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ABSTRACT

TEMPERATURE DISTRIBUTIONS AND EFFECTS

OF HEAT APPLIED T0 PLANT STEMS

by

Carl H. Thomas

The objectives of this investigation were the determination of

the response of a plant stem exposed to a high temperature environment

and the development of an expression for the prediction of the tempera-

ture distribution in the stem. The findings will be useful for improving

recommendations involving the use of flame and electric heating for

such processes as the control of weeds in crops, the burning of leaves

from sugar cane and foliage from potatoes, the defoliating of cotton

plants, and the rapid drying of biological materials.

Expressions for predicting the temperature distribution in

plant stems exposed to a suddenly changing temperature environment were

developed and solved numerically by finite-differences using a digital

computer. the analysis accounted for the change in the physical

properties due to a change in the temperature and moisture content.

It was found that the cell tissue of corn stems is killed by

approximately 60 degree-seconds of heat exposure above 130°F. There-

fore, a high temperature heat for a short time does not necessarily

result in tissue damage at a critical depth.

A parametric study showed that the diameter of the stem is the

most important factor to be considered when applying heat to that part
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of a plant. This offers the possibility of selectivity for killing

weeds of small diameter without causing critical damage to the crops

with stems of larger diameter.

The stem of a living plant has a very complex structure with

properties that are difficult to describe for use in engineering

analyses. The properties change with changes in their environment and

are not reversible. Wide variations in densities and moisture contents

were measured among positions on the corn stems.
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NOMENCLATURE

thermal diffusivity (Eta/Hr).

specific heat (BTU/Lb °F).

mass diffusivity (Fta /Hr).

overall heat transfer coefficient, 8 > 8 (BTU/Hr Ft2 °F).

1

overall heat transfer coefficient, 01< 8 S 9 (BTU/Hr Ft? 9F).

1

thermal conductivity (BTU/Hr Ft °F).

number of time step.

number of node.

node at surface.

rate of heat lost during cooling, 9 > 61 (BTU/Hr Eta).

rate of heat gained during heating, 0 < 6 S 81 (BTU/Hr Ft2).

radius of cylinder (Ft).

critical radius at point of property changes, (Ft).

outside radius of cylinder (Ft).

dimensionless radius (r/rs).

density' (Lb/Fta).

temperature (°F).

initial temperature (°F).

surface temperature (°F).

fluid temperature (°F).

dimensionless temperature (t/ts)

dimensionless surface temperature (ts/ts).

dimensionless fluid temperature (tfllts)'

time (Hr).

total time for heating (Hr).

ix



T = dimensionless time «me/r52)-

T = dimensionless time for heating «19 /rse).
1

1

NOte:

subscript 1 implies r < rc.

subscript 2 implies r 2 rc



I. INTRODUCTION

Flame has been used effectively for the control of weeds in

crops for the past decade. The principle use has been in row crops

with plants tall enough to-allow passage of the flame underneath the

foliage. The plant stem is exposed to the intense heat for a short

period of time during each flame application. In cotton, corn and

soybeans the flame applications supplement the uses of chemical and

mechanical cultivation for the control of weeds.

The normal flaming operation utilizes two or more burners for

each row directing the flames toward the base of the crop plant and

allowing the flames to pass over the seedbed surface. The flamer

normally travels at speeds between 3 and 6 miles per hour. At 3 miles

per hour with two conventional burners, 7.5 inches wide, the flame

contacts the main stem of a plant a maximum of 0.28 second. Due

to the short exposure of the plant stem to the flame, the high temper-

ature can be tolerated by the stem. Watson (1961) measured the flame

temperature to be approximately 2000 degrees Fahrenheit in the zone Where

the flame contacts the plant stems. This high temperature prevails

at the base of the plant and near the soil surface on both sides of

the seedbed.

The tolerance of a plant to the flame is affected by the surface

structure of the plant stem as well as internal characteristics. The

characteristics of the surface of the stem may be influenced by the stage



of plant maturity. For example, a young fast-growing cotton plant has

a smooth waxy stem, while a mature cotton plant has a rough and corky

stem. The stem of a corn plant is smooth for all stages of maturity.

See Figures 1, 2 and 3.

The stems of corn plants are high in moisture (55 pounds per

cubic foot) near the ground and low in total moisture (25 pounds per

cubic foot) near the top of the plant. The stem density is approximately

63 pounds per cubic foot near the ground and may reduce to approximately

30 pounds per cubic foot near the top of the corn plant.

The use of flame for weed control in crops offers several

distinct advantages over chemical and mechanical methods. Flame

leaves no harmful residue in the soil and does not contaminate the crop,

while chemicals may cause crop contamination and leave harmful residues

in the soil. The hazards of handling flame are not as great as they

are for handling chemicals.

The disadvantages of using flame include the need for precise

placement and timing of the application and the low efficiency for con-

trolling weeds. The efficiency may be improved as a result of increased

knowledge of the effects of applied heat on plant tissue. Data on

physical and thermal properties are essential to an analysis of the

influence of applied heat on plants. There is not much information

presently available relative to these properties. The physical pro-

perties such as surface roughness, moisture content and bending strength

of the stem influence the timing and techniques of operations such as

mechanical cultivations, chemical applications and flaming for weed

control. Thermal properties such as specific heat and thermal con-



ductivity influence the heat tolerance as well as the movement of heat

into the stem. With information on these factors, more precise timing

and techniques of applications of flame could be developed.



 

Figure 1: Surface of corn plant (one inch diameter).

 

‘Figure 2: Surface of cotton stem Figure 3: Surface of cotton stem

(one-half inch diameter, (one-fourth inch dia-

two months old). meter, three weeks old).





II. LITERATURE REVIEW

Very few investigations in the heat transfer literature have

been concerned with living plants. However, the techniques developed

for studying other biological products may have some application to

the study of living plants.

Physical and thermal properties of biological products are very

difficult to define. As stated by Lentz (1964):"Biological materials

are much more complicated than other types of materials and they may

vary considerably from one sample to another in both composition and

structure." Many of the properties will change with changes in time,

temperature and surroundings. These changes may not be consistent

and they are probably not reproducible or reversible.

Many references are available in the literature dealing with

the measurement of the thermal properties of biological products (foods).

Woodams §£_gl.(l968) accumulated a list of literature values of thermal

conductivities of foods. The methods used for measuring these values

were not evaluated by Woodams. However, Reidy (1968) made an exhaustive

study of the methods for determining thermal conductivity and thermal

diffusivity of foods. Reidy's accumulation of values for thermal proper-

ties of foods gathered from the literature is probably the most complete

list of these data available. His most prevalent comment regarding

methods used by researchers to determine thermal properties was that

the procedures used and the existing conditions were generally not

adequately described. This lack of information reduces the confidence with



which others can use the data.

A few of the investigations from the literature are included

in the following review as they may relate to this investigation.

As most of the thermal properties reported are for foods, the values

are not readily applicable to the plant stem model used.

THERMAL CONDUCTIVITY, SPECIFIC HEAT AND THERMAL DIFFUSIVITY

Gurney g£_gl.(l923) recognized that "the temperature-time

relations in the interior of solid bodies which are either being

heated or cooled may be empirically determined by inserted thermometers,

thermocouples or other temperature measuring apparatus, or may be

calculated from the assumed conditions in conjunction with the physical

constants of the materials, the surrounding contours, shapes and media."

Thermal physical data are not sufficient and technical conditions

can rarely be controlled to coincide with the theoretical prototypes.

"Where empirical observations and theoretical calculations may be

made concurrently, new physical constants may be determined which will

be found to be more reliable in predicting other time-temperature

' The curves ofrelations under different, though similar conditions.’

Gurney were obtained by converting some of the more common formulas

for heat diffusion into expressions containing pure ratios or nondimen-

sional variables onlx,thereby enormously reducing the necessary basic

calculations as well as extending their field of applicability.

Itethley et al.(1950) determined the average thermal conductivities

of some fruits and vegetables over the range of 0° to 80° F by immersing



solid objects of food and canned foods suddenly into a cold constant-

temperature medium. The temperature history of the food pieces and

canned foods made possible the calculation of the thermal diffusivities

using the graphical method of Gurney. For the specific heat of a fruit

or Vegetable, these investigators used an average apparent specific heat

which was defined as "the quotient obtained by dividing by 80 the total

BTU's required to raise the temperature of one pound of the substance

from 0° to 80° F." For the temperature interval of 32° to 80° F

Kethley found that the average thermal conductivities of strawberries,

Irish potato flesh, English peas and peach flesh ranged from 0.61 to

0.78 BTU/Hr Ft °F.

Eucken (1940) applied a formula, derived by Maxwell (1904) and

published in (1954) by Dover Publications, Inc., that expressed the

thermal conductivity of a material as a function of the relative volumes

and the conductivities of the different particles of which the material

is composed.

Lentz (1961) applied the Maxwell—Eucken equation to 6%, 12%

and 20% gelatin gel solutions and obtained a theoretical thermal

conductivity. The theoretical and experimental values are in good

agreement (-2.4% to 0.4% difference) for the 6% and 12% gel solutions

but not for the 20% gel solution (4.3% to 14.1% difference). Lentz

used a guarded hot plate apparatus to determine the experimental

thermal conductivity of the concentrations of gelatin gels from -25°

t0.5° C. Using this method for determining the thermal conductivity

of ice:, Lentz obtained results with the guarded hot plate that are about

1% 1O'Wer'than the most reliable values available. In experiments with



heat flow both parallel and perpendicular to the grain of meat, Lentz

also determined the thermal conductivities of several kinds of meat

for -25° C to 10° C. The thermal conductivities of all the meats

are about equal and about 10% below the established values for water.

For temperatures below -10° C, thermal conductivity curves for meats

are a linear function of temperature with the thermal conductivity

increasing as the temperature decreases. Lentz did not find a direct

correlation between the thermal conductivity and the moisture content

or fat content of the product. Heat conduction was found to be 15%

to 30% higher along the fibers than across the fibers.

A simple method for calculating the thermal diffusivity, a,

involves the use of the equation<1 2:; = éE. This equation is

a 66

put in finite-difference form using temperatures, t, at three positions,

x, in a one-dimensional body at two times, 6. The thermal diffusivity,

a, is then calculated from the finite-difference equation. The thermal

diffusivity is found as a function of time and temperature. Beck

(1963), however, developed a calculational method which is superior to

the above method with respect to errors in the thermal diffusivity

caused by differences between measured temperatures and those cal-

culated by the finite-difference equations. The calculated temperatures

are determined using a finite-difference approximation of the heat

conduction equation. An iteration procedure is used to find the thermal

diffusivity, beginning with an initially estimated value. After the

thermal diffusivity is found for one time interval, it can be found

for succeeding time intervals and expressed as a function of temper-



atures (provided the changes in temperature with respect to position

and the time intervals are not too large). The accuracy of the thermal

diffusivity value depends, therefore, on the number of measured and

calculational positions as well as upon the accuracy of the measure-

ments.

Matthews(1966) determined the thermal diffusivity of potatoes

from temperature measurements with a transient heat source using

a numerical method of finite-difference approximations. The tem-

perature change was measured within a finite thickness of potato

resulting from an applied heat at one face. The finite-difference

approximations used by Matthews were based on the procedure developed

by Beck (1963).

Parker g£_§1. (1967) made measurements of the density, specific

heat, and thermal diffusivity of cherry flesh between 80° F and 40° F

from which they calculated the thermal conductivity." They arrived

at the following empirical equation by multiple correlation analysis:

K = -0.275 - 0.000935 + 0.280%E1 + 0.327c
f1 f1

Where: Kfl = estimated thermal conductivity (BTU/Hr Ft °F)

SS -= soluble solids content of the flesh (%)

pf1 = density of the flesh (gm/cc)

cf1 = specific heat of the flesh (BTU/Lb °F)

Beck (1964) developed a technique for the simultaneous deter-

mination of specific heat and thermal conductivity of solids from

transient temperature measurements. The properties are found by making
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the calculated temperatures match the measured temperatures through

a nonlinear least-squares analysis. Finite-difference approximation

to the heat conduction equation is used to calculate the temperatures.

The thermal conductivity is determined using steady-state conditions

while specific heat and thermal diffusivity require transient conditions.

The heat flux and temperatures alone can be used to determine thermal

diffusivity. With the use of a digital computer, these properties

can be readily calculated by this method with less than 0.1% error

as a result of approximations in the numerical procedure. Errors in the

properties considerably greater than this are usually found due to errors

in the temperature and flux measurements.

Kopelman (1966) suggested the relation:

cp = M.C. (1.0) - (1.0 - M.C.) P

Where: c = specific heat of a substance (BTU/Lb m)

P

M.C. moisture content (w.b.) expressed as a decimal.

Factor relating the contribution of the solids

to the specific heat.

P

This relation is of the general form:

Number of components of the material considered.§ (
0

H (
D

5

II

Factor relating the contribution of each component

to the specific heat.

'
1
1 II

For potatoes and carrots, which contain components quite

similar to those of corn stems, Kopelman's equation agrees with the

most reliable values of specific heats obtained by others and compiled by

Reidy (1968) with less than 1% error.



11

Many other literature sources are available on the determination

of specific heats of foods; however, most of these report specific

heats for temperatures below 80° F, except for some meats. These

results have little or no application to this investigation with the

stems of plants.

HEAT TRANSFER EQUATIONS

Numerous papers have been written on the solution of heat trans-

fer equations for various solids of different shapes. Some of the

theories were developed many years ago.

A great number of solutions of the heat conduction equation

for many different initial and boundary conditions and changing

thermal properties have been collected by Carslaw g£_§l.(l965).

To solve the temperature-time history analytically at a large number

of locations is, however, a very tedious operation because of the

infinite series, Bessel functions and other complicated terms in the

solution.

Kreith (1964) pointed out that the graphical method of analysis

known as the "Schmidt plot" can be applied to long solid or hollow

cylinders. The accuracy of this method depends on the number of approx-

bmations used in the solution. The Schmidt method is flexible and

yields practical solutions to problems which have such complicated

boundary conditions that they cannot be handled conveniently by

analytical methods. In the past, the graphical method for solving

unsteady heat conduction problems was widely used in industry as it

gave a continuous record of the changing temperature distribution and its



12

details could be delegated to relatively untrained personnel. However,

for precise computations, especially when variations of physical proper-

ties are important, numerical methods are preferred.

Because of striking engineering advances involving complex

shapes of bodies, Dusinberre (1961) explained that it might be best

to use numerical methods to predict temperature distributions. Even

though the details of such calculations are often simple enough, the

size of the job might be appalling. This handicap has largely been

elflminated by the rapid development and widespread availability of

digital and analog computers.

EVAPORATIVE COOLING FROM MASS TRANSFER

Luikov (1964) stated that the effect of mass transfer with

evaporation of liquid from capillary-porous bodies mainly results in

the change of heat and mass transfer mechanisms due to deepening of

the evaporation surface into the interior of the body. When the surface

of evaporation deepens, the heat transfer coefficient is higher than

that with evaporation on the surface. At drying with deepening of

the surface of evaporation, the heat transfer coefficient will be

higher than that of a dry body.

Luikov (1964) further discussed experiments by Mironov (1962)

who showed that with porous cooling the heat-transfer Nusselt number

is larger than Nusselt numbers for pure heat transfer. Also, Nusselt

numbers with porous cooling are larger than those with drying. This
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difference increases with Reynolds number. Mass transfer Nusselt

numbers with porous cooling are smaller than those with drying.

This difference decreases with increase of Reynolds number.

"With porous cooling, evaporation occurs at a body surface or in a

layer close to it. With drying of a moist body, evaporation 'can'

take place at a certain depth even at constant rate of drying.

Increase in air velocity is known to move the evaporation zone into

the interior of the body." The amount of heat spent for evaporation

is relative to the amount of moisture evaporated. Heat required

for this evaporation is transferred to the evaporation zone not

only through a boundary layer at the surface, but also through a very

thin layer of the body. Heat and mass are transferred through this

layer of the body by conduction and diffusion. External heat and mass

transfer depends on heat and mass transfer inside the body.

TECHNIQUE FOR TESTING PLANT CELLS FOR EVIDENCE OF LIFE
 

Attempts have been made to develop a quick and simple technique

for detecting evidences of life in a plant cell. The use of a micro-

scope for this purpose requires the skill of a rarely found individual.

Moore (1960) has discussed a technique using tetrazolium (2, 3, 5 —

triphenyl tetrazolium chloride) which gives a normal red color when

hydrogen from respiration processes of each living cell combines with

the absorbed solution. Peculiar purplish red colors are produced by

chemical reactions other than that between hydrogen and tetrazolium.
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DISCUSSION OF THE LITERATURE CITED

The unrestricted use of values for thermal properties of

biological materials as compiled in the literature is questionable.

The method by which the properties were measured apparently plays an

important part in the magnitude of the values reported. The materials

and the conditions under which the data were obtained are often poorly

described. This limits the field of the applicability of the data.

For this author's study, no data on thermal and physical

properties of plant stems were found. It was apparent that these

properties must be measured or assumed. From the study of the literature,

it appeared that the methods of measuring the thermal diffusivity used

by Matthews (1966) and the specific heat used by Kopelman (1966) were quite

reliable. By measuring the density of the corn stems used as models,

the thermal conductivity could then be calculated by the relation:

_ k

a - --pc

P

where: a = thermal diffusivity (1/Ft?)

k = thermal conductivity (BTU/Hr Ft F)

p = density (me/Fts)

cpf specific heat (BTU/me)

The evaluations of the literature regarding methods of measuring

thermal properties as made by authors such as Matthews (1966), Parker,

££_al.(l966), Kopelman (1966) and Reidy (1968) were very helpful.

The numerical approximation to the solution of the heat conduction

equation as described by Dusinberre (1961) appeared to be the best

available means of approaching this problem. Exact analytical solutions
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as compiled by Carslaw §E_al.(l965) were not applicable to this

problem, as a description of the temperature distribution at

the immediate end of a very short heating period was needed to express

the temperature distribution at various times during cooling.

A search of the literature revealed very little information

on methods of determining whether or not cell tissue of plant stems

was killed with applied heat Also, no information was found relative

to the temperature and time of exposure required to kill cell tissue of

plant stems. The method described by Moore (1960) using tetrazolium

(2, 3, 5 - diphenyl tetrazolium chloride) appeared to have some

possible application to this problem although the technique was developed

for determining the viability of seeds.
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III. STATEMENT OF THE PROBLEM

The purposes of this investigation were to determine the

responses of a plant stem to high temperature heat exposures and

to develop expressions indicating the temperature history of the

exposed stem.

The objectives were the following:

1) To determine the temperature and time required to kill

2)

3)

the cells of a plant stem by applied heat.

To measure the temperature history and depth at which cells

in a plant stem are killed by a short exposure to heat.

To demonstrate by numerical approximations the temperature

history for a plant stem as affected by the following

variables:

a)

b)

e)

d)

e)

Temperature of the heat source

Time of exposure to heat

Diameter of the plant stem

Density of the plant stem

Thermal properties of the plant stem
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IV. EQUIPMENT

The following apparatus and instruments were used:

1) Potentiometers -

a) Servo Riter II, Manufactured by Texas Instrument Company,

b)

e)

d)

2 pens, single chart, continuous recording, accuracy

i 0.25% of full scale.

Model G, Manufactured by Leeds and Northrup Company, 2 pens,

single chart, continuous recording, accuracy i 0.3% of full

scale.

Visicorder, Model 906C, Manufactured by Honneywell, Inc.,

12 channel, single chart, continuous recording, accuracy

i0.3% of full scale.

Precision Potentiometer, Model 8686, Manufactured by Leeds

and Northrup Company, accuracy i 0.03% reading, + 3 micro-

volts without a reference junction, for calibrating

recording potentiometers.

2. Thermocouples -

a)

b)

e)

Copper-constantan, 0.012 inch diameter (30 gauge) wire, in

1/6 inch diameter stainless steel probe, for internal tem-

peratures when using flame as the heat source.

Iron-constantan, 0.012 inch diameter (30 gauge) wire, for sur-

face temperature of silicone rubber model using flame as the

heat source.

Chromel-alumel, 0.003 inch diameter wire, closed junction in



3)

4)

5)

6)

7)
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a 0.02 inch diameter stainless steel probe, used for sur-

face and internal temperatures of the samples when using the

electric furnace as a heat source.

Heat Exposure Apparatus -

a) Flame burner equipment, illustrated later.

b) Electric furnace, Type FH305, Manufactured by Hoskins

Mfg. Company, 20 volts, 50 amperes.

c) Hot water bath with stirrer and heaters.

Sample Holders -

a) Holder for stem segments when using flame as a heat source,

illustrated later.

b) Holder for stem segments when using the electronic oven

as a heat source, illustrated later.

Hand Microtomes -

a) 3/8 inch diameter tube

b) 1/2 inch diameter tube

c) 3/4 inch diameter tube

Thermal Diffusivity Apparatus -

This apparatus was designed and built by Matthews (1966)

and modified to handle corn stem sections.

Miscellaneous equipment used for measuring the density, spec-

ific heat and moisture content of the corn segments -

a) Torsion balance, Manufactured by Torbal, 0.1 gram

graduation.

b) Electric ovens, For determining the moisture content of

corn stem segments.



8)

9)

10)

11)
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c) Hand refractometer, Type 25B, Manufactured by American

Optical Company.

d) Constant temperature reference junction box, Type 106,

Manufactured by Thermo-Electric Company.

e) Graduated cylinders to measure water displacement.

Electric timer - Manufactured by Cramer, 0.01 second graduation.

Computational Services -

CDC 3600 and IBM 7040 Digital Computers

Corn stalks -

a) MSU 100 variety - near stage of maturity, starch kernels.

b) Aristogold Sweet - at milk stage, developed kernels.

2, 3, 5 - triphenyl tetrazolium chloride
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V- PROCEDURES

Stem.segments from living corn stalks were selected as the

plant model because of the possible homogeneity of the physical pro-

perties and the close relationship of the corn plant to the existing

problem. Corn and cotton are two of the main crops on which flame is

used for weeding. 0n comparing the cross sections of stems of corn and

cotton plants as shown in Figures 4 and 5, the corn stem.was selected

as the model for this study.

Corn plants were selected from the field and stem segments were

selected from the plants on the basis of size, shape and location on

the stalks.

l) The stem segment was trimmed with a cork borer to fit

the selected hand microtome. The trimmed segment was

placed in the microtome tube and thin sections, approx-

imately 0.035 inch thick, were cut with a razor blade.

Although thinner sections could have been cut by this

method, they were more difficult to handle and did not

improve the results.

The thin sections were exposed to heat using a stirred

water bath at the selected temperature. To establish

the desired ranges of temperatures and times of exposure,

initial studies included the following treatments:



21

 

Figure 4: Cross-section of one inch diameter corn stem.

 

Figure 5: Cross-section of one-half inch diameter

cotton stem.
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Water Bath Exposure

Temperature (°F) Time (Seconds)

120 1, 2, 4, 10

140 l, 2, 4, 10

160 l, 2, 4, 10

180 l, 2, 4, 10

210 l 2, 4, 10

 

The exposed sections of cell tissue were placed in

small vials containing a 0.25% solution of tetrazolium

(2, 3, 5 - triphenyl tetrazolium chloride). The solu-

tion was prepared by adding one gram of the tetrazolium

powder to one pint of distilled water.

Staining was normally apparent within four hours after

being treated and stored at approximately 85° F. The

distinct pink coloring was evidence that the cell tissue

was not killed by the applied heat. Cell tissue that

remained white or pale green was dead. From the results

of the above initial experiment, additional experiments

were planned, which included the following treatments:

 

 

 

 

Water Bath Exposure

Temperature (°F) Time (Seconds)

120 4, 6, 8, 10

160 1, 2, 3, 4

180 1, 2, 3, 4

210 s. 1. 1%. 2
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Additionally, the above indicated treatments were

repeated to include samples of plant tissue from four

locations on the stems of corn plants. These locations

were the first, third, fifth and seventh internodes

above the surface of the seedbed on which the plants

were grown.

Heat exposed sections were compared with tissue sections

that were not exposed to heat. Photographs of the results

were taken and used in the discussions.

To simulate the exposure of plant stems to high

temperature heat as in flaming for weed control, an elec-

tric furnace as illustrated in Figure 6 was used. The

temperature inside the furnace was regulated with a

rheostat. Temperatures up to 2200° F could be obtained

with this equipment.

Stem segments were obtained from corn plants at

selected internode locations on the plant. The inter-

nodes were numbered, beginning at the ground level.

Selected stem segments were trimmed at the node on each

end and carefully weighed. The volume was measured by

displacement of water in a graduated cylinder. A

thermocouple. 0.02 inch diameter probe, was inserted

from the end of the stem segment and the prepared sample

was placed in the holder, which is also illustrated in

Figure 6. The sample was exposed to heat inside the furnace
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Figure 6: Electric furnace and sample holder used to

expose plant samples to heat.

 

Figure 7: Equipment used to inject plant samples into

electric furnace.
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with the aid of the apparatus illustrated in Figure 7.

Time of exposure to heat was recorded by an electric

timer actuated by a micro-switch. Temperatures sensed

by the thermocouple were recorded on a chart by the

Visicorder recording potentiometer equipped with an

amplifier.

After the run was completed, the sample was weighed

and sectioned to determine moisture losses and the depth

of the thermocouple. Microtome sections were placed in

vials containing tetrazolium solution and studied as in-

dicated in procedure 1). Photographs of these results

were made for use in discussions that follow later.

Experimental runs were made also using flame as the

heat source. The following procedures were used for

these runs:

Stem segments were obtained from selected positions

on corn plants. The segments were prepared by trimming

the ends smoothly to give a sample seven inches long.

The leaves were removed and the weight and dimensions

of the sample obtained before the run.

Thermocouples were inserted from the end at approx-

imately 1/16 inch and 1/4 inch depths from the surface

of the sample. The prepared samples were held in the

specimen holder shown in Figure 8.

The heat exposure apparatus consisted of four Stone-

ville type agricultural burners mounted on a turntable
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Figure 8: Thermocouple probes being inserted into

the corn stem segment.

M' "AFL- .. ~-fl»”«~w"~11.th‘ . 40‘

wm
a",

 
Figure 9: The corn stem segment was exposed to

flames from four Stoneville type burners.
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equipped with a liquified petroleum gas system. The

burner frame was mounted so that the center of the

frame Passed the stem sample at 51.5 inches from the

center of rotation of the turntable. This apparatus

is illustrated in Figure 9.

After the run was completed, the sample was weighed

and sectioned to determine more precisely the depths of

the thermocouples.

The results from the experimental runs using flame

as the heat source were used in the discussion comparing

experimental and theoretical temperature histories.

A numerical solution of the conduction heat trans-

fer equation was developed to demonstrate temperature

histories for an infinitely long cylinder.

The solution was written and computer programs were

prepared. The contributing effect of each selected

parameter was studied by varying the magnitude of one

parameter at a time. Graphs of the temperature histories

were prepared and used in the discussions.

The study of the parameters affecting the temperature

distribution in an infinitely long cylinder with uniform

heating of the surface for a short period of time included

the following values (standard values are underlined):



a)

b)

C)

d)

e)

f)

g)

h)

i)

J')

k)

1)

m)

n)

to approximate those

a)

b)

C)

d)

e)
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hH (BTU/Hr/ F13 F) = 2., 4., 10., 20., 40., 100.

AC (BTU/Hrth F)=1.,_2__, 5 , 10,20

k.1 (BTU/Hr Ft F) = .1, Lg, 3, .6, 1 0

k; (BTU/Hr Ft F) = 1, .2, 4;, 6, 1 0

= .87, ;_1, 1.00.bcpl (BTU/L F)

cp2 (BTU/Lb F) = ,gz, .91, 1.00.

p (Lb/Ft3) = 30., 39;, 60., 65

1

p (Lb/Ft3) = 30., 40 , 60., 65

2

rs (Ft) = 01, .02, 03, 493, .05, .06, .08, .16, .32, .64.

r (Ft) = .035,r - 0.005

c ‘--- s

tfl (F) = 500., 1000., 1500., 1641., 2000. (Heating).

tfl (F) = 77. (Cooling).

A0 (Hr) = .00004.

Ar (Ft) = _._99_2.

N =.ZQ’ rS/O.002 (Integer).

The values of the standard parameters were selected

for a corn stem specimen as follows:

hH = 40.0 BTU/Hr th F -- approximated experimentally

with the aid of a silicone

rubber model.

hC = 2.0 BTU/Hr Ft2 F -- approximated for free con-

nection from a horizontal

cylinder, Kreith (1958).

k = 0.2 BTU/Hr Ft F -- measured

1

k = 0.3 BTU/Hr Ft F -- measured

2

c = 0.21 BTU/Lb F -- measured

P1



f)

g)

h)

i)

j)

k)

1)

m)

n)

0)
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cps = 0.87 BTU/Lb F -- measured

p = 40.0 Lb/Fta -- measured

0 = 60-0 Lb/Ft3 -- measured

 

 

e

_rs = 0.040 Ft -- measured diameter of the lower stem

segments of a corn stalk.

rc = 0.035 Ft -- assumed point of change of properties

in a corn stem.

tf1 = 1641.0 F -- Patin (1967), 0 < 8 S 0.

t = 77.0 F -- normal atmospheric temperature,
f1 -———-

e > 6.

A0 = 0.00004 Hr -- assumed time increment small enough

to allow several time steps during

the heating period.

Ar = 0.002 Ft -- rS[N.

N = g_ -- convenient number of depth increments as

illustrated in Figure 10. The nodal system

used for the cylinder as well as a semi-

infinite wall are shown. A solution of the

heat equations for a semi-infinite wall was

obtained and a sample output from the pre-

pared computer program is shown in the

Appendix (B and C).
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Figure 10

NOMENCLATURE OF NODAL POINTS USED FOR

FINHTE-DIFFERENCE APPROXIMATIONS OF

THE TEMPERATURE DISTRIBUTIONS

 

 

 

  
SEMI-INF‘IN ITE WALL



31

VI. NUMERICAL SOLUTION

OF THE MATHEMATICAL MODEL

The rapidly changing boundary conditions of the mathematical

model make this problem difficult to handle analytically. Exact

analytical solutions of the governing heat transfer equations require

accurate descriptions of the initial conditions for all phases of heating

and cooling. As heat is applied rapidly to the surface of the model

for a very short period of time (less than 0.5 second) and then the

model is allowed to cool at ambient conditions, the temperature of

the surface and points below the surface is changing rapidly.

Therefore, the intital condition for the cooling phase is not

well defined. The numerical treatment of the heat conduction equation

using finite-difference approximations by the Crank-Nicholson (1947)

method, however, gives reliable indications of the temperature dis-

tribution at any time. This application of finite-difference approx-

imations demonstrates a uniqueness not normally seen in the use of

heat transfer equations.

The mathematical formulation of this problem involves rates

of change of the dependent variable, temperature, with respect to two

independent variables, radius and time.

The computational development of the numerical method involves

a large amount of arithmetic; therefore, whenever possible, terms

are arranged for one solution to suffice for a variety of different

problems.
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Several simplifying assumptions are made to facilitate the

solution to the problem. The assumptions include the following:

1)

2)

3)

4)

5)

6)

7)

8)

The material is homogeneous in radial segments.

Non-homogeneity may exist among radial segments.

The specimen is cylindrical in shape.

The specimen is infinitely long.

Heat is applied evenly around the circumference and over

the length of the specimen.

Physical and thermal properties are constant for each

radial segment of the specimen.

The diameter is constant over the entire length of the

specimen.

No mass transfer is assumed to occur.

Considering the above listed assumptions, the basic differential

conduction heat transfer equation reduces to:

.9.

5r

6: at

(kr 3;) = pcpr '35
(6-1)

Since k is assumed to be constant for each radial segment,

equation (6-1) may be written in the form:

021: at g;
kr—+k-—=pc

Or:

6 5r pr Be (6-2)

§2t+15t 1a:

a}? :6: 636 (6-3)
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Equation (6-3) can be put in the dimensionless form:

621?. 112.2:
a? R R br (6-4)

Where:

__t ..._t_ __9_

R - r ’ T - t ’ T — r 2
S S S

The initial and boundary conditions are assumed to be:

T(R,O) = Ti ; T = 0, for all R (6-5)

%%(O’T) = 0 ; for all T (6-6)

dH = - k'%§ r = l

= hH (Ts - Tfl) ; for 0 < T S T1 (6-7)

9: = ' k %% r = 1

= hc (Ts - Tfl) ; for T >rT1 (6-8)

Now, consider the finite-difference approximation to equation

(6-4) using the Taylor series expansion:

_ s12 93
T<n+1.m> ' T(n.m) T AR BRI (mm) + “We are ‘ (n.m)

1 baT

*6 (“>3 5113' (mm) + (6'9)

- 91 .1. ii:

Ton-hm) - T(um) ' AR 611' (mm) + 2 (AR)? am I (W)

1 9:11
- 6 (A103 5R3 I (mm) + (6-10)

Adding equations (6-9) and (6-10), neglecting fourth and

. . BQT . .
higher order terms and solv1ng for ER? l(n,m) gives.

gig ‘ = TL'lsm) + T(n+1:ml - ZTanm)

5R2 (mm) (AR)2 (6'11)
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Which is of order (AR)2.

With small AT, the approximation,

 

= T + T

T(n,m+%) (nlm) 2 (nlm+1) (6-12)

can be used in equation (6-11),

ear _ 1 _

5135' (n,m+1/2> ’ 2 (AR)? [T(n-1.m) + T<n-1,m+1>

-2T(n,m) - 2T(n,m+1) + T(n+1,m) + T(n+1,m+l):I (6‘13)

By subtracting equation (6-10 from (6-9) four times Tm

n .
and Tm+l’ o e can obtain

91‘. = _1__ - -

aR' (ma) 423R [T(n+1,m> + T<n+1.m+1> T<n-1.m> T(n-I.m+1>J

With an error of order (AR)2.

It can be shown also that,

_ T(n.m+1> ' T(n.m>
9?- I
at (nut) AT (6-15)

 

With error of order (AT)3.

With the substitution of equations (6-13), (6-14) and (6-15)

and rearranging terms, the approximation of the solution to equation

(6-4) becomes,

 

1 1 l 1

(Tax)? + '4m''11) T(n+1,m+1> ‘ (Iii)? + Z?) T<n.m+1)

1 1 _ __1 l

+(203102 ' 411M) T(n-1,m+l) ' '(2(AR)2 + 4RAR) T(n+1.m)

1 1 1 1

“011)? " I?) T(n.m> "3616? ‘ 4m) TOR-1,!!!) (6-16)

For the case of k and pcp varying with temperature, one can derive

similar to equation (6-16) for the temperature distribution in a
 

cylinder,

(6-14)



-
I
L
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A.-
[(kr)(W5) +31%] t(n+1’m+1) - [(kr)(n+,é) + (kr)(n_3é)

T 2“”Pr)(n) (23% ‘6. ,m+l) WWW.) " who-hm“)

= ' [(kr)<na> + kn 2 r3 t(n+1,m) + “MNas.) + “‘“(n-F)

‘2‘“Pr)(n) 3152‘3t(n,m> "Ukr’m-s) ‘lziA’r'Jtm- 1 m) (6-17>

Equation (6-17) permits temperature variable properties. For small

AT's, k and pcp can be evaluated at Tm'

Equation (6-17) is stable and valid for any values of A0 and Ar.

For the temperature at the center of the gylindrical model, R = 0,

=0 and ER = 0, Carslaw and Jaeger (1965) expressed the result as

1 8T _ 4

[5122+ R 6713 R=0 (AR)2 (Ti ' To) (6 18)

When evaluated at time, (m + g).

1 6T _ _ 2 _

[3? + '13 3'13] R=0 ’ (AR)? [T(l,m+1) + T(1,61) T(0,1141)

 

'T(0,m)] (6-19)

correspondingly,

_| = Tflmfl) ' Term)

Substituting equations (6-18) and (6-19) into (6-4),

—-—2— ['12 + T - T - T J

(AR)2 (1.m+1) (1.m) (0,m+1) (0.m)

- —1 [T<0.m+1> ‘ T(0.m>J (6‘2”_ AT

and rearranging terms, gives

- SLRE .__ (AR)?—

(1 + 2m )T(0,m+1) + T(1.urx+1) (1 ' 2m ) T(0,61)

T<1.m) (6-22)
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Putting equation (6-22) in dimensional terms and multiplying by

k results in

pc (Ar)a

- __P_____

0‘05) + 2A9 ) ”<0,m+1) +

pc (Ar)2

- __E_____

‘k<s> 2(16) ) t<0,m> T k<a> t<1.m) (6-23)

(%)

k0.) t<1.m+1>

Equation (6-23) is valid for determining the temperature at the
 

center of the cylinder.
 

At the surface n = N, r = rs, with the conditions (6-7) and (6-8)

and the approximations,

 

at _ h

S?"(N,m) "E [tfl ' t(N,m)J

= term) ' 3mm) <6-24)
Ar

_ “1N.m+1) ' fawn)
9—P— I
Be (m+%) A0 (6-25)

1
girgl (MW) = 5555 [t(N-l,m) + t(N-1,m+1)

'2t(N,m) '2t(N,m+1) + t(N+l,m) + t(N+1,m+1)] (6-26)

From equation (6-26),

= 2A3 _

t(N+1,m) k [tfl t(N,m)J + t(N,m) (6-27)

Or,

_ 11.0.: - _

t(n+1,m+1) ’ k [tfl t(N,m+1)] + t(N,m+1) (6 28)
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Therefore,

est _ 1

STEI (N,m+%) - 2(Ar)2 [t(N-1,m) + t(N-1,m+1) - 2t(N,m)

.. ME _ RAE

2t(N',m+1) + k <t£1 t(N,m)) + t(N,m) k

)+

(tfl ' t(N,m+1) t(N,m+1) 3 (6-29)

— h [2 (6-30)
tfl ' t(N,m) " t(N,m+l)J

Substituting equations (6-25),(6-29), and (6-30) into the dimension-

alized form of the differential equation (6-4) gives,

1

5655' “(N-m) + t(N-1.m+1) ’2t(N,m) ’2t(N.m+1)

11A! - -

+ k (thl t(N,m) t(N,m+1)) + t(N,m) + t(N,m+1)

_h_ =p_°2 -
+ 2kr (2tf1 ' t(N,m) ’t(1~1,m+1))J kAe (t(N,m+1) t(N,m) (6-31)

Multiplying by 2 (kN-%) (Ar)2 and rearranging terms, gives,

)2

- [(k)N-% + (1 +-$£) hAr + ZpCP'%%5——
(k)(N-s> t(N-1.m+1) S

N_1 + (1- + A—:E) hAr

6 rst(N.m+1> = ’ (k)n-s t<N-1.m> + [(k)

- ZhAr (1 +-%3) t (6-32)

8

.. SALE
2pcp 130 Jt(N,m) H

for calculating the temperature at the surface of the cylinder.
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VII. DISCUSSION OF RESULTS

DISCUSSION OF COMPARISONS BETWEEN EXPERIMENTAL AND CALCULATED

TEMPERATURE DISTRIBUTIONS

In the attempt to obtain a reasonable estimate of the overall

heat transfer coefficient for the surface of a cylinder of silastic

silicone, several values of the coefficient for heating were used.

The value giving the closest prediction of the temperatures actually

measured was selected as the standard overall heat transfer coefficient

for heating. In a similar manner, the coefficient for cooling was

chosen. These results are illustrated in Figure 11 for the surface

temperatures measured and predicted with two times of exposure using

flame for the heat source as was illustrated in Figures 8 and 9.

There was a time response lag in the recording potentiometer used.

As the response of the recorder was one second for full scale response,

the actual peak temperature of the surface was never reached with

the recorder. This response lag was not important when measuring the

temperature at a depth of 0.004 foot in the cylinder; therefore,

a relatively good prediction resulted as can be seen in Figure 12.

Temperature measurements at a depth of 0.008 foot in corn stems

were consistently higher than the predicted temperatures as illus-

trated in Figure 13. Since the surface temperature of the corn stalk

specimen was not measured, there was no indication that the predicted

surface temperature was correct. The assumed source temperature can

be too low. The accuracy of these predictions can be greatly improved
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Figure 11

TEMPERATURE AT THE SURFACE OF

SILICONE RUBBER SPECIMEN

(CYLINDER)
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Figure 12

TEMPERATURE AT A DEPTH OF 0. 004 FT.

IN SILICONE RUBBER SPECIMEN

(CYLINDER)
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Figure 13

TEMPERATURE AT 0.008 FT. FOR EXPERIMENTAL

PREDICTED
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when more complete and accurate descriptions are available for the

properties of the bodies considered.

gIscussmN OF RESULTS FROM HPERmENgs wrm HEAT EXPOSURE 0F CORN

its»: sams

Initial studies were made to establish the general ranges

of temperatures and times of exposure required to kill the cell

tissue from corn stems. The observations from these initial studies

using the water bath as the source of applied heat indicated

the following results of whether or not cell tissue was killed:

 

 

 

 

Temperature Time of Exposure (Seconds)

(°F) 1 2 3 4

120 No No No No

140 No No No Yes

160 No Yes Yes Yes

180 Yes Yes Yes Yes

210 Yes Yes Yes Yes

 

It was obvious that there was a temperature 115, time of

exposure relationship existing. Therefore, further studies were

planned with narrower ranges of times of exposure. The same

general temperatures were used as in the initial studies except

that til'ie 120° F temperature was eliminated.

A complete list of treatments, data and observations for

each run was accumulated and shown in Table 1. The visual observa-

tions are illustrated in Figure 14. Although it was difficult to arrive
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Figure 14

EFFECTS OF TEMPERATURE }I_8 TIME OF

EXPOSURE ON CELL TISSUE OF CORN STEMS
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at specific levels of heat exposure at which the plant tissue was

killed, the results indicated that the lower portions of the stems

of the corn plants were more heat tolerant than the upper portions.

The moisture content per unit volume of stem tissue was higher for

the lower portion of the plant; therefore, the total heat capacity

was higher. Also, moisture was more readily available at the sur-

face which probably resulted in evaporative cooling.

In Figure 14, a broken line was drawn connecting points immed-

iately below the lowest points of cell kill for each exposure time.

This dotted line represents the approximate critical level for expos-

ure of corn stem segments to heat. The line very closely approximates

a level of 60 degree-seconds of exposure above a base line of 130° F.

The critical level for heat exposure is an important factor for

most plants and plant products. This factor would be important in devel-

oping flame weeding recommendations, crop processing techniques including

curing and drying, and other recommendations related to heat exposure.

Measurement of the surface temperatures obtained when segments

of corn stems were exposed to heat was attempted with a small thermo-

couple (.02 inch o.d.). These temperatures were not consistent with

any particular characteristic of the stem segments. Considerable diffi-

culty was encountered with the placement of the thermocouple on the

surfaces of the samples. An exposure time of two seconds with the

electric furnace was used for these studies. Relatively uniform heating

over the surface of the samples was obtained with this system. As this

heat source was primarily radiation, the time of two seconds was used
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to reach a surface temperature comparable to that reported earlier and

illustrated in Figure 11.

A chromel-alumel thermocouple probe, 0.02 inch diameter, was

imbedded in a knife slit on the surface of the sample. It was attempted

to place the level of the thermocouple as near the level of the surface

of the sample as possible. Large errors would have been introduced

with the thermocouple attached to the outside of the surface of the

sample. This would produce a fin effect resulting in indications

of the temperature of the heat source rather than the sample.

Attempts to use temperature indicating lacquers were unsuccessful,

as it was very difficult to interpret the zone of actual temperature

indication. Surface radiometers could not be used with flame as a

heat source because radiation of the flaming particles introduce large

radiation errors. They could not be used with the electric furnace

because the resolution was not small enough to sense only the surface

of the sample and the furnace completely enclosed the sample as it was

heating.

A thermocouple was used, therefore, for this portion of the study.

The surface temperatures recorded are tabulated in Table 2

and plotted in the graphs that follow. Figure 15 shows the results

obtained for the relationship between the internode of the stems of

the corn plants and the surface temperature obtained when exposed to

2000° F for two seconds with the electric furnace. Correlation was poor

between the surface temperature and the stem internode above the surface

of the ground. Likewise, the correlations were poor between the surface

temperature and stem diameter and between the surface temperature and the

density of the stem samples as shown in Figures 16 and 17. The maximum
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Table 2

SURFACE TEMPERATURES OBTAINED WITH

STEM SEGMENTS OF CORN PLANTS EXPOSED

TO 2000° F FOR.TWO SECONDS

 

 

 

 

Treatment Internode Stem Diameter Stem Density Maximum Surface

No. (In) (lb/fta) Temperature (°F)

1 l 0.50 57.0 315

2 l 1.00 58.2 315

3 l 1.00 64.5 322

4 l 1.10 58.2 233

5 l 0.84 63.6 520

6 l 0.68 62.5 288

7 l 0.64 62.6 554

8 1 0.72 57.3 274

9 l 0.75 63.0 254

10 3 0.44 50.6 431

ll 3 0.85 38.4 541

12 3 1.00 31.8 409

13 3 0.75 37.2 346

14 3 0.60 47.1 470

15 3 0.58 47.2 299

16 3 0.60 28.9 306

17 3 0.68 41.2 256

18 5 0.40 50.0 415

19 5 0.79 31.1 294

20 5 0.90 21.2 330

21 5 0.65 26.6 234

22 5 0.52 31.6 375

23 5 0.50 38.6 253

24 5 0.55 22.9 284

25 5 0.55 24.3 494

26 7 0.28 48.9 348

27 7 0.71 40.2 294

28 7 0.57 28.8 425

29 7 0.70 20.8 447

30 7 0.55 28.0 312

31 7 0.50 28.5 307

32 7 0.40 48.3 257

33 7 0.50 23.5 287
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Figure 15

THE SURFACE TEMPERATURE OBTAINED ON

SEGMENTS OF CORN STEMS EXPOSED To

2000° F FOR Two SECONDS AS AFFECTED BY THE

HEIGHT ON THE STALK AT WHICH THE SAMPLE Is TAKEN
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Figure 16

THE SURFACE TEMPERATURE OBTAINED ON

SEGMENTS OF CORN STEMS EXPOSED TO 2000°

FOR TWO SECONDS AS AFFECTED BY

THE DIAMETER OF THE STEM

Cor. Coef. = 0.099

O'.6 0:8 1'.O 1:2

DIAMETER OF STEM (in)
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Figure 17

THE SURFACE TEMPERATURE OBTAINED ON

SEGMENTS OF CORN STEMS EXPOSED TO 2000° F

FOR TWO SECONDS AS AFFECTED BY

THE DENSITY OF THE STEM
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surface temperature recorded when exposing a corn stem segment to 2000° F

for two seconds was 554° F and the minimum was 233° F.

The inconsistency of data obtained in these experiments can be

related in part to the non-uniformity of the characteristics of the

corn stem segments and partly to the faulty location of the thermocouple.

For example, attempts were made to measure the densities and moisture

contents of segments of the stems. Though all of the plants were approx-

imately the same age, it was found that the densities for all nodes

ranged from 20.0 to 72.5 pounds per cubic foot. The overall variation

of moisture contents on a dry basis for all internodes was 248 to 772

percent; however, the greatest variations for an internode was for the

seventh internode, for which the moisture content varied from 248 to

772 percent. On a wet basis, however, the overall variation in moisture

contents was from 71.3 to 88.5 percent. The relationship between

density and the internode of the corn stem above the ground is shown

in Figure 18. Obviously, the density of the stem does not vary linearly

from the ground to the top of the corn plant.

The relationship between moisture content and the internode of

the corn stem above the ground is shown in Figure 19. It is difficult

to describe accurately the physical characteristics of the stem of a

corn plant. These characteristics are important, however, when attempting

to relate reactions of prediction models with reactions of the plant.

Therefore, predictions of temperature distributions within the stem of

a plant cannot be very reliable unless more accurate measurements

of the physical characteristics are made.
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Figure 18

THE RELATIONSHIP BETWEEN THE DENSITY OF A

CORN STEM AND THE HEIGHT ON THE

STALK AT WHICH THE SAMPLE
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Figure 19

THE RELATIONSHIP BETWEEN THE MOISTURE CONTENT

OF A CORN STEM AND THE HEIGHT ON THE

STALK AT WHICH THE SAMPLE IS
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The loss of moisture from the sample during heating was always

less than 0.5 percent (w.b.); however, the total loss for the heating

and cooling cycle was approximately 1.0 percent. Although the moisture

loss was relatively small, all occurred from a very thin layer at the

surface of the sample and from the ends. As the heat was applied

to the surface for a short period of time, the evaporative cooling

effect of the moisture could be significant.

DISCUSSION OF PARAMETRIC EFFECTS

The influence of any one parameter on the temperature distri-

bution in a body cannot be entirely separated from the remaining

parameters. It was difficult, if not impossible, to allow changes

in one parameter in real cases without causing a change in one or more

of the other parameters. For each parameter study, the temperature

distributions obtained were compared with the temperatures obtained

with the assumed standard sample illustrated in Figure 20.

A discussion follows for each parameter and its influence on the

temperature and, in some cases, its influence on one or more of the

other parameters.

1) hH (BTU/Hr Ft? F) -- overall heat transfer coefficient for

the surface during heating.

The temperature at the surface of the model is directly proportional

at any given time to the magnitude of the surface coefficient for

heat transfer as shown in Figure 21. This effect is further explained

under a following section discussing the influences of the diameter of

the body. Additionally, the influence of the surface coefficient is
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Figure 20

TEMPERATURE DISTRIBUTION HISTORY FOR THE

STANDARD SAMPLE USED IN THIS STUDY
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Figure 21

TEMPERATURE AT THE SURFACE

AS AFFECTED BY HEAT TRANSFER

COEFFICIENT FOR HEATING
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directly related to the temperature of the surrounding fluid (heat

source).

The heat transfer coefficient included portions of radiation,

convection and conduction heat transfer as an open flsms'wus used

as the source. The extremely rapid change from heating to cooling

made it very difficult to accurately describe the surface temperatures.

2) hC (BTU/Hr Ft? F) -- overall heat transfer coefficient for

the surface during cooling.

As the temperature of the surrounding fluid was considered to be

relatively low during cooling, a change in the value of the heat

transfer coefficient for the surface had very little effect on the

surface temperature of the model. This can be seen in Figure 22.

The surface heat transfer coefficient for the cooling period included

primarily free convective heat transfer into atmospheric air.

3) k (BTU/Hr Ft F) -- thermal conductivity of the model.

The thermal conductivity factor of the model was not assumed to be

a function of temperature and was assumed to be constant in radial

segments of a cylindrical body. A step change, therefore, was assumed to

occur at a critical radius of 0.035 ft.

As illustrated in Figure 23, the thermal conductivity in the

radial segment nearest the surface of the model played a very important

part in the temperature distribution. The higher thermal conductivity

factors resulted in lower temperatures at the surface. During heating,

the heat was conducted away from the surface more rapidly by high

thermal conductivity and the heat was made more readily available for

dissipation from the surface during cooling.
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Figure 22

TEMPERATURE AT THE SURFACE
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Figure 23

SURFACE TEMPERATURE AS AFFECTED

BY THERMAL CONDUCTIVITY FOR r > rC
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The thermal conductivity of the radial segment smaller than

rc had no effect on the surface temperature for the heating time

considered.

At a position of 0.004 ft from the surface of the cylinder,

higher thermal conductivity values in the segment greater than rc

resulted in more rapid temperature changes. The effect was not

as pronounced for changes in thermal conductivity for the segment

less than rc. These effects are illustrated in Figures 24 and 25.

4) cp (BTU/Lb F) -- specific heat of the model.

The specific heat was assumed to be constant and uniform in radial

segments of the cylindrical body. One stepwise change in specific

heat was assumed to occur at the critical radius, re.

The changes considered in the specific heat had no appreciable

effect on the temperature distribution of the body. A very slight

effect was found for changes in the specific heat at r'> rc. This

effect as shown in Figure 26 for the surface of the model was

inversely related to the magnitude of the specific heat.

As shown in Figure 27, the effects of changes in specific heat

at a depth of 0.004 ft were very slight for r > rC and there were

no effects from changes at r S re.

5) p (Lb/Ft?) -- density of model.

The density was assumed to be constant and uniform in radial segments

in the cylindrical model. One stepwise change in density was assumed

at the critical radius, rc.
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Figure 24

TEMPERATURE AT A DEPTH 0F 0.004 FT AS

AFFECTED BY THE THERMAL CONDUCTIVITY AT r < rC

(CYLINDER)
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Figure 25

TEMPERATURE AT A DEPTH OF 0.004 FT

AS AFFECT!” BY THE THERMAL CONDUCTIVITY AT r > rc

(CYLINDER) '
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Figure 26

SURFACE TEMPERATURE AS AFFECTED

BY SPECIFIC HEAT FOR r > re

(CYLINDER) '
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Figure 27

TEMPERATURE AT A DEPTH OF 0.004 FT

AS AFFECTED BY SPECIFIC HEAT FOR r >rC

(CYLINDER)
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For the segment less than re, a change in the density had no

noticeable effect on the temperature distribution.

A change in density for the segment greater than re, however,

had a very pronounced effect on the surface temperature, which

resulted in an important effect at a depth of 0.004 ft from the

surface. See Figure 28 for the effects at the surface and Figure 29

for the resulting effects at a depth of 0.004 ft. A 50% increase

in the density resulted in approximately a 20% lower peak temperature

at the surface. If sudden drying occurs in the surface layer resulting

in a decreased density, a rapid increase in surface temperature can

result. Under this circumstance, however, the thermal conductivity

factor probably decreases at a rate comparable to the rate of decrease

in density.

6) r8 (Ft) -- radius of the model.

The radius of the model had a greater potential effect on the

temperature at the critical point, rc, than any of the other parameters

included in this study with the exception of the temperature of the

surrounding fluid (heat source). Although this effect appeared

relatively insignificant on the surface as indicated in Figure 30,

the internal effect was extremely pronounced as shown in Figure 31.

The temperature at the 0.004 ft depth in Figure 31 rose to 125° F

in a period of 0.0016 hour (5.76 seconds) for the 0.01 foot radius

and eventually peaked at 130° F in 0.004 hour (14.4 seconds). A

peak temperature of 108.9° F at a similar depth in the cylinder of

0.02 ft radius was reached in a much shorter period, 0.002 hour. As

the radius was increased, the time required to reach the peak temperature
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Figure 28

SURFACE TEMPERATURE AS AFFECTED

BY DENSITY FOR I > r
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Figure 29

TEMPERATURE AT A DEPTH 0F

0.004 FT AS AFFECTED BY

DENSITY AT r > r
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Figure 30

SURFACE TEMPERATURE OF CYLINDER

AS AFFECTED BY DIAMETER
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Figure 31

TEMPERATURE AT A DEPTH OF 0.002 {IT a

As AFFECTED BY CYLINDER DIAMETER"

 

 

 

 

I's

0 .01 ft

120-: Cylinder

---- Semi-infinite Wall

110-

0 .02

0 .011

100;.
=0 '08
T0 .32

90T

,. __ ___ _____________
Wall

801 ,7 ’ ’ ’ ’’

C U V I
U j

0 32 6h, 96 128 160



72

continued to decrease.

The effects resulting from changes in the size of the cylinder

can be caused by several factors. The surface area per unit volume

per unit of length increases as the cylinder diameter decreases,

thereby allowing more heat per unit of volume. A point at a given

depth in a small cylinder is close to a greater surface area than

at a similar depth in a large cylinder. Therefore, the temperature

of a point at the considered depth in a small cylinder is influenced

more readily by a rise in the surface temperature than at a comparable

depth in a large cylinder.

7) tf1 (°F) -- temperature of fluid surrounding the model.

The surface temperature obtained was directly proportional

to the temperature of the flame used as a heat source as illustrated

in Figure 32.

The temperature at some fixed point in the flame was normally

not constant; however, for this study, the flame temperature at the

point considered was assumed to be constant. A heat source with a

temperature varying from atmospheric up to 2500° F for an average

temperature of 1641° F during the heating period gave a surface

temperature of the model quite different from that obtained with a

constant heat source at a temperature of 1641° F. See Figure 33,

which indicates a higher surface temperature for the constant temper-

ature°source.

Only one fluid temperature, 77° F, was used for the cooling

period.
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Figure 32

(CYLINDER)

SURFACE TEMPERATURE AS AFFECTED

BY SURROUNDING FLUID TEMPERATURE
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Figure 33

SURFACE TEMPERATURE WITH

CONSTANT XE VARYING HEAT SOURCE
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DISCUSSION OF ERRORS

The accuracy of the predicted temperatures by the numerical

analysis procedures used is almost entirely dependent upon the accuracy

of measuring or assuming the values of the contributing parameters.

These parameters for biological materials vary widely due to non-

homogeneity of the samples. The errors of measurement of some of the

characteristics of the stems of corn plants include the following

estimates:

1) Density - i 1% - by water displacement and weighing

2) Specific heat - i 2% by Kopelman (1966).

3) Thermal diffusivity - i 10% - Matthews (1966).

4) Thermal conductivity - i 12% - lecp)

5) Diameter - i 1% by measurement.

6) Moisture content - i 1% (w.b.) by oven.

To evaluate the relative effects of each of the above indicated

errors, each parameter must be considered for its relative contribution

to the temperature distribution. For example, the error of measuring

the thermal conductivity is obviously greater than that for measuring

the diameter of the sample. However, the effects of changes in the

diameter are greater than a comparable percentage change in the thermal

conductivity.

Kardas (1964) evaluated errors obtained when using finite-

difference solutions to the heat flow equation. His analysis was for

a slab with errors indicated at the surfaces and center of the slab.

The procedure involves the use of two figures reported by Kardas and

factors such as Biot No. (ha/k), Fourier No. (QT/32) and r (n2 A0) in the
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expression,

a n? = k (l i 6r) - E

where: e discretization error

E error parameter from graph

a § distance, rS for cylinder

n = number of increments

These errors are less than 12%. Likewise, Freed ££_§l. (1961) reported

that errors resulting from using finite-difference methods are less

than i2%.

Combining all of the above indicated sources of errors in the

numerically approximated solution, the predicted temperatures will have

an estimated error up to ilZZ.

An additional source of error could be the evaporative cooling

effect of the moisture losses from the surface of the plant stem.

Measurements in this study indicated that approximately one-half

gram of the total weight of each 100 gram sample was lost during the

heating period. If all of this moisture was lost from the surface of

the stem, not including the ends, the heat energy required to evaporate

the moisture can be significant.
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SUMMARY

The use of finite-difference techniques for describing the

temperature distribution in an agricultural specimen was demonstrated.

The accuracy of the calculated temperatures depended on the accuracy

with which the properties of the specimen were described. The

application of an earlier developed technique for measuring the thermal

diffusivity of the specimen was demonstrated. This technique was

found to be readily usable with some slight modification of the thermal

diffusivity apparatus.

Of the parameters discussed in relation to their effects on the

temperature distribution of the selected model, the diameter of the

cylinder is most critical. The diameter of the plant stem is a

reliable criterion for recommending intensity and time of exposure to

flame for weed control in crops. The moisture content of a plant

stem probably has considerable influence on the internal temperatures

resulting from flaming. Although the moisture losses from the samples

during heating was small (less than 1% by weight) as found in this

study, significant evaporative cooling probably resulted.

A uniform temperature of the flame had a greater effect on the

temperature of the body than an asymptotically increasing and decreasing

temperature. For more weed kill, therefore, exposure to a constant energy

source for a given period of time would be more effective than a higher

energy for a shorter period of time.
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SUGGESTIONS FOR FURTHER WORK

In order that processes involving the application of heat to

biological materials can be better understood and recommendations

be made for improving these processes, there is a real need to

continue to measure and accumulate data on the physical properties of

these materials. It is necessary to determine these properties as they

are related to temperature and mositure content. Evaluation of the

effects of moisture losses from the surface of a biological material

as related to the surface temperature is an important area of study.

Techniques and equipment for measuring the surface temperatures

and moisture losses from the surfaces of biological materials are

needed. It is difficult to attach sensing devices such as thermocouples

or thermistors to maintain intimate contact with the surface of a

biological material without altering the characteristics of the surface.

The suggested procedures for predicting temperatures and determining

heat damage should be tested on some fruits and vegetables, such as

apples, pears, squash, potatoes and sugar beets to obtain optimum

rates of applying heat if used for curing and storing them.

The effects of coupled heat and mass transfer (moisture diffusion

and evaporation) were not shown. More information relative to the coupling

phenomena was needed to show these effects. The heat equations and the

diffusion equations could be developed though the coupling equations

were not available. The heat equations would show the temperature history

when the body is considered as a semi-infinitely thick wall. The
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resulting temperatures would be lower than those obtained for an

infinitely long cylinder with similar heat exposure. Sample out-

puts for the temperature distributions obtained for a semi-infinite

wall as well as for a long cylinder are shown in Appendix C.

Using prediction equations with properties of the body to

be considered and data on the heat tolerance of the plant tissue as

demonstrated, the relative damage to a plant with applied heat can

be predicted.

These prediction techniques may be applicable to other processes

such as curing and storing sweet potatoes, burning the leaves from

sugar cane and foliage from potatoes, rapid drying of biological materials,

and applying heat for defoliating cotton when physical properties

of the plants and plant products are known.
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APPENDIX A

List of computer symbols used:

CPl

CP2

DR

DX

DT

HH

HC

PKKl

PKKZ

RC

RO

RHOl

RHOZ

TAH

TAC

'TI

cp (BTU/Lb F) -- Specific heat (r'< re).

1

cp (BTU/Lb F) -- Specific heat (r 2 re).

2

Ar (Ft) -- Radius increment.

X (Ft) -- Depth increment.

A6 (Hr) -- Time increment.

hH (BTU/Hr Ft? F) -- Overall heat transfer coefficient

(0<GSG).

1

hC (BTU/Hr Ft? F) -- Overall heat transfer coefficient

(8 > 0 )

1

NUmber of internodes ( distance increments ).

N + l -- Total number of nodes.

k (BTU/Hr Ft F) -- Thermal conductivity (r < re).

1

k (BTU/Hr Ft F) -- Thermal conductivity (r 2 re).

2

r (Ft) -- Radius

rC (Ft) -- Radius at which properties change.

rS (Ft) —- Outside radius.

p (Lb/Fta) -- Density (r < re).

1

p (Lb/Fta) -- Density (r 2 re).

2

t (°F) -- Temperature.

tf1(°F) -- Temperature of surrounding fluid (6 s U ).

1

tf1(°F) -- Temperature of surrounding fluid (9 > U ).

1

8 (Hr) -- Accumulated time.

ti (°F) -- Initial temperature (0 = 0)
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X -- X (Ft) -- Depth in wall.

XC -- Xc (Ft) -- Depth at which properties change.

XL -- XL (Ft) -- Total depth considered.

YYY -- 0 (Hr) -- Total time of run.

Other computer symbols were used for calculational purposes only

and were defined in comment statments in the computer programs included

under Appendix B.
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APPENDIX B

Sample Computer Programs used:

1) PROGRAM TEMPCYL -- to calculate the temperature distribution

in a long cylinder.

2) PROGRAM TEMPWAL -- to calculate the temperature distribution

in a semi—infinite wall.
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PRCGRAM TLMPCYL

FIND TEMPERATURE DISTRIBUTION IN AN INFINITE CYLINCER AF

TER A SHORT EXPOSURE TU FLAME UNIFORMLY CVLR.ITS SLRFACE.

DIPENSIDN A(30C193I35019CI300)yDI3C011TIBJD)9R139319

1RKI3JOITCCI3CJITDDIBCOI1X(30C19UI3U51

CDPMDN A98,CngT9CCyDDgTTyDTyTApDR9R09RH01cRHDZpPCClv

IPCCZIPKKI’pKKZICPIQCPZ’HQHHpHC9RC’N’TAH’TACgTH’DTH

RC=DUTSIDE RADIUS, RH01=DENSITY AT R.LT.RCCRFC2=DEASITY

AT RoGToRCg CP1=$PECIFIC,HEAT,AT R.LT.RQJ-C£2?$PEQLEIC

FEAT AT RQGTORC' PKK1=THERMAL CONDUCTIVITY AT R.LT.RCD

PKK2=THERMAL CCNDUCTIVITY AT RoGT.RC:T(hN1 IS THE TEMPER-

ATURE AT THE SLRFACE.

Til) IS THE TEPPERATURE AT THE CENTER.

105 FORMAT(1X9F8.591X910F8.31

103 READ 1049CASE9CT1YYYJRHOIDBHOZJRCICPIOCPthKKIQPKKZITH!

1TIvN

104 FCRMATI F4.39F8.59F6.3,2F7o2,5F6.3g F7.51F7.29I41

IFICASE.EQ.9.J)GD TD 1003

NN=N+1

READ 1059 DTHcThNCUTAHoTACTHHpHC,RC

195 FCRMAI‘IXOF70593£Z&212F79ZJF613)

YYY=9.J060

RC=RD-3.005

PRINT 205

2C5 FCRMATIIHll/1

PRINT 196

1J6 FCRMATIISX,42HCA$E. DT m YYY RHDI_ RHQZ -CPl. CPZ,

13X911HPKK1 PKKZ /1

PRINT 1379CASETDT9YYY9RHDI9RHDZ:CP19CPZ,PKK1.PKKZ

137 FCRMATI15X.F4.CyF8o59F7.492F6.294Fb.3//1

PRINT 108

108 FCRMATTIQX.41H R0 RC HH HC TAP IAC .

llx.9HTI N ./14
'

PRINT 1099RC9RC.FHyHC.TAH,TACoTI9N

159 FCRMATI19X9ZFb.3gZF7.293F7.1914//1

TT IS TIMEaTIK) 15 TEMP AT NDDE K, PKKK=K, PCCC=RHCFCP

J=C

1T3000

Ah=N

DR=ROIAN

CC 200 KV=19NN

J; TIKMI=TI

BECINNINC OF PROGRAM CALCULATIONS.

211 CALL CDETS

212 CALL TRIDI

TT=TT+DT

CC 40 II’IQBN

L=hN=II+1

4i UIIII=TIL1

IFIN.CE.2?1CD TD 45

IF‘N.EQ.15)CD TD 54 .

IFIN.EQ.10)CD TD 43

PRINT 4101TT,(L(K11K=1:NN1

41C FCRMATI10X9F8.596F8.3/I
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67

74

101

192

103

110

115

116

123

124

131

132

13?

14v

141

144

147

152

155

lba

161

162

163

164

165

166

451

44

45

111

112

455

831

802

901

16:»;

84

CC T0 455

PRINT 1109TT91DIK19K=1971

PRINT 4519(LTK19K=89AN1

FCRMATT18X94F8.3/1_H

GC T0 453

PRINT 11‘31TT91UTK10K‘1971

PRINT 1119(LTK19K38914)

GC T0 459

PRINT 11DvTToTLTK19K=1971

FURNATIlDXcF8.5aTF8.3I

PRINT 111v (UTK19K38'141

FCRMAT118X97F8.3T

PRINT 1129 (UTK19K3150211

FCRMATT18X97F8.3/I

J’J‘I

IFIJ.EQ.1lICU T0 801

IFTJ.EQ.251GU T0 801

IFTJoEQ.3gIGD T0 801

IFIJ.EQ.53)CD T0 801

IFTJ.EQ.67)GO T0 801

BC T0 991

PRINT 802

FCRMAT11H11

IFITT‘YYY) 211D211!1C3

YYY 15 MAX TIME FOR CALCULATIONS.

CDATINUE

STCP

EAC
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SUERDUTINE CCETS

TFIS PROGRAF GENERATES THE COEFFICIENTS.

CIPENSIDN,AI3GCJ¢BI3COI.C13CUIcDIBLDJ4TJBQCJ.RJ3ub19-

1RKI3391'CCT3801900(3C019XI300)vUI3LJI

CDPMDN Ag8.C.D.T.CC.CD.TTgDTgTAgDRgRflgRHfllthCZ.PCCla

1PCC29PKK19PKK2.CP19CP29H.HH.HC.RC.hyTAHyTAC.TH.CTH

AA=N

AA=N+1

CRR=DR*DR ..

IFTTT.GT.O.CCZ4)DT=0.CCO4

CCT=DRRIDT

PCC1=RH01*CP1

PCC2=RH025CF2

PECT1=PCC1'DDT/Z.J

PEETZSPCCZ'CDT/2.J

31173000

R(1)=D.3

BT11=-(PKK1+PDCT11

C(1)= PKKI

C(1)= (PKK1-PCCT11*TI11-PKK1'T121

IFITT.GT.3.CCJ15)GU T0 49

TA=TAH

P=FH

50 T0 225

TA3TAC

P=fC

RDA=RD-DR

RCE=RD+DR

RCAA=2.0*RO+CR

PKRA=PKK2*RDA

PKR8=PKKZ‘RC8

AIAN)=PKK2*PDA . ,

BIAN)=‘TAINA1+P'DR*RCB+Z.U*RC*PDDT2)

CIANI=3.0

DIAN)=-A(NN)*T(N1+(AIAN1+H*DRORDB-2.3*RDlPDDT21'TTAK)-

1 2.0'H'DR9RC85TA

DC 2 K32'N

KL=K+1

KJ=K-1

PKJ’K-l

PKL=K+1

PK=K

PN=N

RTK)=DR*PKJ .

1F(R(K).GE.RC1 GO TO 3

PKKK=PKK1

PCCTSPCDTl

GC T0 4

PKKK=PKK2

PCCT=PDDT2

RKIK13PKKKGTR1K1‘0.5!DRI

KK=KL ‘

RKIKKI IN SUERCUTINE CDETS EQUALS CCNDUCTIVITY'RADIUS AT
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c PCSITIDN ONE-HALF NUDE BEYOND 1+1 NUDE K. thx) 15 AT

c CKE-HALF NOCE LESS 1-1 THAN NUDE K.

72 RKTKK1=PKKKI(R(K)+O.5*DR)

73 A(K)=RK(K)-FKKK§DR[2.0 ,. ‘ .

74 B1K)=-1RK1K1+RK1KK1+4.6.pooT-1R1K1+DRI2.011

75 C(K)=RKTKK1*FKKK!DR/2.d

76 D(K)=~C(K)*T(KK1+(RKIKl+RK1KK1-4.O*PDDT§(R(K)+DR/2.;J)5

1 TlK)-A(K)*T(KJ)

77 2 ccnrxwus

131 RETURN

102 ENC



N
'
s

«
J
a
y
n
b

10

12

13

15

16

17

20

21

23

24

h
)

87

 

SUE—REGT 1 NE.1713121

DIFENSIDN A1305138130019C130513DI3U019T130019R13001:

1RKT30013CC13001900130019X130019UT3DU)

CCHMDN A.8.CaC.I.CC3CD.ITLDI.IA:DR.RD.RHQ1.RhcagPCC13mm_

IPCCZ.PKKl.PKK2.CP1.CP2.H.HH.HC.RCghpTAHoTAC.THgoTH

THIS SUBROUTINE SDLVES A TRIDIAGDNAL SET OF EQUATICAS.

CC 15 C*o DC 15 0*

AN=N+1

CC111=C(1)/E(11

CD11)=D(1)/&(11

DC 1 K=29NN

KJ=K~1

KL=K+1

CCTK)=C(K1/(BIKI-A1K1*CC(KJ11

CDIK)=(D(K)-A(K)*DD(KJ)1/181K)-A(K1*CC(KJ))

ITBNTFB01NN)

DC 2 KK=24NN

KKK=NN-KK+1

KKKK=KKK+1

T(KKK)=DD(KKK)-CC(KKK)*T(KKKK)

RETURN

END” 2- -21

. . ~-. .-.-_.14. . _.-, . F.-. .. ~ -m-1—._. ._-.,

-—- m_-.-r —.

.-._ -mg, .

- w.. —-

7 2.
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PRCGRAN TFNPhAL

FIAD TEMPERATURE DISTRIBUTION IN AN INFINITE CYLINCER A1

TER A SHORT EXPOSURE TO FLAME UNIFORMLY OVER ITS SLRFACE.

CIVENSION A130511813LQ)9C1380110139313TI30013X133C)o,

1XK131019CC1BCCIQCDT3C019Y13DQI

COPMON A,B.C.D.T.CC.CD.TT.DT.TA,DX.XL.RH01.RhCZ.PCC1.

IPCCZ.PKK19PKK2pCPI'CP2.HQHH9HC.XC.N9TAH.TAC9ThgnTng

RC=OUTSIDE RADIUS: RFOI=DENSITY AT R.LT.RC.RFC2=CEASITY

AT R.GT.RC. CP1=SPECIF1C HEAT AT R.LT.RC’ CPZ=SPECIFIC

HEAT AT R.GT.RC31PKK13THERMAL CCNDUCTIMITX-AT RLLI‘RQJ. _

PKKZ3THERMAL CCNDUCTIVITY AT R.GT.RC9TTNN1 IS THE TEMPER-

ATLRE AT THE SLRFACE. . _

T11) 15 THE TEVPERATURE AT THE CENTER.

FCRNATT1X9FE.531X110F8.31

READ 174’CASEvCTvYYYrRHOlvRHOZQXLICP19CP21PKK1yPKKZ0TH,

1T19N _-TM. . w-. - . .~.- .1 .

154 FCRMATT F4.UyF9.59F6.312F7.295F6.3. F7.5.F7.29141

IFICASE.EQ.C.CTGO TO 1000

AN=N+1

READ 1&5, DTFpTANCgTAH.TAConpHC9XC

CE FCRMATT1XpF7.593F7.292F7.2.F6.31

YYY=Q O .1316

PRINT 2‘5

2:5 FCRMATTIHI/IT

PRINT 136

186 FORMATT15X942HCASE DT YYY RHO1 RHCZ CPI CPZ:

13X911HPKK1 PKKZ /)

PRINT 1C7.CASE.DT.YYY.RH01.RH02.CP14CRZ1PKK1.PKKZ

137 FCRMATT15X,F4.C9F8.59F7.492F6.294F6.3//)

{
‘
3

D

1
.
3
:
"
;

'1

..-

1

1

PRINT 138

188 FCRMAT119X941H XL XC HH HC TAH TAC 9

11X19HTI N I)

PRINT 1899XL’XC9FH9HCpTAHgTAC9TI9N

1’39 FORMAT11’9X9ZF6..312E7.2:3F7.111.4/l) ._ ,. . ,

TT IS TIMEpTIK) IS TEMP AT NCDE K9 PKKK=K9 PCCC=RHClCP

J‘L

TTgLoO

AA=N

CX=XLIAN

CC 230 KM=13AN

20C TTKM1=TI

BEGINNING OF PROGRAM CALCULATICNS.

211 CALL CDETS

212 CALL TRIDI

TT=TT+DT

IFIN.GE.ZU)GD TD 45

IF1N.EQ.151CO TO 44

IFTN.EU.1C)GU TD 43

PRINT 41“.TT.1TIK).K=19NN)

41C FCRMATI1JX9F8.596F8.3/1

GC T0 454

43 PRINT 110.TT.(T(K1.K=1.71

PRINT 45131TIK19K=81AN1

451 FORMAT118X34F8.3/1
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76

143

116

111

116

117

124

125

132

133

134

137

142

145

153

153

154

155

156

157

160

161

44

11;

111

112

456

0
m
m

"
3

C
;

t
.
)

H
R
)
.
—

19 \.

VU.

89

,2.__-—-—-‘—--‘— ..-,

GE TO 458

PRINT 1179TT91T1K’9K‘197)

PRINT 1119(TIK19K=89141

GC TO 450

PRINT 1199TT91T1K19KF1971- . 42,6

FCRMAT113X9F8.597F8.31

PRINT 1119 (TTK19K389141

FCRMATI18X97F8.31

PRINT 1129 (T1K19K3159211

FCRMATIIBX97F8.3/)

J=J+1

IFIJ.EQ.11)EO TC 801

IFIJ.EQ.ZSIGO TO 801

IFIJ.EQ.391CO TO 891

IFIJ.EQ.53TCO TO 801

IFIJ.EQ.67ICO TO 801

GC TO 901

PRINT 832

FCRMATI1H11

IFITT-YYYI 21192119103

YYY 13 MAX TIME FOR CALCULATIONS.

CONTINUE

STCP

EAC
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C

49

222

1
0

90

SUEROUTINE CUETS

TFIS PROGRAN GENERATES THE COEFFICIENTS.

DIPENSIDN-A(39C115136D1sCJ§0011D13LQIJT130613X13.C)9.

1XK130019CC13C019CDT3CO).Y13001

COAMON A989C901T9CC9809TT9DT.TAgDXgXLgRH019RFC2.PCCla

1PCC2.PKKI.PKKZ9CP19CP2.H.HH.HC.XC.N,TAH.TAC.TH,DTH,X

Ah=N

AA=N+1

Cxx=vaDx _

IFITT.GT.O.LC335)DT=L.36004

IFKTT.GT.0.:524)CT=J.CC64

CCI=DXXIDT

PCC1=RF01*CP1

PCC2=RH02*CF2

PECT1=PCC1*CDT

PCETZ=PCC2§£CT

IFTTT.GT.O.CLCIS)GO ID 49

TA=TAH

F=+H

cc T0 222

TA=TAC

A A

3
.

(1.0+FCDTZIPKK2)

.\

C
D

A H

“
V
.
”

r
a
p
-
0
|

0(1)

XD=2.C*PDDT1/PKK1

AIBN)=1.O

8(AN)=-(1.6+XDI

C(hN)=a.‘

C(hN)=-T(N)+I1.5-XD)*T(AN)

CC 2 K=29N

KL=K+1

KJ=K-1

PKJ=K-1

PKL=K*1

PK=K

PA=N

X1K1=DX§PKJ

IFIXTK).LT.XC) CC T0 3

PKKK=PKK1

PECT=PCDT1

GC T0 4

PKKK=PKK2

PECT=PCDT2

XK(K1=PKKK*(X1K)-3.5*DX)

KK=KL

XKIKK)=PKKK*1X(K1+O.5*DX)

PCSITION ONE-HALF NUDE BEYOND 1+) NUDE K.

ONE-HALF NDCE LEssnIfT THAN NUDE K.

XCF=2.C*PDDTOXIK)

A1K1=XKIK1

BTK)=-(XK(K)+XK(KK)+XDP)

RKIK)

1.J-PEDT2/PKK2)‘T(11tT121-2.1*H{DK!(TArT(111/PKKZ

IS AT



L

73

74

76

77

a

C
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C(K)=XK(KK1

CI“1=~<KIK1'T(KJ)+(XKIK)+XK1KK)—XDP)*T(K1-XK(kK).T(KL)

CChTINUF

RFTURN

Ekt
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SCPROUTINE TRICI

CINCNSIOV A13J()9B(3C319C13CCT9DT3.U)9T13C.19X(3-:)9

1XK133C19CC13‘619C013L619Y13lg)

CCNWUN A,H9C9C,T.CC9CD.TT.DT,TA,DX,XL.RHC1.RFFZ.PCC19

IPCCZ,PKKI.PKK24CP19CP29H9FH9HC.XCpk.TAHpTACgThgflTpr

TrIS SURRDUTINt SOLVtS A TRIDIAGCNAL SET OF ECUAIICKS.

CC IS Ci, CE IS 8?

AK=N+1

CCCI) C(11/F11)

CE(1)-U(1)/R(1)

CC 1 K=2,NN

KJ=K~1

KL=K+1

CC(K)=C(K)/(“1K1-A1K19CC1KJ11

CC1K)=(D(K)-A(K)*DD(KJ)1/(B(K)-A(K)*CC(KJ)1

T(AM)=CD(NM)

CC 2 KK=2,NA

KKK=NN-KK+1

VKKK=KKK+1

ICKKK)=DD(KKK)-CC(KKK)*T(KKKK)

RETURN

nAC
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APPENDIX C

Samples of computer outputs:

1) Case 1 as a cylinder.

2) Case 1 as a semi-infinite wall.

Explanation of output:

Column 1 2 3 4 5 6 7 8

(TT) ND ND T(3) T(4) T(S) NM 130)

T(8) ... ---- ---- ---- ... T(IA)

T(15) ... ---- ---- ---- ... T(21)

(TT+DT) 1(1) ---- ---- ---- ---- ----

---- ---- ---- ---- ---- ---- T(21)



CASE

1. 0.c0004 0.0060 40.60-60.06 0.910 0.870 0.200 0.300

0 001.101” ‘9

$.36012

C 0.7.3.416

6080023

C 0031524

C.CJ028

)

G.-3032(

C00d036

0.03044

CT

RC

0.040

124.079

77.230

77.c02

165.195

77.CCCW.

77.CCC

201.344

77.CCC

77.CCC

233.342

77.CCG

77.CCC

219.045

77LQCO

77.CCC

206.861

77.COC

77.030

196.438“

77.CGO

77.CGO

187.486

77.CCC

77.CCC

179.766

77.CCC

77.COC

173.082

77.000

77.000

167.268

77.CCC

77.CCO

YYY

- _ - h. «... .----.

RHCI

94

RHOZ CPl

 

CPZ

...: 1---..~___,-___.,_,_

PKKl

RC HHC .HueTAH ,TAC M 71

2.035 40.00 2.00 1641.0 77.6 77.0

78.315.77.037HM77T601‘777006‘.77:000W

77.000 77.c00 77.000- 77.000 377.000

77.300 77.300 77.000 77.000 77.000

81.957 77.208 77.007 77.000 77.000

77.000.227.0001211.000 “17.0001171.000

770700 77000) 770060 770300 77.000

87.384 77.616 77.029 77.001 77.000

77.000 770600 7149001 77:000 77.000

77.032 77.000 77.000 77.000 77.000

94.165 78.323H'77:678 77.004flw77.000

77.030 77.000 77.000 77.000- 77.000

77.030 770000 770000 770000 770000

130.764 79.333 77.169 77.010 777.001

77.000 77.030 77.000_-77.0001271.000

77.000 77.033 77.000 77.000 77.000

105.981 83.572 77.311 77.022 77.001

77.000 77.000 77.000 77.000 77.000

77.000 77.010 77.030 77.000 77.000

110.079. 81.949 77:503m 77.042 "77.303

77.003 77.000 77.000 77.000 77.000

770000 77000») 770030 77000U 77.00:)

113.273 83.395 77.765' 77.072 77.006

77.000 77.000 77.000 .77.0003277.000

77.000 77.310 77.000 77.000 77.000

115.736 84.860 78.074 77.115 77.010

77.000 77.000 77.000 77.000 77.000

77.000 770030 770000 770000 770003

117.609 86.308 '78.433 77.171“77.017

770C00 770200 771060 770000 77.000

77.000 77.000 77.000 77.000 77.000

77.330 77.000 .714000. 77.000 “77.000

77.000 77.033 77.000 77.000 77.000

PKKZ

A

2C

77.000h'

7703JU

7700(0

770£UU

77.?60

770LUU

770CUO

77.590

7700DO

77OCUO

7700k0

770CUO

-p17.0yCuw,

770000

77.0UO

7700U0

’77.300

77.0u0

770§UC

7700U0

J7.0J0,

7703U0

77.001

77.000

77oqk0

77QCU1

77.000

7703UU

77.302

.77.CuO

770LVQ



0.00048

0.00052

0.00056

0.0C060

0.00064

8.88888

0.03072

0.00976

0.03084

0.00388

0.00092

0.00096

0.00113)

182.190'

77.030

77.000

157.733

77.001

770C03

153.805

77.031

77.000

150.326

77.301

77.CCC

147.232

77.332

77.C30

144.467

77.333

770CCQ

141.985

77.0)4

77.000

139.747

77.006

77.000

137.721

77.008

77.CGC

135.878

77.011

77.ccc

134.196

77.C14

77.030

132.655

77.018

77.300

131.237

77.022

77.800

129.927

77.027

77.00C

120.026

77.800

77.000

120.726

3 ...

77.000“

77.000

121.185

77.060

77.000

121.447

770930

770000

121.551

779COO

77.C90

121.530

77.098

77.000

121.411

77.030

77.3”C

121.215

77.031

77.303

120.959

77.031

77.030

123.658

77.301

77"..) )0

128.321

77.332

77.890

119.959

77.003

77 o 0'30

119.579

77.003

77.000

119.186

77.004

77.090

89.357'

77.00)

77.030

90.330

71.539

77.000

91.525

77.003

77.000

92.638

77.009

77.003

93.670

77LGQO

77.000

94.621

77.000

77.000

95.494

77.099

77.cco

96.292

77.030

77.090

97.020

77.003

77.030

97.682-

77.000

77.338

98.282

77.006

77.‘CO

98.824

77.090

77.000

99.313

77.000

77.090

99.752

77.001

77.000

95

...—0

79.273"

77.000

77.000

79.742

31140001”

77.000

80.235

77.000

77.000

"86.746‘

77.000

77.000

81.269

.171.009.

77.000

81.801

77.000

77.000

82.335

77.000

77.000

82.869

77.000.

77.000

83.400

77.000

77.000

...“. .-

83.924

77.000

77.000

84.439

- 77-000

77.000

84.943

77.000

77.000

85.435-

77.000

77.000

85.914

77.000”

77.000

77.330'

77.0(3

77.0C0

77.434

71.000.

77.000

77.554

77.090

77.300

177.689

7703C0

77.000

77.841

77.000.”

77.000

78.007

77.000

77.000

78.186

77.000

77.000

78.379

77.000

77.000

78.583

77.000

77.000

78.797

77.000

77.000

79.021

,773000

77.000

79.253

77.000

77.000

79.492.

77.0CC

77.000

79.737

77.000

77.000

”77.039

77.888

77.698

77.056

177.000"

77.000

77.077

77.000

77.000

'77L104

77.080

77.000

'77.135

77.089

77.000

77.172

77.000

77.000

77.215

77.000

77.000

77.264

.177.000

77.003

77.320

77.038

77.000

77.381

77.000

77.009

77.449

.77300Q

77.300

77.523

77.000

77.000

77.894

77.000

77.003

77.690

271500

77.000

77 o 1 Lil;

77.:.o

77o L‘QC'

770 .2546

77.000.

7700UO

77.9139

77OCUU

77.CJL

77.813

77OGLG

77.:VC

77.018

.77.:0C-

77.cuu

77.C25

77.:u8

7707UU

770‘.'33

77.000

77.000

77.543

77.000

77.000

77.055

770UUO

77.000

77.1269

77.000

77.0.8

77o('85

77.00:

77.0LC

7701\13

77.000

77.000

77.124

77.0L0

77.040

77.148

77.0.0

77.C.0
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”——

’ 0.00104M128L715'118.785_100.14iw'

~u——_——o -..-....— -m. -. . — _. _-_._——-.———-.. - -

  

.66.378 79.988“ 77.782 77.174

77.034 77.008,877.001 77.0003 77.000- 77.000. 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00108 127.588 118.380'100.500 “88.828 80.240“77.880 77.283

.3.331713041m-77.001_“111001_M11.0003317.000__1110mam311.000,“-H

77.ccc 77.000 77.030 77.000 77.000 77.000 77.000

0.03112 128.537 117.975 100.815 '87.282” 80.498"77.982 '77.235‘

77.049 77.009 77.001 77.000. 77.000 .J7.000 77.800

0.08118 1é5.§§§N117.5;6w16f:6§6 87.880 80.754 78:656w¢;;.2¥6‘

77.0581 77.011. 17.0023.7110008,17.000.,77-000 77.000

77.000 77.030 77.000 77.000 77.000 77.000 77.030

0.00123 124.834 117.189 101.345- 88:082m'81.014"78.203l 77.307‘

3 77,0888“71.013m_11.0021111.000_111.000__11.000“H11.0001MMH

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00124 123.788 118.772 101.584 ‘88.489 81.273 '78.320' 77.348

77.080. 77.018 77.003 771000.877.0003 77-000 77.080

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.02128 122.953 118.381 101.758"_88.840dw8f.533flm78.441“'77.391"’”‘~H

77.093 77.019 77.034 77.001- 77.000 877.000 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00132 122.183 115.998 101.927 89.195" 81.792 '78.588 77.438.

77.107 77.3231"111034101110011_111000__11.0003”17.0003

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00138 121.454 115.818 102.075 89.535" 82.049 78.895 77.487

77.122 77.027 77.005 77.001 77.000 77.000 77.000

77.c00 77.300 77.000 77.000 77.000 77.000 77.000

0.00140 120.783 115.247 162.i3é 89.880- 82.304 "78.827— 77.539w”

77.139 77.032 77.007 77.001. 77.000 77.000 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00144 120.107 114.884 102.312 90.171 '82.557 78.981 77.594

77.157. 77.037 .1710083”7110013m17.0003311.000 71.000"_.

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00148 119.483 114.529 102.405 '90.488 82.807 ”79.099 77.852

77.177 77.043 77.009 77.002 77.000 77.000 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.08152 118.887 114.182 102.483.W90.751"W83.053M079.238 "77.712“

77.198 77.049 77.011 77.002 77.000 77.000 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.00158 118.319 113.842 102.547 91.021 83.297 79.380 77.774

77.221 77.058 877.013 ,71.003 77.000.-17-300- 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.080

 



0.00180 117.778 113.511Wid2.599 91.278 83.537 79.523 A77.840”

77.245 77.084 77.015 77.003 77.001 77.030 77.000

77.000 77.000 77.030 77.000 77.000 77.000 77.000

0.00184 117.258 113.187 102.840 91.523' 83.772 '79.068 77.907

7 7L27.1-- 77..0-7L-..L7.201L_J_7.004._1.7.1001-__11.00088.- 11-0311. - . -. n

77.000 77.000 77.000 77.000 77.000 77.000 77.080

0.00188 118.757 112.871 102.871 “91.758 $84.004 M7§.Bi; 77.977

77.298 77.081 77.020. 77.004 77.001-277.000 77.000

77.000 77.030 77.000 77.000 77.000 77.000 77.000

0.00172 118.278"112.583 102.232w‘91.378”m84.231'”79.981“"78.043"

77.327 77.091 77.0233177.005_.77.001 877.000 77.000

77.000 77.030 77.000 77.000 77.000 77.000 77.000

0.00178 115.818 112.282 102.705”'92.189 84.454 80.108 78.1237

71.358-177.10288714028271110088"7120018.11.0007"11.0007M

0.00180 115.378 111.988 102.710 92.390 84.873 80.257 78.199

77.389 77.113 77.030 77.007 77.001 77.030 77.000

77.000 77.330 77.030 77.000 77.000 77.000 77.000

0.00184 114.950 111.881 102.708 792.580""84.887'W80.405’ 78.277

77.423 77.125 77.034 77.008 77.002 77.000 77.000

770030 770393 770000 770000 770000 770000 7700UG

0.00188 114.540 111.401 102.700 92.782 85.098 80.554 78.357

77.458 77.138_m71.038m-71.0021_71.002H117.000.777.0003”.

77.003 77.008 77.000 77.000 77.000 77.000 77.000

0.00192 114.144 111.128 102.888 92.934 85.301 80.702 78.438

77.494 77.152 77.042 77.011 77.002 77.033 77.000

77.000 77.003 77.000 77.000 77.000 77.000 77.000

0.00198 113.781 110.881 102.887 93.097E'85.501"”80.851 “78.521”

77.532 77.187 77.047 77.012 77.003 77.001 77.000

77.000 77.000 77.000 77.000 77.000 77.000 77.000

0.03203 113.391 110.800 102.843 93.252 85.898 80.998 78.808

77.571 77.182 77.053 77.0158877.003._77.0018 77.000

77.030 77.030 77.03) 77.000 77.000 77.300 77.000

0.00204 113.034 110.348 102.814 93.400 85.887 81.148 78.891

77.000 77.030 77.000 77.000 77.000 77.000 77.300

0.00208 112.888 110.397 102.582 93.539" 88.073Mm8f.293"‘78.778*’

77.000 77.000 77.000 77.000 77.000 77.000 77.000

c#30212 112.353 109.854 102.548 93.872 88.255 81.439 78.888

77.897 77.2348H77.0112_778020“ 77.005 W771001..77.000

77.000 77.000 77.000 77.000 77.000 77.000

.-~.~..¢v~ . _.- _...

77.000

....—.-— . .... - ...“...



...... .—.-—.—.

C.CUZ18-112.828~185.616

0.00220

0.06224

' 8.03228

8.00232

0.03236

0.00240

0.05244

C .0v284

0.33324

0.00444

0.00434

77.742

77.000

111.713

.17.188.

77.COC

111.407

77.835

77.600

111.111"

77.883

77.000

110.822

.7].933.

77.000

110.542

77.983.

77.COC

110.289'

78.035

77.CCC

110.004

78.387-

77.600

107.675

78.658

770C‘31

105.831

79.287

77.003

104.323

79.941

77.CO7

103.058

80.593

77.014

101.979

81.225

77.028

101.044

81.827

77.045

 o 5“- .—.-— a
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-~-_- A.‘ - ”‘78-.“ mo—v—u

 

 

 

  

 

'--—_— .. ..

102.538 93.797 88.432 81.584 78.955

77.253 -71.018_-71.022- 77.008..77-001 77.000

77.000 77.000 77.000 77.000 77.003 77.000

109.384-102.48ZJH937318 88.804-“81.728' 79.045

7 7.zu__11.0118_11.025__71..007.__11._002-_17.1100--_- --.-

77.000 77.000 77.000 77.000 77.000 77.000

139.157-102.421uu84.o25*"88.773‘W81.870 79.138.

77.294- 77.094. 77.028-177.007 ,77.002 77.000

77.030 77.030 77.000 77.000 77.000 77.000

158.§34~182.375w—§4.136 88.938 82.512wm79.228.'"

77.315--77.103 77.031- 37.008--77.002 77.000.

77.330 77.030 77.000 77.000 77.000 77.000

108.717 102.326M-94:237HI87.096‘H82.1S3 79.320-

-77.338--77.112.111.0341_11.009_111.002_.71.000.-

77.000 77.000 77.000 77.000 77.000 77.000

138.504 102.275” 94.333 ’87.251 “82.292 79.413

77.382 77.121- 77.031--77.011- 77.003 77.001

77.000 77.000 77.000 77.000 77.000 77.000

138.298.162.222. 94.423 87.402-882.429""79.507

77.388 77.131 77.041 77.012. 77.003 77.001

-77.000 77.030 77.000 77.000 77.000 77.000

108.092 102.188 94.509 87.549 82.588 79.800

- 77.411 -. 77.142._-1L_0_4-5__-1_7.01-3__77.003- .77. 01.1-- --_

77.000 77.000 77.000 77.000 77.030 77.0.0

108.280 101.579 95.151 88.822 83.839 80.543

77.707 77.277 77.100. 77.034 77.011 77.003

77.000 77.000 77.000 77.000 77.000 77.000

-134.748 108.944” 95.488 89.777mm84f942“781.488"

78.074 77.488 77.188 77.071 77.025 77.008

77.001 77.000 77.000 77.000 77.000 77.000

103.472 100.318 95.828 90.489 ‘85.879 82.335

78.498-.17.708 77.311 77.129.177.050 .71.010---.‘

77.002 77.001 77.000 77.000 77.000 77.000

102.380 99.720 95.849 91.317 88.884 83.131

78.953 77.990 77.470 77.210 77.089 77.038

77.005 77.002 77.001 77.000 77.000 77.000

101.432 ‘99.f59‘”95.592m'91.438‘"87.320 “83.850

79.431 78.309 77.883 77.317 77.144 77.083

77.011 77.004 77.002 77.001 77.000 77.000

130.800 98.838 95.485 91.889 787.865 84.492

79.914 78.654-.Zl.8&h. 77.450-117.217 -77.101

77.319 77.008 77.003 77.001 77.001 77.r00



99

 

0.00524 100.224 ’99.862 98.149 $95.347'M91r893mw88:318'"85.062m'

82.392 80.394 m79.016 78.134 77.606 77.309 -77.151

77.071 77.033 77.015 77.007 77.003 77.001 77.001

0.00564 99.497 99.202H‘97.697' 95.188 92.036 '88.695 85.566

82.91 I. .-8.0..8 62--.1§1+188_11L592.-.11.Jfl51_.-11..&20 ---71 .2 16,.._._

77.107 77.052 77.025 77.012 77.006 77.003 77.002

0.00604 98.848 98.607' 97.276 "95.018 ’92.131 89.008 86.012-

83.403 81.314 79.762 078.685, 77.982. 77.548 77.295

77.154 770078 770939 770019 770U10 77.006 77.6L4
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CASE :7 vvv RHCI RHCZ CPI CPZ PKKl pxxz

1. 9.06914 1.3369 46.03 63.03 0.910 6.870 0.260 7.310

x1 x0 Hf HC TAH TAC 71 A

0.043 6.635 43.60 2.00 1641.3 77.6 77.0 20

3.0 604 122.367 77.617 77.013 77.000 77.060 77.363 77.030

770::C 77.136") 77.03) 770030 7706‘”) 77.00:: 770CL'J

O.C£¢)8 161. 614 79.319 77.071 77.032 77.300 000 77.060

77.339 77.003 77.037 77.003 77.000 77.390 77.0

3.36.12 195.686 81.841 77.210 77.098 77.800 77.393 77.360

77.330 77.300 77.330 77.000 77.000 77.333 77.600

77.033 77.379 77.607 77.000 77.390 77.303 77.300

”.CiJlb 225.375 84.979 77.449 77.021 77.001 77.093 ‘77.360

77.039 77.009 77.33 77.030 77.060 77.303 77..63

77.303 77.393 77.033 77.0.9 77.300 77.333 77.c30

6.3 .2» 219.662 87.978 77.789 77.046 77.362 77.000 77.369

77.306 77.013 77.030 77.030 77.060 77.003 77.663

770C?” 77.00,) 770580 770000 7700(70 770300 77OCUC‘

'JOCE‘V‘ZQ 1960725 9‘03"]. 780222 770L85 770‘3‘65 77OCU’3 7700\1‘-’

77.000 77.376 77.330 77.000 77.630 77.300 77.360

77. 336 77.009 77.310 77.003 77.059 77.009 77.066

0.03628 185.383 92.367 78.657 77.138 77.010 77.331 77.360

77.030 77.333 77.600 77.090 77.000 77.330 77.060

77.303 77.330 77.033 77.050 77.600 77.030 77.063

3.03632 174.885 93.382 79.130 77.237 77.617 77.33 77.660

77.033 77.330 .77.000 77.030 77.000 .77.000 77.066,

77.c:3 77.333 77.033 77.000 77.300 77.030 77.930

2.03636 165.935 94.332 79.602 77.289 77.626 77.302 77.060

77.030 77.330 77.300 77.000 77.300 77.300 77.660

77.5CC 77.330 77.300 77.000 77.090 77.003 77.230

4-C-:4; 158.359 94.989 83.062 77.384 77.339 77.033 77.330

77.303 77.300 77.030 77.300 77.900 77.003 77.260

77.c30 77.390 77.000 77.000 77.930 77.003 77.660

9.36044 151.109 95.439 80.531 77.489 77.055 77.005 77.066

77.390 77.300 77.300 77.300 77.333 .77.093 77.060

7705:: 77.:(‘0 770CO‘) 7700c0 7700‘6'4.‘ 776C233 770:.7'6'U
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77.039
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92.973

77.090
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92.591'
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APPENDIX D

Graphs of temperature distributions for individual cases.

1)

2)

3)

4)

5)

6)

Standard -- Case 1.

Effects

Effects

Effects

17, and

Effects

Effects

Effects

of density -- Cases 2, 3, 4, and 5.

of diameter -- Cases 6, 7, 8, 9, and 10.

of thermal conductivity -- Cases 11, 12, 13, 14, 15, 16,

18.

of specific heat -- Cases 19, 20, 21, and 22.

of heat transfer coefficient -- Cases 23, 24, 28, and 29.

of temperature of the heat source -- Cases 32, 33, and 34.
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