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CHAPTER I 

INTRODUCTION 

The objectives of this work were to experimentally determine the 

temperature profiles in a pyrolyzing cellulosic material when exposed to 

several different constant radiant heat fluxes and to compare the 

results with those predicted by the analytical work in Appendix A. The 

measurements of the thermal conductivity as a function of density of 

virgin alpha-cellulose and alpha-cellulose char were also undertaken i:r 

this work. 

When a heat flux is applied to the surface of a porous solid such 

as wood, cellulose or fabric, the temperature rise in that organic solid 

will be dependent upon the rate of heat conduction into the material 

and the rate of surface heating. When the temperature of the material 

becomes high enough, the rate of temperature rise in the solid is 

governed, in part, by chemical reactions which begin to occur in the 

material. These chem~cal reactions, pyrolysis, not only affect the 

temperature rise in the material, but also distinctly change the thermal 

properties. These temperature profiles and thermal properties for porous 

materials become important in the evaluation of flame retardents, fire 

prevention systems and ignition times for any porous material which is 

exposed to high temperatures. 

Because of the drastic changes occurring in the thermal properties 

during pyrolysis, the temperature profiles are extremely difficult to 

1 



predict. Since no consistent property data could be found in the 

literature for alpha-cellulose or alpha-cellulose char, it was decided 

2 

that research should be undertaken to determine these properties, in ~ 

addition to the temperature profile measurements. 

This report is comprised of four major chapters and two appendices. 

Chapter I, the introduction, states the objectives and outlines the 

contents of the remaining report. 

Chapter II deals with the previous experimental methods used to 

measure temperature profiles during pyrolysis and reviews the previous 

work done on thermal conductivity measurements. Also, the theory used 

in the experimental procedures employed, and an explanation of the 

thermal conductivity computer program is included. 

Chapter III examines the experimental procedures used in both the 

temperature profile measurements and the thermal conductivity measure­

ments. Chapter III also includes the preparation of the samples, types 

of equipment used in the experiments, and the results of the work. 

The results and interpretations of the experimental data obtained 

in the temperature profile measurements and the conductivity ~easure­

ments are contained in Chapter IV. This includes a discussion of error 

analysis for the conductivity measurements. 

Appendix A is a section covering the analytical and computer tech­

niques used to predict the temperature profiles during pyrolysis. Appen­

dix A was written by Professor J. A. Wiebelt of Oklahoma State University, 

and is included in this report because the analysis was done in conjunc­

tion with the experimental work to obtain the temperature profiles. 

Appendix Bis a listing of the thermal conductivity program used in 

this work. 



CHAPTER II 

REVIEW OF PREVIOUS WORK AND THEORY 

Review of Experimental Methods for 

Temperature Profile Measurements 1 

Many methods have been devised to experimentally measure the : 

temperature profiles and the heat of pyrolysis in a pyrolyzing material. 

These different methods are due, in part, to the availability of equip-

ment and to the type of investigation being made. The purpose of this 

section is to review the specific methods used by researchers in the past. 

Alpha-cellulose (c6H10o5)n and wood (no definite chemical formula 

has been obtained), are the most common porous materials used in this 

type of experimental work because of their availability. Also their 

thermal properties are better known, although much disagreement can be 

found in the literacure. 

The two most commonly used geometries are rectangular slabs and 

cylindrical samples. The heat flux for the cylindrical sample is 

usually furnished by a resistance wire heater, which is usually platinum 

or nickel-chromium wire, that runs axially inside the cylinder. This 

method is particularly attractive because of the well defined boundary 

conditions associated with it. Brown (1) used the resistance wire 

1The reader is referred to Appendix A for the development of the 
analytical and computer techniques used to predict the temperature pro­
files in alpha-cellulose. 

3 
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heater technique ~o obtain the thermal conductivity, thermal diffusivity 

and the temperature profiles in cylindrical samples of white pine and oak 

wood. Brown performed all experimental work in a nitrogen atmosphere to 

prevent ignition of the sample. He also was able to accurately predict 

experimental values obtained by Havens (2) in earlier work (see Figure 1). 

Brown's mathematical model predicted Haven's temperature profiles to 

within 15% in the worst case. The following references also report 

experimental work done with cylindrical geometries: Blackshear and 

Murty (3) and Akita (4). 

Rectangular geometries are also used extensively in experimental 

work. Several methods have been devised to irradiate the surface of the 

rectangular samples, the most common of which is a tungsten filament 

lamp. Martin (5) used sheets of alpha-cellulose, which were bonded tq-

gether using a methyl-cellulose solution. Martin used a modified 

Mitchell thermal source, which gave irradiance levels up to 22 

2 cal/cm sec., to obtain:the temperature profile, surface temperatures 

and the rate of production of volatile pyrolysis products. The tempera-

ture profiles of one of Martin's tests is shown in Figure 2, which is for 

a cellulose sheet containing 2.0% carbon black, with an irradiance level 

2 
of 6.0 cal/cm sec. Martin's method is particularly attractive because 

of the wide range of irradiances which can be applied to the sample; 

however, the boundary conditions are not as well defined as with cylin-

drical samples. The following references also report work done on 

sheets of paper, alpha-cellulose or cloth: Lincoln (6), Lipska (7), and 

Schaffer (8). 

There has also been work done with geometries and materials other 

than those previously mentioned. The following papers report work done 
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on wood-sawdust, either in pressed or loose form: Bowes (9), Browne (10). 

In addition to the previously mentioned heating sources, there are 

others worty of discussion. Ulrich (11) used 144 solar~mirrors, 2 

inches square, to provide the heat flux to 3.0 inch square white pine 

samples. Another unique method was reported by Murty (12). Murty 1 s test 

specimens were cylindrical, and were heated by being inserted into a 

hollow copper cylinder twice the size of the sample. The copper cylinder 

was then heated from the underneath side by a flat-flame bunsen burner. 

By using this method, the sample was heated only by the radiation from 

the copper cylinder. Perhaps the most unique, for its extremely high 

heating rate, is a method reported by Lincoln (6). Lincoln used a 

helical zenon flash tube which yielded, in 30 millisecond pulses, 

intensities up to 3000 cal/cm2 sec. 

Background and Review of Experimental Methods 

to Measure Thermal Conductivity 

One of the greatest problems associated with the prediction of the 

temperature profiles in any material in which pyrolysis is occurring is 

the large changes in the thermal properties. Densities can range from 

0.67 'E}Il/cm3 for virgin alpha-cellulose to 0.0938 'E}Il/cm3 for alpha-

cellulose char. The thermal conductivities will vary from 0.000201 

0 3 0 
cal/cm-sec- C for a density of 0.07 'E}Il/cm to 0.00002814 cal/cm-sec- C 

. 3 
for a density of 0.0938 'E}Il/cm • It should be pointed out that these 

property values were taken from the literature and are, at best? only 

approximate. The values of thermal conductivity, thermal diffusivity, 

density and specific heat were found to be inconsistent in the literature. 

This, coupled with the fact that these properties must be reasonably 
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accurate in order to predic·t temperature rises during pyrolysis, indi-

cates the need for additional research to obtain consistent thermal data 

for alpha-cellulose. The property values listed above and the values 

listed in Appendix A are for alpha-cellulose. These values were taken 

from references 4, 5, and 13. 

In the past, several methods have been used to measure the thermal 

conductivity of porous materials such as wood, alpha-cellulose and 

fibers. A discussion of these methods and results follow. 

Maclean (14) studied the effect of density, moisture content, com-

pression, and direction of heat flow on the thermal conductivity of 32 

types of wood. Experiments were made using the guarded hot plate method 

with a mean sample temperature of 30°c with temperature drops for 22° to 

0 
28 across the sample. Maclean was able to describe the variation of 

thermal conductivity as a function of density in moisture-free wood by 

the linear relationship: 

where 

k = 0.00418 x r + 0.0000568 

k = thermal conductivity (cal/cm2-sec-°C/cm) 

p = wood density ('E}Il/cm3 ) 

(2.1) 

As shown in Equation (2.1), the thermal conductivity approaches the 

conductivity of air at ze~o density. Maclean compared experimental 

values of conductivity for 18 wood spec'ies in 84 tests to those values 

predicted by Equation (2.1). He found an average absolute deviation of 

2.9 percent with a maximum error of only 8.4 percent. 

Griffith and Kaye (15) also studied the effect of wood structure, 

direction of heat flow, and moisture content on the thermal conductivity 



of eight different woods by using the guarded hot plate method. In 

addition, Wangaard (16, 17) used the guarded hot plate method to study 

the thermal conductivity of 40 types of wood. 

9 

The guarded hot plate method for determining thermal conductivities 

is probably the most accurate and accepted method used. However, it 

suffers the drawback of taking long periods of time (8 to 24 hours) to 

complete a test. It is a rather expensive method, and it is difficult 

to prepare the samples because of the uniformity required. 

The thermal conductivity of wood at temperatures up to the threshold 

of pyrolysis were obtained by Kanury (18), Koohyar (19), and Havens (2). 

All of these investigators used a transient technique proposed by Chung 

and Jackson (20) for materials with a low conductivity. This technique 

assumes that the thermal diffusivity is independent of temperature, 

even though the thermal conductivity, specific heat and density are 

strong functions of temperature. This is shown in Equation (2.2)~ 

where 

k = a PC (2.2) 

~=thermal diffusivity (cm2/sec) 

C = heat capacity (cal/gm- 0 c) 

Thus b:y ,B'{J_uati.on (2.2), if the density and specific heat are known as 

a function of temperature, the thermal conductivity may be calculated. 

Both Koohyar and Havens immersed cylindrical pine samples in hot 

liquid baths and monitored the temperatures at different internal radial 

positions. The dependence of thermal conquctivity on temperature from 

the work of Haven's (2) is shown in Table I. 

Kanury (18) obtained the thermal conductivity of alpha-cellulose by 
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inserting cylindrical samples into a heated copper tube, which is shown 

in Figure 3. Kanury fonned cellulose cylinders by pressing wet alpha-

cellulose into molds and then drying. 

TABLE I 

TEMPERATURE DEPENDENCE FOR THE THERMAL 
CONDUCTIVITY OF WHITE PINE (2) 

Temperc\l~Ure 
oc 

30 

40 

200 

240* 

Thermal Conductivity 

cal/cm-sec- 0 c 

0.0023 

o. 000253 

0.000273 

0.00032 

*Data extrapolated to 240°c assuming 
thermal· diffusivity to be independent of 
temperature. 

Although no data are available. in the-literature for wood char or 

partially pyrolyzed wood, Havens (2) proposed that the thermal conduc-

tivity of wood char can be pbtained by modifying Maclean's correlation of 

wood thermal conductivity, given by Equation (2.1), to account for the 

density change during pyrolysis. Haven's correlation is given by Equa-

tion (2.3). 

k = 0.00478 x ~ x. f + 0.0000568 (2.3) 

where f = fraction of wood pyrolyzed. 
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A review of the material r.evealed that for low-density samples, 

~uch as wood, fibers, cellulose, and other materials with similar 

densities, tht! thermal conductivity does not vary greatly with the type 

of solid material, but depends more directly on the density. This .ob-

servation suggests that the change in the composition of wood during 

its thermal decomposition should not strongly affect its thermal con-

ductivity, except in relation to its density (excluding temperature 
\ 

effects). Thu,, Equation (2.3) should be a valid expression for the 

change in thermal conductivity. 

Using the values off that Havens obtained from experimental work, 

he was ,able to graph the thermal conductivity as a function of tempera-

ture for wood and wood char. Th~s correlation is shown in Figure 4. 

Havens assumed that the thermal conductivity was constant as a functivn 

of temperature until pyrolysis began to occur. After pyrolysis was 

completed, the conductivity was again assumed to be constant with 

temperature. The v~lue of 0.000112 cal/cm-sec-°C predicted for the 

char region is in complete agreement with the value of 0.000114 

cal/cm-sec- 0 c obtained by extrapolation of data taken from the Handbook 

of Chemistry and Physics (45th edition) as shown in Figure 5. 

Nix, Vachon, Lowe,ry and Mccurry (21, 22) useq',the line heat source 

method to obtain the thermal conductivity of RTV-60 silicone rubber. 

These results are presented in Table II. The values of the thermal 

conductivities were compared to the values obtained by the guarded hot 

plate method with good agreement. The line heat source method used by 

Nix, Vachon, Lowery and McCurry has the advantage that the thermal 

conductivity may be obtained with no prior knowledge of the density of 

the sample and can be extended to obtain the thermal diffusivity. 
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Sample Test 

Number Number 

1 1 
2 
3 
4 
5 

2 6 
7 
8 
9 

10 

3 11 
12 
13 
14 
15 

4 16 
17 
18 
19 
20 

TABLE II 

SUMMARY OF THERMAL CONDUCTIVITY TESTS FOR SILICONE RUBBER (21) 

-
Density Initial Temperature Heat Imput k k 

3 0 0 
W/m 

0 0 
kg/m Temperature, K Rise, K ' J /ms: K J/ms K 

1515.4 302.9 4.9 3.51 .375 .375 
304.1 0.4 1.07 .371 
304.5 0.4 0.69 .379 
305.3 1. 0 1. 52 .371 
308.5 1. 5 2.23 .381 

1457. 8 303.1 1. 9 1.50 .376 .362 
303. 9 4.9 3.52 .353 
305.3 1. 6 1.39 .356 
306.7 1. 6 2.10 .366 
308.4 2.8 2.10 .363 

1485.0 300. 6 2.5 2.66 .351 • 352 
301. 6 1.4 1. 65 .353 
302.5 2.9 2.66 • 353 
302. 8 3.4 3.54 .342 
302.9 2.3 2.66 .364 

1461. 0 298. 5 2.5 5.10 .371 .360 
299.1 1.3 2.66 .373 

\ 300.4 1.3 2.66 • 353 1.~ .. 

301.3 0.8 1. 65 .353 
301. 6 1.2 2.66 .354 

Per Cent Diff. 

From Average 

o.oo 
-1. 06 
+1.06 
-1.06 
+1.60 

+3.86 
-2.48 
-1. 65 
+1.10 
+0.27 

-0.28 
+0.28 
+0.28 
-2.84 
+3.40 

+3.05 
+3.61 
-1. 94 
-1.94 
-1. 66 

I-' 
\J1 
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Underwood and McTaggart (23) also used the line heat source method 

to measure the conductivity of polystyrene and polyethylene over a wide 

range of temperatures. Upon completing th.e experimental work, a test 

specimen was sent to a commercial testing laboratory where the tests 

were run using the guarded hot plate method. As in the comparison tests 

in reference (21, 22), close agreement was obtained between the two 

methods. 

The line source method was chosen for this work because of the 

advantages over the guarded hot plat~ method and the constant thermal 

diffusivity method. The line source technique is attractive because of 

the simple test apparatus, short testing time, small sample size, and 

accuracy. Also, the conductivity and diffusivity may be determined 

simultaneously. 

Development of the Line Source Technique 

The temperature rise at some point in a solid with a suddenly 

initiated constant heat rate from a line heat source is a function of 

time, thermal properties, position, and line heat source strength. 

Carslaw and Jaeger (24) give the equation for the temperature in an 

infinite solid for region around a line heat source at some time 

greater than zero as: 

t 

V=~f r/J(t 1 ) 
4na O 

2 -r /4cx(t-t') 
e 

where a= thermal diffusivity 

r2= (x-x')2 + (y-y')2 

Now if r/J(t) =constant= q 

dt 1 

( t- t I) (2.4) 
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//\, CX) 

//", ·, ' 2 

v = r~:~uh (e-u /u) du 

~-_/ ·r I 4 at 

(2.5) 

where u 2 = r 2 /4a(t-t') 

Now by integrating Equation (2.5): 

V - __g__ Log (4 0' t) - --¥9- + Higher order terms 
- 2TTQ' r2 ~TT Q' 

(2.6) 

where y = Euler's constant= 0.5772 

2 4 
Higher order terms= C(~ - ~ + ... ) ; C = constant 

If Equation (2.6) is written for some differential temperature and 

the higher order terms are dropped, Equation (2. 7) results. The con-

dition O < u < 0.16 must be satisfied to drop the higher order terms with 

no significant error. 

(2.7) 

where t = time 

T = temperature 

q = q~/fJc; c = specific heat 

If q = q'/P1c is substituted into Equation (2.7), Equation (2.8) results. 

(2.8) 

where k = thermal conductivity. 

Hence, if the rate of heat input, the temperatures at t 1 and t 2 are 

known, the ther~al conpuctivity can be calculated from Equation (2.8). 

The only restrictions governing (2.8) are O < u < 0.16 must be satisfied 

and L/D ratio must be greater than 4 to assure radial heat flow only. 
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As shown in Equation (2.7), the dependence of r has been eliminated 

from the equation. This implies that any value of r is valid if the 

restriction on u is satisfied. However, Equation (2.8) as it stands will 

yield discrepancies between theory and experiment. Those differences are 

due to the fact that the hypothetical line heat source is infinitely 

small which in reality is a wire of finite dimensions in a finite 

sample. These discrepancies have been compensated for by Underwood and 

McTaggart (23) by adding a time correction term, (t) to Equation (2.8). 
. 0 . 

Underwood and McTaggart demonstrated that the finite diameter of the 

heater wire, contact resistance and the difference in thermal properties 

between the source and sample could be considered in causing a constant 

error in the observation of time. With the time correction term cj.dded 

to (2.8), Equation (2.9) result&~ With this addition, Equation (2.9) 

may now be used to calculate the conductivity of a finite sample. 

where t = time correction factor. 
0 

The time correction term can be calculated if the data from the 

(2. 9) 

thennocouple close to the line source is plotted versus the natural log 

of time. If the line described by Equation (2.8) were plotted, it would 

yield a straight line. However, since. the discrepan,cies arise that were 

described earlier, the line should be straight with a slight curvature at 

some small value of time. By using the graph, different values of the 

time correction term may be tried until the temperature versus the 

natural log of time is represented by a straight line. The same operation 

may be carried out on a digital computer. 

The line heat source method is particularly attractive beacuse it can 



19 

be modified to calculate the thermal diffusivity by placing a second 

thermocouple at some known distance from the line heat source. This 

method will be discussed further in Chapter III, and a schematic of the 

experimental apparatus will be shown. 

Corputer Program for the Line Source Method 

A fortran computer program was written by reference (21, 22) to 

calculate the thermal conductivity. The method utilized the least 

squares fit in conjunction with the Newton-Raphson method to choose new 

values of the time correction term, t • 
0 

The method used in the program takes the output data from the 

monitoring thermocouple (millivolts versus time), and assumes the data 

can be expressed in terms of an equation of the form of (2.10). 
h 

2 
y = a+ bx+ ex (2.10) 

By the standard least squares method, the summation to be minimized is .. 
Equation (2.11). 

c (r ) I ' ) -\" 

m 

l ( + b + 2 )2 M. . a x. ex. --+ 11n1mum 
]_ ]_ 

(2.11) 

i=1 

Differentiating partially with respect to a, b, and c, results in three 

linear simultaneous Equations (2.12), (2.13), (2.14). 

2 
ma + bl: x . + cl: x . = l: y . 

]_ 1 ]_ 
(2.12) 

2 3 
al:x. + bl:x. + cl:x. = l:x.y. 

1 1 1 1 1 
(2.13) 

(2.14) 
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The program utilized Cramer's rule to solve Equations (2,12) 1 

(2.13), and (2.14), and seeks to minimize the coefficient c by changing 

the time correction term after each iteration. By forcing the coeffi-

cient c to a minimum, the program forces Equation (2.10) to approach a 

linear equation. 

After each iteration, a newt is selected by using the Newton­
o 

Raphson method. After a minimum value of c is obtained, the program 

takes the slope of the line and calculates k from Equation (2.9) which 

when solved for the thermal conductivity becomes~ 

k = qV/4n S (2.15) 

where q = heat input 

v = thermocouple constant 

s = slope 

A listing of the computer program is shown in Appendix B, 



CHAPTER III 

EXPERIMENTAL PROCEDURES AND RESULTS 

Temperature Profile Measurements 

The experimental work was undertaken in order to verify the 

temperature profiles predicted by the mathematical models described in 

Appendix A. Three sets of data were obtained for the temperature pro­

files, each for a different heat flux. 

Preparation of Samples 

The samples were prepared from 8.5 inches by 8.5 inches by 0.057 

inches sheets of alpha-cellulose obtained from the National Bureau of 

Standards. The sheets were then cut into 3.0 inches by 3.0 inches 

squares and the thickness of each individual sheet was measured and 

then averaged to obtain a mean density of each set of three sheets. 

The thermocouple wire used in all samples was 30 gage iron­

constantan. The thermocouple wire was stripped of its insulation to 

allow the samples to be pressed together as closely as possible. The 

thermocouple junctions were welded with a Dynatech model 116 thermo­

couple welder. 

The thermocouple wire junctions were placed in the center on both 

sides of one of the 3 inch by 3 inch sheets of alpha-cellulose. The 

two remaining sheets were then pressed on either side of the middle 

sheet. The alpha-cellulose sheets were bonded together by using a 

21 
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methyl-cellulose and water solution for adhesive (5). The sample was 

then placed in a press for a period of 24 hours. After a short period 

of time, the water evaporated from the methyl-cellulose solution, 

leaving a reasonably homogenous sample, with no significant changes in 

the thermal properties between the alpha-cellulose and the methyl-

cellulose. Both faces of the sample were then blackened with Sargent-

Welch graphite powder, to allow most of the incident radiation to be 

absorbed. Figure 6 shows a completed sample, before the graphite powder 

has been applied. 

Heat Flux Apparatus and Equipment 

The radiant heat flux apparatus was constructed using two Thermofax, 

1000 watt, tungsten filament lamps for the heating source. The tungsten 

filament lamps were enclosed in 4.0 inch by 5.0 inch, 24 gage, 304 

stainless steeJ hoods. The hoods were mounted on a track, to allow the 

hoods to be set at a distance from 0.0 inch to 7.0 inches from the 

surface of the sample. The hoods were constructed to obtain a heat flux 

2 
of 0.5 cal/cm -sec., at a distance of 4.0 inches from the surface of the 

sample, with a variance of 5.0% in the heat flux over the surface of a 

3.0 inch by 3.0 inch sample. Depending on the distance the hoods were 

set from the sample a radiant heat flux of 0.0 to 0.8 cal/cm2-sec could 

be applied to each face of the sample. The incident radiation was also 

controlled by a variac. The radiant heat flux apparatus is shown in 

Figure 7. 

The thermocouple outputs were recorded on a Sanborn 320 dual 

channel D.C. amplifier-recorder and.a Clevite Brush Mark 220 dual 

' 
channel recorder. In all experimental work the thermocouple junctions 



Figure 6. Completed Alpha-Cellulose Sample, 
Without Graphite Powder 
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Figure 7. Radiant Heat Flux Apparatus 
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were referenced to an ice water bath. 

The radiant heat flux was measured by a Hy-cal model P-1400-B-10-

000-072 pyroheliometer, which is calibrated in solar constants. 

2 
1.0 solar constant= 0.123 BTU/ft. -sec. 

The pyroheliometer calibration curve is shown in Figure 8. 

Results 

The accuracy of· the data obtained is good to about 38o9c, at whic:h ., 

time separation in the sample begins to occur. The separation was 

caused by the decomposition of methyl-cellulose at high temperatures. 

Approximately 40 seconds after separation began to occur, ignition 

occurred in the sample. Since all experimental work was done in an air 

atmosphere, ignition occurred in each test. Figure 9 shows a picture of 

one of the alpha-cellulose samples after pyrolysis has occurred. 

Figure 10 shows the temperature, in degrees Centigrade, as a func-

tion of time (sec) for 5 test runs, with a heat flux between 0.398 

2 2 
cal/cm -sec and 0.447 cal/cm -sec. The thermocouple depth in each test 

was 0.1448 cm from the surface of the sample. Curves for Tests I, II and 

2 
III were obtained for heat fluxes of about 0.32 cal/cm -sec. 

Tests I, II and Ill were run with the same heat flux in order to 

establish the validity of the experimental technique. Because each of 

the first three tests yielded, almost identically, the same curve, it 

was assumed the experimental procedure used was accurate. 

2 
Test IV was conducted with a higher heating rate of 0.41 cal/cm -sec. 

2 Test V was run for a heat flux of 0.447 cal/cm -sec. 

The experimental values of Tests I, II, III and V are discussed and 
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Figure 9. Charred Sample of Alpha-Cellulose 
After Pyrolysis 
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compared to the predicted values in Appendix A of this report. 

Thermal Conductivity Measurements 

The experimental work was initiated in order to obtain temperature-

time data for input into the thermal conductivity program in Appendix B. 

Four sets of data was obtained for the virgin alpha-cellulose and three 

sets of data were obtained for alpha-cellulose char. Each set of data 

was taken using a different density. 

Preparation of Samples 

The virgin alpha-cellulose samples were prepared from alpha-

cellulose powder obtained from Sigma.Chemical Company. A cylindrical 

aluminum mold 8.66 inches in length and 1.905 inches inside diameter was 

1 
used to form the cellulose powder. Thirty gage chromel-alumel thermo-

couple wire was run axially through the mold along with thirty gage 

constantan heater wire. After the wires were inserted into the mold, the 

alpha-cellulose powder was packed inside the mold with different den-

sities for each run. A schematic of the resistance wire heater and 

thermo-couple wire in the cellulose cylinder is shown in Figure 11. 

Constantan was chosen for the heater wire because the resistance 

of the wire is a very weak function of temperature within the ranges 

which the experimental work was carried out (70°F to 120°F). The near 

constant resistance of the constantan wire allowed a near constant heat 

flux to be applied to the inside of the sample. The resistance of 

1 
The dd.rilensi6ns of the mold were not critical so long as the length 

to diameter ratio was greater than or equal to four. 
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constantan as a function of temperature is shown in Figure 12. 

Samples were checked for moisture content by being weighed and 

then placed in a vacuum for a period of 24 hours. The samples were 

then weighed again to determine the moisture content by weight. The 

virgin alpha-cellulose samples were found to contain 4.95% water. The 

moisture content of the char was zero. 

To obtain the char,.samples of virgin alpha-cellulose were placed 

0 
in a furnace and heated to 800 F, for approximately one-half hour. The 

samples were burned in a nitrogen atmosphere to prevent ignition. The 

char was then repacked into the cylinders and instrumented in the same 

manner as the virgin alpha-cellulose samples. Pictures of the instru-

mented samples of virgin alpha-cellulose and alpha-cellulose char are 

shown in Figures 13 and 14 respectively. 

Instrumentation 

A Kepco modelSM160-2 am de power supply was used for the power 

input into the samples. Power inputs ranged from 150 milliamps to 500 

milliamps. A Digitec model 262 digital ampmeter was used to read the 

current input into the samples. The accuracy of the meter was± 0.001 

ampe:t,es. 

The internal thermocouple was monitored with a Lee<;ls & Northrup 

model H strip chart recorder. The surface thermocouple was monitored 

with a Digitec model 451F digital millivolt meter. The model 451F has 

an accuracy of± 0.001 millivolts. The surface thermocouple was 

installed to monitor the surface temperature of the sample since the 
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figure 13· Virgin Alpha-Cellulose sample 
used in conductivity 

Measurements 
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Figure 14. Charred Alpha-Cellulose Sample 
Used in Conductivity 
Measurements 
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test was concluded when the surface temperature started to rise. 2 The 

thermocouples were referenced to an ice bath at 32°F in all conductivity 

tests. 

Results 

Figure 15 shows the thermal conductivity of virgin alpha-cellulose 

in cal/cm-sec-°C as a function of density in 'E}n/cm3 • Figure 15 shows 

this thermal conductivity as a straight line which approaches the con-

ductivity of air at zero density. 

The thermal conductivity for alpha-cellulose char is also shown in 

Figure 15. Again, the thermal conductivity is a straight line which . 
approaches the thermal conductivity of air. 

The thermal conductivities in Figure 15 show the same behavior. 

The only difference is that the slope of the char conductivity line is 

less than the slope of the virgin alpha-cellulose conductivity line. 

From Figure 15, the equations for the thermal conductivity of alpha-

cellulose and alpha-cellulose char as a function of density are given by 

Equations (3.1) and (3.2) respectively. 

where 

k 
-4 -4 

= 5.525 x 10 x r + o.51 x 10 
a 

k = 1.43 x 10- 4 x P + 0.57 x 10- 4 
c 

k = thermal conductivity of the alpha-cellulose and; 
a 

k = thermal conductivity of the char. 
c 

(3 .1) 

(3. 2) 

Equation (3. 1) was validated by experimental data in the density 

2This point will be discussed further in Chapter IV. 
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3 3 range of 0.126 f!JCL/cm to 0.346 f!}Xl/cm. For values less than 0.126, the 

data was extrapolated to the conductivity of air at zero density. At 

density values greater than 0.346, the data was extrapolated to a 

density of 0.425 f!JCL/cm3 • The same extrapolation method applied to 

Equation (3.2) outside the densitites of 0.069 f!JCL/cm3 to 0.123 f!JCL/cm3 • 

The dashed lines in Figure 15 represent the extrapolated values of con-

ductivity. The vertical line drawn at.each data point irt Figure 15 

represents the range of uncertainty obtained.by performing an error 

analysis on the data. 



CHAPTER IV 

SUMMARY 

Interpretation of Experimental Data for 

Temperature Profile Measurements 

The experimental procedure used to obtain the temperature profiles 

was satisfactory; however, the method used to prepare the sample should 

be improved for any future research. Separation of the sample occurred 

at about 380°C. The separation occurred just after the pyrolysis inter-

face had passed the location where the sample was bonded with the methyl-

cellulose solution. Because of the difficulties encountered with the 

sample, the experimental check of the mathematical model in Appendix A 

0 
was undertaken only up to 380 C. This separation was unfortunate since 

the temperature profiles should be predicted after pyrolysis has occurred. 

Thus, the experimental technique was satisfactory, b-ut the samples 

were not. The separation of layers must be avoided in order to obtain 

9 complete set of data. 

Interpretation of Experimental Data for 

Thermal Conductivity Measurements 

As discussed in Chapter I, the conductivity measurements were 

carried out because of the poor property data found in the literature. 

Thus, the greatest problem associated with predicting the temperature 

profiles· during pyrolysis was not the preparation of samples, but the 

38 
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inconsistent published data. The experimental data obtained for the 

virgin alpha-cellulose is about 50% greater than the values found in the 

literature. However, the data obtained for the alpha-cellulose and 

cellulose char were consistent and the error analysis revealed a fairly 

low range of uncertainty (see Figure 15). Therefore, the data obtained 

by the line source method is probably more accurate than the data found 

in the literature. There was no published data for alpha-cellulose char. 

The line heat source method is accurate and reliable if certain 

sources of error are handled properly. A discussion of these errors, 

other than instrumentation, follows. 

A certain amount of error can be introduced by dropping the higher 

order terms in Equation (2.6). However, for conductivity measurements, 

this error is negligible when O < u < 0.16. 

There are also errors introduced by the finite length of the 

sample. This can be minirhized..by k~eping the length to'diameter ratio 

greater than or. equal to fo:µr, 

As discussed briefly in Chapter II, a time correction term must be 

used in Equation (2.8). This time correction term accounts for the 

error introduced by the presence of a finite diameter wire in the sample. 

The presence of this finite:wire i~ .the equivalent of causing heat pro­

duction.before the start of measured time. 

In addition, an error can be introduced due to the finite size of 

the sample. This error can be avoided by inserting a thermocouple to 

monitor the surface temperature and concluding the test when the 

temperature increases. 

Finally, an error can be introduced due to constant resistance 

between the heater wire and test material, but this error is small if 



the power input is small. 

In this work, these sources .of error were handled properly. In 

addition, the error for each data point in Figure 15 is small. This 

indicates that reasonable results were obtained for the thermal con­

ductivities. 

40 

The new values of the thermal conductivity were used in the com­

puter program in Appendix A, with no improvement in the results. This 

seems to imply that other input values into the program were not correct. 

Possible sources of error other than the conductivity are the specific 

heat, activation energy, and the heat of pyrolysis. 

Error Analysis for the Thermal 

Conductivity Data 

The error analysis was carried out for the data in Figure 15 by 

varying the five input parameters in the conductivity program. Each 

parameter was varied with a maximum positive and negative error while 

the other parameters were held constant. The errors were then added for 

the positive and negative values to obtain the maximum possible error 

for each data point. These errors appear as a vertical line in each 

data point in Figure 15. 



BIBLIOGRAPHY 

1. Brown, L.E.. "An Experimental and Analytic Study of Wood Pyrolysis" 
(Unpub. Ph.D. dissertation, University of Oklahoma, Norman, 
Oklahoma, 1972). 

2. 'Havens, J. A. "Thermal Decomposition of Wood" (Unpub. Ph.D. 
dissertation, University of Oklahoma, Norman, Oklahoma, 1969). 

3. Blackshear, P. L., and K. A. Murty. "An X-Ray Photocinphic Study 
of the Reaction Kinetics of a-cellulose Decomposition. 11 

Pyrodynamics, Vol. IV (1966), 285. 

4. Akita, K. "Studies on the Mechanism of Ignition of Wood. 11 Report 
of Fire Research Institute of Japan, No. 9, 1959. 

5. Martin, S. "Diffusion-Controlled Ignition of Cellulosic Materials 
by Intense Radiant Energy." Tenth Symposium (International) 
on Combustion, The Combustion Institute (1965), 877. 

6. Lincoln, K. A. "Flash Pyrolysis of Solid Fuel Materials by Thermal 
Radiation." Pyrodynamics, Vol. II (1963), 133. 

7. Lipska, A. E., and W. J. Parker. "Kinetics of the Pyrolysis of 
0 0 

Cellulose Over the Temperature Range 250 C. - 300 C. 11 

U. S. Naval Radiological Defense Lab, TR-928 (1965). 

8. Schaffer, E. L. "An Approach to the Mathematical Prediction of 
Temperature Rise Within a Semi-Infinite Wood Slab Subjected to 
High-Temperature Conditions." Pyrodynamics, Vol. II (1965), 
117. 

9. Bowes, P. C., and P. H. Thomas. ''Ignition and Extinction Pheno­
mena Accompanying Oxygen-Dependent Self-Heating of Porous 
Bodies." Combustion and Flame, Vol. X (1966), 221. 

10. Browne, F. L. "Theories of the Combusion of Wood and Its Control.'' 
USDA Forest Products Laboratory, Report No. 2136, 1958. 

11. Ulrich, R. D., and A. G. Butcher. "Post-Ignition Burning of Hori­
zontal Wood Surfaces." Naval Weapons Center, Report No. Tp-
5271, 1971. 

12. Murty, K. A. "Pyrolysis Effects in the Transfer of Heat and Mass 
in Thermal Decomposing Organic Solids." Eleventh Symposium 
(International) on Combustion. (1966), 517. 

41 



13. Tang, W. K. and W. K. Neill. 
Pyrolysis and Combustion 
Polymer Science, Part C, 

"Effect of Flame Retardants On 
of Alpha-Cellulose." Journal of 
No. 6(1964), 65. 

14. Maclean, J. D. "Thermal Condcutivity of Wood." Heating, Piping 
and Air Conditioning,(July 1940), 459. 

42 

15. Griffith, E. and G. W. Kaye. "The Measurement of Thermal Conduc...;, 
tivity. 11 Proceedings of The Royal Society of London, Series A, 
No. 104 (1923), 71. 

16. Wangaard, F. F. "The Transverse Conductivity of Wood." (Unpub. 
Ph.D. dissertation, New York State College of Forestry, 1948). 

17. Wangaard, F. F. "Transverse Heat Conductivity of Wood." Heating, 
Piping and Air Conditioning, (July 1940), 459. 

18. Kanury, A. Murty. "An Evaluation of the Physico-Chemical Factors 
Influencing the Burning Rate of Cellulosic Fuels and a 
Comprehensive Model for Solid Fuel Pyrolysis and Combu'stion." 
(Unpub~ :'Ph.D. dissertation, University of Minnesota, . 
Minneapolis, Mi~nesota, 1969). 

19. Koohyar, A. "The Ignition of Wood by Flame Radiation. r, (Unpub. 
Ph.D. dissertation, University of Oklahoma, Norman, Oklahoma, 
1967). 

20. Chung, Paul K. and M. L. Jackson. "Thermal Diffusivity of Low 
Conductivity Materials." Industrial and Engineering Chemistry, 
Vol. 46, No. 12 (1954), 2563. 

21. Nix, G. H., R. I. Vachon, G. W. Lowery, and T. A. Mccurry. "Direct 
Determination of Theraml Diffusivity and Conductivity With a 
Refined Line-Source Technique." Mechanical Engineering 
Department, Auburn University, Auburn, Alabama. 

22. Nix, G. N., R. I. Vachon, G. w. Lowery, and T. A. Mccurry. "The 
Line Source Method: Procedure and Iteration Scheme for 
Combined Determination of Conductivity and Diffusivity." 
Department of Mechanical Engineering, Auburn University, 
Auburn, Alabama. 

23. Underwood, W. M. and R. B. McTaggart. "Thermal Conductivity of 
Several Plastics, Measured by an Unsteady State Method." 
Heat Transfer, (Storrs), Chemical Engineering Progress 
Symposium Series, Vol. 56, No. 30 (1960) 261. 

24. Carslaw, H. S., and J. C. Jaeger. ·:conduction of Heat in Solids. 
Oxford: Oxford University Press, 1948, 217-221. 

25. Rittmann, J. G. 1
1
1A Computer Study of the Pyrolysis of Porous 

Solids." (Unpub. Ph.D. dissertation, Oklahoma State University, 
Stillwater, Oklahoma, 1966). 



26. Samartin, L. B. "Vaporization Interface Propagation Through a 
One-Dimensional Porous Slab." (Unpub. M.S. thesis, Okiahoma 
State University, Stillwater, Oklahoma, 1972.) 

27. Tang, W. K., and H. W. Eickner. "Effect of Inorganic Salts on 
Pyrolysis of Wood, Cellulose, and Lignin Determined .by 
Differential Thermal Analysis." USDA Forest Products 
Laboratory, Report No. FPL 82, 1968. 

28. Tang, W. K., and F. L. Browne. "Effect of Various Chemicals on 
Thermogravimetric Analysis of Ponderosa Pine." USDA Forest 
Products Laboratory, Report No. FPL 6, 1963. 

43 

29. Weatherford, w. D., Jr., and D. M. Sheppard. ''Basic Studies of the 
Mechanism of Ignition of Cellulosic Materials. 11 Tenth 
Symposium (International) on Combustion, The Combustion 
Institute (1965), 897. 

30. Gontkovskaya, V. T., and K. Y. Pribytkova. "Numerical Methods of 
Solving Problems With Phase Transition." Fizika Goreniyai 
Vzryva, Vol. 5, No. 2(1969), 257. 



APPENDIX A 

ANALYTICAL AND COMPUTER TECHNIQUES TO 

PREDICT TEMPERATURE PROFILES IN 

PYROLYZING ALPHA-CELLULOSE 

44 



45 

Introduction 

This research effort is the conclusion of .the efforts undertaken 

and reported upon by Dr. R. L. Panton, W. M. Brooks, J. G. Rittman, and 

Mr. L. B. Samartin (25, 26). The basic prob;iem in their research 

efforts was to develop analytical models which would adequately repre­

sent the complex energy transfer problem when a cellulosic material such 

::as wood is heated. Initial efforts by Drs. Panton and Rittman examined 

the complex chemical kinetic problem associated with the pyrolysis of 

cellulosic materials. Their effort was directed toward development of 

analytical techniques which could be used'when the pyrolysis was 

assumed to consist of three simultaneous reactions. This effort was 

reported in Reference 25. After the Panton, Rit trnan work was complete, 

Panton, Brooks and Samartin continued. This effort, reported in 

Reference 26, expanded the effort of Panton and Rittman to include the 

effects of moisture present in the cellulosic material. 

As a result of their initial efforts, this research activity was 

init,iated in an attempt to experimentally verify the analytical work of 

the previous investigators. 

Background 

The problem of the burning or pyrolyzing of wood or cellulosic 

materials has been of interest for many years. A literature survey by 

Browne (10) covers the extensive literature up through 1963. During 

the initial research activity the main interest was the characterization 
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of the chemical kinetics involved in the physical process. Since the 

effort dealt with a highly variable biological material, many variations 

were reported. After initial efforts to predict the pyrolysis as a 

single first order reaction, suggestions were made that several competing 

simultaneous reactions were occurring. These results were at least 

partially confirmed by further work at the Forest Products Laboratory at 

Madison, Wisconsin (27, 28). As a result of these reports,~'the initial 

effort by Panton and Rittman was directed toward the application of this 

phenomenon to a mathematical model of the pyrolysis. Use of three 

simultaneous competing reactions during pyrolysis was incorporated into 

the model. This model was very complex and required solution by integral 

techniques. Although the established model was analytically tractable, 

the values of kinetic parameters for the model were not readily available. 

Thus, _solutions obtained were limited to alpha-cellulose which had been 

more extensivelr investigated than wood. In the work of Panton-Rittman 
,' 

the differential equation for the one dimensional case used is presented 

in Equation (A-1) • 

..i_ .( o_ T)-•_ = - peT + Q(ow) ox ~ at. -c ot ot (A.1) , 

in which 

Tis the-local temperature 

xis the spatial variable 

tis time 

w is the density of th~ pyrolyzable material 

c is the specific heat 

r is the density (char and pyrolyzable material) 
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Q is the heat of pyrolysis 

k is the thermal conductivity. 

In the work of Panton and Rittman (25), the term Q~: was considered 

to be represented by three simultaneous and competing reactions. They 

also assumed that the thermal conductivity k was variable. In their 

work k was assumed to vary with the d.ensit:y such that k = k (fJ/fJ ) 
0 0 

where k was the thermal conductivity of the original material, fJ was 
0 

the instantaneous density and fJ was the original density. 
0 

In the subsequent work by Panton, Brooks, and Samartin (26) the 

model for the energy transfer wa~'basically Equation (A-1) with the 

addition of a term which considered vapor mass flow from water present. 

In. this analysis it was necessary to make several simplifying assump-

tions in order to solve the system of integral equations which re.sulted. 

Several reports of work primarily directed toward the determination 

of ignition characteristics are given References 5 and 29. Martin (5) 

reported the results of intense radiant energy input to alpha-cellulose. 

As a result of these experiments a semi-empirical method of predicting 

temperature levels in the heated sample was p~esented. This correlation 

requires the time to ignition which must.· be· determined experimentally. 

Weatherford and Sheppard (29) studied the ignition characteristics of 

cellulosic materials when exposed to convective heating. 

The results of an extensive study of ignition and energy transfer 

characteristics of cellulosic materials are presented in References 1 

and 2. L. E. Brown (1) in a rather extensive study observed that the 

predictions of energy transfer were very foensitive to the thermal con-

ductivity used in the evaluation of th~ model (Equation ~A-1). For this 

reason, measurement of the thermal conductivity in wood 'was undertaken. 
f, ~/· • . 
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Their measurements indicated a surprising increase in the thermal 

conductivity after the pyrolysis. This indication of the theraml 

conductivity of the char being larger than the thermal conductivity of 

the original material is rather unique. 

As reported in Reference 1, very .few serious attempts have been 

made to predict the temperature as a function of time in the pyrolysis 

problem with subsequent verification by experiment. One of these is 

reported in Reference 1 with results which are reported as satisfactory 

with discrepancy in prediction and experiment at a point near the sur-

face being attributed to boundary condition difficulties. 

Analytical Method 

The model proposed for the energy transfer in the pyrolysis of 

cellulosic materials in the initial research of this project was 

Equation (A-1) with the addition of a term to consider moisture present 

in the material. This expanded model is presented as Equation .<A-2). 

k 
0 

r c 
0 

. . 1 
+­re ot.u + me J·· ox ·v 

oT + _Q_ QW - oT 
ox re ot - ot 

in which all terms are the same as defined for Equation (A..1) with 

additional terms defined as 

m = mass flow rate of the vapor 

c = specific heat of the vapor. 
v 

(A. 2) 

In Equation (A.2) the variation of the thermal conductivity is taken as 

k = k (r/r )as previously indicated. In order to obtain this.form 
0 0 

(1) = ~ - r 'where r is the density of the char remaining, was used. 
c c 

The term ow/ot is the term which represents the energy absorbed 
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or liberated by the pyrolysis of the active portion of the cellulosic 

material. This term was considered to consist of three separate 

reactions in the work of Rittman and Panton(25). In this work the term 

was considered to be represented by a single first order reaction, thus 

ow/ot was represented by the rate expression A exp [-:T] in which A is 

the frequency function, Eis the activation energy, and R is the gas 

constant. With this assumption the model for the energy transfer was 

as presented in Equation (A.3). 

k 2 
...2_ Ll + ..l.. 1r c O 2 re 

0 ·X 
( .. ko. ow+ • J·· -- me 

f> · clx v 
0 

f.'i ?-; 

( 
E ) . 

A exp - RT/ 
_ clT 
- dt (A.3) 

The experimental system which was modeled consisted of a slab with 

radiant input to one face with the other face insulated. These boundary 

conditions are: 

T = T o' at t = 0 O<x<L (A. 4) 

q = 0 t < 0 x= 1 (A. 5) 

q - 6 
T4 = -k Q1 t>O x = 1 (A. 6) 

0 clx 

Boundary condition (A.4) is the initial condition which was assumed to be 

a constant uniform temperature throughout the slab. The boundary at 

x = 1 was assumed to be insulated for all time. At the front face, 

4 radiant input of q with subsequent radiant loss e T was assumed for 
0 

boundary conditions (A.5). Since this model was non-linear with non-

linear boundary conditions, the method of solution chosen was a numerical 

technique. 

The integral methods applied in References 25 and 26 were examined 
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and determined to be intractable for this problem. Other methods were 

examined and following the suggestion of Gontkovskaya (30), a straight-

forward implicit numerical technique was used. 

Numerical Technique 

The numerical technique will be described using the notation T.i 
J 

where Tis the temperature, i is the time interval, j is the spatial 

node where equ~l spaced nodes were used. Similar notation will be used 

for the density variable P. 

With this notation the variables were represented as follows: 

_o2_T = _1_ rTi+1 _ 2Ti+1 + Ti+1], 
ax2 x2 L j+1 j- J-1 . 

dT_ 
ox 

exp 

( 
i+1 i+1]': 

. Tj+1 - Tj+1' 
1 

2 x 

= ..l_ [Ti+1 Ti]:· 
. t j j j 

( E)·.._ ('E )' - RT · = exp . - i . · 
. . RTj, 

ow = .:....L 
d x 2f..x ~

. i+1 i+1]'.· 
UJ ·+1 - UJ' 1'. J . J- . 

(A. 8) 

(A. 9) 

(A.10) 

(A .11) 

In order to solve the resulting set of algebraic equations when these 

substitutions were made, it was necessary to determine the denstiy of the 

pyrolyzing material at the end of the time interval. This was done by 

solving the following equation system. 

i+1 
UJ. 

J 

i 
Wo = -

J 

i 
Atitw., exp 

J (- R;~) (A. 12) 

J . 



51 

It was also necessary to determine the rate of propagation of the vapor-

ization front through the wet cellulosic material before pyrolysis 

occurs. This was accomplished by dividing the region O < x < L into two 

regions: 

0 < x < J, in which the vapor front at x = J, had 
passed and for which Equation ( A.3) was applied. 

J,< x <Lin which the vapo2 front had not passed 
and for which the equation o T _ 1 oT was applied. 

a/ - o ot 

These two regions were divided by the vaporization interface for which 

the following energy balance was used. 

in which 

oT • 
-k - + mh ox J, 

(A. 12) 

k ¢,T was the energy conducted into the interface on the ox 
dry side. 

k oT was the energy· conducted into the interface on the 
. ox+ 

wet side. 

mhJ, was the energy convected into the interface from 

the wet region. 

mh was the energy convected away from the interface 
v 

into the dry region. 

Since the interface moves through the region O < x < L, it has a velocity 

of ptopogation V. A mass blanace across the moving interface results 

in Equation (A.13). 

m = VP 
. P. (A. 13) 



Heat capacity original material 

Heat capacity water vapor 

Heat of pyrolysis - endothermic 

Frequency factor 

Activation energy 

Thermal conductivity original material 

Thermal conductivity dry material 

0 
0.3 cal/gm- C 

0 
0.49 cal/gm- C 

88 cal/gm 

2.63 x 109 1/sec 

33.1 Kcal/mole 

53 

0 
0.001 cal/cm-sec- C 

0 
0.000201 cal/cm-sec- C 

These property values were obtained from References 4, 5, and 13 for 

alpha-cellulose. In the exam_ination of the properties, it was determined 

that the thermal diffusivity, density, specific heat and thermal conduc-

tivity values were not consistent. For this reason, the values of thermal 

conductivity were suspected and several different values were used to 

determine the effect of the uncertainty in these values. 

Using these properties, a system with thickness 0.22098 cm (initial 

2 . experimental thickness), radiant heat flux of 0.323 cal/cm -sec, che 

results shown in Figure 16 were obtained. These indicate the difference 

between the temperature history at the heated surface and at a depth of 

''two thirds of the thickness when a non-reactive system is compared to a 

reactive system. 

Since the value of thermal conductivity and, therefore, the diffus-

ivity were uncertain, cases with± 10 percent variation in thermal con-

ductivity and thermal diffusivity were run. The results for the 2/3 

depth were run and the results are shown in Figure 17. The properties 

used for the evaluations are shown in Figure 17. 

Measurement of the density of the alpha-cellulose material used in 

the experiments indicated the material had a density closer to 0.5208 

3 . 3 'EJil/Cm than to the literature value of 0.67 gm/cm. For this reason, 
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in which V is the velocity of propogation and r I, is the density of the 

liquid in the material. (Note rt equals the mass of liquid per unit 

volume in the cellulosic material not the intrinsic density of water.) 

Numerical solutions of the simultaneous algebraic equations re-

sulting when the approximations of Equations (A.8), (A.9), (A,10) and 

(A.11) were substituted into the differential equations were obtained 

using a digital computer. 

The equations were implicit in the temperature variable and explicit 

in the density variable. For this reason, stability of the solutions 

was improved over the totally explicit technique but was not completely 

assured for all solutions. The non-linear boundary condition (A,6) also 

was not completely stable and required care in the selection of the time 

interval 6t. 

Results - Analytic 

After several abortive attempts to apply simplified mathematical 

models, the model described by Equations (A,3), (A,4), (A.5), and (A.6) 

was used to obtain the results described hereafter. In the application 

of this model several physical properties were required, It was deter-

mined that several of the properties required were :ambiguous in the 

literature so best estimate values were used. 

Using the property values: 

Thermal diffusivity original material 

, Thermal diffusivity char 

Density original material wet 

Density original material dry 

Density char, 

2 0.001 cm /sec 

2 0.001 cm /sec 

3 
O. 67 gm/ cm 

3 
0.5686 gm/cm 

3 
O. 0938 gm/ cm 
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the results of Figure 18 were obtained. These results were obtained 

using all properties as indicated before except the density of the 

material was used as 0.5208 gJn/cm3 • 

56 

Further measurements of the density of the alpha-cellulose used 

indicated the wet material density of 0.5322 gJn/cm3 and the dry material 
. 3 

density of O. 5208 gJn/cm • Using these property values, the results 

indicated in Figure 19 were obtained. The depth of 0.1326 cm indicated 

was the best approximation of the depth of the thermocouple in the 

experiments. 

L. E. Brown (1) indicated that the thermal conductivity of the wood 

used in experiments varied as shown in Figure 20. Experiments by Havens, 

et .. al., (2) for a hollow cylinder were presented in both References 1 

and 2. Since these experimental results were available, the mathematical 

model presented here was modified to cylindrical coordinates and thermal 

conductivity variations as indicated by Figure 20. Temperature histories 

obtained from this modification with experimental values from Reference 

1 are presented in Figure 21. The following property values used in ob-

taining these results were obtained from the literature. 

Thermal diffusivity original material 0.002 2 
cm /sec 

Thermal diffusivity char 0.002 
2 

cm /sec 

Density 0.500 3 
'?J.Il/Cm 

Density of char 0.100 3 
gJn/cm 

Heat capac::ity 0.30 
0 

cal/ gJn- C 

Heat of Pyrolysis-Endothermic 43. 2 cal/gJn 

Frequency factor 6.52 
16 

x 10 1/sec 

Activation energy 54 Kcal/mole 
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CARD 
l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22. 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
3z,. 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
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80/80 LIST 

000000000llllllllll2L2L222222333333333344444444445555555555666666666677777777778 
1234~678901234567890123456789012345078901234567890123456789012345678901234567890 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

AUTOMATIC COMPUTATION OF THERMAL CONDUCTIVITY FROM LINE-SOURCE DATA 
NSAMP=SAMPLE NUMBER 
NRUN=RUN NUMBEij. 
TINIT=l!\'ITIAL. TEMPERATURE IDEG Fl 
TOL=TOLEP.ANC 
NP=NUMBE~ OF SETS OF DATA PGINTS 
EMINIT= INITIAL TEMPERATURE 7MILLIVOLTSI 
Er+=~CTUAL MILLIVO~TS (NOT CHANGE IN MILLIVOLTS) 
iIME=TIME I SECI 
C=CURRENT, AMPS 
V=THERMOCOUPLE CONSTANT (MILLIVOLTS/DEG Fl 
P=RESISTANCE OF HEATER WIRE IOHMS/FTt 
K=THERMAL CONDUCTIVITY (BTU/HR FT DEG Fl 

DIMENSION EMllOOI, TIMEllOOI 
REAL K 

1 READIS...21 NSAMP,NRUN,TINIT,TOL ,NP 
2 FORMAT! 213,FlO. 6,El5. 8,131 
3 READ15,4lEMINIT 
4 FORMATIFl0.51 
5 READIS,61 IEMI Il,TIME(Il, I=l,NPI 
c. FORMAT12FlC.51 
7 READIS,81 C,V,R 
8 FORMAT! 3Fl0.41 
9 DO 11 l=l,NP 

10 EMIIl=EM(Il-EMINIT 
11 CONTINUE 
12 SUM=O.O 
13 SUMl=O.O 
14 SUM2=0.0 
15 G=O.O 
16 Gl=O.O 
17 G2=0.0 
18 M=O 
19 M=M+l 
20 GO TO 121,23,30,401,M 
21 G=O .O 
22 GO TO 50 
23 SUM l=SUM 
24 Gl=G.O 
25 IFISUMl26,28,28 
26 G=4.0 
27 GO TO 50 
28 G=-4. 0 
29 GO TO 50 
30 ZRl=SUMl*SUM 
31 IFIZRll 46,32,32 
32 M=~-1 · 
33 SUMl=SUM 
34 G l=G 
35 IFISUMI 36,38,38 
36 G:1G+2.0 
37 GO TO 50 
38 G=G-2.0 
39 GO TO 50 



CARD 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
8~ 
84 
85 
86 
f;7 

88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
1C7 
108 

63 

., 

80/80 LI ST 

00000000011111111112222222222333333333344444444445555555555666666666677777777776 
123456 789'CH23456789'0123.lt5 6 7890123456 7 890123456 7 89 0123 456 7 890123456 7 8 9 0123456 7 9qo 

40 M=M-1 
41 ZR 2= SU'4 l* SUM 
42 lF(ZR21 \6,46,43 
43 SUMl=SUM 
'4 Gl=G 
45 GO TO 48 
46 SUM2=SUM 
47 G-2=G 
48 G=G-SUM*I-Gl.-G2 I/ (SUM l-SUM2 I 
40 GG TO '5 0 
5(1 J=O 
51 SUMX=O.O 
52 SUMX2=0.0 
53 SUM X3=0. 0 
54 SUMX4=0.0 
5'3 SUMY=O.O 
56 SU'4 XY=O.O 
57 Sl-1X2Y=O .o 
58 DO 71 I =l , NP 
~9 Z=TIMEC 11-G 
6C I Fl Z I 71,71,61 
61 X=ALOGI Zl 
62 Y= EM I I I 
t3 SUMX=Su+IX +I( 
b4 SUM X2=SUMX2+ X** 2 
65 SUMX3=SUMX3+X**3 
66. SU'1X4=SUMX4+X**4 
67 SUMV=SUMY+Y 
68 SUMXY=SUMXY+X*Y 
69 SMX2Y=SMX2Y+X*Y*X 
70 J=J + l 
7l CONTINUE-
72 All=J 
73 A2l=SUMX 
74 A3l=SUMX2 
75 IU2=SUMX 
76 A22=SUMX2 
77 A32=SUMX3 
78 Al3=SUMX2 
79 A23=SU!o!X3 
8( A33 =SUMX4 
61 L=l 
82 EP= A ll*A22*.433+A 12*A 23*A3l+Al3*A2l•A32 
83 EQ=A3l*A22*Al3+A2l*Al2*A33+All*A32*A23 
84 E=EP-EQ 
85 GO TO (86,92,1051,L 
86 D=E 
87 A 13=SUMY 
88 A23=SUMXY 
89 A33=SMX2Y 
90 L=2 
91 Go· TO 82 
92 CN=E 
93 SUM=2.0*ICN/DI 

--.._ .. , { 
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80/80 LIST 

OOOOCOOOOllllllllll-22222222223333333333444444444455555555~5666666666677777777778 
1234567890123456~890123456789012345678901234567890123~56789012345678901234567890 

CARD 
109 S4 XXX=ABSISUM) 
110 g5 YYY=XXX-TOL 
111 96 IF(YYYI 97,97,19 
112 97 Al2=SUMV 
113 98 A22=SUMXY 
114 99 A32=SMX2Y 
115 lCC Al3=SUMX2 
116 101 A23=SijMX3 
117 1:02 A33=SUMX4 
118 103 Lz3 
119 104 GC TO 82 
120 105 BN=E: 
121 106 SLOPE=BN/0 
122 107 K=C3.4~3*C*C*V*RI/ISLOPE*4.0*3.1415926541 
123 108 WRITE16,109t N'SAMP,NRUN,TINIT,TOL,NP 
124 109 FORMAT(1Hl,9X,11HSAMPLE NO s,I3,5X,8HRUN NO =,13,5X,11HT I~ITIAL 
125 1, Fl0.4,//,l6X,5HTOL =,E15.8,10X,16HNO CATA POINTS =,13,/1 
126 110 wRITE16,1111 iEMIIl,TIMEII), 1=1,NP) 
127 ~11 fORMATC/,10X,12HMILLIVOLTS =,El5o8, lOX, llHT IMECSECt =, Fl0.41 
128 112 WRITEl6,ll3) C,V,R 
129 lU FORMATl. /f,10Xd5HCURRENTIAMPSI =,Fl0.3,lOX,16HV CMV/TEMPIFII =, 
130 1Fl0.4,//,l~X,37HRESISTANCE OF HEATER WIRE IOHMS/FTl =,Fl0.41 
131 114 WRITE(6,1151 K,G,SLOPE 
132 115 FORMAT( /,10X,22HTHERMAL CONDUCTIVITY =,E15.8,//,9X, 
133 123'-ITIME CORRECT!-ON (SECI. "',E15.8,//,10X,7HSLOPE =,E15.8) 
134 116 GO TO l 
135 END 
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