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Abstract

NIST is studying how combustible landscape features around a home burn to better understand
their levels of hazard and potential roles in spreadiifdjamd-urban interface (WUI) fire A
series of field experiments was contiatto examine the effead$ burning firewood pilesn

fire spread toward a structure under conditions that may be encouthteirggia WUI fire. The
fire behavior of a variety dfrewoodspeciesn multiple configurations wasstudied under
various wind conditions. Th&2 experimentzonductedncludedlong range firebranttaveland
fire spreadnitigationexperimentsWoodspeciesncluded kilndried maple,oak[dried and not
dr i ed {(dndpasterm wHitgpine.Configuraton variations included woodpile height
orientation and elevation on a rack wind machine provided a mean wind speed betveeen
nominalé m/s and 14 m/s (18i/h to 31 mi/h). Thavoodpileswereignited by a propane burner
on the ground at the end farghdroma small structure located betwee®Dm and7.32m (3 ft

to 24 ft) downwind of thewoodpile A target mulch bed at the base of the structweduatedhe
ability of firebrands produced by the burniwgodpileto ignite spot fires thatouldthreden the
structure.

The experiments in this study demonstratedfirawood pilescan be rapidources of spot fire
ignitionsand careasilyspread fire tmearbystructuresRapid fire growthon andsubstantial
flamesfrom the woodpilesvere found fomll woodspeciesand configurationd-ire behavior
was classified as highmazard forgniting spot fires under altind conditiors.

In all casesspot fire generatiowas affected by the wind field; the structure created both upward
flow (enhanced by buoyancy) and a vortex that deposited firebrands next to the structure. During
all experiments, the burningoodpileproduced firebrands that ignited spot fires in thgdar

mulch bed. In long range experiments, firebrands faoroodpilecaused ignitions ovet6 m

(85ft) downwind.

This study othe fire hazard of woodpilas part of a series designed to better inform standards
and codes regarding placement of landsdéegtires around homes that are at risk of exposure to
wildland-urban interface fires.

Keywords

Embersfirewood piles; woodpile firedjrebrands; fire spread; structural ignition; structure
vulnerability; wildland urban interface fires; wirttiven fires;WUI fires.
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1. Introduction

This reportis the seconth a serieof NIST (The National Institute of Standards and
Technology)experiments on fire spread from landscape combustibles to a striictive first

report we presented studyon fire spreadia flames and firebrandsom fences and muldi].

In thisreport we describe the hazard to a structure due to flamesrabchndsfrom woodpiles.

All experimentsvereperformed at the same locatias the fence studyith a nearly identical
experimental setup, instrumgtion, and procedurE.or t he r e ad ehesectionxodb nv eni
this report describinthosecommonaspectarerepeagd here, withslightadjusments to account

for differences between theo experimental series.

Thetrees, grass, brush, and organic debris that make up wildland vegetation are not the only
source of fuel fowildland-urban interface (WUIjires. Oncesucha fire reaches communityor
grows within a communityits structures and landscape featwwasadd to and may come to
dominate the fire sources, magnifying trezard Combustible elements in a neighborhood may
transformfrom being thetargets of flames anftrebrandsto fire sourcegshemselveshat threaten
surrounding properties and the people Wwhe there.How and where we build, then, affects the
progression of a WUI fire.

NIST has undertaken a lortgrm projecto assess fire hazasth our built environment and
developa mitigation methodology to hardehagainstiirebrandand fameexposurs. This report
onfirewood pilesbuilds on a growing body of NIST research studying fire behavior and how the
materials, designs, and configurations present in a community influence a WUI fire.

1.1. Motivation

The wildlandurban interface refers to areas wheweellingsareadjacent tar intermixed with

wildland vegetatiorA large and growing number of people live in WUI areas in the United

States. Residents are attracted to the WUI due to the closenessabs®itings and amenities

and to the relative affordability of housing farther from urban centéxs regions where the

WUI overlaps with high risk of wildland fires due to fuel, weather, terrain, and sources of

ignition are where these wildland firesgeothe greatest risk to lives and property. Effective

methods are needed in these areas for protecting people, homes, and communities from wildfires.

WUI fires canoccur when wildland fires cannot be controlled, often due to extreme wind and
fuel conditiors, and spread into communiti&ich fires have caused significant losses to life

and property in the U.S., Canada, and other parts of the world including Australia and
Mediterranean Europe. The costsdamage to the built environment associated withfirdsl

have increased in time; of the 20 most destructive fires in California historg, than half
occurredsince 20172]. At the top of this list is the Camp Fio€ November 2018which

resulted inB5 fatalitiesandthe desruction ofover 18000 structuresincluding 90 % of the

homes in Paradise, CA. The Camp Fire was one of the costliest natural disasters of 2018, with an
overall loss of $16.5 billion as estimated by multinational insurance company Munjdh Re

The second most destructive fire was the Tubbs Fire in Sonoma County in October 2017, which
resulted in 22 deaths and over 5 @@8troyedstructuresResearch is urgently needed to better
understand WUI firestructure interactions and support changes to building and community
designs and codes in order to mitigate the increasing losses from the growing number of WUI
fire incidents.
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NIST has carried out studies on several WUI fires. A multiyear Camp Fire case study is currently
ongoirg, with the fire progression timeline already publispgdA report on notification,

evacuation, and temporary refuge areas (NETRA) will be publishedwdabrihe final report

focugng on responder actions and structure survivability.

Firewood pileshave been identified admmoncontributors to the spread of WUI fires within
communitieslnstances of fires spreading to structuresn woodpilesvere observed in the
Witch Creek Fird5]. Combustible landscaping elements can act as fatémtial ignition sites
from existing fires (targets) arsburces of firspread themselve§hese materials can be ignited
by a fire through direct flame contact, radiatioonweection, or firebrands. Firebran@déso
referred to as embers, are carried by the wind and may ignite combustible materials in a
community far downwind of the fire fronDnce ignitedlandscape combustiblesay ignite
nearby objectsncluding homs, through direct flame contaot firebrand.

The protection of people and property in the WUI depends in part on improvements to building
and landscape materials, design, and maintenance practices. Efforts to improve community
resistance to fire include: WWliilding code organizations, such as the International Code

Council (ICC), the National Fire Protection Association (NFPA), @hdpter 7A in the
CaliforniaBuilding Code and voluntary fire outreach programs, such as Firewise, Fire Adapted
Communities, ad the Fire Learning Network. Concepts like defelesspace and the home

ignition zone educate the public on how to protect their homes. Recently, a fire hazard mitigation
methodology (HMM) wasdeveloped based on the relationships among fuel layaitdizard,

and structure hardening].

For maximum effectiveness, these effavtsuld be best served Isgiencebased data and
guidancelncreased understanding of the vulnerabilities of structures in WUl communities and
thepotential pathways for flames aficebrand will help toenhance life safety anchprove
communityresiienceto these firesThe hazard may be reduced through improvements in
materials building designs, and configurations. Firewood piles present aeciggd|because they
cannot be replaced by a noncombustible alternative. In order to safely retain firewood piles on
homeowner s’ -gskargag the potensial axposure heeds to be understood so that
mitigationstrategiexan be developed.

The go&of thisresearch wak improve our understanding of the mechanisms by which

firewood piles can transport fire to a hgmagth a focus on firebrand ignition of nebmilding
combustiblesBetter understanding of the role of these features as condfirts gread to
structures, identification of particularly hazardous configurations, and determination of effective
hazard mitigation approaches promote efforts to protect against ignition and fire syakpady H

fire departmentso identify very high hazad situations will enhance first responder safety and
effectiveness. The results of this work will be usethftmencecodes standardsand best
practicesand to provide guidance to homeowners, community designers, and first responders.

1.2. Background

WUI fires ignite the exteriors of structures through flame radiatrahconvectiondirectflame
impingementand firebrandgalso called embershh contrast to th&arge body of knowledge on

! The Hazard Mitigation Methodology (HMMJ] has been developed in a collaboration among NIST, The California Department of Forestry
and Fire Protection (CAL FIRE), and the Insurance Institute for Business & Home Safety (IBHS).
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ignition andfire growthwithin buildings reflecing decades dfire research,ite complexities of
the interactions betweehe built environment anelxteriorfire exposue are in the early stages
of exploration Our understandingf WUI fire behavioris confounded by the large number of
potential fire and firebrand egpure scenariosvith added complexities of local topography
such as slope and local weather such as wind and humttigyide variety of WUI fuels
(vegetative and structuraBnd theextensive assortmeant exterior construgn materials and
assembks(with responses affected by particular designs and weatheFimgyesearch
presented in this report joins other effortdédter understand structure vulnerabilitie§ires
from nearbyfirewood piles

1.2.1. Structure Vulnerabilities

Fire may ignite a sticture througlmumerougpathwaysAt close rangeexposed combustible
materials may ignite through radiationnvectionor direct flame contactgnitions may also
occur through firebrand3 heseburning particles break off from a larger object ifira and are
blown or lofted to a new location, where they can ignite spot fiesbrands may ignite
susceptible parts of the building exterior and may penetrate into interior spaces through
vulnerable openings in the building envelope. object ignite by flames orfirebrands may
itself become dire source ofadditionalfirebrandsandflameradiationexposures to surrounding
fuels (targets)

1.2.2. Landscape Feature Fire Studies

Unlike fences, landscape timbers, and retaining walls, woodsleslyd o n ave a lihear

characteaend don’t act as connections of lobated ni ng m
closeenoughto the structuréor potential flame contact while burninigis common, especially

where WUI fires are not a concern, for firewqutes to be located near or against residences or

auxiliary structures or at the edge of parcels where they may be close to strucames on

adjoining lot.In these cases, exposure of nearby combustibles to woodpile flames could be an

issue.

Nevertheless, woodpiles do share the firebrand generation aspect of other landscape
combustibles such as those mentioned abbive.recent NIST study on fenddg found that 1.

a combustible ground cover such as mulch can generate many firebrands that ignite downwind
spot fires an@. when combined with fences, firebrand production emtsancedThereport[1]

listed prior studies of fences and mulahile much of thes t u degultsswere related to how

fire spreads along these features, some also provided insight into how firebrands are generated
and ignite downwind spot fire§hiswas a significant focus of tretudy on woodpiles described

in thisreport

1.3. Approach

A series offield experiment®nthe fire spread behavior of ignitéidcewood piles habeen
conducted by NISTThe experimentexaming the growth offire on the woodpilelirected
toward a structurby the presence afind at various speks A primary purpose of the
experiments was to obseraad analyz¢he ability of firebrands generated the burning
woodpilesto ignite spot fires at the base of the structure
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In each otthese experiments, portable, airboattylewind machindan was used to direct a
wind field with a prescribed speed the direction of a small shed.pNe of firewoodwas
assembleat a prescribed locatidretween the fan and the sh&tie woodpilewas ignited with
apropaneburner at the end near the fan, #imel growth of the fire and generationfioébrands
wereobservedThe small shed was used as a target structure for firebranasyet mulch bed
was place@long the base of the wat observespot fire ignitios from firebrandsTree species
usedas firewoodn the experiments includexhk, maple, and pine.

Realistic, yet relatively small, firewood piles were used. The findings provide context for the
hazard from larger woodpiles but are not necessarily tatogpelated linearly. Additional
limitations of the study are listed in Sectibr?

1.4. Objectives

The overall goal ofhe work described in this reposttoasesshe severity of the fire hazard
thatfirewood pilesposeto structuresThiswas accomplishedly studying thanechanism of fire
spreadn the presence of winalsthe firejumpedvia firebrands from thevoodpileto
combustiblematerialsat the base of th&hed The main objectives of the experimentre:

To observe the burning behaviorwihd-drivenfires on firewood piles

1 To determine whether a burnimgpodpileproducedirebrand capable of igniting
downwind combustibleandposingan ignition dangera a nearby structuyre

1 To uncerstand th@eneration ofirebrands that ignitspot fires that threaten a structure
as related to wind spe@ahd separation distanbetween the woodpile and the structure
and

1 To determine the impact fifewoodspecies, heigf, orientation, elevation, and moisture
of firewoodon thegeneration ofirebrandignited spot fires

It is anticipated that thiwork will contribute technical knowledg#®at will improveguidance for
best practicefor home landscape featurasdto supporefforts to address the WUI fire problem
by hardening structuresnd creating defensible spa€@iture reports wilinclude astudyof fire
spread over landscape timbargl retaining wallsA deviceis being developed at NIS®

provide quantitive dataon firebrand flux and siz&kesearchs alsoanticipatedo further

explore methods ahitigating the risk posed by burning woodpiles
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2. Experimental Design

To investigate the spread of fire througjhectflameimpingement ofirebrand spottinga series
of outdoorexperimentsvasperformed orfirewood pileserectedn front of a structure in a
generateavind field. Figurel shows a schematic of the experimental setup. A wind machine,
consisting ofr gasoline engine turning2zall m (83n) propellermounted on a trailer, was
directedtoward a small structure. #fow straightenexwas employed to remove largeale swirl
from thesuppliedwind and tadirect the wind downward slightlpward the groundA stack of
firewoodwas arrangedt a prescribed location betwethie structur@andthewind machine The
firewood pile waslocated away fronthe wall of the structurby separatiordistance ranging

from 0.91 m (3 ft) to 7.32 m (24 ftThis rangewas in contrast to the 0 m (O ft) to 1.83 m (6 ft)
range examined in the fence/mulch sti{itly To study thepotential forfirebrands tagnite the
structure a target pan ahixedhardwood mulch wagositionedat the base of the structure wall.
This mulch bed served as a surrogate for any combustible material nesttuotare

Thewoodpilewasignited with a propane burner to simulate prior ignitionaitherone or more
firebrandsor a nearby combustibléeim that in turn provided flaming exposure to the woodpile
Wind was directed at the@oodpile Three wind speeds were used in the study, with nominal
values of 6 m/s (13 mi/h) féow, 10 m/s (22 mi/h) fomedium and14 m/s (31mi/h) for high
wind speeddvels The fire spread behaveof multiple woodspeciesand configurationsvere
investigated. The following sections will detail the experimental setup, equipment,
measurementspnditions,andthe parameters explored

7A
Flow Structure
TN Straightener
wind
Machine Mulch
\ (as surrogate)
/ Woodpile >
— ‘k 0.4 m <~ dyep ———=+ 24m —~
10.7 m >

Fig. 1. Major components of the experiment (not to scale).

2.1. Research Location and Site Description

The experiments were conducted in Frederick, MD at the Frederick County Public Safety
Training Facility. A large, nearly flat asphalt and concrete area near asugigy pond was
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utilized. The pond andn adjacenvall provided a noncombustible background downwind of the
firebrandgenerating experiments. Water for extinguishment was provided through a nearby
hydrant and a diesel pumhich provided a highpressuresource of pond water.

An aerial view of the site is shown ffig. 2, marked with locations of the target shed,
equipmenfconditioningbuilding, and wind machind-or the usual configuratioasshown, the
wind flow wasapplied from the wind machirfeom theSSW(directionat an angle 0200° + 1°.
The longrange firebrand experiments described in Se@&idnvereperformed in a pathway
extenced along the wall next to the pond, with wisgpliedfrom the SSE direction at an angle
of 148° + 0.5°.

Pond

Fig. 2. Aerial view of site used for experiments. Google Earth image with NIST overlay. The red arrow
shows the approximate pathway for the long-range firebrand experiments.

2.2. Wind Field Generation

2.2.1. Wind Machine

The wind machine used to impose a wind field on the target strucsinesn in the foreground
of Fig. 3, was assembleand mountedmma trailer byAmerican AirboatThe powemwas
provided by a 6.0 L displacement, 450 HP rated marine engihenwlti-port fuel injection.



NIST TN 2251
March 2023

The wind machine utilid Whirlwind PropelleramodelAB300exWT79, which hal three quiet

design, graphite composibdades with a width of 33 cm (13 in) analsweepdiameter of 2.11 m

(83 in). The wind machine incorporate highperformance positive te belt with 2.3:1

reducton. A manwual *“cruise control” mechanism was d

binnaclestyle throttle controin orderto allow maintenance of selected engine spegbiEh
were monitored with &uilt-in tachometer.

Fig. 3. Photograph of test site showing the wind machine, flow straightener, woodpile, and target shed in
an experiment.

2.2.2. Flow Straightener

A flow straightener was used to remdaegescale swirl from the supplied wind and adjust the
wind direction. The flow straightener consisted of two framed sections of aluminum honeycomb
with cells 19 mm (3/4 in) across and 11 crm(#) thick. The twoframedsections, each
measuring 1.2 m 2.4 m (4 ft x 8 ft), were stacked as showirig. 3, with the front planef the
flow straightener positioned 45 cm (18 in)front of thewind machire fan at the height of the
fan centerSince the lowest sweep extent of the wind machine propelErd m above the
ground,the column of air moved horizontally lye wind machine by itselfould notbegin to

be felt at the grountbr a distance ofeveal metersTo enablethe generated winfield to reach
the base o& woodpilebeing testedavith substantial velocity, the flow straightener was angled
downward by approximately®. Measurements of the resulting wind field are discussed in
Section2.6.1
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2.3. Target Shed and Mulch Bed

A target she&nd mulch bed were used as realistic combustiblaesntwhich could be ignited
by flames or firebrandsom a burning woodpile.

2.3.1. Target Shed

A target shed was used falt experiments except for the oeealuatingfirebrandtravel A

mulch bed at the base of the shed served as a surrogate for combugiialsn@uch as leaves
or pine needles in addition to mulch) that could igrptaentially resulting in fire spredd the
shed wall Thefirebrandtravel experiment wagerformedwithout a shed, with a mulch bed
located far downwind from the test sulijem examine long distance ignition by firebrands.

A shedwith a2.43m (8 ft) squardootprint and a height &.43m (8 ft) along the front and rear
facesis visiblein the background dfig. 3. The shedvas positioned 10.67 m (3§ away from
the plane of th&vind machinepropellers An artificial eave was added tbe shed on the
windward sideextendng 45 cm (18in) outward athe same 30° angle as the roofliiee eave
was constructed from standard pressure treatecwmby-fours®> and1.5 cm (0.59 in) thick 1-
11 weatherresistant southern yellow pine plywood panel siding

A false wall was attached to the shed on the wardvgide to allow replacement of burned wall
layers without damaging the original shed wall. @esign of thdalse wallincludedlayers

(from the sheautward of 1.6 cm (5/8 in) gypsum board, standard pressure treatetnorzy-
fours(the same type used for the eave§,cm (G/8in) gypsum boardand1.5 cm (0.59n) thick
southern yellow pinplywoodpanel sidingA J a me s H dibedcemefit sidinganelwas
added to the bottom of thalsewall, asshown inFig. 4, as a noncombustible layer that
prevenedthe false wall from getting burned and requiring replacenidr.plywood panel
siding and fiber cement sidingereeachl.22m (4 ft) tall by 2.44 m (8 ft) widewith

thicknesses af.5cm (0.59 injJand6.4mm (¥ i), respectively

The false wallndsiding layeraddedapproximatelyl5 cm to the shed depth, for a final shed
footprintof 2.43m wide by 2.8 m deep. Theerticalgray stripappearing irFig. 4 is ametal
corner bead protecting the edge of the shed.

2 The t erom “Byfwin'usrused to refer to dimensional lumpaiso known as framing lumber. The cragstions of lumber are

referred to by their nominal size, in this case 2 in by 4 in, but the dliciatessand width( t h e “ d r eferscetihd andither seirfacing

or planingare 3.8cm by 8.9cm (1% in by 3 %2 in)[15]. Similarly, 4x4s measure 8.9 cm by 8.9 cm (3 ¥z in by 3 %2 in), and 1x6s measure 1.9 cm
by 14.0cm (¥ in by 5% in).
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Fig. 4. Target shed configuration.

2.3.2. Target Mulch Bed

To evaluatevhether thevoodpilebeing tested was capable of generating firebrands that could
threaten atructurethrough spot firegthe experiments included targetedof shredded

hardwood mulctplaced along the base of the shed wadlshown idrig. 5. The target mulch

bed wa®.46m (18in) wide and2.44 m (8 ft)long. Two steel pans, each 1.37 m (4.5 ft) long,
were overlapped in the middle to create the 2.44 m total lehilgéhpans had 2.5 cm (1) walls

on the far ends amzh the back edgiatabutted the shed wall.

The target mulch bed served asuarogate for any combustible material next to a structure.
Because of its rough texture, any firebrands landing on this surface tended to stay in place.
Shredded hardwood mulcshownin Fig. 6, was selected as a conservative woeste for
combustibles near the structure: dry, consisting of easily ignited small pieces, and comprised of
innumerable crevices in which firebrands could lodge.

The mulch bedvas prepared by filling the pans with an even layer of mulch and compressing the
mulch by foot The target mulch bed was 2.5 cm thick, with the first 3 cm of the leading edge
slightly tapered down to about 1.5 cm thick to decrease the severity of tipe etaage in

height from the ground and to reduce the number of sliding firebrands that were caught at the
front edge of the bed.
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~ Digital timer _
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 Target mulcibed

Fig. 6. A photograph of the shredded hardwood mulch used in the target mulch bed.

Themulch used in these experimemtasdried to 6.5 % *+ 26 moisture content. Three

alternative drying processes were utilized during the study: natural heating and drying in the sun
on an outdor raised mesh platform, mesh bags placed on wire shelving in adsgad kiln at

NIST (described ir2.4.2, and thin layers placed in an indopase conditioned to 3 relative
humidity (RH). A moisture content of 6.5 % was selected because it is on the order of values

10
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seen in wood in summertime in the American South{vgst a low value, yet more realistic
than the far lower moisture content that could have been achieved througtirgven

Mulch moisture content was measured with an Arizona Instruments Computrac MAX 1000
moistureanalyzer (se€ig. 7). After drying, the mulch was placed in plastic bins that could hold
between 56.6 L (&%) and 113.3 L (4 #) for storage and transport. The bins were stored either in
the conditioned (30 % RH) indoor space or in sealed bins in a building at the test site. The
dehumidifying equipment at the latter site was unable to reduce the water vapor content below
35 % RH; however, with sealed bins, large amounts of mulch, and brsaisilure gradient, the
moisture content was not expected to change significantly when moved from 30 % to 35 %
relative humidity conditions. A chart of equilibrium moisture content (EMC) of wood as a
function of relative humidity and temperature shows BEMC ranges from 5.6 % to 6.3 % at

30% RH and 6.3 % to 7.1 % at 36 RH, for temperatures from 43.3 °C-fiol °C (110 °F to
30°F)[7, 8]. Therefore, a moisture content estimate 0f%.5 1 % encompasses the sets of
conditions at both sites, as well as the effects of variations in initial drying.

Computrac

Fig. 7. Moisture analyzer used for measuring moisture content of mulch.

2.4. Firewood and Preparation

A standard corof firewoodmeasures 1.22 m (4 ft) wide by 2.44 m (8 ft) long by 1.22 m (4 ft)
high with the width comprising the lengths of three 0.41 m (16 in) logs inThevolume of a

cord is 3.62m° (128ft3). The amount of wood selected for each of the woodpile experimeasts
1/12 of a corabr 0.302 ni (10.7 ff). The width of the woodpile used in these experiments was

11
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0.41 m (16 in) wi dd&heabaghtdfthd woodpile wasceat at eithes0.6vimd t h .

(2 ft) or 1.22 m (4 ft) with the length always being theesmount

2.4.1. Firewood Rack

A firewood rack(shown inFig. 8 a and ¢ was purchased in order to evaluate whether the use of
a rack and elevation of tlieewood pile made a difference in the generation of firebrands and
ignition of spot firesThe rack used waStyle Selections model 0669018 with overall
dimensions of 23.8cm (96 in) long, 38 cm (13.5 in) widdo support the 0.41 m (16 in) long
logs and 124 cm (49 in) highOnly one half of the length of the rack was fully assembled and
used in the experiments since the woodpiles were planned to be a maxiha2 wi(4 ft)

long. The rack was made of powdeonated rectangular cresection tubular steelhe legs of

the rack were 1@ cm (4 in) long, and the combination of the legs and the height of the
horizontal members for log support combined to place the fired8&icm(5.25 in) off the
ground.JamesH r d ifier®emenpanelswere used to protect the asphmvementnder the
firewood whether or not a rack was used.

In order to keep the firewood secure and in the correct overall shape and dimensions while
stacking the wood, two rectangular framesenv@abricated. Each had two opposite sides made of
2.54 cm wide (1 in) and 6.4 mm (1/4 in) thick flat steel bar stock, and the two other opposite
sides were made of 2.54 cm (1 in) wide and 4.8 mm (3/16 in) thick steel angle. The frames were
attached with we to the rack uprights. As shownfig. 8 a and c, these frames were helpful
maintaining the woodpile shape since only half of the rack length veas Ao, the frames

were used on the ground when the woodpile elevation was planned for ground level without the
rack as shown ifrig. 8 b and d. Witlout the rack, the frames were essential to maintain the
woodpile shape. The width of the angle used to make the rack was considered small enough not
to have a significant impact on the wind flow or woodpile burning process.

2.4.2. Firewood Conditioning

The firewapd was purchased from local vendors and was seasomé@aorsbut notspecially

dried when it arrived. The firewood was loaded onto pallets [102 cm (40 in) by 122 cm (48 in)]
that had vertical wood frames added to hold the wood in place. Each palletosithstacked

about 0.73 m (2.4 ft) high could hold about 1/6 of a cord of wood (0.6@4 &1.3 f£) so
approximately two experiments could be supplied by one pallet. The pallets were used to
transport the firewood from the drying kiln to tbenditioned building, onto the NIST box truck,
and off the truck at the test site. A forklift or pallet jack was used to move the pallets.

A commercialdrying kiln was erected on the NIST campus for the purpose of drying large
guantities of wood materials preparation for experiments. The kiln, showiirig. 9, has

interior dimensions of 3.14 m (10.3 ft) high by 2.34 m (7.7 ft) deep by 7.85 m (28 dt)vith
large racks for collecting two levels of firewotmhded pallets. Up to 16 pallets or about

2.7 cords of wood could be dried at once. The kiln opdrayecirculating hot water of a set
temperature through heat exchangers over which a numfarsoblow mostly recirculated air.
The interior air wet bulb temperature was monitored and the vent opening adjusted to allow a
small amount of air exchange to cause more or less rapid drying over ataystd 7 days. By
varying the vent opening and eatand air temperatures, the wood was dried to approximately

12
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7 % to 11 % moisture conterdn an overdry basis At that level, it was moved to a space
conditioned to 30 % relative humidity, which drove the wood moisture content to abétit 6.5

B\

Fig. 8. Photos of woodpile configurations (clockwise from top left): (a) short with a rack, (b) short without a
rack, (c) tall with a rack, and (d) tall without a rack.

13
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Fig. 9. A photograph of the NIST wood-drying kiln.

Wood moisture content changes were monitored on muftrpl@oodlogs with aDelmhorst
BD-2100conductivity meterThis devicemeasureshe electrical conductivity across two
uninsulated metgdrongs stuck about 5 mm into the surface of the wébd.relative humidity
in the kiln andhe conditioned building was verified periodically with a handhel40 Vaisala
Compact Humidity and Tempegture Meter

2.5. Ignition Source

The testsubject was ignited by burner appliedtthe endof the woodpilefarthest from the
structure The Imperial model IMP1273 ring jet burner is showiig. 10. Propane was used for
fuel. The ring burner was 23 cm (9 in) in diameter and primarily made of cast iron. It consisted
of nine hubs of one to four brass torch heads each, distributed around the perimeteyssand acr
the diameterWhen the firewood was stacked on a rack, the burner was placed under the rack
(seeFig. 10 center photgraph); however, when thBrewood was stacked directly on the ground,
the burner was placed up against the woodp#eFig. 10 right photaraph.

Fig. 10. Propane burner for igniting woodpiles.

14
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2.6. Measurements

2.6.1. Wind Speed Profiles

The experiments were performed under imposed wind syied 6 m/s to 14 m/s (18i/h to

31 mi/h)perpendicular to and centered on the target shedIlwalider tomeasure the wind

velocity field, an arrayof thirteenbidiredional probes was placed 1.22 m (4 ft) upwind of the

edge of the woodpilelosest to the wind machin€his location was selected to capture the wind
field close to thevoodpilethatwasthefocus of the experiment without influencing theaupd
measuremenBidirectionalpressurg@robes measure the difference between the total pressure on
the windward side of the probe and the static pressure on the leewaithsidifference is the
dynamic pessure caused by the wjivehich can be combinedith temperature and a probe

factor to calculate the wind spef]. The leads of the probes were connectefdiva Model

264 bidirectional pressure transducemshich have gressure rangef +373.6 PaEach
transduceproduced aoltage output fron® V to 5 V, with 2.5 V outputindicating zergressure
differential. Combining the pressure measurement with ambient temperature gave a
corresponding velocity range of about 23 n&/2 (ni/h).The transducer calibrations were

checked periodically with a pressure calibration system, and their sensitivities were found not to
drift significantly. Voltage outputsneasured durindaily pneumatic zeroinguhich will be
describedn Section2.8.2 were used to account fany voltage offsets.

A photograph of the bidirectional probe array in front buianingwoodpileis shownin Fig. 11,

and the diagram iRig. 12 indicates the locationsf probesThe array consisted @ive probes
arranged verticallpn the centerline of the experimextteights 0f0.30 m (1 ft), 0.76m (2.5 ft)
1.22m (4 ft), 1.68 m (5.5 ftiand 213 m (7 ft) measured from the grounisvo sets otwo probes
eachextendirg out from the centerline D.61 m @ ft) intervals aboth thelowest(0.30 m) and
highest (2.13 m) positionandan additionafour probes etending out from the centerline in

0.30 m (1 ft) intervals at the middle (1.22 m) position. This allowed for collecting velocity data
for a vertical velocity profile at the centerline and a horizontal velocity profile aieter

height and addedeveraadditional, more sparsely located, velocity measurements to provide a
more complete picture of the velocity field generated by the wind machine.

Fig. 11. Bidirectional probe array.
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Fig. 12. Diagram of the bidirectional probe array used to measure the velocity field.

Ambient temperature wasquired alongvith thedifferential probepressureto calculate the

wind speedTemperature was measured wittype Kthernocouple bead made from 2aVG

wire (0.51mm diameter). The temperature measurement location was about 2.5 m away from the
probe arrayandshielded from thermal radiation from either the fire or sun.

The wind profile measured by the bidirectional probeyatiegpends primarily on the wind speed
and the distance from the wind machine, with a contribution from the component of ambient
winds in the direction measured by the probes. Because the probe array is 1 f22upwihd

from thewindward side of thevoodpile and at leas?.74m (9 ft) upwind from the shed, the
effects of these objects on the measured wind field are minimal.

For a given experimentte average of the velocities of the lower four probes along the
centerline was used to state the average wind velocity. This measure was beleatse the
top probe was much higher than the woodpileigsxdutputwould not be representative of the
winds near it

2.6.2. Ambient Wind Speed and Direction

The ambient wind speed and direction were measured by an anemometer mountechon a 3.7
(12 ft) pole about 7.9 m (26 ft) soutloutheast of the wind machine propellers and 17.7 m (58 ft)
southsouthwest of the tget shed. The instrument was a Young model 86000 Ultrasonic
Anemometer with 5 V output and 0.25 s response time for both wind speed and wind direction.
Wind speed was measured with 0.01 m/s resolutiortdhth + 0.1m/saccuracyas stated by

the manufactrer, and the wind direction was measured with 0.1° resolution &ichtcuracy.

Wind direction accuracy was degraded to about + 5° due to the estimation of true north during
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installation and slight positional drift due to high winds which was periogicalirected. The
ambient wind measurement provitin approximate wind environment near but not exactly at
the location of the experiments, so some focused wind gusts may have been located at the
experiment and not the anemometer or vice versa.

2.7. Data Acquisition

2.7.1. Wind and Temperature Data

A data acquisition system was required to measure 16 channels of measurements from the
bidirectional probe array located in front of theodpile an ambient temperature thermocouple,

and the local wind speed and directioonfi the sonic anemometer. Voltage and thermocouple
datafrom the sensorwerecollected usingwo National Instruments input moduléd-9205and
NI-9213 respectively inserted inMational Instruments DAQ 9174 Co mpalott DAQ
chassisThe data wex collectecht 10 Hz and averaged over every second for each chahinel
program saved the averagad standard deviations of the samples from each chintinel

output file which was stored on a laptop computer and later uploaded to a permanent data
storage repositoryThe Labview program used to collect the data was also used to monitor data
quality and spot check for sensor malfunctions.

2.7.2. Digital Video and Photographic Records

A minimum of four highdefinition video cameras, Sony model HDR -GX0, were placed
around thevoodpile and target mulch béal capture the fire amgpottingbehavior.Two cameras
located on opposite sides of tweodpile (pointing perpendicular to the wind directiaomluded
the woodpile shed wall, antargetmulch panin their fields of view These camerasaptured

fire spread and spot fire ignition dafen additional two cameras were located upwind of the
woodpilenext to thewind machine flow straightener, includjthewoodpilg shed, andarget
mulch pan in their viewdzor mostexperiments wittseparation distances greater than 3.66 m
(12 ft), a fifth camera was placanh the left sidef the experimentear the target mulch béal
more closely capture threcod of spot fire ignitionsFig. 13is a top view schematic of the
experimental setup showing the relative positions of the video cameras.

17
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Fig. 13. Top view schematic of experimental setup showing placements of video cameras, timer, and
bidirectional probe array. Google Earth image with NIST overlay.

To track experiment time, a DDigital timer, model DE25UT, was placed in view of two or

three of tke video cameras (depending on {ofesight blockage due to varying woodpile

position). The timer, visible ifig. 5 andFig. 11, was startediearlysimultaneously (within a

few seconds) of burner ignition. This allowed the video records of the left view and one or two

of the front views of the test sgt to also record the timer and thus synchronize with the

remaining video camera(s), the two stopwatches used, and the wind data, which was referenced
to computer time.

Digital still photographs were taken throughout the testing period and afterwardgithestill
camera used was Sony model SA%8. Thehandheld camera was uggetriodicallyto capture
closeup video of interesting phenomena.

2.8. Experimental Procedures

2.8.1. Weather Conditions

The ambient wind speed was required to be less3B&a ofthe nominabppliedwind speed in
order to carry out the experimeiftthe ambient wind direction was forecast to be close to
perpendicular to the direction of the generated wind, then ambiedsweeded to be less than
25 % of the generated windnder these conditions, the impact of the ambient winds on the
wind field generated by thgind machingan was minimalWinds from the North and
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Northwest were also avoided as they caused smokerabdainds to overspread the experiment
control area.

Testing wasusually not scheduled when raimslikely during a substantial part of tineorning
or afternoonExcessively hot ocold weather conditionalso precluded testingenerally,
experiments weraot scheduled the heat index was expected to rise ov&r@ (90°F) for a
large part othe day,jn orderto avoidheat exhaustionf temperatures were not expected to
surpasd0°C (50 °F), experiments wertorestalledby difficulties with handlingtools
vaporizing propanend drying the wet ground after fire extinguishment.

2.8.2. Preparation

Preparation for a typal experimenbegan with clearing the test area of delkis. a me s Har di e ™
fiber cement panetlas placedt theapproximatevoodpilelocation to protect the asphalt

pavement from the firelhe firewood rack (if being used) was placed in the planned orientation

and at the prescribed distance from the sheccantéred along the shed/wind machine

centerline axislf the rack was being uderectangular frames made of an(dee description in

section2.4.1) were attached with wire to the rack in the shape of the planned wodftihike.

rack was nbbeing used, the frames were still used directly on the ground to maintain the

woodpile shap&vhile stacking and during the experiment

Preparations for instrumentatiamcluded positioning ofitefour or fivevideo cameras with
framing ofthe appropriate@iews. The bidirectional probe array was positioned in front of the
woodpile Thering burner was connected #gorotameter anthe propane gas cylinder and
positionedunder (for tests using the rack) or in front of the woodpilth thetorch head

direded at the center of tH®ttommost windward log3.he propane cylinder was opened and
the burner line charged taljustthe burneflow, and then the gas was shut off with a valve.
Before the first test on a given day, pneumatic zeroing of the pressusducers was performed
by connecting short length ofubber tubing to each side of the bidirectional probes and
recording the data his also enabled observation of the pressure transducer voltages being read
by the data acquisition systdor troubleslooting problems Voltages that were drifting
indicated a poor connectioand voltagesffset significantly from 2.5 V indicated a leak.

After a safety check of the surrounding aréa, wind machine was warmed up for
approximately 5 min prior to each experiment. A garden hose was attachfe toose which
was in turn connected to a hydrant. The hydrant was opened to charge,thediaadiesel pump
was started up tpressurizéhe hydrantvith water from the nearby pond

Finally, a safety briefingvas conducted to communicdketest procedure, participant roles, and
safety remindersgZeroing tubes were removed from the probe array, and the test description and
filename were deiled in the logbook.

2.8.3. Operations

The following procedurewas typical although some minor aspects varied for some t€hts.
burner propane plumbing was initially chargadd the required flowasset witha rotameter
andpressurized propane from the gginder. After that theYsturn shutoff valve nearest the
burner was closed to allow instantaneous supply of gas during igbyticmopening that valve
The data acquisition system wagiated with the selected filename and descript®etween
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15s o 60 s of backgroundatawere obtainedeforetwo stopwatches were started

simultaneoushand the program timeasrecorded At that time all video cameras were put into
recording mode. Afteb0 s of stopwatch time, a small propane torch was ignitecatditdsa
countdown was performed attte propane cylindevas opened. At 1 min, thgnition torch

was held near the burner torches until they were all igniiteel ring burner torches ignited

within 1 s of the application of the ignition torch, ignitimas declared, and a digital timer

located next to the shed pan and visible in two or three of the video camera views was initiated at
the same timerhis is in contrast tthe procedure used for fences and mulch when the timer was
synchronized withnitiation of the wind machinelhe time for burner ignition asrecordedFor

most experimentshe burner was sustained f®minon thewoodpilein order to produce a self
sugaining fire(i.e., onethat would not selextinguish in the wingd Photographs of thevoodpile

fire were usually taken shortly aftgmnition.

$ib

Fig. 14. Ignition of woodpile by ring burner.

After the 3 min of burneoperation, a&ountdown tcstarting the wind machingas performed.

The wind speed was adjusted by setting the ta
nominal 6 m/s (13 mi/h)], 50mnm rad/s (1500 rpm
and 6 7 2000 r@mg forhigh(wind [a nominal 14 m/s (31 mi/A)he times for initiating the

wind and completing its adjustment were recorded in theAlsgoon as the wind startetie

propane valve was closed, ahé burner was removed to protect it from the.fir

In addition to thecontinuousvideos recorded ofixed camerasphotographs werakenfrom
manyanglesand fields of view during the experimenThe photgraphsncludedoverall views
encompassing the entiwodpileand shedspot fires in theargetmulch bed andunusual or
interesting phenomen8omeinteresting phenomena were captured using the video mode of the
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handheldligital cameraThe experiment ended wherspotfire in the mulch bed at the base of
the structure reded the wallthis occurred for every experimeAt the end of the testhefires
were extinguished with a water hamed posfiire photographs wertaken

2.9. Research Scope

This section describes the range of conditions that were investigated for thisnexpal series
on firewood pile fires.

2.9.1. Parameter Summary

From May 2017 through September 202@ty-two field experiments wereonducten
firewood piles. Woodpiles varied by firewosgeciesheight, orientation, elevation, and
moisture content. Condliins varied were separation distance from the target shed and wind
speed. The parameters and numbers of tests conducted under each condition ard@édibted in
throughTable6. The distributios of the parameters in these experimemeshownvisually in
Fig. 15.

Table 1. Distribution of woodpile experiments by Nominal Wind Speed

Nominal Wind Speed Number of Experiments
6 m/s (13.5 mph) 19
10 m/s(22.5 mph) 21
14 m/s (31 mph) 22
Total 62

Table 2. Distribution of woodpile experiments by Separation Distance

Separation Distance Number of Experiments
0.91 m (3 ft) 2
1.83 m (6 ft) 24
3.66 m (12 ft) 12
5.49 m (18 ft) 11
6.71 mto 7.32 m (22 ft to 24 ft) 12
>15 m (50 ft) 1
Total 62
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Table 3. Distribution of woodpile experiments by Wood Type

Wood Type Number of Experiments
Dry Oak 45
Moist Oak 3
Maple 10
Eastern White Pine 4
Total 62

Table 4. Distribution of woodpile experiments by Woodpile Height

Woodpile Height Number of Experiments
Tall 53
Low 9
Total 62

Table 5. Distribution of woodpile experiments by Woodpile Orientation to Wind

Woodpile Orientation to Wind Number of Experiments

Ends of logs 30
Sides of logs 32
Total 62

Table 6. Distribution of woodpile experiments by Woodpile Elevation

Woodpile Elevation Number of Experiments
Rack 53
No rack 9
Total 62
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Wind Speed Separation Distance (m)

B o091
B :
B Medium ‘
B Low B 549
B 671
H 732
Woodpile Height
Wood Type
. Dry Oak . Tall
B Moist Oak B Low
B Maple
B Softwood
Woodpile Orientation to Wind Woodpile Elevation
B Sides B Rack
B Ends B No Rack

Fig. 15. Distribution of 62 experiments by wind speed, separation distance, wood type, woodpile height,
woodpile orientation, and woodpile elevation.

2.9.2. Separation Distance from Structure

When the shed was present, experiments were perfornsegatatiordistances between the
shed wall and the neateend of the woodpile ranging frod91 m to 7.32 m (3 ft to 24)
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including:0.91 m (3 ft), 1.83n (6ft), 3.66 m (12 ft), 5.4en (18 ft), 6.71 m (22 ft), and 7.32 m

(24 ft). Fig. 16 shows diagramsof two examplesf the six separation distances (SD) showing the
woodpile,bidirectionalprobe array, antled of shredded hardwood mulch which served as the
target for spot firegrig. 17is a photo of a 0.91 m (3 ft) separation experiment.

Wind
Direction

q%ed \;
Mulch Bed

|\ Probe /V—-

1.83 m (6 ft)
Separation
Distance

Woodplle

Array

3.66 m (12 ft)
Separation
Distance

Fig. 16. Two example experimental configurations showing overhead views of woodpiles and probe
arrays with the target shredded hardwood mulch bed att h e

strbaset ur eds

Fig. 17. A 0.91 m (3 ft) separation distance oak logs experiment in a tall, sides, elevated configuration,
within 30 s of wind initiation.
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The position of the bidirectional prolaeraywasalways 1.22m (4 ft) from thefront or
windwardsurface of the woodpil&he distance of the wind machine from the shed1@a87 m
(35ft) in everyexperiment.

Forthe firebrand travedxperimentthe shed was removed, ahe distancevasmeasured from
the end ofwvoodpilefarthest from thevind machinégan to the leading edge of the target mulch
bed. The long separation distances for these experiments were inteddégttanethe disance
over which firebrands were able to ignite spot fires in a mulch bed.

2.9.3. Wind Speed and Direction

Wind speeds through a community during a WUI event may range from nearly stagnant to
prevailing wind speeds and possibly higher, depending on local shieldihghanneling due to
structures, vegetation, and terraiine experiments in this study were performed under nominal
imposed wind speed conditions from 6 m/s to 14 m/s (13 mi/h to 31 mi/h), generated by a large
fan withatilted flow straightener as de#iged in Sectior2.2 Low, medium, and high wind

speeds corresponded to average values along the centerline in the ranges Smgq1d ®ni/h

to 20mi/h), 10 m/go0 13 m/s (22 mi/h to 29 mi/h), and 14 m/s to 18 m/snfd@ to 40 mi/h),
respectively.

All experiments were performed with the shveall perpendicular to thenposed wind direction

2.9.4. Tree Species

Three varieties of firewood were tested to determinecifethvere any differences in the hazard
producedOak (Quercus sp.and mapldAcer sp) were selected as typical hardwoolsither
was provided with any more specificity regarding exact spegldsugh softwoods are less
commonly used for firewood, agply of easternwhite pine (Pinus strobuswas procured and
tested.

2.9.5. Woodpile Height

The height and lengthf the woodpilevere variedvhile keeping the volume the sarnee
determine angffect of heighn fire behaviorThewoodpiles were eithet t a 10167 m (2 tt)
high (1/2 cord height) and 1.22 m (4 ft) long (1/2 cord leng#ghown irfFig. 8 c and dor

“ s h o d.2'm (4aft) high (full cord height) by 0.61 m (2 ft) long (1/4 cord lengthshown in
Fig.8aand b

When stacking the logan attempt was made keep the dimensions of tlneodpile close to

the targetsalthough the shapes and sizes of the logs varied wilaed on measurements of a
sample of logsit is reasonable to estimate that each woodpile dimension, on average, had a total
combineduncertainty of about +2 cmelative to the target dimensignghile individual log

lengths varied by as much alsout+5 cm.

2.9.6. Woodpile Elevation

Often, firewood piles are stored on racks to provide containment for thellmyspetter air
circulation araind thewoodpile, and prevent moisture and rot from affecting the logs near the
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bottom of thewoodpile. A rack was selected with storage dimensions for one row ofll@gsm
(4 ft) high and1.22 m (4 ft)long that could accommodate 1/6 of a cdrde rackwas made of
steel and was 34.3 cm (13.5 in) wide with 10.2 cm (4 in) long legs.

Two 1.22 m (4 ft) by 0.61 m (2 ft) rectanguksames wereconstructedrom 1.9 cm (0.75 in)

steel angle and attached with wire to the vertical and horizontal rack membeld the

firewood on the rack in the intended shayhen usedor ashortwoodpile asshown inFig. 8 a,

theframes extended the length of ttaek and werdilled to aheightof 0.61 m (2 ft)off thetop

of the rack base where the bottom logs were Fod thetall woodpile shown inFig. 8 c, the

frame contained the wood in the front22mal f of
(4 f1).

2.9.7. Woodpile Orientation

Woodpiles have quite different structures when vieteedhrdsthe log ends versuswardsthe

log sidesLooking towardghe log ends, there are numerous, fairly straight air passages of

various sizes through the woodpile between the M{gen viewing the log sides, the woodpile

presents more like a wall; there are no straight paths for air to pass through the woodpile easily

The orientation of the woodpile to the impdseindwa s vari ed betwemn “ends
order to investigate any differenttés made in the woodpile fire and its propensity to generate
firebrands and ignite spot fireExamples of ends configurati@re shown b¥ig. 8 a, b, and c,

and examples of sides configuration are showfign8 d, Fig. 11, andFig. 17.

2.9.8. Moisture Content

A very limited set okexperiments compared kilhried oak firewood to undried oak that had been
sitting outsideRefer toWood Type category inTable3 for more information.

2.10. Video Analysis

The primary dat@o be collected from each experimerasfirebrand spottingevery experiment
employed four video cameras, with views from the left, right, left front, and right front of the
object being tested, from the point of view of the fan (facing the shed). In some experiments, a
fifth camera was usedto recordthe targemulch bed spot firesiore closelyfor example, or to
record a closeup of an interesting phenomeibeyvideos recorded thgrogress of flames and
charring and the ignition of spot fires, as well @srgs such as burner ignitiomind machine
enginestatup andshutdownand the start of suppressidrhe frame rate was 29.97 franes

The analyses for the timing of spot fires in the target mulch bed and flames reaching the target
shed wallwere performed on videos from the left and right cam&¥éeen tre fifth video

camera was employed from the left to focus on the mulch bed, its record was much easier to use
to observe the timing for phenomena instead of the left camera which captunetbthéde as

well.
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2.10.1. Event Timing

All four or five video cameras monitoring the experiment were turneshortly before the
propane burner was applied to the test subject and turnesitb#fae wasbeingextinguished
with water from a hosdzach camera view was fixed in place during the experimeantt aft
adjustmento capture the field of interesto compare the views fromultiple camerasusually

the right and left viewghe timingwassynchronizedThe primary event used for
synchronization of the videos and referencing the timing of spot fireBaames was Fan On.

Fan Onmarked the zero time for all analyses, &mlcally occurred3 minafter thepropanering
burner wasgnited Time zero was simply determinadrallyfrom when the wind machine
enginest arted (“cauagwdar” )afwhirch tiug na ndji sti nct sol
sound of t he s tTheideasly daterndined vathiralrs kor congbined expanded
uncertainty.

As a backup reference for timing in case there was an issue with the audio or when multiple
videos were used to capture an experiméetinitiation of the digital timedescribed irSection
2.7.2and its continued operation wansible from the camera dhe left sideFor the woodpile
experiments,itetimerwas startedvith the ignition of the burneihetime to ignite the burner
typically took less than 2 s since the ring burner ignited easily.

Thetiming of spotfires wasmeasuredor all of the expa@ments Threesimple timing measures
were recorded for each experiment

(1) the timeat whichthe first spot firagnitedwithin the target mulch bedirst ignition
in the mulch bed)

(2) theignition time for the spot firewvhich would be the firsto put flamesagainsthe
wall, and

(3) the time at whiclsustainedlames werdirst observed at the wall

The rationale for determining these events is the follovktegnes on the wall indicate the time

at which a combustible Wacould be ignited by a spot firdhe spot fire that resulted in flames

on the wall is interesting because its ignition is the beginning of the chain of events that leads to
the wall flames and puts the wall and structure at FEsially, the first spofire, while not the

one that leads twall flames puts the mulch bed and any other combustibles in or near the

mulch bedat risk.Also calculated from these times was the length of the period between the
beginning of the spot fire leading to wall flameesd the time of the flames reaching the wall.

The right and left video recordings were used to identify both the first spot fire ignited and the
first spot fire resulting in flames on the wall. Ignition was detected when the first visible puff of
smoke af location was distinguishable from the surroundii@®e spot fires were tracked back

in time to determine thignition time.Only spot fires thatontinued(did not selfextinguish)

were countedSpot fires that seléxtinguished produced a small amoahsmoke for a short

time but did not grow or spreatihese shottived spot fires could not cause the ignition of other
combustiblesSometimes, the first spot fire was also the one that was the fingpitoageon the

wall.

The time of flames on the walas determined as when flames began to lick the wall either
continuously or more thamvo times within 5 s. This criterionwas used to eliminate situations
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when there was a brief single flame that did not persist sufficiently to ignite the surfagerié it
combustible.

While timing was determined from video recordings from both sides, the earliest times (usually
from the camera view closest to the spot fire or flames) were selected as the actual time of the
event.The maximum expanded combinewcertainties for the times to sgoes and flames on

the wall were estimated at less than 4 s and time between spot fire ignition and flames at less
than 5 sCalculation of these uncertainties took into account rounding errors to the nearest
second andssessment of the difficulty of precisely determining the initiation time of smoke and
flame from the videos.

2.11. Wind Field Description and Analysis

The fence/mulch repofl] provided an irdepth description of the wind field genated by the

wind machine from both measurement/analysis and modeling perspectives. It explained the
functionality and output of the software programs used to analyze and visualize the velocity
measurements. In summary, for the fence/mulch experimeat8pthfield was not uniform, but

the velocities wergvithin 20 % of the averageith the lowest speeds at probe nearest the ground
and in the center where there is an area of lower wind speeds surrounded by higher ones, roughly
in the shape of a doughndite to the fan hullhe woodpile experiment separation distances
overlapped the region described by the fence/mulch report but also extended much closer to the
fan and further from the she@ls expected, the flow field was even less uniform at separation
distances closer to the fan. Wind speeds at the lowest probe position were sometimes less than
half the magnitude of those higher up in the array.

Appendix C.2 in the fence/mulch repiti shows mean velocity profiles measurentidg

experiments at four distances from the wind machine. The positions of the probe array
corresponded to separation distances between the end of the fence or mulch bed and the shed of
0 mto 1.8 m (O ft to 6 ft). In this study, the separation distaatveden the woodpile and the

shed ranges from 3 ft to 24 Appendix Bincludes a description of the wind speed analysis and
average plots for those distanc€keresulting pseudocolor plots show that for separation
distances closer to the shed and further from the fan, the velocity profile is reasonably uniform
over the central region of the wind field in the region occupied by the woodpile. The center
velocity issomewhat lower than the assigned wind speed and indrneébedistance along the

mulch bed toward the shed due to the angled flow straightBmedowest probe generally
experienced the lowest velocities, and for the furthest separation distancepthitegealvere on

the order of 1/3 of the maximurDespite the lower velocities at the lowest probe position, the
wind field did extend to the ground sufficiently to push the fire plume forward and cause fast fire
spread horizontally and vertically when thend machine was turned on.

The fence/mulch report also described the flow simulations using the Fire Dynamics Simulator
(FDS)[10] computational fluid dynamics software that were generated to help understand the
interaction ofthe wind with the structure and burning objects. With the wind perpendicular to the
wall, a vortex is formed in front of the shed that causes a counterflow at the ground. Firebrands
that enter the wind higher in the flow field are deposited closer tehibk wall, while those that

enter lower are resisted by the counterflow and may be deposited at the front edge or side edges
of the target mulch bed. Unlike the fence and mulch experiments, woodpiles present a significant
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wind blockage which may interacitiv and significantly change the flow patterns between the
woodpile and shed. These differences were not modeled.

A crossflow was added to the FDS model of the experimental setup to determine what levels of
ambient wind speeds could be tolerated duringearments without significantly affecting the
overall wind field and firebrand pathwayfhe modeling results informed the wind restrictions
described in SectioR.8.1

3. Experimental Results

The set 062 experiments described in this report represargurvey of the effects of certain
firewood pileson the spread of fire to a structugiven various wingpeedsand separation
distancesThe wind was perpendicular to the shed wall for these experiments. The focus of this
study was orgpot fires ignited by firebrand3hreewood speciesn multiple woodpile
configurationsvereevaluatedinder a range of conditions; the parameters weseibedin

Sedion 2.9. The three mitigation experiments and one firebrand travel experiment are treated
separately from the other 58 experiments, and the spottiasgfar those four experiments is
excluded from the following plots.

Because of the large number of combinations and limitations on performing the experiments,
only a few of the experiments were replicated. The comparison of quantitative data was made
moredifficult becausenany phenomena involved in firebrand spotting, such as generation of
firebrands and ignition processes, are stochastic in nature. The analysis of the data from this set
of experiments was therefore focused on uncovering treattfer tlan on quantitative results.

The existence of trends could point to potential mitigation stratefjiesxperiments under

every combination of parameters resulted in spot fires that spread to the structure, but any
conditions under which the spotting presavas particularly slow would be interesting for

mitigation purposes.

Wind speed was varied betwegfevels and separation distance between the woodpile and shed
was varied by levels.The effects of wind speed and separation distaneghown first.The

effects of firewoodspecieswoodpile height, woodpile elevation, woodpile orientation, and
firewood moisture conteratrethen describedlhe graphs for the variables beyond wind and
separation distanaeplotted versus both wind speed and separatistance to show whether
therewere any discernable trends with either of those independent variables.

Wind speeds used for the results plots were calculated fromloe=dtverticalbidirectional

probe locations on the experiment centerbireause thtop(5") probe was nearly 1 m above

the woodpile and the wind speed therahedi d not
woodpiles. Uncertainty for the average wind speed takes into account the uncertainty of the
bidirectionalprobe pressureansducer measurement, the uncertainty in the correlation of the

probe response to pressure, the uncertainty in the ambient temperature measurement, and the
variation in the actual windche maximum combined expanded uncertainty on the values used

for aveage wind speedias +15 %.

Separation distances have a combined expanded uncertainty of,sBicitok into account
measurement error and the uneven horizontal position of the vertical face of the woodpile facing
the shed wallFor the lowest separatiahistance of 0.91 m, this represents a 2 % uncertdtoty.

the largest separation distance of 7.31 m, the uncertaidt$ ¥%.
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As described in Sectian10.1, the @mbined expanded uncertainty for the timing of spot fires
and flames on the waklas less than 4 s. The uncertainty for the time between the wall spot fire
and flames on the walas less than 5 s.

3.1. Effect of Wind Speed

Wind speed had a strong effect on spot fire ignitions for some avinditions Figure18 shows

the time to the first spot fire plotted versus wind speed. thélseparation distances

differentiated by symbol#t the low wind speed, the timing ranged from less than 30 s to over

34 min, with many cases spread between the extremes. For the medium wind speed, the range
was much tighter, from less than 30 s to nearly 3 min. The high wind speed produced times only
slightly shorter than the medium wind speed. Wind speeds over 7 miatarally decreased the

time for the first spot fire ignition in the target mulch b&de plot shows that at the low wind

speed, the much higher times were associated with the three longest separation distances and the
times below 4 min were associatedall of the short separation distances plus some of the

longer ones. No distinction was seen between separation distances among the spot fire timing for
medium or high wind speedsigurel9is the corresponding plot for the time of the ignition of

the spot fire that first reaches thigedwall. It shows the same characteristics as for the first spot

fire with the same decrease in timing above tve Wind speed.
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Fig. 18. Time to first spot fire plotted as a function of wind speed for all woodpile experiments with
separation distance differentiated.
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Fig. 19. Time to spot fire that first reaches the wall plotted as a function of wind speed for all woodpile
experiments with separation distance differentiated.

Figure20 showsthe time for flames to reach the wadlrsus wind speed with separation distance
differentiated. lis similar to the previous two ploksit with some differences. The timing ranges
were wider since time for the spot fires to spreaeradnition was included. For low wind

speed, the range was from less than 2 min to almost 45 min. For medium wind speed, the range
was about 1 min to 5 min, and for the high wind speed, the range was less than 1 min to 4 min.
While the times were longdhe trend was the same as for the spot fire ignitions. Only low wind
speeds under 7 m/s resulted in prolonged flame spread to the shed, but fast flame spread was still
possible at those speedsiother difference shown is that at the low wind speed, thasenot a

clear trend among the three largest separation distances with the range for the longest separation
distance encompassing points from the next closer distances. For time to flames on the wall,
even one of the times for a 1.83 m (6 ft) separagiqreriment was in the middle of the range for

the longer separation distances.

Figure21 shows the plot ofhe time for the wall spot fire to spreathe wall after its ignition
versus wind speedFor low wind speed conditions, the maximum time for the spot fire to grow
to the wall was 15:15 (min:s). For medium and high wind speeds, the maxima were 1:55 and
1:05, respectively. The plaiso shows tht the separation distances had some but not a
consistent effect on the timing since one of the n8® ft) separation experiments with low
wind had the longest length of time between ignition and flames on the wall. Low wind speed
allowed for more impady the separation distan@though spot fires could still ignite and
spread over a range of speeds for all distances.
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Time to Flames on Wall, min

Fig. 20. Time to flames on wall plotted as a function of wind speed for all woodpile experiments with

Time from Wall Spot to Flames on Wall, min

Fig. 21. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
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all woodpile experiments with separation distance differentiated.
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3.2. Effects of Separation Distance

Separation distance was expected to have a simlangnceon spot fire ignitions since it is
intuitive that the further a source fiebrandss from a target the harder it would be for them to
reach the tayet and for some of them to ignite spot firfeseresults were lessonclusivethan

for the trend with wind spee#ligure22 showsthe time to the first spot fire plotted versus
separation distanceith the wind speed differentiated between low, medium, and Aigine

0.91 m (3 ft) and 1.83 m (6 ft) separation distances, the timingadraye less than 30 s to
about 3.5 minFor the larger separation distances, the majority of ignitieere still clustered at
4 min or less, but thengere 1 to 3 testat each separation distance, 3.66La ft), 5.49 m

(18ft), and 7.32 nf24 ft), for which the ignitions were greater in the 5 nter85min range A

case could be made that the amount of scatter, or at least the number of long ignitionsgdincrease
slightly with separation distance, but it also can be said that the separation distHitte ha
effecton the minimum ignition time ahe proportion of ignitions underrin.
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Fig. 22. Time to first spot fire plotted as a function of separation distance for all woodpile experiments
with wind speed differentiated.

Figure23 showsthe corresponding plot for the time to the spot fire which first rahitteeshed

wall. It was very similar to the first spot fire plot with the sageneral concentratn of spot

ignitions at 4 min or lower and the same slight increase in the number of longer igastions
separation distance increds@ significantfraction, 46 %pf the spot fires that led to flames on

the wallwere also the first spot firdAlso of nde, only a small fraction of spot fires reached the
wall during the test time frame since flow conditions were not conducive for spot fires to spread
forward at all locationsThiswas the likely source of the slight additional spread of times that

can beseen, especially at the low separation distance.
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Fig. 23. Time to spot fire that first reaches the wall plotted as a function of separation distance for all
woodpile experiments with wind speed differentiated.

Figure24 shows the plobf the time for the wall spot fire t@achthe wall versus separation
distanceThe magrity of experiments at any separation distance found flames on the wall in
8 min or lessAt all the separation distances with at lehsteexperiments, ther&as at least

one time to flamesn the wallof 12 min or moreDistances ofL..83 m (6 ft) an®8.66m (12 ft)

had single instances of 22 min and 24 min, respectiviig 5.49 m (18 ftilistancehad three
instancedetweenl7 min and25 min, and 7.32 m (24 ft) bddour instances between 1&n and
45 min. While again, the times to flames on the weadfe clustered at under 8 min, about%6

of tests had times over 12 mand the frequency of these increased with separation distance.

Figure25 showsthe plot of the time for the wall spot fire to spread to the wall after its ignition
versus separation distanddne times from ignition to flames on the wall for all of the
experimentperformed aB.66 m(12 ft) separation were less than 2 niir83 m(6 ft) separation
had some instances around 2 min and one at about 4.5.4%m(18 ft) and7.32 m(24 ft)
separation distances saw more spread of the times from spot ignition te flamenaxima of
about 15 min and 12 min, respectively.

Thetiming for spot fire ignitions and flames reaching the wall of the simydhad limited
influencefrom separation distanc&or spot fire plots ifrig. 22 andFig. 23 and for all

separation distances, all of the spot fire ignition tinresigr than 5 min were for the low wind
speed conditionn Fig. 24, dl of the timesto flames on walgreater than about 5 min were also
for low wind eed. Figur@5 shows that for all experiments, all durations greater than 2 min
between flames on the wall and ignition of that spot fire occumeer low wind. Greater
separation distance between the woodpilesiradicaused spot fires and flames to be delayed
under lowwinds buthad no discernable impact on spot fire phenomena under higher winds.
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Fig. 24. Time to flames on wall plotted as a function of separation distance for all woodpile experiments
with wind speed differentiated.
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Fig. 25. Time between ignition of wall spot fire and flames on wall plotted as a function of separation
distance for all woodpile experiments with wind speed differentiated.
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3.3. Effects of Firewood Species

This section explores the effectsfiléwood speciesn the timing of the ignition of spot fires
and for flames reaching the shed wahe sets of timig graphs are plotted versus both wind
speed and separation distance to see whethentlesgeany trends with either.

Figure26 showsthefirst spot fire time versus wind spee&t medium and high wind speeds,
many of the oak timewere in the 1.5 min to 3 min range while all of the maple and softwood
timeswere below 1.5 minAt low wind speed, it appears that there was a substantiallgrlarg
fraction of maple experiments that took longen oakfor the first spot fire to igniteThe same
gualitative situationsvere true for the timéor ignition of thespotthat first put flames on the
wall in Fig. 27.

For Fig. 28 and the time to flames, maple still sesfto require longer in generdlan oak for
flames to reach the walinder low wind conditionsut oakand maplevere indistinguishable at
medium and high wind speed®oftwoodstill seenedto be generally faster for spot fires to
reach the shed wall under medium and high wind spé@éds samedescriptionholdsfor the
time between ignition and flames for the wall sigmition plotted inFig. 29.
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Fig. 26. Time to first spot fire plotted as a function of wind speed for all woodpile experiments with
firewood type differentiated.
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Fig. 27. Time to spot fire that first reaches the wall plotted as a function of wind speed for all woodpile
experiments with firewood type differentiated.
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Fig. 28. Time to flames on wall plotted as a function of wind speed for all woodpile experiments with
firewood type differentiated.
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Fig. 29. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
all woodpile experiments with firewood type differentiated.

Figures 30through33 are the set of timing plots for differespecief firewood plotted versus
separation distanc€or the spot fire ignition times ifig. 29, Fig. 30 andFig. 31, onepossible
distinction between woospeciess that the maple produced more examples of longer ignition
times at the longest separation distances of 5.49 m (18 ft) and 7.32ftn §&#twood was only
evaluatedht long separation distances, but it always produced fast fire spot ignitt@same
woodspeciedistinctions carry over to the time for flames on the waligh 32 and the time
between spot fire ignition and flames on the wakFiig. 33.
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Fig. 30. Time to first spot fire plotted as a function of separation distance for all woodpile experiments
with firewood type differentiated.
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Fig. 31. Time to spot fire that first reaches the wall plotted as a function of separation distance for all
woodpile experiments with firewood type differentiated.
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Fig. 32. Time to flames on wall plotted as a function of separation distance for all woodpile experiments
with firewood type differentiated.

167““1““
c ® Dry Oak N
= [ 0O Moist Oak o o o R ]
E 14| o Mape | | | | | | ]
(_6 L - SOftWOOd H H H H H 4
; ; : : : : R 4
; 12 A [ A [ A [ B
c r 3 3 3 3 3 3 3 ]
(@] L
g 10 i *
£ L
[ L
[ H .
8 8 j rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr & —
‘g_ I
N 6 5 S S A ]
T
=
€
o
[}
£
|_

Separation Distance, m

Fig. 33. Time between ignition of wall spot fire and flames on wall plotted as a function of separation
distance for all woodpile experiments with firewood type differentiated.
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3.4. Effects of Firewood Moisture

Rather than repeat or add figures here, please reffég.ta6 through29 for this analysis related

to wind speed. In those plots of firewood types, the moist oak is represented by open blue
squares, while the dry oak iepresented by solid red circles. For both time to first sgegir26
and time to wall spot ifig. 27, at the low wind speed the moist oadia40 %longer ignition

time than any of the dry oaks. For medium and high wind speeds, there is no clear difference
between ignition times for the dry or mboak firewood. For time to flames on the walFig.

28, the moist oak time is over 20 higher than the longest time for dry oak. For the time
between wall spot ignition and flames on the wall showfig. 29, the times for moist oak are

in the middle of times for dry oak. Again, this make sensaudmecall of the spot fires that lead

to flames on the wall should not be affected by the characteristics of their source when it is of the
same material. Both wet and dry oak will have been dried completely when converted to
firebrands.

All of the moist o& experiments were performed at 3.66 m (12 ft). Fig@8gthrough33are the

set of ignition and flame times plotted versus separation distance with the firewood type
differentiated in the plots. While one moist oak experiment exhibited the longest first spot, wall
spot, and time to flames onethvall by about 20 min each over the rest of the data, the other two
experiments produced timing that was mingled with the results of dry oak. The experiment that
produced the long timings was also at the low wind speed which was discussed earlier as the
condition that seemed to enhance any difference due to wood moisture.

3.5. Effects of Woodpile Height

This section explores the effects of the height of the firewood pile on the timing of the ignition of
spot fires and for flames reaching the shed w&dj. 34 showsexamples of tall and short

woodpile experiments configuratilarly and under the same low wind conditiombe sets of
timing graphswere plotted versus both wind speed and separdigiance tanvestigatetrends.

Fig. 34. Photographs of tall (left) and short (right) dry oak woodpile experiments configured as ends with
racks at 1.83 m (6 ft) separation and low winds.
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Figures 35through38 are the set of ignition and flame times plotted versus wind speed with the
woodpile height differentiated in the plost medium and high wind speeds, the spot fire

ignition times, time tolames on the wall, and time between wall spot ignition and flaidesot
show noticeable differences due to woodpile heightow wind speeds, there ménave beem
tendency for the short woodpile to generate somewhat faster times to ignditiana@sthan

the tall woodpileSince only two short woodpile experiments were performed at the low wind
speed conditiorthere was not enough data to determine ifdifferencewasdue to a general
effect of woodpile heightf it was, we ould speculate onegssibility that it could be due to the
greater wind blockage caused by the taller woodpile which would cause some firebrands
generated to drop to the ground behind the woodpile rather than continue forward to the target
mulch bed.

Figures 39through42 are the set of ignition and flames times plotted versus separation distance.
It is apparent from the plots that all of thigort woodpile experiments were conducted at the
0.91m (3 ft) or 183 m (6 ft) separation distanc@here are no obvious distinctions between the
woodpile heights on any of the timing plots.
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Fig. 35. Time to first spot fire plotted as a function of wind speed for all woodpile experiments with
woodpile height differentiated.

42



NIST TN 2251

March 2023
35 = ‘ ‘ ‘ | ‘ ¢ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ ‘
L : : : : : e Tall
. | | | | | 2 Short| |
30 P . e S n
T R S
é : P : : : : ]
S
(7] [ : : : : : : il
(=!S L ) 4 : : : : |
= 15 P P S .
8 [ : : : : : : 1
Q i s s s s | | 1
Eow e
S SRR e JOSNUUNOTS USROS HEUNUUUUN NURURUOTRNS SO ]
ST 5 e
°, o ®  ios ° 0
o ° ° ° 'y .... ° ‘e °
0 L e e L e % e % Dot S
2 4 6 8 10 12 14 16

Wind Speed, m/s

Fig. 36. Time to spot fire that first reaches the wall plotted as a function of wind speed for all woodpile
experiments with woodpile height differentiated.
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Fig. 37. Time to flames on wall plotted as a function of wind speed for all woodpile experiments with
woodpile height differentiated.
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Fig. 38. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
all woodpile experiments with woodpile height differentiated.
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Fig. 39. Time to first spot fire plotted as a function of separation distance for all woodpile experiments
with woodpile height differentiated.
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Fig. 40. Time to spot fire that first reaches the wall plotted as a function of separation distance for all
woodpile experiments with woodpile height differentiated.
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Fig. 41. Time to flames on wall plotted as a function of separation distance for all woodpile experiments
with woodpile height differentiated.
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Fig. 42. Time between ignition of wall spot fire and flames on wall plotted as a function of separation
distance for all woodpile experiments with woodpile height differentiated.

3.6. Effects of Woodpile Orientation

This section explores the effects of the orientation of the firewood pile on the timing of the

ignition of spot fires and for flames reacpithe shedwallOr i ent ati on i $ dd&scri
thelogcentralaxear e i n | i ne with t haxesae pargendecuadtothesi des”
wind. Figure43 shows examples of sides and ends woodpile experiments otherwise configured

the same and under the same low wind conditielasne extensions downwind of burning

woodpilesin the sides orientan did tendto be longethan those for woodpiles in the ends
configuration.For the ends configuration, the air spaces between logs were aligned with the wind
which allowed penetration of wind and flames through the woodpile, while woodpiles in the

sides orientation essentially blocked the wifithe sets of timing graphs are plotted versus both

wind speed and separation distance to look for trends.

Figures 44 through47 are the set of ignition and flame times plotted versus wind speed with the
woodpile orientation differentiad in the plots. At medium and high wind speeds, the spot fire
ignition times and time to flames on the wall do not show noticeable differences due to woodpile
orientation. At low wind speeds, there seem to be more long times to spot ignitions and flames
for woodpiles with the ends facing the wind than for those with the sides facing the wind. Since
there are only about four data points showing this difference, it is not clear if it is a significant
trend. InFig. 47, for the time from wall spot ignition to flames on the wall, even at the low wind
condition there is no distinction between the two orientations. This makes sense, since once a
spot fire is gnited, it should not behave differently due to its generation unless the generation
process has influence over the firebrand landing in a more or less favorable location. This result

46

|



NIST TN 2251
March 2023

indicatedthat for spot fires that reached the wall, the time of thewth from ignition was not
influenced bywoodpile orientation.

Fig. 43. Photographs of sides (left) and ends (right) dry oak woodpile experiments configured as tall with

Time to First Spot, min

Fig. 44. Time to first spot fire plotted as a function of wind speed for all woodpile experiments with
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woodpile orientation differentiated.

47



NIST TN 2251

March 2023
35 = ‘ ‘ ‘ | ‘ ¢ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ ‘
L : : : : : e Ends
. | | | | | o Sides| |
0 e —— i S .
T e T
é : P : : : : ]
e e S e
%) i | | | | | | 1
5] i ; o o : : : : ]
= 15 o pre P A ]
o i | | | | | | 1
Qo i | | | | s | |
o e e S
5 SN SRR ONS SU OO SRS S ]
r ° E\j oo
O, e Do leg =N 0
. e O ° 0.% ° ‘e m
0 I o, . eno L e "M% "0 | B et
2 4 6 8 10 12 14 16

Wind Speed, m/s

Fig. 45. Time to spot fire that first reaches the wall plotted as a function of wind speed for all woodpile
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Fig. 47. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
all woodpile experiments with woodpile orientation differentiated.

Figures 48 through51 arethe set of ignition and flame times plotted versus separatiomdésta

with the woodpile orientation differentiated in the pldtkere are no clear distinctions between
timing of spot fires and flames for different woodpile orientatiéiws.the first and wall spot fire
ignitions at 3.66 m (12 ft) or larger separatiostaces, the longest times to ignition (all more

than 15 min) are each for the ends orientafi@nr.all of the main separation distances (those

with more than two data points), the longest time to flames on the wall (all more than 20 min) are
also for theends orientation. Although this mayicatea possible difference, the number of

data points is too small to Isgatisticallysignificant, and the rest of the data for faster (under

10 min) ignitions and flames show no pattern between woodpile oriemiatio separation

distance.
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Fig. 48. Time to first spot fire plotted as a function of separation distance for all woodpile experiments
with woodpile orientation differentiated.
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Fig. 49. Time to spot fire that first reaches the wall plotted as a function of separation distance for all
woodpile experiments with woodpile orientation differentiated.
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Fig. 50. Time to flames on wall plotted as a function of separation distance for all woodpile experiments
with woodpile orientation differentiated.
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Fig. 51. Time between ignition of wall spot fire and flames on wall plotted as a function of separation
distance for all woodpile experiments with woodpile orientation differentiated.
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3.7. Effects of Woodpile Elevation

This section explores the effects of the elevation of the firewood pile on the timing of the
ignition of spot fires and for flameesaching the shed waklevation was determined by whether
the woodpile was placed on a rack or directly on the grdaritiese plots elevation is referred
to as eit her ” Figue%2khbwsexamples ado-rackeandkwithrackwoodpile
experiments otherwise configured the same and under the same low wind conthteossts of
timing graphs are plotted versus both wind speed andagepadistance ttok for trends.

Fig. 52. Photographs of no-rack (left) and with-rack (right) dry oak woodpile experiments configured as
ends and tall at 1.83 m (6 ft) separation and low winds.

Figures 53 through56 are theset of ignition and flame times plotted versus wind speed with the
woodpile elevation differentiated in the plo#ég.medium and high wind speeds, the spot fire

ignition times and time to flames on the wall do not show noticeable differences due to woodpile
elevation. At low wind speeds, the two woodpiles with no rack had very fast times to ignition
compared to almost all of the woodpiles on ra8isce there are only two data points, this may

not be significantThe two nerack experiments also had the lsyot fire as the same as the

first spot fire so no additional i .Efem r mat i on
though there were only two experiments, the low wind condition with no rack also generated the
fastest times to flames on the wafid relatively fast times between wall spot ignition and

flames.
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Fig. 53. Time to first spot fire plotted as a function of wind speed for all woodpile experiments with
woodpile elevation differentiated.
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Fig. 54. Time to spot fire that first reaches the wall plotted as a function of wind speed for all woodpile
experiments with woodpile elevation differentiated.
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Fig. 55. Time to flames on wall plotted as a function of wind speed for all woodpile experiments with
woodpile elevation differentiated.
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Fig. 56. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
all woodpile experiments with woodpile elevation differentiated.
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All of the woodpile experiments with no rack were conducted at the same separation distance,
1.8 m (6 ft).This provides an opportunity to examine those results with only the rack add wi
speed variedrigures 57 through60 are the set of ignition and flame times plotted versunl
speedat only 1.8 m separation distanegh the woodpileslevationdifferentiated in the plotsn

Fig. 57 for the time tathefirst spotfire versus wind speed4 % of the ignition times with a rack
are greater than 1.3 min while 0 % of the ignition times with no rack are in that fargeer

way to look at the distribution is that 96 of the ignition times with a rack are less than 1.3 min
while 100 % of the ignition times without a rack are less than 1.3Ahiow wind speed, the

two experiments with no rack had spot fire ignition timebeaifveen 0.3 and 0.4 min while 67 %
of the experiments with a rack had ignition times greater than 1.8 min.

For the time to the wall spot Fig. 58, the difference between elevation results is even more
pronouncedAt low wind speed, 100 % of theall spot ignition times for woodpiles on a rack

are 3.4 min or greater while 100 % of the ignition time for woodpiles on the ground are less than
0.6 min.For medium wind speed, all four ignition times for woodpiles on a rack are greater than
1.3 min and the two ignition times for woodpiles on the ground are less than 1/t gk

wind speed, the average ignition time for the woodpiles on a rack is sontegtat than that of

the woodpiles on the ground, but the differences at that wind speed seem to be diminished and
possibly insignificant.

N B A B
[ : 3 : ® Rack, 1.8 m Separation
L O No Rack, 1.8 m Separation
3 j rrrrrrrrrrrrrrrrr —
R e
E : | e | | | *
s e et e S T :
” [ ° |
2 I s s B s ° ]
R e R e e e 1
o [ 3 3 3 3 o 3 3 1
= 3 3 o
o 3 |
S T g e ]
(o )
— | A | & —
0.5 - 0. I
: | ™~ | | | ¢ o ’
0 [ L L L 1 L L L \ L L L 1 L L L 1 L L L 1 L L L 1 L L L
2 4 6 8 10 12 14 16

Wind Speed, m/s

Fig. 57. Time to first spot fire plotted as a function of wind speed for 1.8 m separation woodpile
experiments with woodpile elevation differentiated.
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Fig. 58. Time to spot fire that first reaches the wall plotted as a function of wind speed for 1.8 m
separation woodpile experiments with woodpile elevation differentiated.
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Fig. 59. Time to flames on wall plotted as a function of wind speed for 1.8 m separation woodpile
experiments with woodpile elevation differentiated.
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Fig. 60. Time between ignition of wall spot fire and flames on wall plotted as a function of wind speed for
1.8 m separation woodpile experiments with woodpile elevation differentiated.

For the time to flames on the wallkig. 59, all six of the times vth a rack are in the #in to

22 min range while the two experiments without a rack experienced less than 3 min for flame
times.For medium wind speed, all four of the times with a rack were greater thanghile

the two without a rack were less thamh. There was no perceivable difference between rack
and no rack for the high wind speed at 1.8 m (6 ft) separation distance.

For the time between wall spot ignition and flames on the waligne0, there are no obvious
differences between the rack and no rack timhbgs again makes sense in that once spot fires
that are going to reach the wall have ignited, they should not spread differently efdhese
source configuration.

3.8. Flames

As part of hardening homes against wildland fires, it is already recommended that firewood piles
be kept at least 9.1 m (30 ft) away from horfidd so flames from a burning firewood pile

impinging on a structureould not be an issuélevertheless, plume flame lengths were

observed and recorded during these experim&htslengths weraotthoroughly analyzed, but
generally at all wind speedstead flame lengthsometimesxtendedL. m (3.3 ft) or more
forwardhorizontally andL m (3.3 ft) upwardvertically from where they were attached to the
woodpile.In some cases, intermittent, brief flames extend about 2 m (6.6 ft) forward.

Due to the fast nata of spot fire ignition and spread to the shed, many woodpiles were never
fully engulfed and the fire did not always have time to spread to the shed end of the woodpile.
Some woodpiles, especially under slower, low wind experiments, did become more fully
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involved with fire When a woodpile is fully involved in fire, it mayllapse due to partial
destruction of logs and deterioration of the stacked woodpile struétpfeotograph of ne such
collapsed woodpile iprovidedin Fig. 61. The photo shows that the figgewwider and the
flames extenedfurther due to the collapsEirebrand production appeared enhanced by the
physical disruption of the woode fire and may have been maintained due to the spread of the
burning firewood and increased surface area of exposed fuel.

, —

Fig. 61. A photo of a collapsed tall, sides, no rack dry oak woodpile under 6 m/s (13 mi/h) winds.

3.9. Long-Range Firebrand Experiments

A final question addressed by this work was the ability of firebrands from landscaping elements
to ignite combustible objects faofin the burning source. This was consideretthiae

experimentsn which the shed was removed and the bursmgceplaced far from the target

mulch bedincluding one woodpile experiment

3.9.1. Experimental Design

Threelong-range firebrand experiments wegreformed at the Frederick facility described in
Section2.1 The woodpile experiment is described hehe others are discussed in the
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fence/mulch eport[1]. The experiment was orientatbng the pondo allowfor maximum
firebrandtraveldistance downwind. The applied wind field was directed from the SSE at an
angle of 148% 1°. Theshedstructure wasotincluded in thigest setupA stacked woodpile of
maple firewoodl.2 m (4 ft) long was arranged with the target mulch bed locatedr2@B8 ft)
from the upwind end of the woodpilend the wind machine propelieaslocated 3.4n (11 ft)
farther upwindThe surface between tiodpileandthetarget was asphalt and concrete,
representing avorstcasescenario due to the ease of transport of firebrands over the ground.
Roads and driveways make this a realistic condition for WUI neighbosh8atte the pyose

of theburning woodpilen these experimentsas to serve as a source of firebrands, the wind
speed was varied, with lower wind speeds to promote flame growth at the burning source and
higher wind speeds (up aboutl5 m/s) to promote firebrand traport toward the target mulch
bed. The wind machine was shut off or set to idle at times dtireexperiment to permit
replacement of burned mulch in the target bed.

The bidirectional probe array was used to monitor wind speedsdipf the burning sowe.
Over the long distance from the wind machine to the target mulchiieedppliel wind field
expand and diffuss, decreasing the wind speatithe targetThe wind speed levels reportéa
this section wereneasured near the falo measurementweretakento quantify the wind speed
nearthe target mulch bed.

3.9.2. Firebrand Spotting

The images itrig. 62 (a) and(b) are from target mulch bed and woodpile videos respectively, at
about 20 min after ignition of the woodpile and 3 min after the wind machine has been set to a
high wind speedAt this time,two spot firesare weltestablished ithe target mulch bedhe first
having ignited within 2 min from the start of high wind speeds. When the wind speed was
reduced to medium levels, no further ignitions occurtegshould be emphasized thhetwind
speeds generated by the wind machine diminished significantly with distance which explains
why only high winds maintained sufficient speed to carry the firebrands over the long distance.
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Fig. 62. Woodpile experiment without a structure and with a) a target mulch bed situated 25.6 m (84 ft)
from the downwind end of b) the woodpile.

3.10. Mitigation Experiments

The hazard of firebrands from burning firewood piles igniting spot fires in downwind
combustibles has beewaluated under a variety of wind and separation distance conditions.
Since the wind cannot be controlled in rbf WUI fire situations, and distance does not seem
to diminish the generation of spot fires under medium and high winds, effective mitigatio
strategies are needed so that homeowners carfikegpod near their homes without putting
theirhomest hei r n e i gdrdherparceleveldenteres (such as shedspdditional
unnecessary risk during WUI fires.

To beginexploringpotential mitigation strategies, three experiments were condudtddree
utilized dry oak firewood, tall woodpile height, log sides orientation, and elevation on a rack.
The conditions for the mitigation experiments were medium wind and 3.66 m gepéation
distance.

The first mitigation experiment simply places@combustiblevall downwind of the firewood
pile. The wall was a 1.83 m (6 ft) tall by 1.22 m (4 ft) wigknelsof JamesHardi@ fiber
cementboard.On the downwind sidet wasattachedo a wood frame and angbeaces made
from two-by-fours Photographs of the arrangement are providdegn63. It wasobserved
during the experimerihat the firebrandeere blownaround the shield walyerere-entrained in
the main wind flow, and caudepot fires in the target mulch békthe spot fire timings were
within the range for medium wind experiments
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Fig. 63. Photographs showing the first woodpile mitigation experiment, which used a noncombustible wall
as a shield in an attempt to decrease downwind spot fires.

The second mitigation experimemtappeda fire-retardant treatedarpauin around the
woodpile.The tarp met the flame resistance requirements of &8AInd was compliant with
California Fire Code (CFC) 310The tarp was secured around the woodpile with bungee cords.
Photographs of the woodpile wrapped in the tarp are pedvitFig. 64. It was discovered

during ignition of the burner that the firetardedarpwould not burn but was easily damaged

by flames. eto the tedency of this tarp to develop holes and shrink from flame impingement,
the tarp had little positive effect on preventing escape of firebrands and ignition of spandires
the spot timings were similar to those without a tarp.

Fig. 64. Photographs showing the woodpile mitigation experiment using a fire-retarded tarp in an attempt
to decrease downwind firebrand spot fires.
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The third mitigation experiment involved construction and placement of an aluminum scree
enclosure surrounding the firewood pile. For the first attempt at a screen enclosure, aluminum
screen with 1.6 mm (1/16 in) holes in the mesh was used. The screen was supplied in a roll.
Sections for the 4 sides and top were overlapped with the overdppaits folded over on
themselves and stapled to stay folded. The overall dimensions were roughly 1.82 lon¢fby

1.52 m (5 ft) tall by 0.91 m (3 ft) wide. The screen enclosure bottom was held to the ground with
narrow steel bars to keep it from blimg and also to seal gaps at the ground. Photographs of the
screen enclosure experiment are provideéign65.

Fig. 65. Photographs showing the woodpile mitigation experiment using a screen enclosure in an attempt
to decrease downwind firebrand spot fires.

It was known that aluminum screen mighelt away locallyif contacted by flames for long, and
such a mishap occurrechen attempting to ignite the burner at the beginning of the experiment.
The experiment was halted, the burned hole was patched, and the experiment was restarted with
the enclosure placed on the woodpile after it was ignited to prevent creation of artyoleere

by the burner or propane torch ignitor. The results of this experimeme@ min tothewall
spotand23 min to flames on the wall. The delay of about 20 min for spot fires and subsequent
flames on the shed wall was seen agjaificant, although limitedmitigation, especially
considering that the aluminum screen was not the best material to select foplibatiap. The
delayed impact of firebrand spotting in the mulch bed suggests that there is a need to further
explore this mitigation strategfdditional experiments have been planned which utilize either a
galvanized steel or stainless steel screen mtboth of which should be much more resilient
than aluminum against flames.
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4, Discussion

Burning woodpiles present a hazard to the residences in a community during a WUI fire, with
exposures resulting from both firebrands and fire. In this study,ess#rexperiments on

burning firewood piles was conducted, with an emphasis on firebrand exposures. The results
have been described in SectrAll of the woodpie experiments, under all conditions tested,
resulted in spot fires in the target mulch bed that spread to the shed wall. The parameters of the
woodpile and test conditions were varied in order to evaluate whether any of them had a
significant impact on thgeneration of firebrands and the timing of ignition of spot fires in the
target mulch bed and flame spread to the shed. Wind speed lgaddtest impacith the

lowest winds delaying spot fire ignition and flame spreadip to a half hour in some

Medium and high winds typically caused spot fires in less than 3 min and flames spread to the
wall in less than 5 min. Unfortunatelgyen if wind speed were controllable, the delay in ignition
is not long or reliable enough to confidenthtigate thehazard from burning woodpiles.

While there were some minor possible effects from the firevepediesand moisture content

and the woodpile orientation, height, and elevation, none of these factors indicated that they
would be determinative in a potentraltigation strategy. Wind speeds over 7 m/s (16 mi/h)
overwhelmed any differences that weteserved

As an alternative teliminating the woodpile, increasing its separation distance from a residence
or other structure has become a popular mitigati@ategjy. This strategy is currently
recommended by programs such as Fireyli$¢¢ which advises a minimum distance of 9.1 m
(301t) for woodpiles. While increasing the separation distance is a useful approach for
preventing theadiative and convective heat from flames from reaching the structure, it is not
effective for protection against firebrands. This study shows that for all but the lowest wind
speeds, the separation distance of the woodpildittla impact on spot firegnition timing and
flame spread to the shed wall. The leagge firebrand experiment showed that ignition may be
achieved at a distance of at least 27 m (88 ft) for high winds near the woodpile. Othemigag
experiments with burning fences and mulehridthatspot fire ignitionsoccurred within a few
minutes47 m (155ft) downwindfor high wind speedgl], which demonstrates that separation
distance is an inadequate solution.

Other mitigation strategies that werealuatedncluded a shield wall and a firetarded

tarpaulin. Both of these methods were easily defeated by the wind and woodpile firebrignds. It
possible that other design and material variations on these methddge more effective, but

it is unlikely that they would be sufficiently effective to allow for close proximity of a firewood
pile to a structure without substantial risk.

The screen enclosure tested in this study showed promise in decreasing thedieimosure

from woodpiles. It was, however, made using a material that could be damaged by flames and
was eventually defeated by the burning woodpile. Other screen enclosures with more resilient
materials would likely be more effective.

During afire, aneffectiveprotective firewood enclosurgould reduce the number of firebrands
thatcould land orthe woodpile If the woodpile were to ignite anyway, the enclosure would
inhibit firebrands generated by the woodpile from igniting spot fires downwind. li&ferethe
fire occurs, moreeffectively designed tarps, screens, or other enclosordd minimize the
accumulation otombustibledebris such as leavesr pine needlesclose toor contactingthe
woodpile. This in turn would reduce the vulnerabilitytiodé woodpile to ignition by firebrands
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because of the reducpdesence oadjacenfine fuels Fine fuels are more easily ignited by
firebrands than larger pieces of wood; once an accuiomiatignited, it would be a more
effective ignition source fohe woodpile than individual firebrands themsehaintaininga
noncombustible zone arouttte enclosed woodpile would do even more to ensurgtband
fires and debris accumulati@o not contribute to fire spread to the woodpile

One mitigation approach thestunder consideratioss a regulation bghe California stateBoard

of Forestry and Fire Protectiaman emberesistant zone around a home that would be required
to have no combustible materi@b be fully effective the aea would need to be maintained to
remove any accumulated debm@sd theeffectiveness would be reduciédiuring a WUI fire

event with high winds, combustible materials accumulate at the base of the house after
homeowners have evacuated. Protective gaielgsuch ag11]) provided tohomeownersn
WUI-fire-prone areaalready recommends this approach to greatly diminish the likelihoibe of
ignition of spot fires near homes by firebrands from any source, inclwadingpiles.

While this study providsinsights into the firebrand hazard from woodpiles, other NIST studies
have focused on the fire hazard from similar flaming sources. Structure separation experiments
(SSE) with and without winflL2, 13]have been performed {a) study and compare the fire
hazarddor wood and steel storage sheds containing wood cribs to simulate high and low fuel
loadings andb) to determine the minimum safe separation distance of the sheds fiearbg n
structure. Although the wood cribs differ from woodpiles in geometry and the absence of bark,
the results from these experiments demonstrate two important points that relate directly to the
fire hazard from woodpiles. First, flame length and theewmpbsures are functions of the size of

the fuel loading. Second, the steel enclosures were effective in confining flames (and firebrands)
except in the direction of the shed door, which was kept open in these experiments.

Generally, whatever enclosure sedl to store a woodpile must both keep the woodpile protected
from ignition by firebrands from other sources and prevent the potential spread of firebrands if
the woodpile should somehow be ignited, such as by a fire moving along the ground. Such an
enclosire must not be combustible itself or distort and lose function due to the heat of nearby
flames. It must meet the needs of a firewood enclosure that keeps wood dry, lets fresh air in, and
allows access to remove logs without having gaps large enoudarfasf or firebrands to enter

and ignite the wood. A successful woodpile fire enclosure could make it possible to store
firewood on a property without increasing the risk to a home from firebreadsg the door of

the steel shed away from the structueptithe flames from impinging on its walls and eaves.

For a more comprehensive discussion of mitigation approaches for WUI fires, including the
effectiveness of removing, reducing, and relocating the fuels and hardening the structures, see
theWUI Parcel/$ructure/Community Fire Hazard Mitigation Methodolo@gyMM) [6].

4.1. Hazardous Scenarios

The windblown firebrands from the burning woodpiles in this study presented a hazard to the
combustible target mulch bed in front of the &rgtructure through spot fire ignitions and
subsequent fire spread to the structure wall. This was observed in all cases in this study, for all
parameters and conditions that were explored. The fact that spot fires ignited and spread under
all wind speedaonditions puts woodpile fires in a high hazard category. Under medium and high
winds, the quickness of the spot fire ignitionsd@tne hazard even more severe, although not to
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the level of very high hazard as describefllin The effects of wind speed dominated the effects
of other parameters including separation distance.

Firewood pile fires were found to generate more spot fires than fences and mulch under the same
wind conditions, but it is not known whether more firebsanere generated or that their size

and characteristics were more favorable for igniting the mulch. The fire behavior found for
firewood piles in this study should be taken into account for fire codes/standards and best
practices for communities, since direwood pile fire could impact several downwind parcels

and homes, creating one or more chain reactions.

In large WUI incidentsfirst responders mayotbe available to suppressa timely mannea

woodpile fire that can quickly impact downwind comithists. Also, if fire reached the interior

of a large woodpile where water suppression had difficulty penetrating, it could take an extended
time to extinguish the fire effectively.ubing WUI eventsevenonesmallwoodpilefire could

bring the fire tamary structures andther combustiblegia firebrands before defensive actions

by first responders could stop possible structure ignitiinewood piles can act as a ladder fuel

to carry flames from the ground to combustible items at higher levels suee &sanches.

A more detailed discussion on implementing guidance based on the relationships among fuel
layout, fire hazard, and structure hardening can be found in the NIST report éftitled
Parcel/Structure/Community Fire Hazard Mitigation Methodol@giM) [6].

4.2. Limitations

This study was a survey of the fire behavior in wind of various configurations of woodpiles near
a structure. It revealed the dominant and negligible factors related to the hazards posed by
burning woodgdes. An understanding of the limitations of this work will help to direct its
applications. Some limitations of this research include:

The experimental design focused primarily on the firebrand hazard from woodpilesailed

study of the hazard from fire, including thermal radiation, convection, and flame contact, would
have required woodpiles of a range of sizes arranged at closer separation distances from the
structure than in all but a couple of cases in thidystkor a study of the flame hazard from
burning wood cribs, see the NIST reports on structure separation expelfib2erit3]

The range of wind behavior was limiteéthese experiments were conducted with steady atind
three levels in one direction relative to the woodpile and shed wall. Flows around a structure
from different angles will change the deposition pattern of firebrands. The wind field generated
for these experiments was only consistent across the cétibertest area and dropped off at the
edges. Real winds will gust over a range of speeds and directions, which could change the
deposition of firebrands and potentially make the situation more hazardous. The winds in real
events may be higher than thoestéd. In these experiments, the wind was not blocked by
vegetation or landscape objects, which can induce swirl and areas of low pressure that might be
favorable for firebrand deposition.

The woodpiles tested were not realistically lar§eme homeownersay keep a woodpile of
similar size to the ones tested, especially as a convenienttaltdszhouse replenishment subset
of their total winter supply; howevehéd woodpiles tested were relatively small compared to
many typical firewood storage arrangertee Larger woodpiles would change the flow near the
woodpile and cause low pressure and lower winds on the lee side, which could cause different
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patterns of firebrand deposition downwind. While burning, the larger quantity of agglomerated
combustible matals is expected to produce larger fire plurfies 13, 1] and the greater

surface area will produce more firebrands for the wind to pick up and deposit, making larger
woodpiles even more hazardous.

The struture used was restrictad size The target shed used in this study is smaller than a
house and many other real structures. The height as well as the width of a structure change the
flow in front of and around it. Different relative angles of the wind @aluse significant changes

in the flow pattern as well.

The mulch represented a worsise combustible targethe target mulch bed was a surrogate

for any ground cover of fine combustibles such as grass, leaves, etc. It was used asassorse
scenariolf there are no combustibles at all surrounding a house, then spot fires cannot ignite.
CALFIRE s pr egulatorefor a mew embeesistant zone (Zone 0) within O to 5 feetof
homewould attempt to address sgfoe prevention. Nevertheless, anyliverabilities in the
combustible surface of the structure itself could be sites for firebrand ignition. Hardening the
home against firebrands would be necessary to address the hazard from firebrands generated
from firewood and other sources. Most housdkligibetween the extreme cases of
combustiblefree and hardened versus surrounded by combustibles and structurally vulnerable.
Burning firewood piles would pose a threat to any downwind combustible object that was close
enough to ignite via flames or ddugnite via firebrands.

Distancedownwindwas limited for longrange spotting studylhe longest distance tested at the
test site with a burning woodpile was only 27 m (88 ft) and likely underrepresents the spotting
potential.

Woodpiles were ignited at a single location on or near the grotihd test protocol provided
repeatable conditits to characterize woodpile fire performance and identify both dangerous and
potentially mitigating attributes of woodpilds. WUI fires, however, firebrands can also ignite a
woodpile at the top or at multiple locations. Multiple ignition locations coesdlt in faster fire
spread and firebrand generation while ignition at the top of the woodpile could result in slower
fire spread but possibly different firebrand generation and transport because of the initially
elevated fire.

Ignition was by gs burnermrather thana natural sourcein these experiments, the woodpiles
were ignited at a single point at ground level by a gas burner. The method differs from natural
ignition in WUI fires in multiple ways. A gas burner is a severe ignition source, igniting by
continuous flame contact and differing in heating rate and geometric extent from most natural
ignition sources in a WUI fireNatural ignition sources would include single firebrands with
sufficient mass and energy to ignite small protuberances of fickawobark that in turn have

low enough mass to be ignitédirect firebrand ignitionand accumulation of debris such as
leaves or twig®r a combustible ground covitrat are ignited by a firebrand and produce flames
sufficiently close to ignite the firewod (indirect firebrand ignition) The burner produced heat
orders of magnitude greater thdinect firebrand ignitiorandpossibly similar to some but
probably several times greater thanst indirect firebrand ignitions
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5. Conclusions

This section listshe key findings, practical recommendations based on the findings, and
recommendations for future work. The fence/mulch refigrtwhich was the first in this series

of reports, listed Key Findings (14), Primary Recommendatiéhand Recommendations for

Future Work (5). This report on woodpiles adds to those lists to generate a unified set of
conclusions related to NIST’s series of studi
of landscape combustibles.

5.1. Key Findings

Firewood pileexhibited fire behavior in the high hazard range, supporting fire spread and
generating firebrandsnd producing moderate flames when fully involvEdere are four new
findings for woodpiles.

F15. Woodpiles generate copious amounts @ifebrands that are capable of igniting spot
fires in downwind combustibles.Every experiment with woodpiles generated firebrands
that ignited spot fires.

F16. Firebrands from woodpilescan ignite spot fires in 3 min or less in fine combustible
materials over significant distances and bring flames to a structure adjacent to the
combustibles in less than 5 minThe ignition and fire spread phenomena become even
faster at higher wind speed®pot fire ignitions occurred even at the maximum distance
studied for woodpilesf 27 m (88 ft).At wind speeds of 7 m/s (16 mi/h) or more, any slight
differences in spotting behavior seen at lower wind speeds due to aspects of firewood piles
disappear.

F17. Wind-blown burning woodpiles can generate fire plumes witlsteady flames that
extend over 1m (3.3ft) which could ignite nearby combustibles through flame
impingement or thermal radiation. Intermittent plume flames briefly reach over 2 m
(6.6ft). Flames become longer as fire spreads through the whole woodaite Engts
will most likely be longer for woodpiles larger th#éme 1/12 cordpile size used in this study

F18. Burning woodpiles may collapse which changes the hazard/henawind-blown
burning woodpile collapseit appears to increase the fire plume sird length likely due to
the spreading of the burning fuel over a larger area and increase in the surface area of
exposed burning wood. Firebrand flux may also increase which may be due to the increase in
burning surface area and the physical disturbaagsed by the collapse.

5.2. Primary Recommendations

The results of this study add to a comprehensive effort to reduce the vulnerability of structure
and parcels to fire and firebrands. A hazard mitigation method®dnas been developed with
the goal of allowing structures in the WUI to survive fire and firebrand exposures without
intervention by first responders. The recommended strategy is to balance a reduction of the
exposure with increased hardening of the stnactlihe exposure may be reduced by removing
or reducing the fuels or by relocating the source.
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Unli ke other | andscape features, woodpiles ¢
performs the same function. There are measures short of rematviadeth reduce the fire hazard
of woodpiles, including the following recommendations resulting from this study.

R8. In WUI -fire prone areas,protect firewood pilesfrom potential ignition by flames or
firebrands to reduce fire spread Storing firewood in an et@sure made of
noncombustiblenaterial, such as steel, is expected to substantially reduce the likelihood
of ignition. If the firewood does ignite, the enclosure will also agrtdect exterior
items from the fire, as shown in structure separation expets[12, 13] The enclosure
should bavell-sealed (apart from firebran@sistant vents). The door and any other
openings should face away from nearby structures and be kept closed to eliminate
openings for flames direbrands to penetrate.

R9. Avoid proximity of exposed woodpiles tadhe residenceand other parcel structures
as well asneighboring structures, to prevent direct ignition by flames or flame
radiation. The relationship between spacing and structupgdgent structure ignition
from woodpiless a function ofvoodpile size and structure design, including
construction materialandassembly Structures need to be hardened against the fire
hazard from both flames and firebrands (See R7).

In addition to he above recommendations that are specific to woodpiles, other recommendations
from the fence/mulch repoji] are reinforced by the findings in this report. They are repeated
and emphasized here:

R3. Avoid proximity to other combustible fuels, to reduce fire intensity and limit fire
spread Burning woodpiles are a source of flames and firebrands that readily spread fire
to nearby combustible materials. Fuel agglomeration increases fire exposures and reduces
defensible space.

R7. Harden structures against firebrands, to prevent structure ignition fromfirebrand s
produced by fencesand other combustible sourcesBurning woodpiles produce
firebrands that are capable of spreading fire over long distances downwind.

For more detailed recommeatitbns on spacings of combustible elersémtluding woodpiles
and hardening of structures and parcels, refer to the WUI Structure/Parcel/Community Fire
Hazard Mitigation Methodology repd@].

5.3. Recommendations for Future Work

This study on woodpile fires suggested additional research to improve mitigation and reinforced
recommendations listed in the fence/mulch report.

S6. Additional research is needed tadentify other effectivemethods to mitigate the
firewood pile hazard in WUI -fire prone areas While some design criteria for enclosing
the woodpile were discussed earlier, the practical aspects of making a firewood storage unit
that meets all of the requirements for proper wood storage but is not vulnerable todsebran
in either direction (in or out) are not simple and should be explored. NIST already has plans
to further explore screen effectiveness as part of a mitigation strategy.

There are many combustible landscape features that may contribute to fire haagrdscil or
community. Recommendation S2 from the fence/mulch report describes additional fire spread
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behavior work ongoing at NIST to understand the interactions of fires on landscape timbers,
creosotetreated timbes, retaining walls, and sheds. The waiik include strategies for
mitigation. Together, these studies will inform existing and new castaadardsand best
practiceswith quantitative fire spread mitigation and structure protection strategies based on
experimental data.

Recommendation S3 the fence/mulch report describes improved data collection methods for
better understanding and characterizing the hazards generated by woodpiles and other
combustible landscape features. For woodpile fires that generate moderate flames, the radiative
andconvective heat flux received at vulnerable locations could be evaluated by heat flux sensors
and/or infrared imaging. For woodpile fires that generate copious firebrands, firebrand fluxes,
sizes, and energy content could be assessed in future studes byeasurement technology,
including a threedimensional firebrand tracking system under development at N §TThis

tool will be especially helpful to determine the effectiveness of any mitigation strategies. It could
alsobe helpful to determine the change in firebrand flux after a woodpile collapse. Prototypes of
this “emberometer” have already been tested

69

w



NIST TN 2251
March 2023

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

K. Butler, E.Johnsson, A. Maranghides, S. Nazare, M. Fernandez, M. Zarzecki, W. "
E. Auth, R. Mcintyre, M. Pryor, W. Saar and C. McLaughlin, "Wibwven Fire Spread t
a Structure from Fences and Mulch," NIST, Gaithersburg, 2022.

CAL FIRE, "Top 20 Most Destrctive California Wildfires," 13 Jan 2022. [Online].
Available: https://www.fire.ca.gov/media/tlrdhizr/top20_destruction.pdf. [Accessed -
2022].

Munchener Ruckversicherun@esellschaf, NatCatSERVICE, "Munich Re
NatCatSERVICE, Natural catastragshin 2018," January 2019. [Online]. Available:
https://www.munichre.com/content/dam/munichre/contentlounge/website
pieces/documents/munichnaturalcatastrophen-2018.pdf. [Accessed 4 July 2022].

A. Maranghides, E. Link, W. Mell, S. Hawks, M. \&fn, W. Brewer, C. Brown, B.
Vihnaneck and W. D. Walton, "A Case Study of the Camp-Htiee Progression
Timeline," NIST TN 2135, National Institute of Standards and Technology, Gaithers
MD, 2021.

A. Maranghides, D. McNamara, W. Mell, J. Troakd B. Toman, "A case study of a
community affected by the Witch and Guejito Fires: ReportEaluating the effects of
hazard mitigation actions on structure ignitions,"” NIST Technical Note 1796, Nationi
Institute of Standards and Technology, Gaitherg, MD, 2013.

A. Maranghides, E. Link, S. Hawks, J. McDougald, S. Quarles, D. Gorham and S. N
"WUI Structure/Parcel/Community Fire Hazard Mitigation Methodology," NIST Tech
Note 2205, National Institute of Standards and Technology, &alihrg, MD, 2022.

W. T. Simpson, "Equilibrium moisture content of wood in outdoor locations in the Ur
States and worldwide," Research Note FRN-0268, United States Department of
Agriculture, Forest Service, Forest Products Laboratory, MadWtn 998.

S. V. Glass and S. L. Zelinka, "Chapter 4: Moisture Relations and Physical Propertit
Wood," inWood Handbook, Wood as an Engineering Material, General Technical R
FPL-GTR190 Madison, WI, U.S. Department 8griculture, Forest Service, Forest
Products Laboratory, 2010, ppl4o 419.

B. J. McCaffrey and G. Heskestad, "A robust didirectionah@ocity probe for flame
and fire application,Combustion and Flamepl. 26, pp. 125127, 1976.

[10] K. B. McGrattan, R. J. McDermott and C. G. Weinschenk, "Fire Dynamics Simulatol

Users Guide," NIST Special Publication 1019, 6th ed., National Institute of Standarc
Technology, Gaithersburg, MD, 2013.

[11] Insurance Institute for Business & Home Safmtd National Fire Protection Associatiol

"Wildfire Research Fact Sheet: Fencing,” 2017. [Online]. Available:
https://lwww.nfpa.org/media/Files/Firewise/Facheets/FirewiseFactSheetsFencing.as
[Accessed 9 June 2022].

[12] A. Maranghides, S. Nazare. Hedayati, D. Gorham, E. Link, M. Hoehler, M. Bundy, X

Monroy, M. Morrison, W. (. Mell, A. Bova, D. McNamara, T. Milac, S. Hawks, F.
Bigelow, B. Raymer, F. Frievalt and W. Walton, "Structure Separation Experiments:
Burns without Wind 1," NIST Tdwmical Note 2235, National Institute of Standards an:
Technology, Gaithersburg, MD, 2022.

70



NIST TN 2251
March 2023

[13] A. Maranghides, S. Nazare, K. M. Butler, E. L. Johnsson, E. Link, M. Bundy, A.
Chernovsky, S. Hawks, F. Bigelow, W. Mell, A. Bova, D. McNamara, T. Milac, F.
Hedayati, D. Gorham, B. Raymer, F. Frievalt and W. Walton, NIST Outdoor Structutr
Separation Experiments with Wind, Gaithersburg, MD: National Institute of Standar«
Technology, in review.

[14] N. Bouvet, E. D. Link and S. A. Fink, "Development of @iNApproach to Characterize
Firebrand Showers During Wildlarddrban Interface (WUI) Fires: a Step Towards Higt
Fidelity Measurements in Three Dimensions,” NIST TN 2093, National Institute of
Standards and Technology, Gaithersburg, MD, 2020.

[15] "American Softwood Lumber Standard, Voluntary Product Standard 28, Revision
1," National Institute of Standards and Technology, Gaithersburg, MD, 2021.

71



NIST TN 2251
March 2023

Appendix A.List of Abbreviations and Acronyms

AHJ
Authority Having Jurisdiction

CFC
California Fire Code

FDS
Fire Dynamics Simulator

HOA
Homeowners Association

HMM
Hazard Mitigation Methodology

HRR
Heat release rate

HWM
Shredded hardwood mulch

IBHS
Insurance Institute for Business & Home Safety

NFPA
National Fire ProtectioAssociation

NIST
National Institute of Standards and Technology

PHRR
Peak heat release rate

RH
Relative humidity

rom
revolutions per minute

SSE
SouthSoutheast

SSW
SouthSouthwest

WUI
Wildland-urban interface

72



NIST TN 2251
March 2023

Appendix B. Characterization

Measurements fronié bidirectional probe array described in Sectif.1provided wind speed

data in a plane orthogonal to the direction of the wind flow from the fan. For each individual
experiment, the data collected from each probe were averaged over tiletetminghe wind

speed as a function of horizontal distance from the centerline and height above the ground. This
appendix describes how the data from multiple experiments were cairtioiprovide insights

into wind speed contours as a function of nominal applied wind speed and probe array location
between the fan and the shed. The uniformity of the wind field in the region of the burning
woodpile was of particular interest.

This discsion builds on Appendix C of the fence/mulch refijrtBecause the woodpile
experiments were carried out over a longer rasfghstancewithin the test area, this report
extends our understanding of the development of thd field from the fan.

B.1. Measurement Distance from Wind Machine

The first step in organizing the wind data was to identify the distance of the measurement probe
array from the wind machine for each experiment. Since the position of the probe array was a
fixed distance from the upwind end of the burning woodpile and the windward length of the
woodpile varied with orientation, this distance varied as a function of both the separation
distance and the length of the woodpile.

The geometry of the experimensadtup is shown ifig. B.1. This diagram focuses on the
location of the probe array relative to the wind machine, woodpile, and target shed. The
horizontal distanc® from the wind machine to the bidirectional pecarraywas equal to the
distancéQ from the wind machine to the shed minus the dist&cérom the probe array to
the shedQ Q 'Q . The distancketweerthe probe arragndthe target shedias equal
to the distanc® from the probe array to the fuel (woodpile) plus the ler@gth of the
woodpile plus the separation distariee of the woodpile from the target shed,®or Q

Q ‘Q 8Combining these equations resultdn  'Q Q Q Q

As was the case for the fence and mulch experiments, the distance between the wind machine
and the shed was fixed@ = 10.67 m (35t), and the probe array was always located at the
same distance upwind of the fuel, wtth =1.22 m (4 ft). Ths, the final equation for the

distance from the wind machine to the probe aasag function of separation distance and
woodpile length was

Q @Buw 0 Q (B-1)

with all measurements in meters.
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Wind Flow

Machine | | Straightener

Probe Array

\

Woodpile

Target Shed

/

/

Fig. B.1. Distances between experimental elements. Distances approximately to scale.

The windward length of the woodpile depended on its height and orientation in each experiment.
As described in Sectior’s9.5and2.9.7, the woodpiles consisted of logs 0.41 m (16 in) wide.

The logs could be stacked in a @dinfiguration 1.22 m (4 ft) high by 0.61 m (2 ft) long or in a

short configuration 0.61 m (2 ft) high by 1.22 m (4 ft) long. The logs could be oriented with sides
or ends facing the wind. The effects of the arrangement of the woodpile wodbgile lengh

Q are shown irFig. B2, with the wind from the left. Note that the height does not matter for

calculating the length of the woodpile orieshtgith ends facing the wind.

Probe Array

Tall,
Sides

Ends

Fig. B.2. Effects of woodpile height and orientation on woodpile length, ‘Q

74




NIST TN 2251
March 2023

The woodpile experiments were performed at five separation dist@ncdsetween the

downwind end of the woodpile and the shed, as described in SBAi@nThe variations in
woodpile lengttshown inFig. B2 mean that for every separation distatiere was a range of
probe array locations. However, onlyeavfexperiments were performed in the short, sides
configuration that caused the largest displacement of the probe array. In combining the wind
fields from multiple experiments, these experiments were excluded. The positions of the probe
array for each sepation distance could therefore be defined as midway between the tall, sides
and ends configurations with an uncertainty of £0.10 m (4 in).

Exceptions to this assumption for the probe array position were made for a separation distance of
0.91 m (3 ft). Sine only one experiment each was performed at medium and high wind speeds at
this separation distance, the actual probe array locations were used, labeled as EEaasnd EE*
shown inFig. B3.

In Fig. B3, the locations of the probe array are highlighted for the five separation distances
between woodpile ahtarget shed used in this study. To demonstrate the coverage of the test
space by the wind fields derived from the woodpile experiments, the position of the woodpile
that corresponds to the separation distdaceg, = 3.66 m (12 ft), is shown inrgy. For cases at
this separation distance, the woodpile sees a wind field between those at probe array locations
CC and DD. As the location moves closer to the target shed, the flow field is expected to be
more diffuse, lower to the ground, and increalsiragfected by the target shed.

Probe Array
(5 sep dist)

Flow
Fan Straightener

Target Shed

/

AA BB CC

Fig. B.3. Locations of bidirectional probe array for woodpile separation distances of (AA) 7.32 m (24 ft),
(BB) 5.49 m (18 ft), (CC) 3.66 m (12 ft), (DD) 1.83 m (6 ft), and (EE) 0.91 m (3 ft). Distances
approximately to scale.

Table Bl lists the assumed distance from the fan to the probe array for each probe array
location. With this informadtin, the wind data from the full set of experiments can be organized
to look at how velocity patterns change at increasing distances from the fan.

As discussed in the fence/mulch report, an expectation can be established for the uniformity of
the velocity pofiles by referring to the literature on ducted axial fH}sA uniform air velocity
across the duct area of a ducted axial fan is expected to be achieved at a minimum of 2 %2
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equivalent duct diameters. The rightmost columiaifle B1 provides the distance from the fan
to the probe array divided by the fan diam@&er 2.11 m (83 in) and shows that the 2 %
diameter threshdlwas exceeded for every probe array location except for AA and BB.

Table B.1. Distances from fan for bidirectional probe array at various separation distances.

S_eparation Distance from Distance from fan Distance from fan to

Array location \(,jv'igadn;:i}% probe array to to probe array 3{;?]2% rrray/ Fan
(m (f) Y= shed®™_(m (ft)) W m(f)) D

AA 7.32 (24) 9.04 (29 1.63 (5 %08

BB 5.49 (18) 7.21 (23 3.45 (11 16

CcC 3.66(12) 5.38 (17 5.28 (17 25

DD 1.83 (6) 3.56 (11 7.11 (23 34

EE* 0.91 (3) 3.35(11) 7.32 (24) 3.5

EE 0.91 (3) 2.74 (9) 7.92 (26) 3.8

The positions for the bidirectional probe array for the woodpile experiments are complaiged in
B.4 to the positions in the fence and mulch study. Whwl fields determined for positions A, B,

C, and D can be found in Appendix C.2 of the fence/mulch study. This figure shows how much
more of the wind field over the test area can be viewed using the data from the woodpile
experimentcompared to the winfield from the limited distance of the fence/mulch testing

Probe Array
Flow for Wood_piles
Fan Straightener (SfP dist) Target %hed
\ A/’//)//:;/// P{‘ \\\“‘\ '
AA BB CC DD EE
*

Fig. B.4. Comparison of locations of bidirectional probe array for woodpiles to those of fences (See
Appendix C of fences/mulch report [1]).

B.2. Wind Profiles

To calculate mean wind field profiles, the experiments were divided into 12 categories according
to the three wind speed levels (Low, Medium, High) and four separation distances
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(corresponding to arrdgcations AA,BB, CC, DD) used in the study. In addition, mean wind

fields were available for array locations EE and EE* by means of the two experiments performed
at a separation distance of 0.91 (3 ft). For array locations AA through DD, experiments with
woodpiles in the short, sides configuration were not included.

The number of experiments used for each of these categories is shbaindariB2.

Table B.2. Number of experiments in each category of wind speed and array location.

Array Location Low Wind Speed gggg&m Wind High Wind Speed
AA 4 3 5
BB 4 5 2
CcC 3 6 3
DD 7 5 9
EE* 0 0 1
EE 0 1 0

The statistical analysis described in the fence/mulch ré§pontas performed on the dataset
collected from the bidirectional probes in the woodpile study. The measurements from
experiments that fell into each of the categadisted inTable B2 were combined to estimate

the means and uncertainties of data from each of the 13 bidirectional probes, weigltatg the

by the number of measurements from each experiment. The calculation required the assumption
that measurements from all experiments in the same category were taken from the same data
distribution. This assumption was weakened by the variability fretrtdeest in wind machine
operation and ambient wind conditions, as well as variations in probe array positioning. The
measurements were also assumed to be taken from a normal distribution.

In Fig. B5 the weighted mean values of the probe velocities are shown for the three nominal

wind speeds and five separation distances in the study. The data are displayed in pseudocolor
plots, in which a matrix of coled cells on a gray background represents the wind speed value at
each probe. Dots indicate the location of bidirectional probes as shdéwm 2. Velocity

scales are identical within each family of nominal wind speeds and are the same as those used in
the fence/mulch report. This allows the wind patterns to be observed and compared but limits the
ability to distinguish the highest velocities. For eachdaspeed category, the highest velocities

were found closest to the fan at position AA and were as much as 34 % higher than the
maximum scale value.

The plots inFig. B5 show the spatial extent of the wind field generated by the fan under each
condition. The winds from the fan were felt over a region with a diameter of 1.2 mrto(45

to 5 ft). The vertical center of the region affected by the fan varied with destaoro the fan

from roughly 1.5 m (5 ft) close to the fan to about 1.0 m (3 ft) at the farthest measured distance.
This results from the angled flow straightener that tilted the flow field toward the ground. The
wind field close to the fan showed a stranmimum at the center that corresponded to the hub

of the fan. As the distance from the fan increased, this minimum washed out, until the velocity
profile became reasonably uniform over the central region at positions DD, EE*, and EE. The
burning woodpilevas exposed to more uniform wind fields at separation distances less than
3.7m (12 ft) than it saw at 5.5 m (18 ft) and above.
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Fig. B.5. Mean wind speed pseudocolor plots by wind speed and probe array location, over all woodpile
experiments. Dimensions to scale.
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Fig B.5 (cont.). Mean wind speed pseudocolor plots by wind speed and probe array location, over all
woodpile experiments. Dimensions to scale.

A comparison of the pseudocolor plots for probe array locations CC and BIf. iB.5 with
those for probe array locations A through D from Fig. C.4 in the fence/mulch f&psinowed
reasonable agreeent. Thiswas as expected from the overlapping locations shovialgnB 4.
The increasing wind field uniformity from locations CC through EE agrees with the 2 ¥
diameter threshold for uniform flow discussed Table B1.

The maximum Type A relative standard uncertainty value for the weighted mean wind speeds
over all probes and all conditions of wind speed and location of the probe array was under 0.05
for all but three combined probe measurements, with the highest v@68. This was higher

than that found for the fence and mulch experiments, which makes sense due to both the low
number of experiments combined for each set of nominal wind speed and probe array locations
and the variation in probe array location focleaeparation distance. However, this is smaller

than the relative standard uncertainty for the bidirectional probe measureragnt of T8t x ™ o

as discussed in Appendix A.2 of the fence/mulch report. The uncertainty in the instrument
measurement thusthinated the total uncertainty for the measured values of wind speed by the
probe array.

The profiles inFig. B6 andFig. B.7 provide a more quantitative look at the wind speed data
across the center of the profile both horizontally and vertically.
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Fig. B.6. Horizontal weighted mean wind speed profiles 1.22 m (4 ft) above the ground for a) low wind, b)
medium wind, and c) high wind fan conditions.

80



NIST TN 2251

March 2023
2 NN A
%7\3/
1.5 L|—AA Low
’g —BB Low 4
= —CC Low
.-E_’ 1L —DD Low \\
(0]
g /L>
0.5 Lo
/ A
0
0 2 4 6 8 10
Velocity (m/s)
a) Low Wind
5 — N \_~7
15 H—aAA Med i
E —BB Med \\
= —CC Med
© 1 r—DD Med
+ ——EE Med X
0.5 —
0
0 2 4 6 8 10 12 14
Velocity (m/s)
b) Medium Wind
) ~— G o
1.5 He—paA High
=) —BB High
E ——CC High
S 1 [|—DD High
£ ——EE* High '
0.5 '
//!
0
0 5 10 15 20 25
Velocity (m/s)
c) High Wind

Fig. B.7. Vertical weighted mean wind speed profiles along the centerline for a) low wind, b) medium
wind, and c) high wind fan conditions.
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In Fig. B6, the velaity is plotted as a function of distance from the centerline at a heightnl.22

(4 ft) above the ground. For each of the three wind speed categories, low, medium, and high, the
plots demonstrate the trend toward a more uniform flow field as the distawoevthd from the

fan increases from position AA (red) to position EE (purple). The minimum in wind speed at the
center due to the hub of the fan flattens out with distance; wind speeds for probe #9 on the
centerline and probe #8 next to it were within £%d¥opositions DD and EE. Wind speeds for

the adjacent probe #7 were significantly los % to 25 %pt those positionfor medium and

high winds which may reflect the gradual lowering of the center of the wind field with distance
downwind due to thddw straightener.

The vertical profiles ifFig. B.7 give velocity as a function of height along the centerline for low,
medium, and high wind conditisnThe plots again show a trend toward a more uniform flow
field with increasing distance from the fan, with wind speeds for the bottom four probes within
+7 % for probe array positions DD and EE. The double maximum of the wind speed along the
vertical prdile for positions AA through CC displays the characteristic ring pattern of flow from
an axial fan. The effects of the tilted flow straightener are seen in the downward shift of the
upper maximum wind speed from top probe #13 at position AA to probet#b3itons BB and
CC.

Combining these results with the wind analysis for positions A though D from the fence/mulch
report indicates that the woodpiles in this study with a separation distance equal to or less than
3.66 m (12t) (corresponding to proberay position CC as shown Kig. B.3) experienced a
reasonably uniform wind field. At the largest separation distances of 5.49 m (18 ft) an 7.32

(24 ft), woodpiles were exposed to a more variable wind field. In these experiments, the highest
wind levels were roughly ¥ m (2 % ft) above the ground, which was at the top of woodpiles
0.61m (2ft) high and in the middle of woodpiles 1.82(4 ft) high.
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