurements and nedispersive
infrared measurements of CO and {&re conductedThe time response of the calorimetry
system is on the order of 8 §4]. Details about the oxygen consumption calorimetry
measuremeninethod, its caibration, and measurement uncertainty are documentedRrief.

[14].

2.5. PeakFlameHeight Measurements

Flame appearance waspturedusinga camera CanonXA4d, CanorXA45 Nikon D50Qat 30
frames/sec.The video record of the flame appearance was convertedhd Bnages. The

11
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flame regionwasextractedfrom the background irachframe, considering the threshold
suggested bytsu [15] and the images were transformed into binary images.

The flame heighin each framedefined aghe vertical extent of the entire visible flaming
region was corrected for image distortiazausedby parallax effects due to the camera's
viewing angle and positioismall, isolatedegions(<500 pixels)above the intensity threshold
were assumedo correspond to burning embers and were automatically filtered @itthe
calculation Figure4 showsthe RGB (left) and processed binary image (righg fok taken
from the video record of the little bluestem fir@he yellow vertical line in the binary image
represents the flame heighexcluding the burning embers

Every frameextractedin the video recordvasanalyzedusingMATLAB to determine the flame
height A 1-second moving average was applied to estimate flame height changes over time.
The peak flame height was defined as the average bws&condcentered at the peak of the
moving averagelhestandard deviatiorof the flame height in the periot attributed toflame
puffing. Theaverageflame heightuncertaintywas9 % across all test

Fig.4. The RGHBleft) and processed binary imageight) of a fire taken from the video record of the little
bluestem fireand the determination of the peak flame heightTheyellow vertical line in the binary image
represents thepeakflame height.

2.6.CO and Soot Yields Measurements

Bryant and Bundy [14]escribe the CO and €@as analysis measurement system, which is part
of the calorimetry system. Gas was extracted from the exhaust duct sti@aohthe transient
concentrations of CO and @fere measured using nedispersive infrared analyzers.

From the velocity and temperature measurements made in the exhaust stream, the total
transient exhaust mass flow rate was determined as a function of fiflne.species yields are the
ratio of the integrated value of the transient species mass flows to the change in the specimen

12



NIST TN 2314
April 2025

mass over the duration of the experimerit.detailed discussion on the determination of the
species measurements and the yield calculations is providBefs|14] and[16]. The steady
state CO concentration was determined via extractive sampling andlisprersive infrared
(NDIR) measurements.

The steadystate soot mass fraction was measured in the duct using laser transmission at
632nm using a Si photodiode detector. The light extinction coefficiént defined as:

o -1 T— 0 2)

whereDis the exhaust duct diametel; is the laser reference intensity (determined over a 60 s
period before ignition), and(t) is the transient attenuated laser intensity during the fif&,

18]. The light extinction coefficienk; isequal to theproduct of themassspecific extinction
coefficient, s, and themass concentration of smok®ls. Mulholland and Croarkin [1§josit

that the value of sat 632 nmis nearly universal for posflame sootequal t08.7 nt/g +

1.1m?/g, where the error bounds represent the expand@d-2)uncertainty(confidence

interval of 95 %)Using theaverage value from seven studieBetsootyield hereis determined

by integratingthe effectivevolume flow inthe exhausduct andapplication ofthe mass
specificextinction coefficienin Eq.(2) [17]. The assumption in the soot yield determination is
that the value of sfor an aerosol emitted from a smoldering fire is the same as that of soot.
Seader and Einhorn [18hd that " sfor a smoldering aerosol from a variety of different
materials including woodis about a factor of 0.58mallerthan its flaming analog, yielding a
value of about 5n%g. The practical challenge is thatmay be transient as a fif@r a portion

of a burning solijitransitions from flaming to smoldering and back to flamikgrthermore, the
aerosoldrom these fuels majncludeun-combusted pyrolysispecies whichare not the same
asproducts of combustion (either flaming or smolderingdr simplicity and consistency, the
soot yield reported here and in the FCD uaedzf K 2 £ f | y RE87m¥l+ 1. taf/g. Bhe
actual particulate matter in the fire plume was not sampled and analyzed as part of this study.
It should beunderstoodthatda 2 f AR LK a8 YIFGGSN GKakeli OFYy FFFSO
decompositionproducts due taatime varyingcombination of flamingsmoldering and

pyrolysis

2.7.Heat Flx Measurements

The radiative heat flux emitted to the surroundings was measuidgwide-view angle

(150°), watercooled, Gardostype, total heat flux gauges with faces that were &3 in

diameter. Multiple gauges were used to measure the fire's heat flux distribution according to
GKS aYy21S SEKIdzA(G RP52RQa aAl1 Sz & akKz2s6y Ay
The radial directionr] isthe distancefrom the centerline of the specimen. The vertical

direction () isreferencedfrom the top of the specimen holder for Douglas fir dittle
bluestemandfrom the bottom of the specimen foexcelsior Theazimuthal angle‘() is

referenced to the middle of thepening of the doubléayeredmesh screepas seen irFig.5,

andis taken as positive in the countelockwise (CCW) directiomhe gauge locations were
selected based on laboratory confines and fire sTZee location®f the gauges are listed in

13
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TableAl. Heat flux gauges were aligned horizontally to measure the heat flux in the radial
direction away from the fire at various angles from the specimen and for positiafid at5.
Additionally both horizontal and vertical arraof heat flux gaugewere placedunder a 3 m x 3

m hoodto measurelocal heat fluxdistribution. Aschematicand further details aravailablein
AppendixB.3.1 The gauges were calibrated using a secondary standard in Ki8idbmeter

heat flux calibration facility. Voltage signals from the gauges were acquired at 1 Hmand
averagedThe measured heat flux was corrected considering the background heat flux from the
surroundings, as described in ReM].

HF V3 <Top view> HF_V2 HF_V5 <Top view>
- z
= =
@ Specimen 9]
E E
K 0 3
= ! . Specimen
Z=0 at the = S~ r 2
=1 [ S =
bottgm of 2 =0, +CCW g
specimen (at the opening)
@ ¥ Opening ﬂ }E Opening ﬁ
HF_va HF_V1 HF_V6 HF_V7
HF_V5 f
(a) Setup under 6 m x 6 m hood (b) Setup under 3 m x 3 m hood

Fig.5. Schematic diagrams of the heat flux gauge setup: (a) urther6 m x6 m exhaust hood. Three to five heat
flux gauges were positioned at different angles about the fire; (b) undee 3 m x3 m exhaust hood.

The radiative fraction was estimated using this approach followlndak [21] where an
adequate estimate of the radiative fraction of a pool fire is sufficient for distances greater than

p UAYSa (GKS FTANBQA RAFYSGSNX® | SNBX FANB aevYys

The fraction of energy radiated from the firgaq, is related to the overall enthalpy balasic
0 70 ©)
wherethe termQis the heat release from the fidefined as:
0 34 O 4)

wheream s the burning maskss assuming thathe moisture content of uburned fuelisthe
same agts initial valuebefore the fire) andHcef is themean effective heat of combustion for
eachspecimentype as listed inTable3. Detailsare discussed in Sectighl

In Eq.(3), Qad representsthe total radiative emission (TRE) from the fiestimated by
averaginglREmeasuredn multiple directions Here, TRE isalculatedusingthree to five heat
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flux gauges directed toward the fire from different angles (B&g5). TheTREis the time
integral of the radiative heat flux measured at suitably far distances from the fire. At theat
flux gauge during the burningeriod, TREduring the burning priod is calculatedas

"WO Tl . A 0Qo (5)

wherer] 0 is the radiative heat flux measured atadialdistance () from the fire to andte
are the ignitionand fireextinguishment timesrespectively

The burning periods were relatively short (< 4 min) for all the fires. The mean burning periods
for the little bluestem, Douglas fir, arekcelsioffires were 150 s, 200 s, and 120 s, respectively.
The mass loss rate and heat flux change were not steady during the burning period. As an
example Figure6 shows the total specimen (plus stand) masswell aghe heat flux measured
at(r,z) = (2.14 m, 0.95 m) as a function of time in Test 9 faaelsiorspecimenBoththe

slope of the mass loss raéend the heat flux significantly changed during the fire.

a b
800 — . 0.6 ———
Plant 9: Excelsior HF V6
2750 ) S 04 .
g <3
) :
@ 700 - i =
£ X 0.2+ -
© i
© 650 s ‘g
T o004t B — S
600 T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig.6. (a) Totalmassof the specimen and stanés a function of timeduring excelsiorTest 9 (b) Theheat flux
measured at(r, 2) = (2.14 m, 0.95 mds a function of timeduring Test 9 The shadedarearepresentsthe
integrated radiativeheat fluxincidenton a gauge The basdine representsa linebased onmeasurementsbefore
ignition and after the fireextinguisiment. The uncertainty in thenass and heat fluxneasurementsare
discussed irAppendix Band Appendix C
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3. Results and Discussion

3.1. Mass Lossind Heat Release Rate

The burningdry mass los$3-m) was estimated bgubtractingthe & LJS O A wagyhtassrom
the total mass lossneasured using the load cédMmeasureg,

3 30 p (6)
where MGyry is thedry-basismoisture content of the specimehe value ofiMmeasuredvas
calculatedas (mr ¢ m;), wherem; andmy are the initialandfinal massafter the experiment

Table3 liststhe heat of combustion per unit of oxygethme net heat of combustion per unit of
fuel, and the mean measured effective heatafmbustion A heat of combustion on a per
oxygen basis of 13.2&)/g+ 0.66 kJ/g has been suggested as applicable for cellulosic materials
with a range of stoichiometric oxygdan-fuel mass ratios, ranging from pure cellulose to
various char$22, 23].

Thenet heat of combustion per unit fuel masssobtained from literature values for the gross
heat of combustion, which is typically provided by a bomb calorimeter (ASTM [D¥&dEs M-
19). The gross heat of combustion is then converted to a net value using the formula:

O O C@eQ (7

whereh is the mass fraction of hydrogem the fuel the equationassumeghat water (as a
combustion product) is entirely vapor fék net

The composition of 35 different vegetation samples frameferencesvas evaluategwith the
average hydrogen mass fractifbundto be 61 %with arelative standard deviation 0f21%
[24-27]. Whilethe gross heat of combustion is often not reported with uncertainbe
standard deviation 06 valueseported for Douglas filyielded3 % e relativdy narrowvalue
[g-’ 2_81 2_9]

Table3. The heat of combustion per unitnass ofoxygen(Hc,oxygen, the net heat ofcombustionper unit mass of
fuel (Henet), the mean measured effective heat of combustidH:.er) for each vegetation typeThe error bars
representthe expanded (k=2) uncertainty.

Specimen Hec,oxygen He net Ho,eft

(kJ/g) (kJ/g) (kJ/g)
bluestem 13.23+ 0662 18+ % 14.9+ 2.4
Douglas fir 13.23+ 0.66 21+ °F 175+ 2.9
excelsior 13.23+ 0.66 18+ F 169+ 1.4
aRefs[22, 23]
bRef.[25]
‘Ref.[29]
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Figure7 compareghe total heat release (THR) from calorimetry determined by integrating the
measured heat release rate with the ideal heat release (IHR) calculated from the product of the
burningmasslossl Y R (1 KS T dz&ontbéstioyf &niH. n&).3\6 ékpe@efthe THR is
consistently lower than IHR in most tests, indicating that the actual heat release is less than the
ideal heat releaselhis can be the caskie to ncompletecombustion(for example,

smoldering)or smallunburnt portions of the vegetation thatvere observed tabreakoff the
specimenfalling beyondhe load cellThis effecttould also be dué moisture lost from any
resdual vegetationwhich violates the assumption &f.(6), particularlyfor some of the

Douglas fisampleswith larger intial values of M@ndmore substantial residual mass

The measured effective heat of combusti@th err), defined as THRY Y is calculated for each
test, then averaged for each specimen typdisted inTable3. The values for little bluestem,
Douglas fir, and excelsior at& %, 17 %, and 4 % lowezspectively thanthe heat of
combustion per unit fuel massinet) listedin Table3. This discrepancy i®teworthy, as it
indicates the influence of factors such as incomplete combusiiateviation from the
assumption that theMCyry is unchanged in the podire residual fuel massn the relative
amount ofheat releasemeasured per fuel mass lass

B Bluestem R
100 4 ® Douglas fir - e
3 A Excelsior (upward spread) y ]
1 ¥ Excelsior (horizontal spread) P 1
: ¢ Excelsior (downward spread) 7
- 7
- . | 7 | -
s 193 . é
o
I
|_
1 .
s N
Ve
0.1 — — — T
0.1 1 10 100

IHR (MJ)

Fig.7. Comparison of the total heat release (THR) measured using calorimetry with the ideal heat re{ddR¢
from the measured mass change

3.2.Fire Appearance

Figure8 to Figurel3 showsequentialflame images inhe little bluestem,excelsior, and
Douglas fir firesFigure8 showsimagesof the bluesteml safter ignition and therthe
progression ofhe fire overits relatively shorR0 sburning period. At ,the fire reached its
peak intensity. The flames were tall and slenderd the HRR obtained its peak vahighis
time. Thereafterthe flamesrapidly reducd in sizethe gas phase flamemded andat about
13 s there wasatransitionto a smoldering phaseTlhe other figureslsoshow theevolution of
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the firesfrom amomentnear ignition to the peak flaméheight,diminution of gas phase
flames asmoldering phaseand eventudly fuel burnout. The video record for all the tests is
available on thé=CD

Test #4
Little Blues

t=1s 4s 7s 10s 13s 165 19s

Fig.8. Flame images as a function of time during Tesb#a little bluestem fire.

Test #19
Excelsior

t=1s 10s 15s 20s 25s 35s 455

Fig.9. Flane images as a function of time during Test 19, a low bulk den@tkg/m?) excelsior fire spreading
downward.
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Test #21
Excelsior

t=1s 45 7s 10 s 13s 16s 19s

Fig.10. Flane images as a function of time during Tezt, a low bulk density(6 kg/m?3) excelsior fire spreading
upward.

Test #31
Excelsior

t=1s 5s 15s 35s 50s 60s 67s

Fig.11. Flane images as a function of time during Test,Z moderate bulk density(14 kg/n¥) excelsior fire
spreadinghorizontally excelsior fire. The flames are vertical and slowly spread from right to left in the images.
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Test #38
Douglas fir
(small tree)

t=1s 45 7s 10 s 20s 50s 100 s

Fig.12. Flame images as a function of time during Test 38 d.80 m tallDouglas fir tree fire.

Test #45
Douglas fir
(Big tree)

t=1s 3s 7s 13s 19s 25s 35s

Fig.13. Flane images as a function of time during Te# of a 1.46 m tall Douglas fir tree fire.

Figureld shows 6 moments20 s,79 s82 5,88 s, 89 sand93 s after ignition) during Test 53, a
high-density (21 kg/m) excelsiobundleburning downwardafter ignition atits top. The first
image inFig.14 shows the burning excelsior bundle as a dark mass behind the gas phase
flames. The peak HRR occurs 74 s after ignition. AtHig.84 shows thatthe excelsior bundle
appears fully engulfed in gas phase flames. At about 88 ${RiR dropedto half its peak
valueand dowing combustion appead at the base of the excelsitaundle, whilegas phase
flamesappeaedat its top. At 89 s, most portions near the middle of the excelsior bumdiat
dark and only a small amount of gas phase flamasvisible until they completely
disappeaed, leaving only glowing combustion near the base of the excelsior bundle visible.

Also of note is the presence of aerosols/unburned pyrolyzaliough the scene was
intentionally underexposedhe aerosol cloudn images 3, 4, an@ (right to left) of Figurel4dis
clearly visiblenearthe gas phase flamewhich served to illuminate the cloudt later points in
the test, flaming combustiowas not sustained but the wasoccasional ragnition. This can
be seen between 89 s and 93Radiative emission from the glowing heated sat@h beseen in
image 5. Theatio of radiative emissiorirom the hot smoldering solid to thgas phase
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radiative emissiomf the fireis unclearnoris it clearhow thisratio changes over timé.

Suddenly at 93 s, the gas phase flames momentarily reignited. A plume of aerosol continued to
rise about the specimen and thérom 100 s to 106 ot shown inFigurel4), reignition

happened agaiwith the appearance ofas phase flameg#dditional measurements discussed

in Fig.15 provide further information about the aerosol cloud.

t=29s 79 s 82s 88s 89s 93s

Fig.14. Flaneimages as a function of time during Test &8highdensity (21 kg/n¥) excelsior fire spreading
downward.

Figurel5 shows he transient HRR during Test 53. The Id&&ksat approximately73 s and
drops off precipitously when flaming combustion ends at 89 s (see imadég.14). The figure
also shows the transient radiative flux at Gauge HHs¥eFig.6), whichroughly follows the
shape of the HRR profile.

The aerosol cloud above a burning cellulosic fuel is composed of gaseopartindlate matter
of various sizeg31]. Figurel5 shows the timevarying lightextinctioncoefficient ), which
increased rapidly between 86 s and §8luctuated, and then rapidly decreased between 01
and 106swhen flaming reignition of the aerosol cloud occurred. This can be interpreted as the
hot flammable gases and particulate matter that compose the aerosol cloud undergoing
combustion.AlthoughKmay notaccount forthe presence oéll aerosol species (e.g., gases
such axarbon monoxide, carbon dioxide, and low molecular weight hydrocaidbas are
expected[31], it can be regarded a®presenttive of the particulate matter emitted by the fire
(see Sectio.6). Figurel5also shows the modified combustion efficien®4GH defined in
Ref.[32] as the ratio of the measured concentration of [L{ the exhaustto the sum of the
[CO] and [Cg) concentrationsTheMCEs a representation of unburnt gas phase species
generated by the fire. Wen the fire reignited at 93 s and 101ksjropped,and MCEincreased.
A small jump in the radiative heat flux alsppearedat 101 s. When the gas phase flames
extinguished at 89 &K suddenlyincreasedand MCEdecreased. The relatively rapid changes in

1. This is dong standing problen{30] which cannot be solved with the instrumentation used in this study.
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Kas compared tdMiCEcan be explained by the time constant of the measurement which is
msec for a silicon diodeletectorand on the order of 10 s for the NDIR [CO] meter. Thus, the
transientMCEprofile results are consistent with the results #€rthe visual observations, and
the notion that thesmolderingexcelsior generated adated plumeof thermaldecomposition
productsthat could reignite, depending on the conditions.

60 - 10
] HRR —
50 ] - 08 £
__ 40 ] s _
L 06 — ©
2 5 55y
o ] L o=
= : , L 04 L2
20 b=
1 ¢ ©
1 ¢ i 5
103 02 &
12 Rad Flux
0 - 0.0
0 50 100 150 200 250
Time (s)

Fig.15. The HRRs a function of time after ignitiorduring Test 53left axis), ahigh-density excelsiorfire ignited
at the top andburnedin the downward direction.Also shown fight axis) are theradiative flux (gaugeHF_V1},
the light extinction coefficientK (seeEq.2) divided by 2 andthe MCE

It is of interest to compare the results the high bulk densitgxcelsior ifre spreading
downwardin Test53 to ananalogousexperimentwith the fire spreadingupward.Figurel6
showssuchresults for Test 5{bulk density =20 kg/f). Here, he peak HRR occurred at about
11s, a factor of7 times fastethan the downward spreading excelsior fire in Te3andwith a
peak valuealmost30 % largerLike the downward burning excelsior, the main peakK of
occurredat the end of continuous flamingt about94 s. Reignition of the gas phase flames
occurred momentarilyat 97 sandthe value of K dropped, only rapidly increasavhen flaming
disappeareda few seondslater. The value oMCEobtaineda minimum at about the same

time asKdropped
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Fig.16. The HRR as a function of time after ignition during Test 51 (left axi4)4é& m tallhigh-density excelsior
fire ignited at the bottom, burningin the upward direction. Also shown (right axis) are the radiative fl{gauge
HF_V}, the light extinction coefficientk (see Eq2), and theMCE

The results for the large Douglas fitree fires are quite differenthan the largebulk density
excelsior firesn Fig.15andFig.16. Figurel7 showsthe transient HRR during Tedi,4 1.46 m
tall Douglas fir tree ignited at its base. The peak fire HRR occurred at about 14 s with a value
almost50 times larger than thepward spreadingxcelsior fire in Testl5 This is not
particularly surprising as the mass loss wdactor of 16 largein the Douglas fitest. Unlike

the upward and downwardburning excelsiofires, the peakvalue ofKoccurred at about the
same time as the peak HRRpossiblenterpretation is thatkK wasassociatedvith soot
escaping fairly largdire, typical ofburning hydrocarbongl8]. Smalledocal maxima
associated witiKappeared aaboutthe same time as th®ICEminima, indicating enhanced
generation of incomplete products of combustignst assmoldering begaiat about 22 s after
ignition (seemages inFig.13). The radiative emission peaked at about the same time as the
HRRAppendix Dprovidesthe transient HRR, radiative heat flux, dight extinction
coefficiensfor all the tests
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Fig.17. The HRR asfanction of time after ignition during Test 8 (left axis), a 1.46 m tall Douglas fir tree ignited
at its base. Also shown (right axis) are the radiative flux divided by 10 (gauge HF_V1), the light extinction
coefficientK (see Eq2), and theMCE

Table4 liststhe mass loss, residual mass, duration of burning, time to the peak heat release
rate and its value, anthe total heatreleaseal (THR) fromthe fires. TheTHRis calculated by
integratingthe heat release ratgrofile over theentire duration of the fire.

Table4. Themass lossthe residual maspercentage the duration of the fire, the time to peak heat release rate,
the peak heat release ratgandthe total heat released THR. See the NISTFC{10] for uncertainty information.

Test Specimen Mass loss Residual mass Duration  tpeakHrr  Peak HRR THR
(9) (%) (s) (s) (kw) (MJ)
little bluestem
1 bluestem 80 0 127 16 50 1.2
2 bluestem 68 0 224 15 69 1.2
3 bluestem 98 0 146 19 81 1.7
4 bluestem 34 0 133 12 46 0.6
5 bluestem 24 0 117 11 29 0.4
6 bluestem 19 0 120 11 28 0.4
24 bluestem 74 0 62 39 46 1.1
25 bluestem 76 0 74 33 48 1.2
28 bluestem 48 0 52 34 35 0.8
29 bluestem 93 0 83 30 77 1.4
30 bluestem 26 0 37 34 26 0.4
33 bluestem 48 0 116 34 31 0.8
34 bluestem 51 0 294 32 19 0.7
Douglas fir(DF)
12 DF tree 137 55 64 28 69 1.6
13 DF tree 153 41 104 13 203 3.1
14 DF tree 158 43 101 14 202 3
22 DF tree 178 32 147 13 188 3.8
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Test Specimen Mass loss Residual mass Duration  tpeaknrr  Peak HRR THR
)] (%) (s) (s) (kw) (MJ)
23 DF tree 262 46 125 22 229 4.4
37 DF tree 123 59 113 32 84 21
38 DF tree 194 38 152 13 100 2.7
39 DF tree 153 63 142 18 154 2.7
40 DF tree 82 48 119 11 91 1.4
41 DF tree 37 91 292 214 12 0.7
42 DF tree 77 75 130 22 59 1.1
43 DF tree 242 58 166 13 232 4.4
44 DF tree 4726 31 306 14 7918 102.3
45 DF tree 3201 31 369 13 3632 60
46 DFtree 4394 28 389 14 5987 91.4
47 DF tree 3614 26 479 15 4688 74
excelsiorfires preadingupward
9 excelsior 137 0 138 17 100 2.6
15 excelsior 138 0 106 15 107 2.6
17 excelsior 54 0 88 14 74 1.0
21 excelsior 56 0 78 13 76 1.0
26 excelsior 139 0 77 34 75 2.1
27 excelsior 252 0 74 33 172 3.8
35 excelsior 89 0 62 32 82 1.3
36 excelsior 116 0 62 30 126 1.9
48 excelsior 139 0 137 29 94 24
49 excelsior 137 0 70 29 94 2.3
50 excelsior 190 0 215 14 75 3.2
51 excelsior 200 0 304 11 69 3.4
52 excelsior 192 0 209 13 72 3.4
56 excelsior 27 0 27 6 52 0.5
excelsiorfires spreadinghorizontally
31 excelsior 144 0 84 52 49 2.5
32 excelsior 143 0 89 79 41 2.4
excelsiorfires spreading downward
7 excelsior 134 0 151 48 84 2.5
8 excelsior 138 0 154 39 93 2.6
10 excelsior 140 0 102 52 72 2.5
11 excelsior 147 0 142 53 60 2.5
18 excelsior 56 0 110 32 36 1.0
19 excelsior 57 0 125 49 37 1.0
20 excelsior 55 0 117 39 41 1.0
53 excelsior 211 0 252 75 55 3.6
54 excelsior 199 0 292 51 55 3.3
55 excelsior 192 0 323 48 53 3.2

25



NIST TN 2314
April 2025

Fig.18 shows that he THR is correlated to th@oduct of thepeak HRRNnd the experimental
durationby a linein the loglog plot Afit such as thisvould beexpectedif the HRR profile
could be approximatel astriangular. Then, the THRwould be proportional to the product of
the peak HRR and the test duratidrhefit shownin the figuredoes notcollapsethe data,
suggesting that thenodelisimprecise but it does roughlyepresenttrends in the data

1000 3 B Bluestem R DR
1 @ Douglas fir 21 3
1 A Excelsior (upward spread) y=0.5x|, 7
WV Excelsior (horizontal spread) -
100 3 © Excelsior (downward spread) PES ‘ - ' E
5 L
= _| / -
= 10 3
I ] 2550 @@ i
= ] N o i
14 Fw u <
3 AR~ 3
] iy ]
&
0.1 L R R T v LI R S T L rre
0.1 1 10 100 1000

0.5 Peak HRR x At (MJ)

Fig.18. The total heat released THR as a function of theproduct of the peakheat release rate iRR and the
duration of the fire kt).

Figurel9 shows the ratio of the peak heat release réiIRR]}o the initial masgm) of the
specimen as a function tie dry basismoisturecontentfor specimestestedin the present
work andfor trees and bushepreviously studied13]. Vegetation with low moisture content
(below?20 % shows a much higher peak HRRBSsS indicating thathe drier fuels burred more
intensely leading toalarger peak HRR he ratio idargerthan 1000 kW/kg at very low
moisture content (below 10 %) for excelsior and little bluest&s expected,he results show
that the moisture contentsignificantlyaffectsthe vegetationfires, with higher moisture
contentgenerally resulting ialower peak HRR anfite intensityregardless of the speciggpe.
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Fig.19. The ratioof the peak heat release rate to the initial magmi) of the specimen as a function afs dry

basismoisture content. For comparison, geviously published datgresented inRef.[13] for a variety oftrees
and busheds also shown Themeanexpanded (k=2uncertainty of the ratio for all testswas estimated a$ %.

Figure20 showsthe PHRR of thexcelsioffires as a function of thepecimerbulk density As
expected, thaupward-spreadindires gaverise to largePHRR thanthosespreading
downward This was also the case for the horizohtalrientedfires (Tests 31 and 32), which
spread slower and had smallpeakHRRs than thapward-spreadindires. Thefact that peak
HRR does not correlattrongly with bulk density highlights the compliexeraction between
additional fuel mass and incread fuel packing.
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Fig 20. The Peak HR&d Time at the peak HR&s a function of the bulk density for upwaradlownward, and
horizontally spreadingexcelsiorfires.

The time to reach the PHRR was 23%sfor the upward spreading excelsior fires, almost twice
as fast as the downward spreading fires (46&s) The horizontally spreading fires took the
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longest to obtain the PHRR (6% 8 s)¢ almost three times as long as the upward spreading
fires.

3.2.1.Unburnt Fuel Mass

Figure21 shows the residual masatio asafunction of thedry basignoisture content The

Douglas fispecimensgxhibited a wide range of moisture content, spannapproximately

10 % to 85 %l he residual massf the Douglas fitreesincreased witlthe moisture content

indicating thatthe treesonly partiallyburned. In contrast, he residuafuel mass of &celsior

andlittle bluestemwasvery low indicatingthat thesespecimens burned almosintirely,

leaving only negligibleemnantsafter thefire. Additionally, even for the driest Douglas fir trees,

the residual mass was above 20%. Unlike the other specimens which were comprised entirely of
thin fuel, the trees had a mixture éfiel element diameters, from needles up to the trunk size.

The remaining fuel in a diyee testis related to ths distributionof sizes.

100
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1 @ Excelsior A .
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Fig.21. Residual masgatio as a function of thedry bass moisture content(MCury).

3.3. Peak Flame Height

Figure22 showsan example othe similarity ofRGBand processed binary imagés moments
during theDouglas fifTests 42 and 43he vertical gray bar in the binary image indicates the
flame height.The visible (RGB) and processed binary imagenearly identicaih flame shape
and height.
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Fig.22. The visible (RGB) and processed binary imagemoments during theDouglas firfires in Tes$ 42 and
43, showing the similarity in flame shape and height.

The peak flame heiglior the little bluestemand the Douglas fir fireislisted inTable5. The
expanded combinedncertaintyaveraged 2@%oacross all testésee AppendiB.2).

Table5. Peakflame heightand expanded (k=2) combined uncertaintgr the testswith little bluestem, Douglas
fir, and excelsior. The direction of lame spread idisted for the excelsior fires

Test Specimen Peak Flame Heightm) Flame Spread
little bluestem

1 bluestem 148 + 29 upward
2 bluestem 180 + 36 upward
3 bluestem 190 + 38 upward
4 bluestem 162 + 32 upward
5 bluestem 127 £ 25 upward
6 bluestem 129 + 26 upward
24 bluestem 161 + 32 upward
25 bluestem 160 + 32 upward
28 bluestem 161 + 32 upward
29 bluestem 199 + 40 upward
30 bluestem 141 + 28 upward
33 bluestem 140 + 28 upward
34 bluestem 106 + 21 upward
Douglas fir

12 Douglas fir 103 £ 20 upward
23 Douglas fir 285 + 57 upward
37 Douglas fir 159 + 32 upward
38 Douglas fir 245 + 49 upward
39 Douglas fir 242 + 48 upward
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Test Specimen Peak Flame Heightm) Flame Spread
40 Douglas fir 218 +43 upward
42 Douglas fir 147 + 29 upward
43 Douglas fir 299 £ 59 upward
excelsior fires spreading upward
9 excelsior 182 + 36 upward
15 excelsior 179 + 36 upward
16 excelsior 172 + 34 upward
17 excelsior 178 + 35 upward
21 excelsior 173+ 34 upward
26 excelsior 202 + 40 upward
27 excelsior 273 +54 upward
35 excelsior 201 £40 upward
36 excelsior 259 £51 upward
48 excelsior 167 + 33 upward
49 excelsior 151+ 30 upward
50 excelsior 135 + 27 upward
51 excelsior 132 + 26 upward
52 excelsior 127 £ 25 upward
56 excelsior 137 £ 27 upward
excelsiorfires spreading horizontally
31 excelsior 151 + 30 horizontal
32 excelsior 136 + 27 horizontal
excelsior firesspreadingdownward
7 excelsior 174 + 35 downward
8 excelsior 174 + 35 downward
10 excelsior 185 + 37 downward
11 excelsior 126 + 25 downward
18 excelsior 126 + 25 downward
19 excelsior 126 + 25 downward
20 excelsior 131 + 26 downward
53 excelsior 115+ 23 downward
54 excelsior 115+ 23 downward
55 excelsior 109 + 22 downward

Figure23 shows a box and whisker plot of the peak flame height for each specimen type. The
Douglas fitree firesyieldedthe largest flame heightgollowed byexcelsiorandbluestem The

two outliers in the excelsior casesulted fromlargerspecimerheight, which is twice the

typical height of 60 cm
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Fig.23. A box and whisker plot of the man peak flame height for eacbpecimentype.

Figure24 shows thepeak flame heighandthe normalized peak flame heighy the specimer®

height (+/H) as a function othe specimer® moisture contentThe peak flame height
decreased as thspecimer® moisturecontentincreased Comparing the results of Test 39 and

Test 43, theDouglas fitrees were similar in sizand mass(seeTablel), butthe residual mass

in Test 39 wasll%largerthan in Test 4%
content. The peak flame height in Test 39 was about 40 % smaller than in Test 43.
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Fig.24. The peak flame height(left) and the peak flame heigh{L) normalizedby the specimer@ height (right) as

Figure24 shows the wrmalized peak flame height by specing&height The range and mean

Dry Basis Moisture Content, MC,,, (%)

Dry Basis Moisture Content, MC,,, (%)

a function ofthe specimendry basismoisture content.

valuesfor each specimen are listed Trable6. Forexcelsiottests, he peak flame heighin
upwardfire spreadng is highercompared tadownward fire spreadingpecausehe flame at
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the base initiates heating of the fudgcilitating rapid fire propagation, resulting in a notably
substantial maximum flame height.

Table6. Peak flame heighthormalizedby initial specimen heightl{/ H).

Specimen Lt (m) L/H() TestsN
Range Mean + SD Range Mean + SD
bluestem 1.1-2.0 15+0.3 15-4.6 22+0.8 13
Douglas fir 1.0-3.0 21+0.7 0.8-2.8 1.9+0.7 8
excelsior (upward spread) 1.3-2.7 1.8+04 2.1-34 2704 15
excelsior (horizontal spread) 1.4-1.5 1.4+0.1 9.1-10.1 9.6+0.7 2
excelsior (downward spread) 1.1-1.9 1.4+0.3 1.8-3.1 23+05 10

Figure25 shows the peak flame height and the normalized peak flame heigtitdogpecimer®
height (+/H) as a function of the bulk density of excelst&xamining the 60 cm samples, the
maximum flame heiglgt are found at the intermediate range of bulk densities tested. This
demonstrates a competing effect between thereasing bulk density leading to an increasing
amount of fuel(larger flame height) and decreasing porositffess efficient burning and less
flow within the fuel, leading to a smaller flame heighithis matches the behavior observed

with the peak HRR iRig 20.
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Fig.25. The peak flame heightleft) and the peak flame heighi(Ls) normalizedby the specimen heightright) as a

3.4.CO and Soot Yields

function of the excelsiorbulk density.

The mearand range of CO and soot yields by specimen type are listeahile7, and theyield
measurements in each test are listedTliableCl. Each of the individuaest resultsistabulated
in Appendix CDouglas fitrees had the largest mean CO yield, which was 9 %werage,
followed bylittle bluestemat 6 % andexcelsiorat 3 %. The ranges of CO yield results were
similar for the three fuel types, varying from about 63 % to 214 % of the walae
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Table7. Mean andrangeof CO and soot yields by specimen typehe ratio of the mean values is also listed.

Specimen Yco(kg/kg x 10°) Ysoot(kg/kg x 10°) (YeolYsoo)
Mean Range Mean Range Mean
little bluestem 61.9 4210 88 5.03 Oto 21 12
excelsior 37.7 19to 85 3.45 O0to 15 11
Douglas fir 89.1 58t0 120 412 17t011 22

The soot yields did not follow the same trend as the CO gtk bluestem had the largest
mean soot yield, which wak50 % on average, followed by Douglas fiDa0 %, and excelsior
at 0.35%. The range of soot yields was much broader than the CO yields, varyingbioom

15% to 2630% of the mean for little bluestem. The range of soot yields was also appreciably
larger than the CO yields for the other two fuel types.

The large number of experiments conducted in this study revealed the variation in the CO and
soot yield results for athree fuel types. The results are consistent wytleldsmeasured in fires
burning large (5 m) Douglas fir treg&3]. The CO and soot yields are both significantly larger
than small (10 cndiameter) pool fires burning simple two and three carbon hydrocarbons with
the ratio of CO to soot more than 30 times larger than in hydrocarbon[fé4]s This may be
attributed to the smoldering of the cellulosic fuels investigated in this study, which can produce
relatively large amounts of CO compared to flaming fiB&s.

Figure26 shows he soot yield as a function of the bulk density for all the excelsior fires.
Excelsior fires with higher bulk density tend to produgreatersoot yields than those with
lower bulk densityVisible observation suggests that thieldsare mainlyassociated with
thermal decomposition in the absence of flam&8ce, the soot yield is calculated using a
massspecific extinction coefficient typical of sopt) and not a value more typical of
particulate matter produced during smoldering combustitime uncertaintymayactuallybe
abouta factor of two larger thashownin Fig 26 (seeSection2.6for a detailed discussion of
the optical extinction coefficient
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Fig 26. The soot yield as a function d@he bulk density for all the excelsiofires. The error bargepresentthe
combined expanded (k=2) uncertainty.

3.5. Radiative Fraction

Fig 27 showsa box and whisker plot dhe radiative fraction for each vegetation typad also

a plot of the radiative function of thdry basis moistureontent The mean, standard deviation,
FYR NI}y3aS 2F GKS NI RAI oy @aSiandigiie Cange argllsolistddR G K S
in Table8. Theradiative fractionfor each testslisted inTableB2 in AppendixB.3 The mean

values of the radiative fractions for the little bluestem, excelsior, and Douglas x3#€0.33
and0.29, respectively. Douglas fir trees had a wdig basisnoisture content range (7 %

85%). The radiative fraction decreased from ab0utl to 0.15as the moisture content
increasedas seen in the righhandplot of Fig.27. This trend is consistent with the peak flame
height, which also decreased with increasing moisture contastseen ifrig.24. The error bars

for each... measurement irFig.27 representthe standard deviation of the radiative fraction
measured using multiple heat flux gauges for each test. Larger values of the error bars indicate
that the radiative flux to the surroundings was asymmetric, suggesting obstruction of the

& LIS O A redmativ@fiux to the surroundings on one or more sides of the speciifiealargest

error bars are generally associated with larger values of specimen moisture content. In the
larger moisture content testdCary > 60 %), ignition was typicaliypt symmetric leading to

more burning on one side of the tree but neimultaneously orall sidesin these teststhe
non-burning branches of the tree absorbed a portion of the radiative emission. Eliminating the
testsin which there was only partialuoning, the average radiative fraction @32+ 0.06.
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Fig.27. A box and whisker plot showing the mean radiative fraction and its standard and expanded (k=2)
deviation for each vegetation typé€left), and the mean radiative fraction as a function afry basismoisture
content for Douglas fir fireqright). Theerror barsrepresentthe expanded (k=2) uncertaint{95 % confidence
interval).

Table8. The nean, standarddeviation, range of adiative fraction (rad0 = | Y R adhy)Sa8ismeiSiyfeQ &
content (MGCury) range.

Specimen rad Range MGy Range
() () (%)
bluestem 0.34+0.11 0.28-0.40 6-10
Douglas fir 0.29+0.10 0.15-0.41 6-85
excelsionupward spread) 0.32+0.06 0.26-0.41 6
excelsior (horizontal spread) 0.28 £ 0.06 0.27-0.29 6
excelsior (downward spread) 0.36 £ 0.07 0.32-0.44 5-6

Figure28 shows the radiative fraction asfanction ofthe bulk density of excelsior for the
different test configurationsnvolving theflame spreadiirectionandthe specimen§yertical
extent (or heighf). The radiative fractionvas aboutconstantfor bulk densites below15 kg/m?.

For lager bulkdensitiesthe radiative fraction increaseand obtained a maximum value of

0.45 regardless of the flame spread direction or the specimen's heiglit.Q &4 K S LJT dz
the higher bulk density excelsior fires tegtto generate larger soot yields than the lower
density firesas shown irFig 26. However, as discusseadove,this yield is not onlya measure

of soot, so thelarger valuesdo not necessarily correlate to higher emission from soot particles

in theluminous flame.
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Fig.28. Radiative fraction as a function of the bulk density excelsiorfor the different flame spreaddirections
and initial specimenvertical extent orheight.

For a significant portion of these tests, thewas a long period of smoldering after flaming
combustion disappe&d. The video record reveathe timeswhenflamingcombustionbegan
andended. The video record, howevegis notparticularlyhelpful inidentifying the beginning of
smolderingcombustion Smolderingcanoccurover a portion of théburning solidevenwhile

gas phasdélames are simultaneouslyoccuring elsewhere The gas phase flames are so bright
they @muld mask portions of the burning solid that may be smoldering. i K2 dzZ3 K A (1 Qa
possibleto separatethe purelygasphase radiative emission from emission by a hot charring or
smoldering solid using the current instrumentation, examining the chanteiradiative

fraction over different cumulative periodgrovidesinsighton thecharacter of these two

distinct modes of combustiarfonsidering Eqng3) - (5), the cumulativeradiative fraction

.rad(tw), Is definedas

6 - ﬁ ®

wheretp isthe ignition time tw isthe duration of thecumulativeperiod, & 0 is the measured

mass at timdw, 1] is the average value of the transient heat flmeasuredusing multiple
gaugesandHc ertis the mean effective heat of combustion for eagecimerntype aslisted in
Table3. The cumulative radiative fraction at the end of the experimemas identically equal to
the radiative fractioristedin TableB2.

Figure29 shows theevolution of thecumulative radiative fractioduring Test 53the high bulk
densitydownward spreadingxcelsioffire presented inFig.14 andFig.15. The end of gas
phaseflamesin the testis seenin the video recordFig.14) and corresponds to the timeshen

2. The authors are indebted to Rodney Bryant and Nigel Armgafmah of NISfbr suggesingthis approach.
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the heat release ratelroppedto one-half of its peak valueln Test53, the cumulative adiative
fractionat the end of the flaming period. raq 1) was aboutequal t00.29,a factor of 1.3ower
than the cumulativeradiative fractionat the end ofthe test, whichasymptoticallyreached
0.38+ 004. Smilartrends are observed in the little bluestem and Douglas fir fiemssseen in

Fig.30andFig.31.
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Fig 29. The mimulative radiative fraction as a function of théime window size in Test 53. The error bars
indicate the standard deviation of theadiative fraction obtained from multiple heat flux gauge3he dashed
vertical line at89 s represents the end ahe period ofgas phase flanmg (seeFig.14).
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Fig.30. The wmulative radiative fraction as a function of the time window size in T&kt The error bars
indicate the standard deviation of the radiative fraction obtained from multiple heat flux gaug&be dashed
vertical line at46s represents the end athe period ofgas phase flanmg.
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Fig.31. The wmulative radiative fraction as a function of the timesindow size in TesR2. The error bars
indicate the standard deviation of thdeat fluxwhich wasmeasured bymultiple heat flux gaugesThe dashed
vertical line at24 s represents the end ahe period of gas phase flaming.

Figure32 showsthe mass lossind radiative heat flux as a function of timeTiest 53the
downward burning higldensityexcelsior fireDuring the purely smoldering phase which
started at about 89 s after ignitiofseeimages irfFig.14), the heat flux remained at
approximately 30 % ofs peakvalueuntil 140 s At the same timethe mass loss was around
10 % of the initial massf the specimenThisresultprovidesan explanatioras towhythe
cumulativeradiative fractionincreasel with the expanding time windowt) in Fig 29. Thus
the hot smolderingexcelsiorin Test 53igniicantlyinfluenced the radiative fractionresulteven
though thetotal integrated enissionduring theflaming period is much larger thaturing the
smoldering period
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Fig.32. Radiative heat flux(left axis;measured usingsaugeHF_V1jand themass loss (right axigs a function of
time in ahigh bulk densitydownward spreadingexcelsior fire(Test53). Thedashed vertical line at 89 s
represents the end othe period of gas phase flanmg (seeFig.14).
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Figure33 shows the ratio of theumulativeradiative fraction during the flamingeriod (- rad,)
to the radiative fraction over thentire burning period.(ad) as a function of the bulk densityr
the excelsioffires. Asthe bulk density increasd the ratio of . raq1t0 - rad decrease, indicating
that the radiative fraction increaskfrom the early burning phase when flamimgsevident as
compared to the entire burning period.
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Fig 33. The ratio of the cumulativeadiative fractionduring the period of gasphaseflaming to the cumulative
radiative fraction for the entire experimentas a function of the bulk density ahe excelsiorfires. Theflame

symbols are categorized by the figpreaddirection andthe specime@ Q A YA GA L . @SNI A O ¢
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4. Summary and Conclusions

A series of measurements were conducted to bettaderstand the burning charactsticsof
three types of vegetative fuelsttle bluestemgrassgexcelsiorwood fibers andDouglas fir
trees. The measurements included ttransient heat release rate (HRR) determined using
oxygen consumption calorimetry, threass loss rate, the yields of CO and smakelthe
radiative emission tohe surroundings. An estimate of tlaverage radiative fractioduring the
fires was obtained from radiative heat flux measurements made in the far Egloeriments
were alsoconducted on extensions efxcelsiompositioned horizontally and vertically with
controlled bulk densityA summary of key findingsllows.

1. The ratioof the peak heat release rate to the initial mass of tkeet specimers as a function
of their dry moisturecontentwas consistent with geviously publishefire measurements
on a variety otrees and bushesA fit to all the data showed that a power law was an
adequate representation of the results.

2. The moisture content significantly affected the Douglaséie fires. As the tree moisture
content increasegthe radiative fractiorsignificantly decreased.he radiative fractiomf
the Douglas fitree fires was observed to decrease frordDto 0.15 as thedry basis
moisture content increaseffom 6 % to85 %.

3. The mean radiative fractions for little bluestem, excelsior, and Dougltietimwere 0.3,
0.33, and 0.9, respectivelyConsidering th@verlapping error barghere is no statistically
significant difference among the fuel typé&ishe average radiative fraction for all the tests
was0.32. Further work is needed tdifferentiate radiative emission du® gas phase
flames ascompared toglowing, smoldering combustion for cellulosic fuels.

4. Consideration oftie cumulativeradiative fractionprovides insight on thehangen the
radiative fraction from F A NB Q& Fifs smolileyird) prastvhiieBadiative
emission from the hot smoldering materials wamsaller than theemissionearly in the fire
when gas phase flamegere present the cumulativeradiative fractionduring theentire
burn including thesmoldering periodvasmeasurably largethan the cumulative radiative
fraction justduring the flaming combustion phaséor excelsior, thisffectbecamemore
significantfor higher bulk densies.

5. Thesoot yieldhad a high degree of scattéor all sample typesith meanvalues 010.46%
for bluestem 0.11% for excelsior, and 0.24 forDouglas firTheCO yieldhadmean values
of 6.2% 3.3% and8.9%for bluestem excelsior and Douglas fir, respectivelyhich were
significantly larger than small (10 cm diameter) fires burrsmgple two and three carbon
hydrocarbonsFurther work is needed to improve the estimate of the soot yield since it is
calculated using a assspecific extinction coefficient typical of soot and not a value more
typical of particulate matter produced duringyrolysis andgmoldering combustion.

6. Thepeak HRR of thexcelsioffireswas a function ofgnition orientationandbulk density.
As expected, the upward spreading fires gave rise to larger peak HRRedkaspreading
downward. The horizontally oriented fires (Tests 31 andaB&)spread slower and had
smaller PHRRs than tlupward-spreadingires.
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These measurementsf global burning propertiesanprovide guidancéo the development of
wildlandfire modek. Radiative fractions, CO yields, and soot yields are all typically presaribed
physicsbased wildland fire modelg@\lthoughmore work is required t@valuate the full range
of relevant vegetation species, these findimgsvide a startingpoint and can serve amn
indication ofwhich properties may béelatively) speciesindependent(but moisture
dependen), such as radiant fraction, and those whigpaar linked to the speciesuch as CO
yield. The degree to which these differences are related to plant chemigtryus plant
structureis also open to further exploratioffhis work also highlights the uncertainties which
can bepassed from measurement to mod&hen applying techniques establishéa gaseous
and liquid fuels to complex solid fuels like vegetatiBor example, usingglobalradiant
fractionin a model ofemissionfrom flaming combustion may introduce uncertainties if
emission from the solid phad®s a significant effect on theaifal value Measurement results
andthe video recordings of the experiments described in this repogtavailable as part of the
NISTFireCalorimetryDatabasgFCD)10].
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Appendix A.TestMethod Details

TableAl liststhe exhaust hood size, load cell model, and heat flux gauge locations used for eaBtetestoFig. 5 and Fig.B5
which provide schematic diagrams of the experimental configuration. The reference valyesasfdb are the exhaust duct center,
the bottom of the specimenand the opening of the mesurrounding the test section as seen in the figure.

TableAl. The exhaust hood size, load ceibdel, and heat flux gauge locations.

Test Hood Load HFVO HFV1 HFV2 HFV3 HFV4 HFV5 HFV6 HFV7 HFH1 HFH2 HFH3 HFH4
size Celk (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T NE )T (r, 2,
(m, m) (mm, (mm, (mMm, (Mm, (MmMm, mMm, MmMm @Mm, mMm, (MmMm, mMm, ")
deg) deg) deg) deg) deg) deg) deg) deg) deg) deg) deg) (m, m,
deg)
1 3,3 P 1.83, 1.83, 1.83, 1.83, 1.83, 2.08, 2.14, 2.08, 0.08, 0.12, 0.39, 1.75,
0.02, 0.41, 1.03, 1.65, 2.24, 1.03, 1.03, 1.03, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
2 3,3 P 1.83, 1.83, 1.83, 1.83, 1.83, 2.08, 2.14, 2.08, 0.08, 0.12, 0.39, 1.75,
0.02, 0.41, 1.03, 1.65, 2.24, 1.03, 1.03, 1.03, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
3 3,3 P 1.83, 1.83, 1.83, 1.83, 1.83, 2.08, 2.14, 2.08, 0.08, 0.12, 0.39, 1.75,
0.02, 0.41, 1.03, 1.65, 2.24, 1.03, 1.03, 1.03, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
4 3,3 P 1.83, 1.83, 1.83, 1.83, 1.83, 2.08, 2.14, 2.08, 0.08, 0.12, 0.39, 1.75,
0.02, 0.41, 1.03, 1.65, 2.24, 1.03, 1.03, 1.03, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
5 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 0.69,
-0.28, 0.06, 0.68 1.29, 2.21, 0.67, 0.67, 0.67, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
6 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 0.69,
-0.28, 0.06, 0.68 1.29, 2.21, 0.67, 0.67, 0.67, 0, 0, 0, 0,
135 135 135 135 135 225 315 45 135 135 135 135
7 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.48, -0.14, 0.48 1.09 2.01, 0.47, 0.47, 0.47, -0.21, -0.21, -0.21, -0.21,
135 135 135 135 135 225 315 45 135 135 135 135
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Test Hood Lload HFVO HFV1 HFV2 HFV3 HFV4 HFV5 HFV6 HFV7 HFH1 HFH2 HFH3 HFH4

size Celt  (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (r, 2,

(m, m) (m,m, (mm, (mMm, (mMm, mMm, mMm, MmMm, (mMm, mm, (MmMm, mMm, ~)

deg) deg) deg) deg) deg) deg) deg) deg)  deg) deg) deg) (m, m,

deg)

8 3,3 3Da 1.78, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 0.39, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, -0.21, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

9 3,3 3Da 1.78, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 0.39, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, -0.21, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

10 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 0.39, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, 021, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

11 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 0.39, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, 021, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

12 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 039, 152,
-0.37, -003 059 120, 212, 058 058 058 -0.21, -0.21, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

13 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 039, 152,
-0.37, 003 059 120 212, 058 058 058 -0.21, -0.21, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

14 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 039, 152,
-0.37, 003 059 120 212, 058 058 058 -0.21, -0.21, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

15 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 039, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, 021, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

16 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 039, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, 021, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135

17 3,3 3Da 178, 1.78, 1.78, 178, 1.78, 2.08, 214, 211, 009, 0.13, 0.39, 152,
-0.48, -014, 048 109 201, 047 047 047  -021, 021, -0.21, -0.21,

135 135 135 135 135 225 315 45 135 135 135 135
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Test Hood Load HFVO HFV1I HEFEV2 HFV3 HFEV4 HFEV5 HFV6 HEV7 HFH1 HFH2 HFH3 HFH4
size Celt  (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (r, 2,
(m, m) (m,m, (mm, (mMm, (mMm, mMm, mMm, MmMm, (mMm, mm, (MmMm, mMm, ~)
deg) deg) deg) deg) deg) deg) deg) deg)  deg) deg) deg) (m, m,
deg)
18 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.48, -0.14, 0.48 1.09 201, 0.47, 0.47, 0.47, -0.21, -0.21, -0.21, -0.21,
135 135 135 135 135 225 315 45 135 135 135 135
19 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.48, -0.14, 0.48 1.09 201, 0.47, 0.47, 0.47, -0.21, -0.21, -0.21, -0.21,
135 135 135 135 135 225 315 45 135 135 135 135
20 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.48, -0.14, 0.48 1.09 201, 0.47, 0.47, 0.47, -0.21, -0.21, -0.21, -0.21,
135 135 135 135 135 225 315 45 135 135 135 135
21 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.48, -0.14, 0.48 1.09 201, 0.47, 0.47, 0.47, -0.21, -0.21, -0.21, -0.21,
135 135 135 135 135 225 315 45 135 135 135 135
22 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.37, -0.03, 0.59 1.20, 212, 0.58 0.58 0.58 -0.09, -0.09, -0.09, -0.09,
135 135 135 135 135 225 315 45 135 135 135 135
23 3,3 3Da 1.78, 1.78, 1.78, 1.78, 1.78, 2.08, 2.14, 2.11, 0.09, 0.13, 0.39, 1.52,
-0.37, -0.03, 0.59 1.20, 212, 0.58 0.58 0.58 -0.09, -0.09, -0.09, -0.09,
135 135 135 135 135 225 315 45 135 135 135 135
24 6, 6 3Da na 4.10, 4.21, 4.45, 4.19, 5.40, na na na na na na
0.86, 0.86, 0.86, 0.86, 0.86,
45 135 225 315 340
25 6, 6 3Da na 4.10, 4.21, 4.45, 4.19, 5.40, na na na na na na
0.86, 0.86, 0.86, 0.86, 0.86,
45 135 225 315 340
26 6, 6 3Da na 4.10, 4.21, 4.45, 4.19, 5.40, na na na na na na
0.66, 0.66, 0.66, 0.66, 0.66,
45 135 225 315 340
27 6,6 3Da na 4.10, 4.21, 4.45, 419, 5.40, na na na na na na
0.36, 0.36 0.36 0.36 0.36,
45 135 225 315 340
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Test Hood Load HF VO i HF V1 A HF V2 A HFV3 HFV4 HFV5 HFV6 HFV7 HFH1 HFH2 HFH3 HFH4
size Celk (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (r, 2,
(m, m) (m,m, (mm, (mMm, (mMm, mMm, mMm, MmMm, (mMm, mm, (MmMm, mMm, ~)
deg) deg) deg) deg) deg) deg) deg) deg)  deg) deg) deg) (m, m,
deg)
28 6,6 3Da na 4.10, 4.21, 4.45, 4.19, 5.40, na na na na na na
0.86, 0.86, 0.86, 0.86, 0.86,
45 135 225 315 340
29 6, 6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.86, 0.86, 0.86, 1.25, 1.25,
45 135 225 315 340
30 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.86, 0.86, 0.86, 1.25, 1.25,
45 135 225 315 340
31 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.56, 0.56, 0.56, 1.54, 1.54,
45 135 225 315 340
32 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.56, 0.56, 0.56, 1.54, 1.54,
45 135 225 315 340
33 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.86, 0.86, 0.86, 1.25, 1.25,
45 135 225 315 340
34 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.86, 0.86, 0.86, 1.25, 1.25,
45 135 225 315 340
35 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.66, 0.66, 0.66, 1.44, 1.44,
45 135 225 315 340
36 6,6 3Da na 4.10, 4.21, 4.45, 2.98, 3.98, na na na na na na
0.36, 0.36, 0.36, 1.74, 1.74,
45 135 225 315 340
37 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340
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Test  Hood Lload HFVO HFV1 HFV2 HFV3 HFV4 HFV5 HFV6 HFV7 HFH1 HFH2 HFH3 HFH4
size Celt  (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (r, 2,

(m, m) (m,m, (mm, (mMm, (mMm, mMm, mMm, MmMm, (mMm, mm, (MmMm, mMm, ~)
deg) deg) deg) deg) deg) deg) deg) deg) deg) deg) deg) (m, m,
deg)

38 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

39 6, 6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

40 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

41 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

42 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

43 6,6 3Da na 4.07, 4.07, 4.07, 4.07, 5.21, na na na na na na
1.05, 1.05, 1.05, 1.05, 1.05,
45 135 225 315 340

44 6, 6 R na 5.30, 5.29, 5.32, 5.26, 6.00, na na na na na na
1.69, 1.72, 1.66, 1.67, 1.67,
45 135 225 315 340

45 6, 6 R na 4.00, 4.00, 4.00, 4.00, 4.50, na na na na na na
1.69, 1.69, 1.69, 1.69, 1.69,
45 135 225 315 340

46 6, 6 R na 4.00, 4.00, 4.00, 4.00, 4.50, na na na na na na
1.69, 1.69, 1.69, 1.69, 1.69,
45 135 225 315 340

47 6,6 R na 4.00, 4.00, 4.00, 4.00, 4.50, na na na na na na
1.69, 1.69, 1.69, 1.69, 1.69,
45 135 225 315 340
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Test Hood Load HF VO i HF V1 A HF V2 A HF V3 A HFVvV4 HFV5 HFV6 HFV7 HFH1L HFH2 HFH3 HFH4
size Celk (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (NE )T (r, 2,
(m, m) (m,m, (mm, (mMm, (mMm, mMm, mMm, MmMm, (mMm, mm, (MmMm, mMm, ~)
deg) deg) deg) deg) deg) deg) deg) deg)  deg) deg) deg) (m, m,
deg)

48 6,6 3Dab na 4.00, 4.00, 4.00, 4.00, 4.50, na na na na na na
0.91, 0.91, 0.91, 0.91, 0.91,
45 135 225 315 340

49 6,6 3Dab na 4.00, 4.00, 4.00, 4.00, 4.50, na na na na na na
0.91, 0.91, 0.91, 0.91, 0.91,
45 135 225 315 340

50 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

51 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

52 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

53 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

54 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

55 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

56 3,3 3Da na 2.07, 2.09, 2.11, 2.13, na na na 0.13, na na na
0.84, 0.84, 0.86, 0.84, -0.19,
45 135 225 315 135

"Load cells: - 3DInterface (ZM3DW): 32 (SN:72159), 3b (SN:72157)

- P-Precisa (X#8200C)

- RRADWAGAPP 60.R1)
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TableA2lists the Nikon D500 camera location and exposure for each test.

TableA2. CameraNikon D500)ocation and exposure for each test

Test Location (r, 2) Exposure
(m, m) (F, 1ISO)
1 2.44,1.17 4, 400
2 2.44,1.17 3.2, 3200
3 2,1.07 3.5, 1600
4 2,1.07 10, 10000
5 2,1.07 10, 10000
6 2,1.07 10, 10000
7 2,1.07 10, 10000
8 2,1.07 10, 10000
9 2,1.07 10, 10000
10 2,1.07 10, 10000
11 2,1.07 10,10000
12 2,1.07 10, 10000
13 2,1.07 10, 10000
14 3.1,0.9 10, 10000
15 3.1, 1.07 10, 10000
16 3.1,1.07 10, 10000
17 3.1,1.07 10, 10000
18 3.1, 1.07 10, 10000
19 3.1, 1.07 10, 10000
20 3.1,1.07 10, 10000
21 3.1,1.07 10, 10000
22 3.1,1.07 10, 10000
23 3.1, 1.07 10, 10000
24 5.4,1.14 10, 10000
25 5.4,1.14 10, 10000
26 5.4,1.14 10, 10000
27 5.4,1.44 10, 10000
28 5.4,1.44 10, 10000
29 5.4,1.44 10, 10000
30 5.4,1.44 10, 10000
31 5.4,1.44 10, 10000
32 5.4,1.44 10,10000
33 5.4,1.44 10, 10000
34 5.4,1.44 10, 10000
35 5.4,1.44 10, 10000
36 5.4,1.44 10, 10000
37 5.4,1.44 10, 10000
38 5.4,1.44 10, 10000
39 5.4,1.44 10, 10000
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Test Location (r, 2) Exposure

(m, m) (F, 1ISO)
40 5.4,1.44 10, 10000
41 5.4,1.44 10, 10000
42 5.4,1.44 10, 10000
43 5.4,1.15 10, 10000
44 6.1, 1.45 13, 6400
45 4.5.1.55 13, 6400
46 4.5.1.55 13, 6400
47 4.5, 0.96 13, 6400
48 4.4,1.22 13, 6400
49 4.4,1.22 13, 6400
50 1.7,0.3 10, 10000
51 1.7,0.3 10, 10000
52 1.7,0.3 10, 10000
53 1.7,0.3 10, 10000
54 1.7,0.3 10, 10000
55 1.7,0.3 10, 10000
56 1.7,0.3 10, 10000
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Appendix B.Uncertainty Analysis

Estimates of uncertainty are evaluated using the method described if3®fA series of
measurements, denoted by can be expressed as a function of its associated independent
variables. The functioriCcontains all quantities that significantly contribute to the
measurementEstimates of uncertainty are evaluated using the method described i 3®&f.
A series of measurements, denoted dycan be expressed as a function of its associated
independent variablesy. The functioiQcontains all quantities that significantly contribute to
the measurement:

® Qo o o FE o (B1)

In the case that all inputariablesare uncorrelatedthe combinedstandarduncertainty, 6 w,

is estimated followingthe law of propagation of uncertaintyfhe standard deviation of the
output estimate,,  isalsoconsidered an uncertainty component. The expanded combined
uncertainty,”Y ®, is defined as:

Yo Q6w , 0 (B2)

where the coverage factoiQ) is taken agqual to 2, so that the expanded £2) combined
uncertainty,”Y, defines an interval corresponding to approximately a 95 % confidence level.

B.1.Uncertainty ofMassLossMeasurement

The expanded (k 2) combined uncertainty dhe burningmassloss Uc(nm), is estimatel as
below:

Y3 ¢ 6 AOE £O ABI (B3)

where ug(drift) is mass drift due tthe coretemperaturechangeof the load celluc(cal is the
calibrationerror, estimated as the slof@error of linear curve fittingrhe calibration error of
load cell used in each test is listedTiableB1.

FigureB1shows experimental setup f@stimation of signal drift in mass measuremenfthe
collarwas heated using a heating tapehichcontrolled temperatureby a transformer.
Thermocouples measurdtie temperature inside the collar arttie core temperature of the
3D force sensor (Interface IM8N:72157)Thewater-coolingsystemin the Fig.Bl(a) was turned
off during the experiment
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Heating tape
Controlled by
transformer

——

= 3D sensor
(Cooling water pipeline " _[Transformer

Fig.Bl. Experimental setup foestimatingsignal drift in mass measurementga) photograph, (b) schematic
diagram.

FigureB2showsthe massand core temperaturef the 3D fore sensor as a function of time.
The measured massclosely correlated with core temperaturblass driftwith the core
temperature change was estimaten the heating periodf 15 min(highlightedwith yellow in
Fig.B2).

TC3_3D_CORE (*C)

a2 885 4200
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& 28
P —_
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224 4 3800
T T T T T T
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Fig.B2. Mass (solid line) and core temperature of the 3D force sensor (dashed line) as a function of time.

Mass drift(marit) and core temperature chang@Tcore) are estimated as
(B4)

where, m; and Teoreare the initialmassand core temperatureat t = 0 s FigureB3shows the
mass drift as a function of the core temperature chanfjge mass drift is linearly proportional
to the core temperature chang&he drift rate of mass (arit) is30.69/3 +0.06 g/3 when
NTeoreis less tharl 3 . For the 3D force sensor, the mass drift veatculatedasi aritt X NTeore
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Fig.B3. Mass drift (marit) as a function of the core temperature change €ore) for the 3D force sensor used in
many of the experiments (se@ableAl for details).

t=389s
14000 — T [ —Plant46

13000 1

Mass drift|= 33g / 600s = 0.055 g/s

T T T T T T T T T
0 200 400 600 800 1000
Time (s)
Fig.B4. Massmeasured bythe RADWAGoad cell used in Test 4&s a function of time.

The rate of mass drifi «it) of RADWAGR) and PRECISR)load cells was determined by
measuring the change in mass oeegperiod of at leasb minimmediatelyafter the fire was
extinguishedThei it of RADWAGNd PRECISA load celbss 0.055 g/s and 0.003 g/s,
respectively. For thRADWAGNnd PRECISA load cells, the mass driftoasilatedast grift X
touming TableBLl lists theloadcell modelmass drift,core temperature change of load cell, mass
loss anduncertainty termsin Eq.(B3).
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TableB1. Mass drift, the burning mass loss, and the uncertainties of mass drift and calibration in eachThet.
expanded(k=2) combined uncertainty of the burning mass loss is also shown.

Test Specimen  Load tburning N Gore Marift nm uc(drfit)  uc(cal) Ue(nm)
no. cell (s) (s) (9) @) &) &) (%)
1 bluestem P 127 na 04 80 0.4 0.05 0.9
2 bluestem P 224 0.04 0.6 68 0.9 0.05 2
3 bluestem P 146 0.06 0.4 98 0.4 0.05 0.8
4 bluestem P 133 -0.07 04 34 1.1 0.05 2

5 bluestem 3Da 117 0.04 1.1 24 1.2 0.03 2
6 bluestem 3Da 120 0.04 11 19 1.2 0.03 2
7 excelsior 3Da 151 0.003 01 134 01 0.03 0.1
8 excelsior 3Da 154 0.004 0.1 138 01 0.03 0.2
9 excelsior 3Da 138 0.04 1.1 137 0.8 0.03 2
10 excelsior 3Da 102 1E4 0.004 140 0.0 0.03 0.1
11 excelsior 3Da 142 0.007 0.2 147 0.1 0.03 0.3
12 DF tree 3Da 64 0.03 0.8 137 0.6 0.03 1
13 DF tree 3Da 104 0.008 0.2 153 0.2 0.03 0.3
14 DF tree 3Da 101 0.009 0.3 158 0.2 0.03 0.3
15 excelsior 3Da 106 0.02 0.5 138 04 0.03 0.8
16 excelsior 3Da 84 0.001 0.04 62 01 0.03 0.2
17 excelsior 3Da 88 0.02 0.6 54 1.1 0.03 2
18 excelsior 3Da 110 0.002 0.07 56 0.1 0.03 0.3
19 excelsior 3Da 125 0.003 01 57 0.2 0.03 0.3
20 excelsior 3Da 117 0.009 0.3 55 05 0.03 1
21 excelsior 3Da 78 0.02 0.6 56 1.0 0.03 2
22 DF tree 3Da 147 0.02 0.7 178 04 0.03 0.7
23 DF tree 3Da 125 0.010 03 262 0.1 0.03 0.2
24 bluestem 3Da 62 0.06 1.8 74 24 0.03 5
25 bluestem 3Da 74 0.02 0.6 76 0.8 0.03 2
26 excelsior 3Da 77 0.002 0.07 139 01 0.03 0.1
27 excelsior 3Da 74 0.09 2.6 252 1.0 0.03 2
28 bluestem 3Da 52 9E4 0.03 48 0.1 0.03 0.1
29 bluestem 3Da 83 0.06 1.9 93 2.0 0.03 4
30 bluestem 3Da 37 0.04 1.1 26 4.3 0.03 9
31 excelsior 3Da 84 0.03 0.8 144 0.6 0.03 1
32 excelsior 3Da 89 0.1 34 143 2.4 0.03 5
33 bluestem 3Da 116 0.02 0.7 48 1.4 0.03 3
34 bluestem 3Da 294 0.05 1.7 51 3.3 0.03 7
35 excelsior 3Da 62 0.02 0.7 89 0.8 0.03 2
36 excelsior 3Da 62 0.05 1.5 116 1.3 0.03 3
37 DF tree 3Da 113 0.06 1.8 123 15 0.03 3
38 DF tree 3Da 152 0.04 1.2 194 0.6 0.03 1
39 DF tree 3Da 142 0.10 3.0 153 1.9 0.03 4
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Test Specimen  Load tburning N fore Marift nm uc(drfit)  uc(cal) Uc(nm)
no. cell (s) (s) (9) (9) (%9 (%9 (%)
40 DF tree 3Da 119 0.04 14 82 1.7 0.03 3
41 DF tree 3Da 292 0.04 1.2 37 3.1 0.03 6
42 DF tree 3Da 130 0.04 1.3 77 1.6 0.03 3
43 DF tree 3Da 166 0.01 0.4 242 0.2 0.03 0.3
44 DF tree R 306 na 17 4726 04 0.03 0.7
45 DF tree R 369 na 20 3201 0.6 0.03 1
46 DF tree R 389 na 21 4394 05 0.03 1
47 DF tree R 479 na 26 3614 0.7 0.03 2
48 excelsior 3Da,b 137 0.04 1.2 139 09 0.03 2
49 excelsior 3Da,b 70 0.1 3.5 137 25 0.03 5
50 excelsior 3Da 215 na na 190 na 0.03 1"
51 excelsior 3Da 304 na na 200 na 0.03 1
52 excelsior 3Da 209 na na 192 na 0.03 1
53 excelsior 3Da 252 na na 211 na 0.03 1
54  excelsior 3Da 292 na na 199 na 0.03 1
55 excelsior 3Da 323 na na 192 na 0.03 1
56 excelsior 3Da 27 na na 27 na 0.03 1
“Load cells: - 3DInterface (ZM3DW 3Da (SN:72159), 3b (SN:72157)

- P-Precisa (X#200C)
- R RADWAGAPP 60.R1)

“assumed as the mean uncertairityexcelsiortests.

B.2.Uncertainty of the Estimation of Flame Height

A0.5m wide x 1m heightheckerboardvith 5cm x 5 cm cellwas used athe referenceto
correctimage distortioncausedby parallax effects due to theamera's viewing angle and
position. The image resolution averaged 0.3 cm/pireloss all tests.

The expanded (k=2) combined uncertainty of geak flame heighis estimatedas:

Y 0 c 6 POEE 6 AAI (B5)

where6 D O AsAhe uncertainty caused by the flame fluctuatioear peak flame heighf 1-
second moving average was applied to estimate flame height changes over time. The peak
flame height was defined as the average oversetond period centered at the peak of the
moving average curvéAnd sandard deviatiorof the flame height in the periodias estimated
as theuncertaintydue to flamepuffing 6 B O Axhich averaged 9 %cross all testd A Al
is theuncertainty considering thbinary imagehresholdsetting, which is3 % The expanded
(k=2)combined uncertainty]YcY) , averaged 20 % across all tests.
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B.3.Uncertainty of theHeat Flux Masurement and theEstimat of Radiative Fraction

The heat flux gauges were calibrated using a secondary standard gauge irchaxatiterized
calibration facilityf37]. The measurement accuracy of the data acquisition system (DAQ, Model:
SCXIL600),6 $! 1, is 0.076 % in the application range used H&&. The uncertainty

6 A Adf the heat flux gaugealibration procedurés estimated as 4.5 §87]. The heat flux
background signal slightly increased during the steady burning period as the fire continuously
heated the surroundings. The measured (uncorrected) heat flux can be affected by the
temperature of the surroundings (walls, calorimeter hood, andn).The ackground heat

flux is subtracted from the measured heat flax described iRef.[20]. The uncertainty of the
background heat flux) AC isabout 0.10 %or these fast firesThe combined uncertainty for

the heat fluxmeasuremenis 4.5 %given by

0 n 0 AC o0 AAI 6 $!1 (BS)

TableB2 liststhe total radiative emissioifTRE estimated from each heat flux gaegs well as
the mean and expanded combined uncertainty of the radiative fragtomsidering E((3) in
Section2.7. Thecombinedexpanded (k= 2) uncertainty of the radiative fraction is estimated
as

Y . ¢ 6 R 6 11T AAT G | 6 'Op (B9

wherethe termo6 1 is the positioning uncertainty of the radial distance, which is 1 % in
general Modak [21]suggests that a distance five times the diameter of a fire is far enough
away to use a singlpoint location estimate of the total radiative flux, assuming isotropy. The
results show that the flame's radiative power output, assuming radiative isotropgstéo
underestimate the total radiative energy emitted by the flame, with a bias of about 2rfb at
5. This is treated ikq.(B7) as uncertainty in the single point radiation estimate method,

6 | T AATheterm6 Op isthe standarddeviation of the effective heat of combustion
for eachfuel type, as listed iTable3. Theaverageexpanded (k= 2) uncertaintyof the radiative
fraction™y ...  for allthe tests was27 %.

TableB2. Total radiative emissior{TRE estimated fromthe i" heat flux gauge Themean radiative fractionand
its expanded (k=2fombineduncertainty is also listed.

Test TRE TRE TRE TRE TRE Frym Fib,im
(kJ) (kJ) (kJ) (kJ) (kJ) ) ©)
1 7.2 5.7 5.0 - - 0.28 0.09
2 6.7 5.3 5.0 - - 0.31 0.10
3 10.4 8.7 6.3 - - 0.32 0.11
4 35 3.3 2.6 - - 0.35 0.12
5 2.9 2.2 25 - - 0.40 0.13
6 1.9 1.8 2.3 - - 0.40 0.13
7 14.7 14.6 14.4 - - 0.36 0.07
8 14.9 13.7 15.2 - - 0.35 0.07
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Test TRE TRE TRE TRE TRE F>+. Tobpim
(kJ) (kJ) (kJ) (kJ) (kJ) () ¢
9 14.9 13.8 14.5 - - 0.35 0.07
10 15.1 13.7 15.1 - - 0.35 0.07
11 15.8 13.6 14.3 - - 0.33 0.07
12 6.6 5.1 7.0 - - 0.14 0.05
13 18.0 16.5 18.8 - - 0.37 0.13
14 17.2 15.9 16.4 - - 0.33 0.11
15 15.1 13.8 14.5 - - 0.35 0.07
16 5.9 5.3 6.4 - - 0.31 0.06
17 5.3 5.0 5.9 - - 0.33 0.07
18 5.7 5.1 5.6 - - 0.32 0.06
19 6.0 4.9 6.2 - - 0.33 0.07
20 6.1 5.1 5.6 - - 0.34 0.07
21 5.5 4.7 5.8 - - 0.31 0.06
22 25.1 21.7 22.4 - - 0.41 0.14
23 21.1 16.8 19.3 - - 0.23 0.08
24 2.1 2.0 1.3 11 0.6 0.30 0.10
25 1.9 2.0 2.1 1.8 0.8 0.37 0.12
26 3.1 35 3.0 3.3 1.8 0.30 0.06
27 5.5 6.5 5.4 5.8 3.4 0.30 0.06
28 14 1.2 0.8 1.3 0.8 0.38 0.13
29 2.6 1.7 2.3 4.1 2.0 0.34 0.12
30 0.7 0.5 0.6 1.2 0.5 0.33 0.11
31 2.9 3.3 2.4 6 35 0.27 0.05
32 2.5 3.6 3.3 5.7 3.4 0.29 0.06
33 0.8 1.6 0.9 1.8 1.2 0.33 0.11
34 1.3 1.4 1.0 2.2 1.3 0.35 0.12
35 2.0 2.1 2.0 3.7 2.1 0.29 0.06
36 2.8 2.7 2.7 2.9 1.9 0.26 0.05
37 2.1 2.1 25 15 1.2 0.19 0.07
38 3.7 4.0 4.4 4.3 2.6 0.25 0.09
39 3.9 3.4 3.7 3.8 2.3 0.29 0.10
40 1.8 11 2.2 2.1 1.0 0.26 0.09
41 0.5 11 0.3 0.3 0.1 0.15 0.05
42 0.7 0.3 1.3 1.6 0.7 0.15 0.05
43 7.5 35 8.3 7.2 4.9 0.38 0.13
44 62.5 65.3 72.7 73.4 52.1 0.29 0.10
45 90.9 85.7 92.2 86.9 68.8 0.32 0.11
46 130.2 124.8 135.3 131.6 102.8 0.34 0.12
47 115.2 105.1 113.9 110.9 86.4 0.35 0.12
48 4.4 3.4 3.1 3.2 2.2 0.29 0.06
49 4.2 4.6 3.3 3.6 2.4 0.32 0.06
50 22.5 20.7 21.0 18.4 - 0.36 0.07
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Test TRE TRE TRE TRE TRE F,+. Tobpim
(kJ) (kJ) (kJ) (kJ) (kJ) () ¢

51 22.6 22.2 20.5 20.9 - 0.35 0.07

52 25.0 24.5 22.7 24.5 - 0.41 0.08

53 25.3 24.6 25.7 23.2 - 0.38 0.08

54 24.6 27.9 26.6 25.4 - 0.43 0.09

55 26.4 26.6 25.7 24.3 - 0.44 0.09

56 2.7 2.4 3.0 2.6 - 0.32 0.06

B.3.1.Local Heat Flux Measurements

Heat flux gauges were installed in different configurations based on the NIST calo@meter
hood size, as seen kig.5 andFig.B5. FigureB6and Fig.B7shows the radiative hedtux to the
surroundingsas a function of time foeach test A very small airflow (10 cm/§)ew just above

the two gaugesHF H1 andHF H2) closest to the fire to prevent light ash and embers from
deposiing on the sensor surface

<Side view>

Vertical Heat Flux Gauges
m— HF_V4
m— HF_V3
m—- HF_V2
z=0 m—_ HF_V1

(at the bottom of |

Radial Heat Flux Gauges the specimen) :
= HF_VO

(losdesi] |} T I >

r=0
y HF_H1 HF_H2 HF_H3  HF_H4

(at center line

Fig.B5. Schematic diagram dfiorizontal and verticalrrays of heat flux gaugeunder a 3 m x 3 m hood.
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