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INTRODUCTION

Flakeboards are manufactured by spraying wood flakes with resin,
laying the flakes to form a mat, and then pressing the mat to a desired
thickness and curing the resin with heat. In order to cure the resin
at the center of the board a temperature of more than 200°F for two
minutes is required. Since the maximum temperature that may be applied
to the surface of the mat is determined by the point at which damage to
the flakes and resin occurs, usually 350°F, the time required to reach
200 F at the center of the board is determined by thermal properties of
the flake mat.

The rate at which heat is transferred to the center of the board
is determined by two properties of the flake matg the thermal conduc=
tivity and the thermal diffusivity. To conduet a study of the heat
transfer rates one must know how these properties vary with mat density,
moisture content, resin content and its chemical composition, and the
wood species of the flakes.

It was decided that a fundamental step in determining the heat
transfer rates in flakeboard manufacture would be to determine the
thernal conductivity and thernal diffusivity of flakeboards, and how
these are affected by specific gravity, moisture content, and the
species of the wood from which the board is comstructeds The resin
content should be kept constant to eliminate one of the variables and

therefore decrease the number of tests required.



The determination of thermal conductivity of solids and insulaw

ting materials is most commonly accomplished by the guarded hot plate
apparatus. A calorimetric measurement will yield the specific heat of
the materialy and the thermal diffusivity may then be calculated, if
the density of the material is known.

Although these methods could be applied to measure the thermal
properties of f{lakeboards it would be extremely difficult to do so as
two identical samples, 20 inches in diameter, are required for each test
in a guarded hot plate apparatus. Also samples of this size would have
random density differences that would affect the accuracy of results.

A separate test would be necessary for the determination of thermal
diffusivity, and at least two sets of samples would be required to
determine thermal conductivity as wood is an anisotropic material. The
most important objection to using a guarded hot plate apparatus is that
it could not be used on samples containing moisture. MNoisture migration
would cause errors in the determination of thermal conductivity.

It appeared, after conducting a literature surwey, that the probe
method of determining thermal conductivity could be used more advan-
tageously, and could be adapted to measure thermal diffusivity at the
same time.

A thermal conductivity probe is a slender rod with a heating
élemsnt on the periphery and a temperature sensing element :in the
center. By applying a known quantity of energy to the heating element
and noting the temperature rise with respect to time one is able to
determine the thermal properties of the material in which the probe is
inserted.



THEORY

The general theory of heat conduction in an anisotropic material
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where f; represents the flux vectors of heat in any particular direction,
and the quantities K,g are called the conductivity coefficients which
are the components of a second-order tensor. This generalization is
necessary because it is not uﬂuaily true that the direction of the flux
vector at a point is normal to the isothermal through the point.
If the above values of heat flux are substituted into the general
equation of heat conduction
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with a new system of coordinates § 5 7 , and ) . In terms of the

above variables the general equation of heat conduction becomes

where the new axes are "principal axes" and the coeificients Ky, Ko,
and K3 are the "principal conductivities,.m

If an additional transformation is made,
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where K is chosen arbitrarily then

It may be seen that the egquation for an anisotropic material can be re-
duced to the same form as equations for isotropic materials, but with
tilted axes.

Thus the previous transformations reduce anisotropic problems to
solutions of similar problems on isotropie solids when the solid is
infinite, or when it is bounded by planes perpendicular to the principal
axes of conductivitye. The later case would apply to probe testing of
flakeboard samples.

To apply the egquations above to physical situations there exist
certain boundary conditions for the solution of the problem. The probe
method of determining thermal conductivity was first suggested by E. F.
M. Van der Held and developed by F. C. Hooper and F. R. Leppers> The
méthod involves the salution of the equations of heat flux for a line
egource of heat in an infinite medium.

The following derivation is given by Ingersoll and Zobels3
If, at a point, Q units of heat are suddenly developed, radial flow of



heat results and the temperature at any point for any subsequent time

may be found in terms of distance from the center. A line source may
be thought of as a continuocus series of points in an infinite line. The
magnitude of each point would be Qdz and the strength would be Sdz,
where Q is the heat released per unit length per unit time. If the line

source of heat is permanent starting at time zero, the temperature is

given by: ﬁ
ol t-l'f' —1
l“”‘-/ (t =) dr
putting
g = T =
o -
then g
-1 -{3 W
o s 4f = g 1)
3“‘1
where e = temperature

Q = heat input per unit time per unit length
k = thermal conductivity

8= 7

[-2]
2
)=/ B ap
rn
: b |
N 7T
r = distance from line source at which the temperature is
measured
o« = thermal diffusivity
t = tine
if rM=x :h
2
l1 =
I(x)ﬂln-i-+--2-—-a--o.2886



1f the temperature rise is measured along an electrically heated wire
and plotted with respect to time, the value of the preceding integral
may be solved for the thermal conductivity of the medium in which the

heat is being released by the line source.
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Although the thermal diffusivity constant was included in the solution
of the equation, the resulting error function integral for a "long-time"
solution (rn )<0.2 becomes a logarithmie function and both it and the
radius cancel oul.

In subsequent work on probe methods F. C. Hooper and S. C. Chang
employed a graphical solution of the error integral I(r ) realizing the
previous equation was a simplification and only applied when the temper—
ature rise became asymptotic to the line % in t.

The equation

0= = 1(rn) (2)

may be solved by constructing three sets of graphs on which the temper—
ature rise versus time may be imposed. To do this,one constructs a
fanily of curves % on the ordinate © and abscissa I(rv)s a family
of curves of -rﬁon the ordinate (rvn) and abscissa t; and the function
I(rxn) versus (ro) is plotted.

Fach axis of graphs has variable which is common to the
next graph, and by assuming a value of %— and joining the comaponding
variable of time and temperature to fit your experimental data a series
of points results on the graph of (r7) versus t. If this series of
points parallels an existing -;-o? value then the assumption of %— was
correct and k may be determined providing that Q is known. This method



also establishes a value of # but Hooper and Chang found that this

constant had no relationship to some empirical probe radius and the

thermal diffusivity value of the material being tested.

In the derivation just completed the boundary conditions can enly
be realized ideally. In the actual case, however, one nust consider the
effects of inserting the probe in a sample of finite size and the effects
of the probe having a certain heat capacity. In addition to the condie=
tions mentioned above there is at the surface of the probe a film of air
which presents a resistance to heat flow, and the effeects of this con=
tact resistance must also be considered to reach a satisfactory solution
of the differential equations which define the transient heat flow phew
nomenons

The addition of probe finite radius, probe heat capacity, and
contact conductivity to the boundary conditions of a line source of heat
resulte in a solution involwving Laplace Transformations and asymptotic
expansion of Bessel functions. Carslaw and Jasger consider problems of
the eylinder and sphere and discuss probe methods of determining thermal
eozﬂuctivity.h They present the followings

If a cylinder of radius a, of thermal conductivity much greater
than its surrounding infinite medium is heated at the rate Q per unit
length per unit time, the temperature of the cylinder at any time t is
given as

6= 0 (nyyy w,m)
if there is contact resistance R per unit length between the probe and
the surrounding medium.
In the equation above,

h = 2Rk, o(l,llaTl‘gzpe/sl, T= %



where oo signifies infinite heat capacity in the external medium as the

probe heat capacity is o, and
R = thermal resistance per unit length
k = thermal ¢ onductivity of the medium
P = density of the medium
¢ = gpecific healt of the medium
X = thermal diffusivity of the medium
51 = thermal capacity of the probe per unit length
a8 = probe radius
t = tine
The solution of the problem for small values of 1T 4, less than

0.02 then becomes
12
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For large values of T,

Q I bhexqy &y -2 )
Oﬂm 2h-l-1n—€~- T +'?la—c?ln'a-*":| (5)

where C = 1.76811 = exp v, and 7 = 0.5772 + « » is Eulers constant.
To apply the small time solutions of the preceding equation the
time has to be such the ™ £ 0,02, one considersthe material which is
being used and the dimensions of the probe:
T= 3-2-_; = 0,02
if X = 0,006 ft2/hr and a = 0.00225 ft.
then t = 6,048 x 10™2 seconds

One would apply the time-temperature relation in the following manners



Since the equation may be reduced to
0 =Xt+ It2+zt5/2 (6)

where 5 2
Q Dﬁl‘}( Q 6(1 b8

i m i hw?ﬂ aE
and Z is a remainder term because the solutiocn is not exact.
Equation (5) may be reduced as equation (3)as
0= Atln t+ B + 4= (C'ln & + DY)

where AV = E%_-E

and Bt =A'" (InX ¢+ Inh «InC«21na+ 2 1 Bk)

By fitting equation (7) to a time~temperature curve, the thermal cone
ductivity value may be obtained from A' if Q is lmown. The thermal
diffusivity enters in constant B and could be determined if R were
known or if it were so small as not to affect the summation of the
constant terms. The value of R may be determined from coefficient

of equation (6) since

Q« x,z 2mpca
= IT;Z;R;Z:E Q(-—i"--) ‘Pﬁ) _TT'E

Q
a1
1 2
ada Quiyx Erra pc) (k) |
X= i o
2Trka! sl. pe 2mka

Substituting R into the expression of B' will give a value for thermal
diffusivity since all other values were previously determined.



Je He Blackwell uses Carslaw and Jaeger as one of his principal refer-

ences and presents a derivation which will yield values of thermal con-
ductivity, thermal diffusivity, and contact msistanc.e. A brief summary
of his work followsss
The parameters involved in the solutions of probe temperature are
listed below.
8,(t) = temperature of the probe
iy = probe mass per unit length
Cy = probe specifie heat
b = external radius of probe
B(Ft) = temperature of external medium
K2 = thermal conductivity of external medium
t = time
h2 = thermal diffusivity of external medium
H = contact or outer conductivity

Q = heat supplied per unit length per unit time

<
@ =

hat
il
Y= 05772 « o o
To solve the equation of temperature all the parameters, as listed, must
be known and it is assumed that the probe conductivity is very highw
infinite in comparison with the material being tested. The approximate

"longwtime® solution for temperature is:



1

bQ! 2K 1
el(t}n-—--- In T = + cnse o InkT -r+1
2K2 bH 27

o€ h2 2 K 1
b Ky bH

In the references previously cited the term 0(-5) was omitted. Blackwell
solved the above equation by the method of least 8quares and performed
a numerical integration of the exact integral (not presented here), The
two reaulta agreed very closely. Unless T is very large, the omission
of 0(-2) can cause serious error in the solution for thermal conductive

itye
To apply the above equation it may be reduced to the forms
eltt)ﬂnlnt-rs-t-%-(clntd-n) (8)
Q
where A= m;

2K
B= A [:mhg-zlnmmh-wfmg

By fitting the equation of the curve to suitable expsrimental data the
constant A will yield the value of Ky provided that Q is lnown. To
determine the thermal diffusivity from the constant B the value of H
must be known or be very large so as not to affect the solution.

Blackwell combines a "long-time" solution for the probe and a
"small=time® solution for the external medium so that ifs

o y b2
-2-< <T
" By

andb-a«bmmbiutheextemlradiusortheprobe,andaiattb

radius of the cores Thus b = a ia the heater element sheath thq.cknau,

then o B (b j‘lﬂ)
tla, o4 R 1%——2.“2”‘ /2 4 ¢ (1-.3)]
Ko

Bm

and 8(at) ~

"I
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To evaluate the value of hg, the above equatign may be written:

ru%(t_az-iﬂ)za-wt%+a(t3) (9)
3 2 Q! 15 /TKq

If Y is plotted against ¥ for smil t, H is the intercept on the Y
axis when t = 0. If H is not small, additional terms must be added to
the right side of the equation to make it exact. Large values of H
affect the values of Ka and hg slightly, therefore, only an approximate
value is required to determine h3 from the constant B.

In the radial flow of heat from a point source isothermal lines
will be circular in any plane whose thermal conductivity values in the
x and y directions are equals, If the thermal conductivity values are
not equal then the isothermal lines assume an elliptical ehape.6 Wood
is an anisotropic material, but when it is flaked and felted to make a
mat, random orientation of wood grain oecurs in the x and y (width and
length) plane. It is then reasonable Lo assume that the thermal con-
ductivity values in the x and y directions would be equale If the
thermal conductivity in the 2 direction is different, it would be ime
possible to insert the probe into the sample and obtain a value of k,
without involving k, or ky. Before a probe could satisfactorily be
used to determine k!? and k, an expression for the interrelation must
be derived.

A line source is a series of points. Consider the simplest case
of an instantaneous point source where the differential equation of heat
conduction in isotropic material is

ped0 _d% 2% o%

— —

kK ot oxe 9y? az?
and is ntiséi:dw;m:ai"& &i_ [(Ne)2 + ()2 + (2 _’)2]
B 1)/ 2

(10)
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In an anisotropic material with principle conductivity values ky , ko,
k3 in the x, y, and & directions the differential equation of heat

conduction is satisfied ;233?/2 i EE [(x-ac!ﬂ i (et )2 N )2]
o= e : kl kz k3 11

For an instantaneous line source inaan isotropic material the temperaw

ture, obtained by integrating equation (10) is

C o Pe
Tl e [Gxex)2 ¢ ()2 # (2232
8(w k)2,
Pe 2
- 5% [ e )
) [ | o

as given by Carslaw and Jaeger.7
If equation (12) is written for an anisotropic material as was
equation (11), then 2 :
ou S(o0) - ﬁﬁ[‘*'?:l"* 9"51'}
B Gevien) B
and k' is the thermal conductivity in the xy directions and k" is in the
z direction then
(k' kn)% = km
The thermal conductivity in the xy directions may be obtained by orient=
ing the probe with its axis in the z direction. Moving the probe axis
to any other angle with respect to the xy plane involves l‘ and the
value of thermal conductivity obtained will be k™ , therefore,
ky = (emP/ie (1)
It is interesting to note that equation (1) may be derived from
a steady state solution given by Carslaw and Jaeger for a point source
in a thin crystal pla‘ba.a



q = knn (h)¥

m= ——-Q——§
b (k)
and the expression for m is similar to the expression for A or A' in

equations (8) and (7).

Iif ki = ké then
Al T
T, | b (KE)E

m=

and K, = klkz, where ky, is the thermal conductivity determined by the
probe when its axis is oriented in any direction other than z, and kl

A1l the preceding derivations were subject to the boundary condi-
tions of an infinite line souree in an infinite medium. For a probe of
finite length there is at each end a flow of heat in the axial directw
ione Blackwell gives the minimum probe length to diameter ratio re-
quired to reduce the axial flow error to 3,°

L ]
5 (a"0332')
hzt
where ;2- - and t = time

In a later publication Blackwell shows in a specific ealculation for a

probe with an L/b ratio of 30 that the error in thermal conductivity

would be 0.051% for a hollow probe, and 0.12% for a solid probe.m

Fo A. Joy conducted a study of moistrue content in insulating

material and its effect on thermal conductivity values.ll

He considered four hypothetical moisture arrangements:
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l. Parallel Arrangement--In this system, the water is
arranged in continuous shafts parallel to the dire
ection of heat flow.

2. Series Arrangemente-in this system the water is in

layers perpendicular to the direction of heat flow.
3« Bead Arrvangemente~In this system, the water is in the
form of small beads throughout the sample.
Lhe Foam Arrvangement--In this system, the water films

surround the insulation fibers to form a honeycomb
structure.
For the series arrangement,
kplty
=
ky = X
For the parallel arrangement,

k

k=k,+X

wheres
k = average conductivity of the sample
k, = conductivity of the dry sample

ky = conductivity of the water modified by the soluble
material in the sample

W = volume fraction of water in the sample
A = wolume fraction of air space within the sample

W
o Hsi
Bead and foam arrangements may be considered as two phase aggregates.

For these arrangements,
1+28V7VYX
)T - QS E—

i1-VvY



k = average conductivity of aggregate
ke = conductivity of the continuous phase
kq = conductivity of dispersed phase

V = volume fraction of dispersed phase
Z = ke/kg and,

1l-2

b ouen—

i+ 22



DNSTRUMENTATION

A thermal conductivity probe is usually constructed by taking a
slender tube of suitable length to diameter ratio, and inserting a
temperature sensing element and a heating element in the center. The
heating element is constructed of either manganin or constantan wire as
it has a very low temperature coefficient of resistance. A low temperaw
ture coefficient is necessary to provide constant I°R heating., The
constant current which is in the order of milliamperes is easily
obtained from a storage battery.

The temperature sensing element used most commonly is a thermo-
12, 13, 1

15

couples A resistance temperature sensing element has also
been used.

In thermal conductivity determination, when the sample has a
moisture content, the temperature rise must not exceed one or two
degrees Fahrenheit., Excessive temperature rise will cause errors due
o0 moisture migration. For a total temperature rise of one degree
Fahrenheit for flakeboards, the change in temperature between the
fourth and fifteenth minute will be approximately 0.10°F. An error in
measurement of O.OD].OF will cause a one percent error in the thermal
conductivity determination.

When using thermocouples, accurate recording of temperature
differences of 0,01°F requires = mirror galvanoneter and photo sensitive
paper mounted on vibrationefree tables. This type of apparatus is
extremely difficult to use and the accuracy is limited. Therefore, no

17
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attempt was made to use a similar apparatus in this research.

In the first probes that were constructed an attempt was made to
use a thermocouple as the temperature sensing element. A copper cone
stantan thermocouple produces an emf of approximately 22 microvolts at
room temperature. An amplifieation of 1000 or more is necessary to
make the signal strong enough to record. A good quality electroniec d-e
microvolt meter will measure voltages as low as O.l1 microvolis. The
output of the amplifier that actuates the meter may be used to supply a
signal to a recorder, but the noise level is about five percent of the
total signal strength.

An uncertainty of five percent would result in 0.05°F temperature
erTor. Thamconpies were, therefore, unsatisfactory for this work.

A thermistor has the property of decreasing in resistance with
an increase in temperature, This characteristic has been used success=
fully to measure temperature changes as small as 0.001°F without diffe
ieulty. At 70°F an 8000 ohm thermistor has a negative resistance change
of approximately 150 ohms/F, The major difficulty involved in using a
thermistor for accurate temperature measurement is that the electrical
current flowing through it does not cause the thermistor to heat itself.
If a thermistor is used in a bridge-circuit, similar to the one shown
in Figure 1, the signal output is proportiocnal to the voltage applied
across the bridge. The relationship is given by

e &
E (Ry + RYy)

where E is the applied voltage, dEg is the voltage unbalance of the
bridge, and dRy is the change in resistance of the thermistor to give
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cms. If all legs of the bridge were originally balanced in resistance
and one volt was applied to the bridge, then for a 150 ohm change in
thermistor resistance, the signal strength would be L.7 millivolts., It
would take wvery little amplification to increase the signal sirength to
the point where it could be recorded accurately to 0,01°F. This would
mean, however, that the thermistor has to dissipate 31 microwatts of
energy with no selfwheatings It was found that no self-heating of the
themistor occurred when the voltage applied on the bridge was approxi-
mately 0.10 volts, and dBg was LOO microvelis/OF temperature change.
This was more than 18 times the signal output of a thermocouple, and was
of sufficient sipgnal-tow-noise ratio that a Varian recorder could be used
when the signal was amplified.

A schematic diagram of the apparatus used to record the temperaw
ture rise of the probe is shown in Figure l. A photoegraph of the
apparatus appears on page 26, The apparatus was calibrated by adjusting
the 10K resistance until the microvoltmeter gave a full scale reading of
300 microvolts when the bridge was unbalanced 150 ohms by a resistance
decade box in place of the thermistor. The range-swiich was then placed
in the le=1 position and the bridge was balanced; the microvelimeter was
adjusted to zero and the Varian recorder was adjusted to zero, The
bridge was then unbalanced 150 olms and the output of the microvoltmeter
was set so that the Varian recorder gave full scale deflection.

The reading on the Varian recorder was calibrated for each rangew
switch position by placing the probe in a well stirred water bath. The
temperature of the bath was determined by a thermometer with temperature
divisions of 0.05°F. The thermometer had been calibrated by the U. S.
Bureau of Standards.
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A full-scale reading on the Varian recorder represented approxi-
mately 0,75%F temperature changea- The chart paper had 100 divisions,
therefore, the maximum accuracy of reading the temperature change was
0,0075°F» The temperature of the bath would not remain constant for
this amount of accuracy, so it was heated intermittently and the maxi-
mum reading on the thermometer was matched with a maximum reading on the
recorder. By this procedure a constant temperature was obtained for two
minutes. Calibration was carried out from 68°F to 72°F.

. Although a thermistor does not have a linear resistance tempera=
ture relationship, for the small range of temperatures employed, it was
found that the recorder reading was linear with respeet to temperature
change.

Three probes were constructed, and their physieal character-
istics are listed in Table 1, To determine the rate of probe heating,

a one—ohm 17 resistor was placed in series with the probe heating
element. The voltage drop across the resistor was measured with a
potentiometer, and this gave a direct reading of heating element current
$00,01 milliamperes.



BXPERIMENTAL PROCEDURE

Since it was originally assumed that flakeboard thermal conduc—
tivity and thermal diffusivity values would change with board density,
the first step in the experimental procedure was to construct a board
with no layer density variation. It was found that this could be done
by using a urea formaldehyde resin (AMRES 7501) and catalyst (SP10)
mamfactured by the American Marietta Company. This resin polymerizes
at room temperature in about eight hours, but best results were obtained
if the boards were left in the press for approximately 2L hours. Boards
0475 inches thick and 15 inches square were constructed so that their
moisture content would be approximately nine percent, and their dry spe=
cific gravity would be 0,50, 0,70, and 0,90. Boards were constructed
from Redwood, Cedar, Ponderosa Pine, and Birch flakes. The Birch boards
had extremely poor quality at the lower density levels, so they were
discarded and more were made at specific gravity 0.80 and 100.

After each board was removed from the press it was trimmed to 13
inches on each side, and placed in a conditioning room at 65°F and 50%
relative humidity. In three or four days the boards were removed from
the condibioning room and cut into three-inch squares. FEach square was
measured and then segregated by specific gravity level., At least three
squares were required for a sample to be tested by a probe 0,073 inches
in diameter and two squares for s sample to be tested by a probe .05L
inches in diameter. This was done so that the sample size exceeded the
minimum length determined by the probe L/d ratioe
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The specific gravity of each board in a sample was ¥ 3% of the
average value. Bach square in a sample was drilled vertically and at LS
degree angles. The hole diameter exceeded the probe diameter by _
approximately 0,005 inchess The samples were stored from three to five
weeks at 70°F and 50% relative humidity before the first tests were
performeds

Each sample was tested with the probe in the vertical position,
and in the 45 degree position as shown in Figure 2, page 2L. After
boards in the sample were weighed and measured they were placed in an-
oven at 100°Fs Twelve hours later the samples were removed and placed
in Saran bags. The bags were sealed and stored for seven or ten days
prior to the second test. Upon completion of the second test, the
samples were oven dried for 2l hours at 220°F, then weighed and mease
ured, The samples were again placed in Saran bags. The third test was
performed as soon as possible.

Four hours prior to each test the probe was inserted in the
sample, and the sample was placed in an insulated box. The box was
constructed of two-inch thick ineulating boards. The box was located in
a conditioning room where the temperature variation was % 0,10%F with an
offset of 0.0008°F/hr. Temperature equilibrium in the insulated box was
attained in approximately two hours. After a test, the sample reached
equilibrium in approximately four hours.

The "long-time" temperature rise was recorded ‘at a chart speed of
4O inches/hr, and the "short~time" was recorded with an eight second
time exposure of a Polaroid camera on the oscilliscope.

The sweep time on the oscilliscope was one centimeter per secohd,
and the vertical deflection was five millivolts per centimeter.



Fige 3—Temperature Recording Equipment
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\When the probe heating rate was from 0,20 to 0.25 BTU/hr=-ft, the
temperature rise was not more than 1.75°F and not less than 0+09°F in
fifteen minutes.

Figure 3 shows the equipment arrangement. At the right the
probe leads pass through the wall of the conditioning room where the

insulated box was placed.




CALCULATIONS

It was found that the time-temperature relationship, when
plotted on semi=log paper, became linear after 0,10 hours, The thermal
conductivity value could then be calculated by equation (1). To simp=
lify caleulations, equation (1) was reduced so that

e  1nlo/k
5 12,56 €19 = @),

5.5577 x 107 (ma)?
k= e o « "hluet probe

80=9
5,225 x 10 (ma)?

%10 =9,

8,2662 x 10~ (ma)?

k= + o » "red? probe
@10 ~ 9

k

k=

» o » "white® probe

where 8,y is the temperature rise at the tenth inch and Oh is the temp=-
erature rise at the fourth inch of chart paper aiter heating began. The
time in hours at each point is 0.25 and 0,10 respectively.

To calculate the thermal difi‘us;lvity of the flakeboard,constant
B of equation (8) must be determined. It was found that the method of
least squares did not give a reasonable solution for the thermal cone
ductivity and thermal diffusivity values. No attempt to solve equation
(5) was wade, because it is similar to equation (8). If the test was

continued for one hour, rather than fifteen minutes the temperature rise

28
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should equal the valus of B+ D. Since D is a remainder term included
to make the solution exact for smaller time, its value would be negli-
gible compared to B.
In the region where the temperature rise becomes linear with
In t, equation (8) may be applied by reducing 1t to the forms
e=AIn t+ B
B0 = =1.308629 A + B
9, = =2.3026 A+ B
80 = ©), = 0,913
The value of k calculated in this manner agrees with the value
caleulated by equation (1), and the value of B agrees with the value of
temperature obtained when a straight line is extended %o one hour on the
In t vs® plot. By substituting a value of probe radius inte the express-
jon for B the value of 1n h® may be determined by

B ks
in hg = e = 12,140 = 657453 == for the "red" probe
A H
and
B ko
In hf = == = 13.00 = 889.00 —— for the "blue" and
A H

"white™ probes.

The value of H may be determined from equation (9) providing
that «, and »,are known. For the purpose of a first approximation it
was decided that a value of ¢y could be estimated. Since the stainless
steel tube of the probe constitutes 75%¢ of the total weight, and the
specific heat values of the manganin and stainless steel are within 107
of 0,11 BFU/ 1b°F, little error would be incurred by estimating the

probe specific heat. The same situation exists in estimation of h,& .
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The probe weight/ft is knowm, thus its density may be calculated. The
thermal conductivity values for manganin and stainless steel are 12,6
and 15 BIU=f/hr £t°°F respectively. The left~hand side of equation
(9) then may be reduced to the form

Y = 25846/t ~ 0.1306/1“.2 - 639°1/t2{.} for the "red" probe

Y = 197.39/% = 0,1215/42 = 52L.3 6y/t%Q
for the ¥"blue" and "white" probes. The bime is in seconds rather than
hours, because small whole numbers are more convenient to use. If Y is
plotted against value of 'r.% » near time zero the resulting curve should
become a straight line. The intercept at time zero is H.

To solve for the thermal diffusivity value from B! of equation

(7) the value of R must ﬂrst be determined. FEquation (6) may be solved
for X and ¥ by a set of simulbtaneous equations for values of time and
temperature at two seconds, three seconds, and four seconds. The
resulting expression may be reduced so that

0.7LBBX = 3,12l 0y ~ 3.166 83 + &,

=0,122LY = 2,752 8 = 3.429 85 + 1.196 &)
then R = X2/QY
If § has the dimensions of BTU/hr-ft then the dimensions of R will be
hraft?OF/BIU=FY and may be substituted directly into the expression for

BY, thus
BY
In = == = 12,40 = 6.2832 Rk for the "red" probe
AY
and

]
In = -—i—-- 13.00 = 6.2832 Rk for the "blue" and

mwhite" probes.




RESULTS AND CORRELATIONS

All the thermal conductivity values were calculated to three
significant figures, but are reported in Tables 2 and 6 in two
significant figures since it is possible that the maximum error could
be as much as ten percent. This assumption is verified by the scatter
of points shown on the graphs (Figures b through 12) of thermal con-
duebivity versus specific gravity. The scatter of points is believed
not to be a result of instrumentation, but is probably caused by sample
density and moisture varia.f.ion.

Since the solid portions of wood are primarily composed of
approximately the same materialsy cellulose, lignin, and various resins,
it was originally believed that the thermal conduetivity and thermal
diffusivity values of flakeboards at any given density would be the
same regardless of the species from which the board was constructed.
This appears to be partially true at zero moisture content. At dry
specifiec gravity O.45 the thermal conductivity values in the xy and
z directions are listed belows

Specimen Redwood Control Cedar Ponderosa Pine Redwood
kyy 0.090 0,088 0.088 04089
kg 0,073 0,084 0,092 0,075

At dry specific gravity 0.80 the thermal conductivity values in the

xy and z directions are:



Specimen Redwood Control Cedar Ponderosa Pine Redwood

. 0.170 04150 0,170 0,170
Iy - 0,102 0,130 0,115

Considering the exceedingly small number of samples tested any
broad generalizations would be hazardousy but the graphs do definitely
show a general trend,

For the purpose of correlations the experimental procedure
followed would have given values of thermal conductivity between zero
and nine percent if the samples did not have any dimensional change
when they were dried, The samples, however, generally decreased in thick=
ness when dried, and the dry specific gravity value changed throughout
the tests. The original plan was that each sample of a given density
would have a plot of thermal conductivity versus moisture contents
Since the specific gravity of each sample changed this type of corre=
lation would not have any significance., The samples were not uniformly
dried to some intermediate level of moisture content, therefore; a
graph of thermal conductivity versus dry specific gravity could not he
constructeds The Birch specimens had very low internal bonding, and
delamination occurred when they were dried. The specimens were not
tested at zero or intermediate moisture content.

For the dry specimens, the kv and k, values diverged as specific
gravity increased, but the opposite was true for specimens at equili=
briym moisture contents. This bshavior may be explained by the distrie
bution of moisture within the board, and by the physical structure of
the flakeboard as density increased. The relation between thermal
conductivity and moisture distribution is discussed in the theory



saction of this thesis.

Since an inecrease in the amount of water displaces air within
the sample, the foam and parallel arrangement would have a maximum
effect for any change in sample moisture content. The flakeboard
aamp;es that were tested were all below 'tha fiber saturation point. It
is reasonable to assume that the foam arrangement prevailed.

Condider a flakeboard of low specific gravity: the conductivity
of the dispersed phase is determined by the ratio of water to air withe
in the flakeboard. When the sample gains moisture, for a low density
board, the volume fraction does not change apprecliably because there is
still considerable amounts of air in the sample. At low densities,
then, the conductivity does not change rapidly. For flakeboards of
high specific gravity there is little air space left within the sample,
consequently ite effect on the conductivity of the dispersed phase is
linited. The volume fraction then changes rapidly as does the value
of Z« The effect on k at high density levels is considerably more
pronounced and it increases rapidly with moisture content.

The ]c_v values, for the sample tested, decrease approximately
104 from equilibrium to zero moisture content, but the slope of the
curve does not change noticeably. This is logical since for flakeboards
the percentage of the linear dimension change due to water absorption
is negligible in eomparison to the percentage of thickness change.

The small number of k, values that are shown on the graph of
RKedwood Control specimens were obtained from samples that were origi=
nally tested by the guarded hot plate apparatus. When tested by the
guarded hot plate apparatus the value of k_was 0063 whereas the
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graph shows 0,070, A sample was tested in the k, direction because it
was not known whether probe methods had been previously used to test

anisotropic material. JIn a publication obtgined later, it was found

that Fe Ae Joy had also used the form k = -Ez— to relate conductivity
1 1

values in different planes,. 5 %

The results of several thermal diffusivity caleculations are
shown in Tables 7 and 8. For the thermal diffusivity values cal=
culated, the specific heat values of flakeboards would be approximately
one~tenth of the speeific heat values of natural wood. This is unreas=
onable since the thermal conductivity values were within the range of
values for natural wood, and a specific heat one~tenth the value of
wood is the general range for metals.

It is characteristic of transient radial heat flow, that after
the initial temperature rise, the change is very gradual and is con=
trolled by the thermal conduebivity rather than thermal diffusivity.
The maximum temperature rise is partially controlled by the probe dia=
meter. Consider the expressions for B and BY: In determining the
thermal diffusivity value, the variables are B, 4, and H or R« If R
and H are of such value as not to affect hg, then 1n hg is a function
of the probe diameter and the value of B/A. When the probe radius is
decreased and the thermal properties of the sample being tested are the
same, the value of B must increase.

Because of the logarithmic nature of the thermal diffusivity
solution, slight c¢hanges in thermal conductivity values produce large
changes in the calculat-ad thermal diffusivity value. Blackwell states
that for a specific set of values, if there is a 1¥ error in thermal
conductivity determination, the resulting error in thermal diffusivity
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is 128, In a specific test performed on a flakeboard sample where the
value of thermal conductivity differed by %%, the difference in the
calculated thermal diffusivity value was 9+5%.

Since the seatter in thermal diffusivity values was large and
results were not reasonable, that portion of the testing and calcula-
tion was discontinued in the remainder of the tests.



SUMMARY AND RECOMMENDATIONS

In general, the method of determining thermal conductivity
values with a probe is well established and is known to give as good
or better resulits than the guarded hot plate apparatus. No references
have been found, to research with probes, where the temperature sensing
@lements were thermistors.

When thermistors are used properly, the accuracy of temperature
measurement is greater than that obtained by thermocouples and the
assoclated apparatus required to record temperature rise is readily
available and simple to use.

This work was mih conducted to determine the general
characteristies of flakeboard thermal properties. No attempt was made
to obtain a large number of tests on one particular species so that the
exact valw-aa of the thermal properties could be reported. To establish
a general trend of values, the greatest number of tests were conducted
on Redwood flakeboards, because flakes were readily available., Redwood
was a poor choice because it takes a long time for samples to reach
equilibrium moisture content, and the moisture content is not uniform
between successive samples. An equilibrium moisture content of nine
percent was used since the humidity room at the Wood Products Laboratory
was set to give this value. Nine percent is also approximately, the
value at whir;h flake mats enter a press, Considerably less scatter
could have been obtained if the flakeboards constructed were sanded so
that they were uniform in thickness before they were cut into samples.

36



3

Tt is time consuming, but better density uniformity in each sample could
have been obtained if the boards were oven dried before density segre=
gation was performed.

It was believed that for any given moisture content and density
' the flakeboards would have equal values of thermal conductivity, but
tests proved that this is not the case, The differences of the dis=
persed moisture phase for boards constructed of high density wood is
considerably different from that of boards constructed from low density
wood. The thermal conductivity values conform to the theory of foam
arrangement when the moisture content is below fiber saturation.

The thermal diffusivity determinations by probe methods proved
inadequate inthis works Blackwell's work on the application of his
equations was not published.}? It is believed that the solutions to
the differential equations adequately represent the physical character
istics of transient heat flow, but instrumentation and experimental
procedure were not properly designed to obtain accuracy and response
necessary to measure temperature rise. It may be that the time neces-
sary for a "smalletime® solution is longer than six seconds as Black=
well's equations indicate, and perhaps it may have to be less than
0.006 seconds as caleculated on page § of this thesis. It seens reasone
able that, with care, thermal diffusivity could be reproduced to the
useful limit of the equation. The useful limit is 10 or 20 percent for
low values of thermal diffusivity because the slope of u logarithmie
curve is very steep in this region. The reproducibility of the thermal
conductivity test is usually one percent in homogeneous material. If
the errors are random in nature, statistical analysis might give better

values.
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The maximum accuracy of the thermal conductivity tests performed
in this work was approximately 5%. This is due to an accuracy of 1%
in measurement of curren‘; flow in the heating element, andC,05% dwell
of tﬁe recording pen when the temperature change is gradual,.

Unless specifically stated other wise, the units of all results

reported in this work are in the fph system.
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TABLE 2

SPECIFIC GRAVITY, MOISTURE CONTENT, AND THHRMAL CONDUCTIVIIY VALUES
Redwood Combrol Specimens

"7 Kz
460 | 333 .62 «l3L Tel6 11 096
462 333 Usali2 138 8411 012 »062
‘hso 333 nl-o?ﬂ -h55 8‘0 .12 0066
490 333 1470 «l70 7485 12 076
«503 333 170 WLi79 Tolily #10 <077
~735 333 .62 667 8481 17
“'"‘768 333 1&-62 !@5 9011 20
856 333 o778 8454 «18
~9L5 333 1466 «8L0 8470 «19
~F70 333 77 «867 8437 .22

«1000 333 .95 «386 8.li2 21
2R=U453 333 15.05 «l36 3457 «096 «072
=360

333 15.05 : Ollhs 2030 «10 0072
=462 333 e72 olilB 3461 094 078
=80 333 .77 01162 3490 090 | #0087
=490 333 15.15 oli77 Lol | 098 «081
=500 333 U199 +L82 3.61 «098 »069
=503 333 1485 o193 2,51 «091 =079
"‘? 20 333 15005 0661 5 «20 .alll.
"‘735 323 1&.95 -67 6 5013 -JJ-I-
856 333 15,06 | 793 el | 17
=390 «930 L .66
-2 333 15.03 839 1+96 .18
~970 333 15,05 869 L.8h 22
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TABLE 2 ~-Continued

' Probe | Hilli= | foiste
Specimens | ohms/ft |amperes | Specific{ wure Kxy Kg
Gravity | Content _
3R=453 333 15.05 olhi3 0 +088 +071
=460 333 15405 oli51 0 <13
~62 333 15. #1156 0 «10 «075
~480 333 15,04 «L70 0 «09 <084
=490 333 15405 186 0 «10 «090
-500 333 15,05 +l90 0 «09 07k
=503 333 15.05 1198 0 «10 +068
=720 333 15.0L «668 0 13
=73 333 .78 «683 0 o1
=768 333 15,05 « 709 0 «15
=356 333 173 <197 0 17
-390 333 15405 093k 0 17
~9l2 333 15.05 «8L40 0 .
-970 333 15.05 «861 0 019
~1000 333 15,05 883 0 20




TR 3

SPECIFIC GRAVITY, MOISTUNE CONTSENT, AND THRAMAL CORDUCTIVITY VALUSS
poced Spees

Spocimens | otma/ft | speeitic] we T R
22 1775 o500 G270 | 20 079
s | 2w |wee | sz jom | au |
=15 22k 175k a0Lly Bath 213 »12
w00 209 17,76 2009 827h »15 215
2R’ 35 209 1790 o3 2,92 =11 051
5504 a2l 1T#58 507 3.66 #2098 «OTh
555 ﬁ 17483 «632 323 | s #0059
=715 ‘ 1760 o6 hel2 «A2 3
MB35 209 17.892 o198 4] #»30 078
w55k @9 1781 #5089 0 #11 <072
~{15 a2k 1736 #0551 Q o3k +093
~H00 22k 17,60 #5612 9 » 17 »12
u—-ﬂmw e e br i A atce




TABLE L

SPECIFIC GRAVITY, MOISTURE CONTUNT, AND THERMAL CONLUCTIVITY VALUES
Ponderosa Pine Specimens

Probe | Wili= | Iry | Goiste T
Speeimens | obms/ft | anperes | Specifie| wuxe Exy | ¥s
oravigy | content
1p=520 209 17499 «Lé0 9.64 | 4 «073
=535 209 i7.52 76 9.83 13 | 078
=5h5 22, 17.h2 oliBl P92 13 «096
=569 224 17.34 594 978 «13 «10
~725 22, 1726 | o6ub PaT a3 «l3
=751 209 17,48 | 664 9e56 »15 12
=300 209 17.49 «727 961 . o156 13
2P=520 224 17.60 #U70 3.83 <086 » 08k
=% | 200 |amsr | ek | 365 | tos6 | o9
w565 224 17460 o597 Led3 «11 « 11
725 209 17485 «OU7 Lok 17 «O7h
=754 209 17.82 #665 Lokl o1k «10
«{00 22k 17.61 « 725 he88 «d7 »12
3P=520 209 17.84 73 | O 209k «009
~535 olilly 0
«505 207 17.50 193 0 odl 097
(69 207 1790 603 4] w2 12
=725 #0653 0
=751 209 17.00 " «6Th 4] 13 »10
300 209 17*.31 _-Hl h73s 0 -16 =12




TABLE 5

SPECIFIC GRAVITY, MOISTURE CONTENT, AND THERMAL CONDUCTIVITY VALULS
Cedar Specimens

Probe | Hilli= : loist=-
Specimens| ohms/ft| amperes | Specifig ure Ky Ky
Gravity | Content
10=515 209 17.083 67 797 o1l «053
~525 22l 17.61 +4T5 8.10 «10 «073
U6 209 17.85 +585 8eL40 o1l +104
"770 209 17085 0699 7095 015 +112
~855 22 17.60 768 8435 «23 «098
20“'515 209 17 082 dh?l 3.05 .10 0096
"525 2211 174 60 .hBO 2077 - 087 0079
-a-l.é 209 1? - 9 0 » 588 3065 . 13 ° 089
30=515 209 17481 471 0 «10 <08l
-5 25 -}480 0
=O)6 207 16,58 587 0 «089
=59k 209 17.75 «633 0 12
-770 209 17 ® Bh !702 0 . 13 0095
-385 209 17.82 o167 0 o1l
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TABLE 6

SPECIFIC GRAVITY, MOISTURE CONTENT, AND THEHMAL CONDUCTIVITY VALUES
Yellow mi'ch Specimens

Probe | MAlli~| Dry lioist=
specmue ohms/ft{ amperes | Specific| wure Kxy Kg
gravity | Content
""780 209 1? ’hz -705 805& 916 .155
=315 22}, 17.06 o 9e5L 015 «163
~826 209 17.32 J7h2 9,00 o33 .128
"'856 2 1712'2 07'-'-8 9-3-11 0,15 9098
-889 22!; 17026 0778 9-05 -18 0133
=900 209 17.45 791 8470 .21 «120
~930 200 | 17,9 | 839 | 8,90 | .18 .13




TABLE 7

THERMAL DIFFUSIVITY
Calculated by Use of Equations (6) and (7)

Probe B 2
Specimens | ohms/. Q K — R 1:12
A
1R=715 V 22y 0.2339 | 0.1259 96925 | 0,276 | o.041
~715 k5 | 22l 0.2345 | 0.1208 94535 | 0.07475 | 0.013L
-995 ¥ | 333 025335 | 042052 | 104350 | 8 x 20™4| 0,129
~900 Vv 209 0.2260 | 0.1525 9.5681 | 0 0.036
~900 45 | 209 0422985 | 0.152h | 94675 | 2,458 | 0.0035
-535 ¥ 22l 0.276L | 0,1069 {° 9,992 | 0,0227 | 0.050
~695 ¥ 209 0.26857 | 04135 9493 0.0332 | 04047
890 v | 333 0.2u796 | 0181 | 10,090 | 0,13 00865
1p=535 ¥ 209 0.21995 | 0.1336 | 11.386 | 0,03k 04189
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TABLE 8

THERMAL DIFFUSIVITY

Caleulated by Use of Equations (8) and (9)

“Probe

Specimens | ohms/ft | Q K — H
A

1R=695 V | 209 02686 | 04135 9,937 | 515 0.0398
538 v 22l 0.2784 | 0.106 9.993 | 660 0eLi60
=995 7 333 042533 | 0.2082 | 10,340 | 510 04100
=900 V 209 0.2261 | 001525 94581 | 595 04026
=715 V 22l ‘062339 | 0s1259 9.925 | 600 0,0385
-~715 45 | 224 0e2345 | 012 9,535 | 320 0,0228

2r-500 v | 333 | 0.2507 | 0.0978 | 12,030 | 385 04216
~356 7 333 062571 | 0.,1200 | 11,140 | 515 0.230
-735 ¥ 333 0.2533 | 0,1420 | 10.154 | 505 0.088

1P=520 45 209 0.2311 | 0.0991 | 20.010 | 700 0.0L45




