
AO—A 041 912 FOREST PRODUCTS LAD MADISON WIS FIG it/i2

UNCLASSIFIED 

OF WOOD, GREEN OR DRY. FROM _L4O D__ETCW)

ADA 04 r~ 72 ______________________

U
END

___________ DATE
FILMED

8 -77

$

1. ~1



r -

JHERMAL cONDUCTIVE
1PROPERT I~ S OF~ VOOD ,/

~~RE J ~N OR DRY ,~FROM 4~~ TO +ioo~~~:
A LITERATURE REVIEW .

USDA FOREST SERVICE
—. ..G~ NERAL TECHNI CAL RE PORT

~••7 / ~~~~ ~~~~~
‘
1/ ~~~T F r 11R~!~~9

~~~~~

U.S. DEP ARTM E~N1- OF-AG&I-€ -ULTURE
FOREST SERVICE

/ ,  J ’? // ‘77 FOREST PRODUCTS LABORATORY r
_—— ~, MADISON ,

7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

..••... •...•.•
••..... .•.....
.. ..I.. •......

D D C .. .. ... • • •• • • •r’:: ~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .•.  •. .

L)!sTar~1rnoN STA I 4. M~~~T A
A~~. r.ved foi puh$ i v’-Ieuse

~~~~ 
Di~rribution Unliiti it ~~1 ,/ ‘~1 ~~~



‘ 1 ( —
‘I

• 
Summary

This literat ure review was cond ucted in con-
nection with a study on heat transfer in frozen logs.
A combination of data by two researchers on spe-
cific heat and thermal conductivity and diffusivity
in the radial di rection of wood , at var ious temper-
atures and moisture contents , is discussed and com-
pared with data fro m other sources. Limited infor-
mation found for the tangential and longit udinal
directio ns is also included in the report. in addition ,
a data set of average thermal diff usivities in the ra-
dial direction of wood is provided for temperature
i ntervals involving complete thawing..,~\~::

Table of Conte nts

Page
introd uction 1
Specific Heat 1
Thermal Conduct ivity 2

Radial 2
Tangential 4
Longitudinal 4

Thermal Diffuswity 5
Radial 5
Tangential 6
Longitudinal 6
Average Diffusiv ity for Temperature

intervals Involving Thawing 6
Conclusions 7
Literature Cited 9

NTIS
D~C •JII Se~t~o~ ~

O1STlIBUJIW~j*yAIt~ ItIjy coors
‘i~t. AVAI L, and/or SPLC AL

--



I

THERMAL CONDUCTIVE PROPERTIES OF WOOD,
GREEN OR DRY , FROM -40° TO + 1000 C’S
A LITERATURE REVIEW
By

H. PETER STEINHAGEN ’
Prepared for
Forest Products Laboratory,2 Forest Service
U.S. Department of Agriculture

Introduction discussion. This report also contains a set of aver-
age thermal diffusivities by Chudinov (1968) for

Three important thermal conductive prop- temperature intervals involving the thawing of
erties are specific heat , thermal conductivity, and wood .
thermal diffusivity. Specific heat , or more correctly All the suitable data were individuall y corn-
the specific heat capacity of a material , is the pared with the corresponding values from the data
thermal energy required to produce one unit change system by Kanter and Chudinov (1957 and 1968 ,
of temperature in one unit of mass. Thermal con- respectivel y), and deviations were expressed in
ductivity is a measure of the rate of heat flow percent of these latter values. For comparing
through a material subjected to a temperature curves , sample values were taken to achieve uni-
gradient. Thermal diffusivity is a measure of how form weighting of the whole temperature and mois-
quickl y a material can absorb heat from its sur- ture content range covered by the curves. The
roundings (USDA Wood Handbook 1974). The deviations were grouped by author and certain
relationshi p bet ween these properties is given by: temperature /moisture categones , but onl y the

arithmetic means of the groups are presented here
k to indicate discrepancies among data sources.

c .p
Specific Heat

where
= thermal diffusivity, Kanter (1957) recorded the specific heat , c, of

k = thermal conductivity, wood over a range of -40° to +100° Cand O to 130
c = specific heat , and percent moisture content by deriving the data from
p = density. his measured thermal conductivities and diffus-

Data on specific heat , thermal conductivity, and ivities (fig. I) . Unfortunatel y, no data points are
thermal diffusivity of wood were collected from the given. Specific heat hardly varied with wood species
literature in connection with a study on heat trans- (pine, oak , birch).
fer in frozen logs. The range of interest was from Similar results were reported by Chudinov
.40° to +100° C for dry and moist wood of any (1968) and Komissarov( l969) for smallert empera-
species and for any anatomical direction. ture ranges. Chudinov and Stepanov ( 197 1), using

• A combination of data by Kanter (1957) and an adiabatic calorimeter , determined significantly
Chudinov (1968) provides the onl y system that large r specific heat values for larc h below 0° C.
covers the whole range of interest. For this reason , Kuh lmann (1962), with the quasi-steady-state
their system is used extensively here to form the
basis for an overall comparison with values from ‘The author is currently a Graduate Researc h Assistant in

other authors. Usually the data differ considerabl y the Department of Forestry at the University of
Wisconsin-Madison. This study was begun while the authorfrom one author to another. Other data are not only - was Assistant Professor of W ood Science in the Division offragmentary but often incomp lete regarding tern- Forestry at West Virginia University.

perature . moisture content , and anatomical direc- 2The Laboratory is maintaine d in cooperation with the
lion. Such incomplete data are not include d in this University of Wisconsin- Madison.
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the water (Kubler and Traber 1964, Chudinov
1968). Thermal properties of wood that contains

ae —

~~~~~~~~~~
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~~~~~~~~

z ,  pending on the concentration of sugars dissolved in

free water are discontinuous at this temperature
due to the difference in thermal properties of li quid

~ 

__
,
‘

~~~ water and ice.

7 1° among various sources , with Kanter ’s ( 1957) data
6~ ,_.“ as a basis , is given in table I . It should be kept in

mind that  occasionall y there is a considerable
I,) • ,.d 

,50 
difference between individual and mean deviations

A relative comparison of specific heat data

*0 of one author ’s data from the data by Kanter ,

~~0.6 - I , particularl y for very low temperatures.

Thermal Conductivity

~y-T;~-~ A Radial
~~~%AC ~

‘
~
‘

0.5 
~~~~~~~ . . tivity in the radial direction of birch wood . k rb~

Kanter ( 1957) plotted the thermal conduc-

~ 

50
;
~~ ____. 

~~-r~” over a range of -40° to +100° C and 0 to 130

- are given, His experimental data resulted from
percent moisture content (fi g. 3). No data points

04 

use of an instantaneous heat source. Chudinov

..o~ 
Mc (1968) presented practicall y the same values

over a shorter temperature range , and he pro-
____.—

~~~~~~~ posed an adjustment factor . A k, for each dif-
ferent specific gravity (fig. 4). For temperatures

~~~~~~~~~~~~~~~~~~ . . . a’, und 25° C, the rate of the suggested linear
increase in thermal conductivity with specific
gravity agrees well with other sources (Rowley
1933, Wangaard 1940. MacI.ean 1941 . KuhI-03

-40 -20 0 20 40 60 80 /00 mann 1962). Values at other temperatures are
rEMPERATURE (‘C) not available for comparison.

Provided that the wood species itself has no
Figure I. --Specific heat . c, versus tern- important effec t on thermal conductivity, data

perature . with moisture content as from othersources foralmostanyspeciesofknown
the parameter. • specific gravity can then be compared with the

From Kanter ( 1957) appropriate values of k rb - A k by Kanter and
M 144814

Chudinov. Onl y Komissarov (1969) provided
large r or approximatel y equal values , whereas theapparatus developed by Krischer and Esdorn and data by Kuhlmann (1962), by Soya et al. (1970), bywith an ice calorimeter , measured the specific heat Chudinov and Stepanov (197 1), and the valuesof spruce , oak , and beech at temperature s between listed in the review by Ratcliffe (1964) are usuall y-60° and +80° C and moisture contents below 30 much smaller than the data by Kanter andpercent (fi g. 2). Contrary to Kant er , Kuhl mann did Chudinov (1957 and 1968 , respectivel y). Komis-not suggest a noticeable effect of phase change in sarov’s study dealt with larc h at -20° to +20° Candhygroscopic moisture . Similarly, other researchers 0 to 90 percent moisture content. Kuh lmann inves-(Kubler 1962, Chudinov 1968 . Noack and Geissen tigated spruce , oak , and beech with the Krischer1976) found evidence that  bound water undergoes and Esdorn apparatus , over a range of -60° to +80°onl y a limited phase change which occurs over a C and 0 to 30 percent moisture content . Soya et al.large temperature range. Kuhlmann ’s values are studied map le at 15° to 30° C and Oto 100 percentalso considerably lower than Kanter ’s at almost all moisture content , using Bock’s stead y-state appa-levels but are in good agreement with some other ratus. Chudinov and Stepanov employed a non-sources (all limited to temperatures above 0° C. steady-state heating device with constant heat fluxhowever ), as was discussed previousl y by Beall in their investi gations of larc h below o° Cand upto(196$) and Skaar (1972) . Free water in wood seems 80 percent moisture content.to freeze at a temp erature sli ghtly below 0° C.

usually somewhere between -0.1° and -2° C, de-
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TEMPERATURE ‘°C)

• Figure 2.—Specific heat , c, versus temperature , with moisture content as the
parameter.

From Kuhimann (1962)
M 144 816

Table 1. — Mean deviatiofs of specific heat data by various authors from the data
by Kanter

Source Mean deviations , percent
<0°C >0° C

.�30% MC >30% MC �30% MC >30 % MC

Chudinov (1968) +6 +6
Chudinov , Stepanov (1971) +14 +2 1
Dunlap (1912) 0% MC -19
Emchenko (1958) -IS
Hearmon , Burcham (1955) -13
Kante r (1957) — — — —
Koch(l969) 0% MC -18
Komissarov(l969) +1 +1 +1 + 1
Kuhlmann (l962) -20 -17
McMillin (1969) 0% MC -18
Volbeh r( l896) -28
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Figure 4.—Adjustment factor . A k, ver-

~l0 sus specific gravity (ovendry mass.
green volume basis) for use in connec-
tion with the conductivities of figure
3. Line I is valid for moisture con-

~~~~
__________ __________ tents <40%, line 2 for moisture con-

-40 -20 0 20 40 60 ~~~~~/00 tents >40%.
TEMPERATL4?E (“C) From Chudinov (1968)

M I44 8 17
Figure 3.—Thermal conductivity in the

radial dir ection of birch wood , k rb,
versus temperature , with moisture such clear distinction only in hardwoods. Kuhl-
content as the parameter. Specific mann suggested a strong effect of the rays: Oak ,
gravity (ovendry mass, green volume with a large number of ray cells, exhibited a large
basis) is 0.515. difference between tangential and radial conduc-

From Kanter (l957) tivity, while the difference was small in spruce.
M 144 815 which has fewer ray cells. Chudinov (1968) sug-

gested a proportionality factor of 0.97 for softwood
containing relatively little (10 pet) latewood and

These comparisons are summarized in table 2 0.87 when there is much (40 pet) latewood .
with Kante r’s and Chudinov’s (1957 and 1968, It th us appears that the ratio of tangentia l
respectively) comprehensive data system used as a versus radial conductivity is primarily determined
basis. Some individua l deviations differ substan- by the ray cell volume in hardwoods and by the
tial ly fro m the mean deviations listed in the table, latewood volume in softwoods.
especially at low temperatures.

Longitudinal
Tangential

Thermal conductivity along the grain is signif-
Tangential thermal conductivity of wood is icantly greate r than across the grain. According to

usually somewhat smaller than radial conductivity. Griffiths and Kaye (1923), the ratio of longitudinal
Gnffiths and Kaye (1923) f ound tangential conduc- versus radial conductivity at 200 C is about 1.75 for
tivity to be 0.9 to 0.95 times the radial conductivity ash , 1.85 for mahogany and spruce, and 2.25 for
in three hardwoods and one softwood , whereas walnut , all air-dry. Komissarov (1969) observed a
Wangurd (1940) and Kuhlmann (1962) observed comparable value of 1.5 for larch at 30 percent

4
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Table 2.— Mean dev iations of thermal conducti vi ty data by various authors from the
data k rb A k by Kanter and Chudinov (1957 and 196*, respectivel y)

Source Mean deviations , percent
<0° C >0° C

�30% MC >30% MC �30% MC >30% MC

Chudinov (l968)
I species 0 0

Chudinov , Stepanov (1971)
I species -31 -2

Griffiths , Kaye (1923)
5 species -24

1.H .V.E. London (1959)
4 species -23

Kante r (1957)
I species — — — —

Komissarov (1969)
I species +13 +6 + 11 0

Kuhlmann (1962)
3 species -22 -19

MacLean (1941)
30 species’ -15 -7

Rowley (1933)
22 species’ 

. -23
• Soya et al. (1970)

I species -15 -24
Wangaard (1940)

34 species -19

‘No distinction was made between the radial and the tangential direction of wood.

moisture content and 20° C. Soya et al. (1970) tent (fig. 5). Data points are lacking. His experi-
reported a ratio of 2.2 for maple at 20 percent ments were done with an instantaneous heat source.
moisture content and 20° C, but of 2.0 at 100 per- Chudinov (1968) derived similar values from
cent moisture content. Kanter (1957) determined a specific heat and conductivity data , and he also
value of 2.05 for ovend ry pine at 20° C; when the proposed an adjustment factor , 

~ 
(fig. 6), for

moisture content was 140 percent , the value was each different specific gravity. Its values are close to
only 1.8. MacLea n (1941) found longit udinal con- unity for specific gravities of 0.4 to 0.7. Maku
ductivity to be about 2.25 to 2.75 times the radial or (1954) and Kuhlmann (1962) found no significant
tangential conductivity in Douglas-fi r and red oak , effect of specific gravity over this range .
with 6 to 15 percent moisture content and at an A compa rison of diffusivity data by Maku
average temperature of 30° C. (1954) and Kuhlmann (1962) with the values of

- A 0 by Kante r and Chudinov (1957 and
Thermal Diffuslvity 1968, respectively) shows fair overall agreement ,

but considerable individual deviations can also beRadial observed. Kuhlmann derived his values from
Kanter (1957) plotted thermal diffusivity in the specific hea t and thermal conductivity. Maku con-

radial direction of birch wood a rb from -40° to ducted heati ng experiments under nonsteady-state
+ 100° C and from 0 to 130 percent moisture con- conditions with specified surface temperatures ,

5
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sus specific gravity (ovendry mass.
gree n volume basis ) for use in con-
nectiou with the diffusivities of
figures 5 and 7. Line I is valid for
moisture contents <40%, line 2 for
moisture contents >40%.

6z/0 ’ 
~~~~~~ 

M 144818 
From Chudinov (1968)

—
~~~ Tangential

— •

As thermal diffusivity is proportional to
St /0 ” —--~

__
~~~~~ ~~~~~~ thermal conductivity and as specific heat and
60 1~~’~ density are independent of the anatomical direc-

tion , one can expect the ratio of tangential to radial
/20 - diffusivity to be the same as of tangential to radial

I conductivity.
4x10’ 

___ i_ 
________ — Longitudinal

-40 -20 0 20 40 60 80 1(X)
TEMPERATURE (“ci The ratio of longitudinal to radial diffu sivity

should be equal to the ratio of longit udinal to radial
Figure 5.—Thermal diff usi vi ty in the conductivity. However , Maku (1954) in his heating

radial direction of birc h wood . ~ experiments with various wood species found
rb’ larger ratios than can be expected from the above ,versus temperature . with moisture particularly at a low moisture content. For in-content as the para meter. Specific stance, at 20 percent moisture content and angravity (ovendry mass , gree n volume

basis) is 0.515. average temperature of about 60° C. the ratio was
between 4 and 5.5; at 90 percent moisture contentFrom Kanter ( 1957) and above, the ratio was about 2. Maku tries toM 14481 2 explain this behavior by moisture movement
downhill alon 5 the temperature gradient (Soret

using slices of different wood species at vary ing effect).
moistu re contents. Maclean (1930) analyzed data
based on heating experiments with sections of green Average Diff usivity
southern pine roundwo od of different diameters , for Temperature Intervals Involving Thawing
He found thermal diff usivity values considerably Chudinov (1968) developed a set of average
greater tha n those in the data by Kante r and diffusivities in the radial direction of birc h wood,
Ch udinov . Chudinov and Stepanov ( 197 1) deter- 

~~~~ 
valid for given initial and final tempera-

mined thermal diffusivities of larch below 00 C and
up to 80 percent moisture content , emp loying a tures below and above 00 C. respectively, and con-
nonsteady-state heating device with constant heat slant moist ure contents of up to 120 percent (fi g. 7).
flux. Their results are substantia Il~ lower than the A specific gravity adjustment factor , A 

~ 
(fi g. 6),

value s obtained by Kanter and Chudinoy . may be used for species other than birch. The
The largest disc repancies between the data peculiarity of this data set is that latent heat effects

of Kanter and Chudinov (1957 and 1968. respec- have been incorporated so that no further phase
ti~cly) and of other sources (table 3) were observed change allowance in the heat-conduction equation
at very low temperatures. is necessary (Chudinov 1968). It must be emp ha-

6 
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Table 3. -- Mean deviations of thermal dif f usiv ity data by various authors from the
data a rb - A0 by Kanter and Chud lnov( 1957 and 1968, respectively)

Source Mean deviations , percent
<0° C  >0° C

�30% MC >30% MC �30% MC >30% MC

Chudi nov (1968)
I species -6 -6

Chudi nov , Stepanov ( 197 1)
I species -39 -25

Kante r (1957)
I species — — — —

Kuhl mann (1962)
3 species -2 -2

MacLean (1930)
I species +20

Maku (1954)
13 species’ 0 -11

1No distinction was made between the radial and the tangential direction of wood.

sized that this approach is only valid if the wood Average specific heat was determined as
thaws completely.

Average diffusivity was computed as ØO C
MC-30%

k rb .avg 
c (t)d t + J c(t)d t + ~~H f ( 100% + MC~a = 0°Crb,avg cay5 . Cayg = t -t.f t

where where
k = average conductivity MC= moisture content of wood (%, ovendryrb.avg

mass basis)
c avg = average specific heat. ~ H 1= latent heat of fusion of free water, i.e. 80

kca l/k g water.
Average conductivit y was calculated from

graphical integration of conductivities at constant Chudinov define s ~~H (MC - 30% ) = 0 for MC <
temperatures (fi g. 3) over any given temperature ~ 100% + MC
interval ,

30%. The c values used in the computations are
0°C apparently those of figure 1. The quantity c , how-

ever , is the somewhat arbitraril y derived specificJ k rb(t)d t + J k rb (t)dt heat of frozen wood whose values are large r than
0° C Kanter ’s (and Chudinov’s) values of c. Therefore,

rb.avg = - t . the average diffusivities of fi gure 7 are occasionally
as much as 20 percent — but often less than 10 per-

where cent — smaller than those one can derive from
Kanter ’s (1957) data.t , = initial temperature below 0° C

fi nal temperature above 0° C, averaged Conclusionsover the cross section of the piece.
Two-step integration was necessary because of The combined data by Kante r (1957) and
discontin uity of the thermal properties at 0° C Ch udinov (1968) allow one to roughly estimate
when the moisture content is greater than 30 specific heat and thermal conductivity and diffu-
percent. sivity in the radial direction of almost any wood

7 

- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



.— -- . 
~~

-.-.-, ,.,-,
~~-- ---- .- — .— .---- — .—.-.-—-—------., .-—-- ,—~- .—- —---- —-.,‘..— . — 

~~~~~~~~~~~~~

6x io~ ~~~~~~~ 
— 6x/O’4

5~/ ~
j 4 .~~~~~ 

f~~~
.. 5x/O 4

~~~~~~~~~~~~~~~ 

..T
~ ~i c.

~~~~~~i ~~~~;

/X/ 0  - /x/~~
4 

- . .

~ 6x/04 — — — — 6x/c14

~Z 5x/0 4 -~j~ — _J~~is’c 
5x/O 4

~~~~~~ ::~: ~~~~~~~

.

~ 2x/0 -- 1- 
~~~ ~~~~~~~

“— ~~~~~~ 2x10 - -  - -

/x/0 4 
—~~~—- — I — /x 104 — — —~~ 

I

_ _ _ _  
-4 

_ _ _ _6x/O
- 

.‘t 
~. ‘#~ Z5 C ~~ — . — 

‘~ 5x/0 4 ..J ~~~~ .. .~~_ .  --~ ‘I

- 5xKf~~--1 •. - -

~ 4.5x/0 4 — -.-. - -

4 ,~~~~ 4 ~~~~~ 
45x/O4 

—

~ ~~~~~ ~~ ~~~~~~~~~~~~ 
~~~~

2.5x/d 4 
- 

~~~~~ ~~~~~~~ 3x/O~
— — — _____  —— 25x/0 4 

— — I 1

o 20 406080 / &k2 / 20 0 20 40 60 &7 1(X) /20
MOISTURE CONTENT (PCT)

Figure 7.—Average thermal diffusivity in the radial direction of birch wood ,
O rb.avg . versus moisture content , with initial temperature t 1,  and final tem-
perature averaged over the cross section of the piece. t 1, as the two para-
meters. Specific gravity (ovendry mass, green volume basis) is 0.5 15.

From Chudinov (1968)
M 144 813
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species, at temperatures from -40° to +100° Cand direction , however , these properties are much
moisture contents of up to 130 percent. These larger but seem to vary considerably with species
values as compa red with data by other sources are and moisture content , and possibly also with tem-
generally on the high side, with the largest discrep- perature. Research on long itudinal conductivity
ancies observed at very low temperatures. How- and diffusivity is needed , especiall y with frozen
ever , due to the lack of comparative values in a wood.
number of categories (particularly for moisture According to Chudinov (1968), heating times
contents above 30 percent , at temperatures both of frozen logs undergoing complete thawing can be
above and below 0° C). no attempt was made to estimated by direct app lication of his average
synthetize another data system. thermal diffusivities to the heat-conduction equa-

Thermal conductivity and diffusivity in the tion. (These values apply only to one-dimensional
tangential direction usually appear slightl y smaller heat transfer in the radial direction.) These data
than in the radial direction . In the longitudinal should be used with some caution.
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