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ABSTRACT

. This study was designed to obtain thermal conductivity of some
gomon forest fuels which hitherte had defled such efforts because of
their shape, size, or structure. Ury leaves and deceyed wood (punk)
were modified so that conductivity measursments could be made by a
thin plate uni-directional heat flow calibration stand. Results of
these measurements are competlble with a lineer relationship hetwsen
thermal conductivity and specific gravity, established by MacLeon, 1,
and judicste that conduoctivities of most common Torsst fuels may be
determined from thelr specific gravities. Maclean's equations mey be
applicable gemerally Lo mowst vegetable fibrous materials.

L/ J. D Taclean. "Thermal Conductivity of Wood," Heatlng, Piping,
and Air Conditioning, XIIL (1gll), %80-39L.




CONTENTS

ABBTRACT o o o o o o » s o ¢« v o o w0 8 28 0 3 8 6 6 v 3 8 o»
CHAPTER 1 INTRODUCTION w 6 o » o o s o 8 s ¢ ¢ s o ¢ o ¢« 5 v o
CHAPTER 2 PROCEUURLES o ¢ o o s 5 o o ¢ s 5 6 0 ¢ 2 2 4 v 5 o »

Préparatiun of Punk Specimeng 4+ s o + » + ¢ »

2.1
2,2 Proparation of Leaf Specluens « .s.e o o » + » o
2¢3 Thermal Conductlvity Measurement o o o« s ¢ v »

- Wi wm

GHAPEER 3 RESULTS LI Y B 2R D D R T T T RN T T RN TN N T T B R A ]
CHAPTER Ll. DISG USSION ® % & » & & 3 ¢ F 9 &« 4 s @ B &5 ¢ & ¥ 10
GHAPTER 5 GONCLUS IONS AND RECOMIZNDATIONS o o o o o s » o 5 & 4 13

ILLUSTRATIONS

Z#1 Thermel Conductivity of Some Common Forest Fuels at Zerp
Per Gent Molsbture o o o« o v & « ¢ o v & ¢ ¢ 5 # » 5 & 8 » 4 1l

TABLES

-
o

%+l Properties and Thermal Conductivitiea of Fuel Specimens .

3.2 Bpecific Gravities and Thernal Conductivities of Materials
in Teble 3.1, Corrected for Moisture Contente o + ¢ s » o v 9

Lsl S8pecifie Gravity snd Corresponding Thermal Conductivities
Eetimated by Equatian Lol % o o 5 2 ¢ 4 2 o 8 5 0 ¢ ¢ 5 ¢ & iz



CHAPTER 1

INTRODUC TION

Studies of ignition and rate of combustlon of common forest fuels
have been hampered by leck of information concerning thermel conductive
ity. This gap in basic knowledge is particularly critical in most read-
ily ignitable forest fuels such as thin, dry, or decayed leaves, dry
grassed, and decayed wood (punk).

Previoug work on wood held promise of being epplicable to this prob-
. lem. From experlments made on thirty-two species of wood in which moism
ture econtent was varied from zero (oven-dry) to that in the green cone
‘dition; MacLeen 5 developed equations for the thermal conductivity of
wood, given spec1f1e gravity and moisture content:

(o784 0.09TM)S + 0,568, x 107H; (0 €M< Lo) (1)

(78 + 0,138 + 0.5680 x 10%; (> Lo) (1+2)

where X is thermal aonductlvity in oal/sec ema(oﬂlhm 3/ M is moisture
content In per cent based on ovenwdry weight; 8 is spevmfxo gravity
based on oven-dry weight and wet VOlume at current moisture content M.

, Memsurement of thermal eonduotavmty on 1nd1vidua1 1eava& is diP£i~
dult because of their iyregular shape and non-uniform thickness, Dife
ficulties were overaoms by breaking the leaves end compregsing them ine
to slabs with dimensions appraprlate for conductlvity meassurement equip-
mett

Punk, on the other han@, is so irrepular in structure that it is
difficult to obbtain uniform speedmens with smooth surfaces. Therefore,
it was necessary to séleot solid specimens which were deoayed only
slightly and to powder and shread highly decsyed muterial.

apsoimens actually tested had different specific gravities from the
original material, hut since results indicated that Maclean's linear re-
latlonship betwean thermal conductiwvity snd specific gravity for wood
“held for these materials, aotval conduetlivity was computed from measured
specific gravity of sach gpeciman.

7 b,

3/ One val/sec em2(9C/om) = 21,9 Btu/shr £42(0F/rt),

L



CHAPTER 2
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merpxomat s e £ torie sindas

2,1 FPREPARATION OF PUNK SPECIMENS

Specimens of Douglas £ir and white fir punk were prepared. Douglas
fir heartwood punk was fairly hard brittle, and derk brown in color.
Two slabs LF in. square and 3/8win- thick were sawed out and thelr sur=
faces gonded. One test sleb was out with its faces perpendioculer to
the grain, the other with its faces parallel to the grain. A third
Douglas fir punk spoeimen was powdered to obtain a lower value of spe-
eiffle gravity.

White fir sapwood punk tends to fall apart snd is wsually found
in the forest in a finely divided (shredded) state., The white fir sam-
ple therefure was tested in its shredded form,

2.2 PREPARATION OF LEAF SPECIMENS

Leaf test slabs lg in. square by B/Bwin. thick were formed by placw
ing enough leaf flakes between 'two ohrome-plated steel pressure platee
so that the desired thiockness end density were obbeined when pressure
wes epolieds A dilute solutien of casein glue was used as e bhonding
agent, After pressing to the desired density, the speolnen still in the
pressure plate unit was placed in an oven at 1059 C until the water was
driven off,

2.3 THERMAL CONDUCTIVITY MEASUREMENT

Thermal conduetivity megsurements were made by personnel of the
University of Celifornia Thermal Radilation Leboratery, using the Thin
Flate Unl-directional Heat Flow Galibration Stand. Q{’ A detal led degm
cription of thig calibration epparatus and operation of the heat meters
hes been publisheds 5/ :

I/ K3 Test, Re Ve Dunkle, and Js'T. Giers "Report on Thermel Cone
duetivity of Certain Forest Meterials." - (Unpublished Univeraity of Calw
ifornin Institute of Engineering Research Report, Series 39, Issue No.
ES505l, August 1951.)

5/ R. V. Dunkle et al. Final Report, Thermsl Radiation Project. Unim
versity of California Institube of hngmnaerang Eessarch, Report Code
Tk-015-202 (Berkeley, September 1950), Seotion 10-VII.




For use as a conductivity measuring device, the calibration stand
was set up as follows:

Constentan ribbon, 032 x ;/16 in., welded into a hoatJng olement,
wes Shellacked to the surface of a heat meter, L x L% in. bumare. The
heat meter snd heating element were pleced on a heabting plate which
acted as & guard heater. A thin sheet of mica was placed over the heat-
.ing element for electrical insuletion, and aluminum foll placed on top
of the mice provided apn lsothermel surface. A heat meter with threp
thermocouples affixed to its ypper surface was placed on top of the iso-
thermel surface. The specimen to be tested was then plaged on top of
the meter. Another meter with three thermocouples affized to its lower

surface was placed on top of the specimen and a cooling plate placed on
top of the sandwloh.

When the temperature of the heating plate equals the temperature
of the guard plate, the heat meter bhetwesn the two heaters indicates
zero output. This condition means thaet the heat from the heater is
transforred either o the cooling plate or is lost .from the edges. By
keeping the temperature of the specimen near to that of the surrounds
(approximetely 24° €), heat loss to the surrounds from the edges is
minimized,

When & steady state was reached, and the heat meter betwean the two
heaters read zero, readings of the two heat meters. and the power input
to the heater were taken. The average of the two heat-meter readlmgs
wes used in the caloulations. At the same time a different reading was
taken of the three thermocouples alfixed to each of the meters, giving
the temperature drop through the spscimen. The averapge of these read-
ings was used -in the ocelculstion, :

The apecimens wero wolghed +to within ,Q01 1b, the length and width
megsured to within 401 ine, sand the thickneas to within 0.001 in. All
specimens excopt numbers 7 and 8 were oven dried at a later date to de-
termine molsture content, Molsture content for specivens 7 and 8 was
estimated from the prevalling reletive humidity st the test station.



CHAPTER 3

RESULTS

Thermal conductivity messurements are summarigzed in Table 3.l.
Fech value represents the average of three determinations except for
gpecimen P where only two determinations were made. The maximum devie-
tion of any determination from the mean wes § per cent, while -the aver-
age deviation was of the order of 2 per ocent, Conductivity velteg yere
then corrected for moisture content using the results of Maclean _é/ and
the specific grevity corrected for shrinkege according to IMeoLean's
FEquation 11, ?’/ Theso valuss corrected to zero per cent molsture (oven~
dry) ere listed im Table 3,2 and are plotted in Fig. 3.1 along with
values computed from lguation 1.1

& J, L. Maclean, op. cit., pp. 3580w %G1

/ Je Do Macloans E:i’fect of iloisture Chanpes on the Shrlnking, Gwoll-
ipg, Specific Gravity, Air or Void Space, Weigic and Similar Properties
oi’ Woode  HOTGEU Pfodums Laboratory Publication Ho. RLLLD, Madison,

R

Wisconsin. 194k, p. 18.




TABLE 3.1

Properties and Thermal Conductivities of Fuel Specimens

j . Based om Weight , Thermel Conductivity
© Moisturs When Ovep-dry and: at Current Moisture
Forn | Coutemt ; Wet Volume at [ {CalfSec Cu=(°C/Cm)
. Specimen _ i .. Tested ! (Per Cent}! Curremt Moisture @& =x10%) =
| Marome leaves &/ { Pressed slab | 5.5 | 0.495 2.97
' (Arbutus menziesii) i !
| Do. Pressed slab 5.2 1 0.892 haé7
| : i
5 Do. Pressed slab ; LieT 0.604L i - Z1T
4 5 i
Manzanite lesves E/ Pressed slab 6.0 0.940 , le33
{irctostaphylos petula) : :
Douglas fir punk &/ Slzb (perpemdied 11.6 1 0,290 2.07
{Pseudotsuga taxifolia)l ular to grain} | :
I i i
Do. Sieb {(perellel | 11.8 P 0.287 S 1.82
to grain) i i
i
Do. Powdered [ 9.0 0256 : 1.2
iWhite fir punk &/ Shredded b 2.0 1 .zt | 1.5%
{Abies concolor) : i :
: : i :

g._/ Ereshly fallen leaves.
b/ 01d partially-decsyed leavss.
c,/ Heartwood.

:(i - Sapwood.



TABLE 3,2

Specific Gravities end Thermal Conductivities of Materials
in Table Z.1, Corrected for Molsture Content

U RN )

| Hpecifie Gravity " Fhormal Conductivity
} Based on Dry Weight st Zero Per Ceunt Moistups
. Speeimen - | end Dry Velume  |(Cal/Sec Ou(°¢/lm) x 1
Madrone leaves « 50T ' .71
Médrbn@ leavas »9%0 Lol .‘
Hadron@ lonves 619 2.20
Menzanite leavss +902 | 278
Dougles fir punk 2269 1.7
' Doﬁélag fir pexk i o206 149
Douglas fir punk « 261 W 1.70
White fir punk © al22 Lah2




CHAPTER L

DISCUSS ION

pre Vit

Mesasursd conductivity values corrected for moisture ocontent, plotted
in Fige 3+1, are for the most part lower than would be predioted by Equa~
tion l.ls This deviation mey be mssoelated with the possible error of
surface temperaturs measurewent due to contect resistance between the
heat meters and specimen surfaces., The thermocouples used to memsure
tenperature potential were led out between the heet metor surfacss and
the specimen surface, thus allowing e swmall air gap to form. Since the
thermocouples were abtached to the heat neter surfaces the mpeasured ten-
persture potentisl would be too largs, resulting in a lowor then frue
value of conduetivity. If one postulates the thickness of the air film
to be twice the dismeter of the thermocouple wire used (2 x 0,005 in.,

. for two air geps), this error in messurement amounts to approximetely

25 per cont for the highest specific gravity and 10 per cent for the low-
est. Application of this corrsetion would bring the data into juxtapos
sition with the results of MacLean (Equation l.1)s It was not fessible,
however, to determine accurstely this correction since the pressure ap-
plied to hold the sandwioh in place undoubtedly pressed the wires into
the specimen somewhet, especially in the softer, less donse meteridls
sueh as punlt slabs and shredded punk.

Correlation between spwelfic gravity and thermal conductivity ap-
pears to be sufficlently olose for the fuel types tosted that the latter
mey be determined from measurement of the former. It is recomended
that Hguations 1.1 and 1.2 be used for this purpose due to the above-
mentioned discrepancy. Table L.l gives specific gravities of seversl
different kinds of forest fuels and the corresponding thermel conductiv-
ities at zero moisbure estimated by EHquation l.l.

The results of lMacLean depend upon the fact that at zero speeifie
gravity the conductivity for weod approaches that of air alt the average
temperature of the wood specimen, which was approximatily 30° G for
Maclean's data. Caloulations coneerned with ignition of forest fuels
require that thermel conduebivity be known up to the charring point
(approximately 2300 (). Since the copduetivity for air incresmses 50 per
cent in this range, 9/ one would expect a proportionsl increase in the
condustivity of fuels of low speeific gravity. For this rcascn a con-
tinuation of the present work to include conductivity messurements made
at olevated temperature is sdvisable.

8/ . Re G0 Bokert, Introdustion to the Transfsr of Heat and Mass,
Tlet ed.) New Yorks MeGraw~Hiil, 1950 ‘ ' '

10



THERMAL conpucTiviTy  [16% caL/sec cm2(oc/cm]
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(MEAN TEMPERATURE 30 °C)
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I MANZANITA LEAVES (PRESSED)

A DOUGLAS FIR PUNK (PERPENDIGULAR TO GRAIN)
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SPECIFIC GRAVITY BASED ON DRY WEIGHT & DRY VOLUME

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



TABLE 1,1

Specifio Gravity and Corresponding Thermal
Conduetivities Estimated by Bquation 1,1

T T 8pecific T Esbimeted Thermgl T
- Gravity, Conduotivity, Oven Dry
| Specimen Oven-dry |(Cal/Sec Cm2(°C/Cin) % 104)|
Monzanite leaves 8/ 0.148 2.9 i
(Arctostaphylos patule) ;
Menzenite leaves E/ 0.8,y o 3,6 E
(As patuls) o
{Madrone leaves E/ ' Ovlyly 2.7

{Arbutus menziesii)

}SHGvaush leaves B/ : Y %3
(Ceanothus velutinus)

Chinquepin leaves 2/ 0451 . %2
(Castanopsis chrysophylls) |

Douglas fir punk - 0425 © L8
(Pseudotsuge teaxifolia) '

White fir punk : 0e0OL=041ls 1e0m1.2
(abies concolor) '

White fir needles G055 52
(& concolar)

Pondeross pine needles . l 0.51 3.0
(Pinus ponderosa)

Lodgepole pine noedles L0457 53
(g; 3gntorta) ! :
t

Sugsr pine needles N 302
(Ps lambertiana) - i

- EER R

8/ 0Old partially dessyed leaves, P

b/ Freshly fallen leaves.

12



CHAPTER 5

CONCLUSIONS AND RECOMIENDATIONS

1. Results of bests indicate that thermal conduetivity of foregt
fuels of kunown moisture content mey be deteruined from thelr spseifig
gravity. :

2« It is recommended that lMecLean's results be used for this pur- .
pose in the range of normal atmospheric temperatures.

3. Maclean's equations should be applicable to most vegetable fi
brous meterials,

L+ An extengion of the present work to include measurements mede
ot higher temperatures up to the oharring point is advisable,

13



