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.ABSTR.AC T 

This study was desig;n<;d to obtain thermal oonducti vi ty of some 
common forest fuels which hitherto he.d defied such efforts bece.us.e of 
their shape, size, or structure, Dry leaves and decayed. wood (p\.lnlc) 
were modified so that conductivity measurements could be made by e. 
thin plate uni-directional heat flow calibre.tiol1 stand, Hesul·~s of 
tf\e se measurements are compatib1.e with a lineer rele.tirmship between 
thermal conductivity and specific gravity, este.bUshed by Ne.cLeo.n, ]} 
and ~.ndioate that conduotlv~ties of most common forest fuels may be 
determined !'rom their speoj,f'io gravities, l'le.o_Le!\!1.1 s equwbions may be 
!lpplioable gemrally to mqst vegetable fibrous me.terials. 

2 



CONTENTS 

ABSTHAC1' , • • • • • • • tl • • • • • • • • • • • • • • • • • • • 2 

CH.Il.:Pl'ER 1 INTRODUCTION • • • I I • I I I I I I I I I I I 4 
CJIJ\:P1'ER 2 PROCEDURES , • • • , • , , • , , , , , • • , • , , , 5 

Cl!J\l'TER 3 

CHAPTER 4 

CJIJ\PTER 5 

2.1 
2,2 
2.:3 

Praparation of' P\lllk Speqimen~;~ , , • , • , , , , 
Preparation of Leaf Specimens , . • . • • , • • • , 
Thermal Conductivity Measurement , , , •• , •• 

RESULTS , , , , • • • . . .. ., . . • • • • • • . .. .. . 
5 
5 
5 

7 

DISCUSSION • • • • • • • • • • • • • • • • • • • • • 10 

CONCLUSIONS Al'ID RECOU'iEND.ATIONS , • • • • • • • • • • 13 

ILLUSTRATIONS 

3,1 TMrml\l Conducrl;ivity of !Some Common l'or<;st )!'uels e.t Zero 
Per Ce~t Moisture ~ , • • , • • , • • • , • • • • • , • • • ll 

3,1 Propel'ties anct 1'he:rmal Concluativit:j.ea of ~'uel sveoimen$ , • 8 

3·2 Speqifio \l:re,vit~es and 'rherr,te.l c,~md\.lotiviUes of Materials 
in Table 3.1, Co:rraot<ld for ~lo:i.sture Content •• , • , , • , 9 

4,1 Sp<lc:l.:f'h Gravity l!nd Corresp0ndi!1g Th<maaJ. Conduqtivities 
E~tim~>tecl by Equt:~tion l.l , , •• , , , , , • , , , , , , , 12 



CHAPTER l 

Il'lTROP UC 'riON 
... ---·-·--

Studies of ignition and :rate of combustion of common forest fuE~ls 
have been hmnpered by ~aok of information concerning thermal conductiv­
ity. This gap in basic knowledgE;! is particularly critical in most r¢'ad­
ily ignite.bl<'l forest fuels such as thin, dry., or decayed leaves, dry 
grasses, and decayed wood (punk), . 

P:reviou.s work on w<Jod he).d promise of l1eing applicable to this nrob­
lem. From ~perlments made on thirty-two S)?eoies of wood :in which mois­
ture ccr.ri;<mt was·/· rie4 :f'r9m zero (oven-dry) to that in the gl'een con,. 

· dition, !1acLeaJ;1 fc developed equations :f'or the thermal condu.o'bivity of 
wood, given specii'l.c gr·e;v±ty ani.\ moisture content' 

K "' \:(4, 78 + o.09711)S> + o.;.;6cf'; x lo-4; (o <. M <.. 4o) (1.1) 

K"" [(4,75 + o,1311)s + o.568..1 x lo~4; (M> ~.o) (1.2) 

whera K is thermal conduct;i.v~ty in oal/se() em2( 0G/orn); 3/ 11 is moisture 
content in per cent bf.lsed 011, oven.odry we~r,;ht; S is speoiria graviby 
based O:P. oven-dry weight and wet volume at current mois·bure co~1tent !1. 

!1easure.m€mt of tbe;rmll.l. conductivity on individl.lal leaves is dtf'£1-
dul t because of 'their i1•reguJ.ar shape· and non-uniform :thickness. Di:l'~ 
:!'iculties were overcome by br<;>aking the leaves and oornpressing them it!;_ 
to slabs with dimc•nsions appropriate for aonduoti v:t ty measurement equ~p­
ment. 

Punk, on the other hand1 is so irPegular in structure th!l.t it i.s 
d:j.:f':f'ioult to obtain uniform spee.:tll!ens wi;bh smooth surfaces. Therefore, 
:l. t w€\s necessary to select solid specimens whioh were decayed o):lly 
slightly €\lld to powder a:nd shread hJghJ,y deos.yed material, 

Specimens Mtue.lly tested had different specific gre.vi'ties from the 
orig:l.n"l mnterie.l. but since results ;l.ndic;atod that !1aoLe!l.n1 s l:l.n<HU' re­
btionsh;l.p b<:ltwe~n tbel'll\!l.~ oO!lduoti'V:L ty and specifi o gr13.vi ty for wood 

· held for t!1eso me.te!•iaJ,s, M'CI\al copduotiv·ity was oom.pu't:ed from measui•ed 
specific gravity of c;>ach speoimen. 

gr Ibia. -
2( One oa~/aeo cm2(oc,lom) c 241,9 Btu/hr £t2(0F/ft). 
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CHAP'l'ER 2 

PROCJ~DUllES ---·--··-

Specimens of Douglas fir and white fir punk were prepared. Douglas 
fir heartwood punk was ;fairly hard, brittle, and dark brown in color. 
Two slabs 4-i\- in. square and 3/B·in. thick were sawed out and their sur­
f'aoes snnde)d, One test s:Lab was out wj.th :i.ts faces perp<;>ndiotllar to 
the grain, theJ other with its faces parallel to the grain. A third 
Douglas f.'ir punk spo0;lmen was powdered to obtain a lower value of spe­
oif'io gravity, 

White fir sapwood punk ·be!lds to :ra~l apart and 
in the :ro.r>e•st in a finely divided (shreddt~d) 'l'GfJto. 
ple thereft•re waa to sted in j,ts shredded form, 

2. 2 PREPARATION OF LEAF SPEC Il"JENS 
_,.....,.,~---·----

is usually found 
~:·he white fir sarn-

Leaf test ~labs L~t~ ;i.n, sque.:re by 3/B~i!lo '\;hick we!'e f'o!•med by plao­
ing enough lea .. f flakes between two ohrom.e~pl.a"Ood steel pressure pl<~tes 
so that the O,esired thiolmes s and density wore ob·bained when px•essure 
was e.ppll.ed, A dilute solution of oasein glu<1 was used as a ])o.ndi.ng 
agent. After pres stng; to the des :ired density, the specimen still in the 
pressure plate unit Wa<l plaoed in r;n ov·en at 105° C until the water was 
driven off', 

2 .• 3 Tl'!]:Rl1AL CONDUC'riV'Il'Y l'lEASUH.gHFJNT 
_,._,_,..,_, _.._,.,-..... ,~,-.. _~----·--
Thex•mal. conductivity nte!o\surements were mfl.ds by perso11nel. of the 

University of California Thermal Hadiat:L()J:J. l,e.bore:tory1 using; the l'hin 
Plate Unl.··d~reo·t:lonal Heat Jllow Calibra"t:Lon Stand, W ,A dstai led des.~ 
cription oi' this calibration ~ppe.:ratus and OJ?era·~ion of.' the hGat meters 
has been publi.shod, 2/ . 

W""Jl-.J, Test, H,, V, Dunkle, and ,J, T. Gi<n', 11J;l.eport on 1'h~;>rme.l Con­
dt\C"bivity ot' Certa~n Forest l'!aterhlls. 11 (Unpublished U'niversi"Gy of' Gal­
iforni.a Inst;i. tute of' Engineering R''searoh Report, Sel'ies 39, Issue No. 
ES505).J., August 1951. ) 

2/ R· v. 111\lnlde et al. ~}p!:..J:_[i,eport.1_J~r;_E;~l._Ra~~..".!}:.::m Pr9jeot. Uni­
versity of Califo:rn:i.a lntdiitute of.' lngineeri.ng U<lsearcii,"Report Code 
Nll.-015-202 (Berl,eley, September• 19'50 )1 Section lO~VII. 



For use as a conducti:vity measuring device, the calibratiG>n stand 
was set up as follows: 

Constantan ribbon, .032 x 3/16 in,, welded into ~· heating element, 
was shellacked to the surface of. a heat meter, L~i x 4~- in. square. The 
heat meter and heating element were placed on a heating plate which 
acted as a guard heater. A thin sheet of mica was placed over the ):teat-

- ing element for electrical insulati.on, and aluminum foil placed o:ri top 
o.f. the mice, provided a;1 :LsotherJ,Jal surface, A heat mete!' ~1ith throjj 
thermocouples !ti'fixed to its tipper surface was placed on top oi' the iso­
thermal surface. The speQimen 'to be t<:'sted was th<:m pla0ed on top of 
thfJ meter. Another meter w~th three ·chermooouples affixG.d to its lower 
surface was placGd on top of the specimen and a cooling plate placed on 
top of the sandwich, 

When ·bhe temperatura of the heating plate equl!lls the; ternpt>rature 
of the ~;tmrd pla·te, the heat meter between the two he~;~ters indiGates 
~ero output. 'rhis condition means that the heat fl"Olll tho hoati"l' iJ3 
transferred <!ithe:r to the oooling plate or i~ lost -from the edges. )ly 
keepi.ng the temperature; of the speoiraeu near to that of the Durrounds 
(appro:x:imaiJely 2l1,o C), he<tt loss to the surrounds :t'rom ·the edges is 
m~:nimized. 

When a steady state was reached, and the heat me·i;er between the two 
heaters read zero, readin.g:s of' the f;wo hea·t meters. and the power input 
·IJo the heater were taken. The average o.f the 'two hea·b-meter re8dings 
was used i.n the ca~culations, At the same tim<> a dif:f'er<nrt reading was 
taken of the three thermocouples aff~:x;ed 1;Q each of tho metors, gi.v-ing 
the temperature drop through the specimen. The e:vernt~e of these r•ead­
ings w~s used in the oal oula-tion. 

The specimens werG weighed to within ,OOJ. lb, the length and width 
mee.sured i:o within ,01 in,, and the thickness to wi-l:;hin o,:JOl in. All 
specl.mens except numbers 7 find 8 wtwe oven dried at a later date to de­
tern-line mois"tUl'O <lontent. l'!oh·~ure con·tent for sp<;>oi''"ns 7 anr~ e was 
estimated from the preva;lling rel. ati ve hlu-;,~d~ ty e;t; tho to st stt:tt;~on. 
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CHAPTER 3 

RESUWS 

Thermal conductivity measurements· are sunune.rized in '£able 3,1, 
Each value represents the average of three determinations e:x:oept: .f'or 
specimen 2 whel'e only two de·i;erminations v·•ere made. The ma:x:imum devia­
tion of any determination from the mean W!i\S 5 per cent, while ·th~ aver­
age deviation was of the order of 2 per cent, Conductivity values wel'e 
then col'reoted fo,• mo:i.sture content using the l'S su1 ts of MacLean §/ and 
the specific gl'e.r:lty corrected .for shrinkage aocol'ding to !iaoLean' s 
Equation p, 7/ These values oorr!>otod to zero per oent moisture (oven:­
dry) are lisi;ed ire 'l'able 3· 2 and e.re phtted ;i,n Pig, 3,1 alent; with 
values computed from l~quatiO!l l.l · 

VJ.-i;, he. oLean, ?Jl_._ ~_:!;_., PP• 380~ 391, 

J/ J, D. Na<>Lt>an. Ei'fe_ct o.f :,~C?_ist:u.::? Cha?.£!'_~!:1 the Shrin~ins, ~.~!~}1-
!_ng '.. '!J?.":.~¥ j:.C~ . .?.!:!!:~:i t~ c.. ~5.E . ...?.:_:~<'!,2.Pa a<:..t...]_:.:•j_f!;;~\!: . .!:E?-2 im:L];_ UE Pr Olle !.~ 
of' 1;rood, Fores·u Pi'oduo·t,> Labo::"l~tory l'ublication No, R.TijhS, 11e.dison, 
w1so'Oii'sin. :t94l~. P· w. · 
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TJ..BLE ~.1 

Properties and Thermal Conductivities o£ Fuel Specimens 

_Specimen 
f 

Hadrone leaves a/ 
(Arbutus menzi;sii) 

Do. l 
l 
' 
f 

Do. 

lianzanita leave-s 
(.A.rctostaphylos 

bl : 
....f. I 
patula)j 

D~uglas f'ir punk ~/ _ I 
\Pseudotsuga tsx:lf'olJ.a); 

Do. 

Do. 

"fhite f'ir nu.~ d/ 
{Abies co;colo;) 

! 
l 

Form 

~~-~~-~ 

Pressed slab 

Pressed slab 

Pressed slab 

Pressed slab 

11oisture 
Content 

L (Fer Cent) , 

5·5 

5·2 

4.7 

6.0 

Slab (perpendic..f 
ular to grain) ' 

11.6 

Slab (parallel 
ta grain) 

Powdered 

S:P.redded 
' i. 

11.8 

9.0 

9.0 

··- -- -------. _______ j ____ ------- --- ---------------
a/ Freshly £allen leaves. 
b/ Old partially-decayed leaves. 
c/ Heartwood. 
6:/ Sapwood. 

Specific Gravity : 
Based on Weight ' 
iolhen Oven-dry and 
Het Volum.e at 
Current. li.oisture 

0-495 

0.892 

o.6Q4 

0.940 

0..290 

0.287 

0.256 

0.121 

----- ---· ------ ---- - -- "j 
--- ... --- . - ... --· ..... ( 

l 
Thermal Conductivi:!yj 
at Current l'1oisture l 
(Cal/,Seo cm2(ocjcm) l 
X ld+) f .... ------· ... I 

2.97 1 
i 

4-67 

3-47 

4-33 

2.07 

1.82 

1.92 

1.53 

' . ~ 
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TABLE 3,2 

Speol.f'io Gravities and Thermal Conduotivities of Materials 
in Table 3.1, Corrected for Moisture Content 

·----------~-~----·-----------·--------··--·-"'--------.-----....... -·······-- .. ·-·- ~-------~---~ ..... -- ... ··-·~-------....... - .. -----· .. _ .. ____ ,_ ··---·---...... -~---··"-"' __ __.__ _____________ ;_.., _ __, _ __,_~-~..-------· 
i Specific Gravity Thermal Conductivity I 
~ Based on Dry Weight at Zero Per Cent Moist~e 

__ ... ilPf!.~iJTI?.~ ...•.. -· .. ____ f ...... a.~~.-~!.¥ . .YE;~l!l~.--····---- ~ c a.~L~!~ ... C::.~!!.~-~£L~~Lx._l __ .. . 
Madroml l<>a.ves ! .507 2,71 

Madrone leav<·JS ·930 L1.o24 

Hadrane lell. vo s ,619 3.20 

Manzanita J.ea"tss ·992 3o'78 

Douglas fir p~nk ·299 1,74 

.296 loh9 

Douglas fij· pmk .261 L70 

1o/hi te fJ.r puuk .122 ; .. ,1J,2 
L------..-,_,_·-~ . ---· ____________ !._, ______ .. _ ·----~-----.-----~-----_j·-------------~--- ........... -·--------....... _______ ·--------·- ! 
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CJIAPTE!l h 

RISC USE_I_9! 

Measured conductivity values corrected for moisture·oontont, ploi;ted 
in Fig. 3,1, are for the most part lower than would ·be predj.oted by Equa­
tion 1,1, This devi~tion rr!$.y be assooiated with the possible error ot: 
surface temperature measur~>me!\:t; due to oontao·i; resistance between the 
heat meters and specimen surfaces. 1'he thermo()ouplea used to measure 
temperature potential were lt;>d out betwe<>n tp.e hee,t metor surfaces ancl 
th<:l speoim<:ln. sur;t'aoe, thus allowing a small air gap to forJllo Since the 
thermocouples were attached to the heat meter su!'i'aoes the 111easured tS)n­
perature potentj,al would b<) too large, resulting in a lower th~.n t.rue 
value of. conductivity. H one postull)..tes ·the thickness of the air film 
to be twice th<; diameter of' the thermocouple wire used (2 Jt 0,005 in., 
for two e.ir gaps), this error in measurement amounts to appro:x:ime.tely 
25 per cent for the highes•t sp<OoM'ic gravity tanci 10 per cent for the low­
est, Application of this oorreotion would bring the data into ju:x:tapo,.c 
sition with the results of !1aol.ean (Equation 1.1). It was not feasible, 
however, to determine accurately this correction silloe the pressure ap­
plied to hold the sfl-ndwioh in place undoubtedly pressed the wires into 
the specimen somewhat, espeoil:\lly itl the softer, less dense materiS:ls 
such e.s ptmk slabs and shredded punl<;, 

Correlation between spooifio gre.vi'lJY and ·l;herm~l oonductiv'ity ap­
pee.rs to be suff'~cie:ntly Qlo3e for the fuel typ<ls tostQd that the latter 
may be detf):rmined from measurewmt of the former. It is recommended 
that Equatiolls 1.1 and 1, 2 be used for this purpose due to the 1:\bove~ 

mentioned discrepancy. Table 1+.1 gives speo~f'ic gro;~vities of' sevet'al 
different kinds of forest fuels and the oorrespond:l.ng th!lrmal conductiv­
ities at zero moisture estimated by llquation J.,J., 

The results of MacLean depend upon the fact that at zero speQif~o 
gravity the conductivity for wood app1•oaohes that of air at tlw averagi> 
temperature of the wood spe<Jimen, whioh was approxima tc)).y 30° C for 
t\1:\oLean' s data. CalonhtiollS oonoerned with ignitio)l oi' forest fuels 
require ·bhe.t thel'!na;L conductivity be known up to the charring point 
(approximately 2300 C), Since the conductivity for air increases 50 per 
cent :i.u this range, Q/ one would expect e. propor·bj.orml increase in ·che 
conductivity of fuels of l.ow specHio gravity·, For ·~his reason a con­
tinuation of the p~·esent wo:t•k to include oonduotiv'ity ·mee,surer1tellts made 
at elevated temperature is advisable. 

Sf E. R-:-G:" Eokert. Introduction to the Transfer of Heat and Mass. 
\lst ed.) New '(orkr !1cGm.:Hffi";19"5c5';,.;;;.:;;....:::,::.;;::;;;;; __ ~-- --
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RESULTS OF MAC LEAN (EO. 1.1) ___...-
(MEAN TEMPERATURE 30 °Cl 

~ 0 

~. 
0 

0 MADRONE LEAVES (PRESSED} 

Y>. A 0 MANZANITA LEAVES (PRESSED} 

ft A DOUGLAS FIR PUNK (PERPENDICULAR TO GRAIN) 

0.2 

A DOUGLAS FIR PUNK {PARALLEL TO GRAIN) 

%:1_ DOUGLAS FIR PUNK (POWDERED) 

V WHITE AR PUNK (SHREDDED! 

0.3 0.4 0.5 0.6 0.7 0.8 

SPECIFIC GRAVITY BASED ON DRY WEIGHT 8 DRY VOLUME 

Fig. 3 .1 Thermal Conductivity of Some Common Forest Fuels 
at Zero Per Cent Moisture 
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TABLE 4,1 

Speoif;l.o Gravity and Corresponding; 'rhermal 
·conduotivities Estimated by Equation 1,1 

i · · -- ·~····--·~----------.... · ··· · ........ - ---T--siieo:lffc - ·; -- · ·-·~JstimS:teii- ifilerinai - .. --. 
1 • Grll-vi ty • j C onduoti vi ty, Oven l.lcy i 
' Speoirn(Jn Oven-dry ,(Cal/Sec Cm2(°C/Crn) x 104) i 1----- ........ -...... ·-····--- ..... , ....... , ......... ,. ........ . .................................. -· .................... _ .......................... - ............. . 
:Manzanita leaves 2:/ 0.48 2.9 
i (Arctostaphylos. R.:'tula) 

. Manzanita lae,vee 21 o.t4 3. 6 
(~ pe,tulll-) 

Madrone leaves .!;/ o.44 2.7 
I (Arbutus menziesii) I 
I Snowbru~h le1l.ves 21 Oo57 3·3 

(Ceanothus velutinus) - .---
Chinquapin leaves .!;/ o.sl+ 3.2 
(~stanopsis ~ysophylh.) 

I!Jougle.s fir pun~ . 0.25 1.13 
(Pseudotsu~ ta:x;if~.!) 

hlhi te fir punk I o .o~n-o .11+ 1.0-1.2 

I 
(Abies !,!_once lor) 

I H)l.ite fir needles 0.55 3·2 
I (~2,2!;-~) 

! Pond!lrosa pine needles 0.51 3·0 
i (Pinus .E..?.E.~;n•osa) 

Lodgepole pine needl,ea 0.57 3,3 
. (P, oo,.:;n;..:.-to;:.::r..;t,;;;.e,) 
I--

1 
Sugar pin"l needles 0,54 3.2 

, (~ lambertiana) 
1------------------···--·-""''"""''-·-------.-------·------------"-""'''" ................................. .,_, 

!:/ Old partially deqe,yed leaves, 

~ Freshly fallen leaves. 
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1. 
fuF,>ls of 
gre.v:i,ty. 

CHAPTER 5 

CONCLUSIONS AND RECO.Mir.ENDATIONS 

Results of' tests indicate that thermal conductivity of' fore,$t 
known moisture content may be determined from their speoifio 

2. It is reoonunended that He.oLean' s :resul'bs be used for this pur­
pose in the :range of normal atmospheric te;n.peratures. 

3• lie.oLean' s equations should be applicable to most vegetable fi­
brous materials. 

4• An extension of the presen·b work to include measurements· m11de 
at higher temperatl\;t"ea up ·to the oha)'l':i.llg po:i.nt is advisabl\1• 
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