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ABSTRACT

THERMAL CONDUCT]VITY OF SPRING tr{HEAT AT LOW TEMPERATURES

By Subhash Chandra

Thermal conductivíties of different varieËíes of wheat have been

determined by various methods but t.he reported informatíon is usually

límited to a narroT¡i range of temperaËure. Although mosË surplus spring

l¡heat ín Canada and norËhern United Stat.es : is sEored under temperaÞ

climatic condiËíons where wínÊer temperatures may be as low as -40C,

thermal conducËivíties have noË been determined below +20C. A knowledge

of thermal conductivity is necessary to predícË graín Ëmperatures in

grain storages. PredicËed grain Ëenperatures can be used to design Ím-

proved sËorage structures to maintain the qualíty of graín. Thermal

conductivity of grain is also important ín the analysis of other heat

transfer processes, such as drying, aeration and cooling of the grain.

The purpose of thís research projecË \,\ias to measure the thermal conduct-

úvíty of hard red spring wheat conËaining 4 xo 237. moj.sture wiËhin the

temperaËure range -27C to +20C.

A transient heat. flow method r,rith a lÍne heaË source was used

to deËermine the thermal conductiviËy of wheaË. The transíent heaË flow

method of determinÍng Ëhermal conductivity rninimizes the problem of

moisture migraËíon in the grain and the time required for a test is

also small.

The thermalconductivity of wheat can be expressed as a function

of moisture contenË. The coefficienb of correlation \Äzere considerabl¡z

less at Ëemperatures belor.v -B'C than at higher tenperatures indicating

that Ëhe linear relatíonship between thermal conduct.iviËy and moisture

contenË ís noË as strong at temperatures below -8C. Moisture presenË in
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the wheat appeared to be affecËing thermal conductívity less at low

temperatures than at high temperatures. Thermal conductívÍty for a mois-

ture content range of 4.47. xo 22.57" varied from 0.000344 to 0.000407

-1 _1 -1 -1 -1 _1
cal C - cm' sec - at 2OC, 0.000352 to 0.000391 cal C - cm * sec - at 5C,

0.000336 Ëo 0.000396 cal C-l.*-1 "."-l ar lc,0.000334 to 0.000397 cal

^-1 -1 -1 . ^-1 -1 -lC cm sec at -6C, 0.000329 to 0.000389 cal C cn sec - at -I7C

and 0.000330 to 0.000385 cal C-l 
"ro-1 "."-L 

at -27C. It was also found

that the thermal conductivity of mouldy wheat at L9.3% moísture content

\.^/as as much as 15% below that of uninfected wheat at the same moísture

cont,ent. The densÍty of wheat was found to be more at -6C than at *20C and

the increase in the densiËy vras more at higher moísture conËents than

at lower moísture I eve1s.
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NOMENCLATURE

2_L
clt thermal díffusivity of the material, cm sec

e base of natural logariËtun

k thermal conducËiviËy of the materÍal, cal C-l .t-1 
"t"-1

M moisture content, % wet basis

n t/z @Ð-L/2,.*-t

Q heat ínput per unit time and length of hea¡ source' ".1 "* 
I 

"""-1

R radius from Ëhe heat source, cm

r correlation coefficient

s standard deviation

t temperature at radius R, C

t, temperature at Ëime 0r, C
I - I-

t^ temperaËure at time 0., C,¿-
0 time, sec

v voltage ouEputr mv



1

INTRODUCTION

ldheat is sËored for long periods of -time in Canada, northern

United States and other countries. The rate of deteríoration of Ëhis grain

is controlled by many factors, of which grain Ëenperature is one of the

more important. To ratíonally desígn graín storages to maíntain grain

quality, grain temperatures musË be predícEable. Temperature changes in

a grain bin due Ëo external or inËernal temperaËure changes may be

calculated by the use of heat transfer equations. The use of Ëhese

equaËions necessitates a knowledge of many physical facLors. One of the

physical facËors required ís the Ëhermal conductivity of grain. The

thermal conducËivity of grain is also importanË for the analysis of other

heat transfer processes, such as aeratíon, drying and cooling of the grain.

Thermal properties of hygroscopic materíals are affected by

tenperature and moisÈure content.. The Ëhermal conductiviEy of cereal

grains is a línear function of moisture content within the moisËure range

of O to 30% and the temperature range of 20 to 4BC (Sakke and Stiles,

L935; Moote, 1953; Kazarian and Hall, 1965; Dua and Ojha, L969; I¡iratten

et al., L969). Although most surplus sprÍng wheaË is stored under temp-

erate climatic conditions where environmental temperatures may be as 1ow

as -40C, thermal conductivíties have not been determíned below +20C.

Therefore, Ëhe objective of Ëhis investígation was Ëo deËermine the effect

of moisture content on thermal conductívity of hard red spring wheat at

1ow temperatures. The wheaË used, had a moisture conËenË of. 4 to 237.

weË basis. The ËesÈs were conducËed in the te¡operature range -27C to

+20c.
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2. REVIEI^I OF LITERATURE

Many earlier ínvestigators have determined Ëhe thermal properties

of graín using a nr¡nber of different methods. The values vary consider-

ab1y. This apparenË disagreernent could be due not only to ínstrumental

errors buË Ëo the methods used.

2.L Methods of deEermining thermal conductivity

There are t\,'/o general meËhods of determing the Ëhermal conduc-

ËiviËy:

1) Steady-state methods - these are the meËhods whích are

based on st,eady flow of heaE. In a steady-sËaËe system,

temperature and rate of heat. flow aË any point. in the

systen do not. change with time. The time required to

reach a steady-staËe varies from a few hours to many days,

depending on the thermal properties of material being

tested.

2) Transient heat flow methods - these are the meËhods which

are based on unsteady flow of heat. In the unsteady or

Ëransient sËate, temperature and rate of heat flow change

with Ëiioe.

2.2 Steady-staËe methods used bv earlier investigaËors

0x1ey (7944) determined the thermal conduct,ívity of wheat, corn

and oats by a concentríc spheres steady-state apparaËus. The grain samples

were placed beËween Ëhe two spheres. The inner sphere was equipped wiËh

an electrical heating elemenË to províde the heat flow across the grain.

The spheres r¡rere placed in a constant Ëemperature box. I^ihen the Ëenpera-

ture of the inner sphere,bec¡me constant and was equal to that of air



in the constant temperature box, the electrícal current Ëo Ëhe heater

was swíËched on. The Ëemperature difference across the grain, when the

steady-sËate condition was reached, \^ras used Ëo calculate Ëhe thermal

conductivity.of the graín.

The ghermal conductíviËy of wheat \¡ras measured by Babbitt

(I94Ð and Moote (f953) using a steady-state method. The wheaË was

enclosed in a metal cylinder which was equipped with an electrícal

heating wire at its axis. After reaching Ëhe steady-state condiËion the

temperature distribuËion along a radius was used to calculate the thermal

conductívity.

2.3 Objectíons Èo sËeady-state methods

The two main objections to steady-state methods are:

1) the long Lime required to achÍeve steady-staÈe condíËions

2)

(MooËe, f953; obtained steady-state after 100 hours of

heaËing) and,

the large emount of moisture migratí.on along the Ëempera-

ture gradíent during the long test period. MooËe (1953)

reported Ëhat the moisture distribution in wheaË having an

ínitial moisture content ôf 10.857" wet basís*, was 5.4%

near Ëhe axis and LL,6% near the outside of the 1 ft.

díameter cylinder af ter t.he test.

factors are minimized in transient heat flow meËhods in

períod is reduced considerably.

Both of these

which the test

2.4 Transient heat flor¿ method

Reidy

flow methods of

and Rippen (1969),

determining thermal

in their discussíon of transient heat

conductivitíes, concluded that the

Al1 reference to moisture conÈent is given on wet basís



most suíËable method for grain is one in whích a line heat source of in-

finite lengËh and constant strengËh is stretched in an infÍnite homo-

geneous body intially at uniform temperaËure. The basic equation for one-

dimensional heat flow from a 1Íne heaL source is:

^! n2- 1oLroLrâË,

^^ - u,L . '. ARIou âR' !\

where:

t. = tenperature at. radíus R,

0 = Ëime,

R = radius from the heat source, and

cx = thermal diffusiViËy of Èhe materíal.

(2.r)

The soluËion for the Ëemperature ís gíven by Hooper and Lepper (1950) as:

. = # r(Rn)

where:

Q = heat ínpuË,

k = thermal conductivity of the ma:Èerial ,
,1

n=f (oe) 2

and the series I ís given by

. .? .4
r(Rn) =A-log.(Rn) +$)l- t*Ë'-*.

where:

A - a constant

(2.2)

(2.3)



If (Rn) is sufficíently small, then all the

cept the f írst t\,ro may be dropped. Then

I(Rn) =A- log"(nn)

and Ehe temperature is given by:

terms of the I series ex-

*_ Q
'¿If k [A - 1og" (Rn) ]

(2.4)

(2. s)

LepperThe solution for

(1950) as:

Ëhermal conductívíty is also given by Hooper and

k=
q log i(Orl0r)

4r (t, - .f) (2.6)

where:

tl

tz

temperature aË t,ime 0r,

temperature at tiEe e2.

The temperaËures Ë1 and t2 are measured at radíus R from the heat

source. The t,hermal conductíúíty is then calculated from the measured

quanËit.ies of Q, 01, 02, tl and 82. Sinee a plot of ternperature and

1og" (time) should show a straighË line with a slope of Q/4rk, the use

of EquaËion (2.6) ís límÍted only to the straight line porËion of the

p1ot.

2.5 Transient heat flow meËhod used bl¡ earlier investigaËors

Based on the transíent heat flow method Hooper and Lepper (1950)

developed a thermal conductivity probe to determine the thermal conductivi-

Ëies of various materials. An electric.al heaËíng wÍre was enclosed in

a metal tube of smal1 díameter. The thernal conducËivity probe could

be inserted in to a homogeneous body. Temperature near Ëhe mid poinË



of the heater vTas measured to calculate the Ëhermal conductivity.

DrEusËachio and Schriener (L952) used the Ëhermal conductivity

probe to deËermine Ëhe thermal conductívity of cellular glass and silíca

gel . Their results \.^Iere Ëhe same as those obtained using a guarded hot

p1aËe apparatus. Hooper and Chang (1953) used the thermal conductíviËy

probe to deterrnine the thermal conducËivíty of various maËerials íncluding

wheaË.

Both Kazarian and Hal1 (1965), and l^lratten eÈ al. (1969) studied

the effecË of moisËure content on thermal conduetivity of grains using

Ëhe transient heat flow method. The grain r,ras enclosed ín a hollow

metal cylínder, which was heated by a heating wire streüched along Ëhe

axis of the cylinder. The Ëemperature rise near the heating wire was

measured by a thermocouptre. The only dífference in methods used by

Kazarían and Hal1, and InlraËteri et al . was Lhe different \^rays of atËaching

the thermocouple to the heatíng wire. Kazaxían and Hall aËtached Ëhe

Ëhermocouple Ëo the heating wire by a single layer of plastic electrical

tape. The electrical tape insulated the thermocouple and separated it

from the heat.ing wíre by approximately 0.04 cm at the point of aËËach-

uent. This method of attachíng the thernocouple Ëo Ëhe heatíng wíre

mosË likely caused the following problerns:

1) the joínt of thermocouple and heatíng wíre will noË be very

sËrong, so the repeated process of filling and enpËying

the cylinder will change the location of the thermocouple ;

2) insulation of the joint by electrical tape will restrict

the flow of heat from heater to grain at the point of

atÈaclunent.

I,trraËten et al . (f969) soldered the thermocouple at the cenËer



of heating wire. The solder and thermoeouple probably increased the

cross-sectÍonal area of the joinË, which will increase the raËe of heat

transfer from the joint. BuË the increase in area at the joint r,¡ill de-

crease Ëhe resísËance therebydecreasing heat producËion in the joinË.

These factors can be reduced considerably by usíng a thermocouple of

higher gauge and by keeping Ehe síze of Ëhe joint small.

2,6 Errors in using Ëransíent heat flow meËhod

There are Èwo sources of errors in usíng the transient heaË

flow method of deter¡nining Ehermal conductivity:

1) The effecË of dropping the Ëerms of l-series in Equation

(2.3). BoËh Hooper and Lepper (1950) and Kazarian and

Hall (1965) have shown that for small (Rn) Ëhe error

caused by dropping the other terms of l-seríes in Equation

(2.3) ís negligible. Tn Èhis present study of determíning

the therural conductivity of spring wheat at low temperatures'

the temperature r^ras measured at. the center of heaËer. There-

fore, R, the radius f rom the heat source is:..zero. Since

al1 the ternos dropped in Equation (2.3) are a funcËion of

R, no error ís ínvolved in dropping these terms.

The effect of finíte diameËer and length of heat source-

The length of the heat source is chosen long enough Ëo ensure

radial heat flow at the Ëest sectíon. A method to compensate

for the finite diameter of rhe heat source, which in effect

replaces a small core of grain, has been díscussed by

Hooper and Lepper (1950). The difference in heaË absorpËíon

between the heater and the displaced core can be considered

as heat production before the start of measured time' that

2)



is a time correction, 0o, is subtracted from each observed

time. The t.ime correction, 0o, is obtained by plottíng
,1 Athe values of ãE agaínst Ëíme and reading the vãlue of

time at $f; = O. The correcËed equation for Ëhernal conduct-

íviËy Ëhus becomes:

'-- Q^-4r(rr-tr)
, .0, - eo 

-rog^tn -al""1"0
(2.7 )

and

to

of

2,7 Reported values of thermal conductivity of wheat

Thermal conductivity is a function of both moisture contenË

temperature. Many sËudies have been conducËed with different methods

determíne Ëhe effecË of moisture content on thermal conducËivíties

various graíns and of different varietíes (Table 1).

0x1ey (1944) reported the thermal conductíùíty of No. 1 Manitoba

¡¿heat, to be 0.00036 cal C-1 "*-l "."-l 
at 11.7% moislure contenË and

_'t _1 _1
0.00041 cal C - cm - sec - at L2.52 moistuïe content. These results show

thaË the thermal conductivi-ty increases wit.h íncreasing moísture conËent.

Also the Ëhermal conductiviÊy of English wheaÈ was 0.00039 ."1 C-l *-l
_1

sec - at- L7.B% moisture conËent. The thermal conducËivity of Englísh

v¿heat at L7.82 moisture \¡ras lower than No. 1ì4anitoba wheat at L2.5%

moisture conËenË. This difference ín thermal conduct.ívíties could

possÍbly be due Ëo Ëhe dífference in varíety of the wheat.

0x1ey also found that the thermal conductívity of damp nouldy

No. I ManiËoba wheat at 19.5% moisture content hTas 0.00037 c"l C-l cr-l
-1sec -. He stated that the reason for lower value of thermal conductívíty

of No. 1 ManiÈoba wheaË at a higher moisture contenË r¡ras the growËh of

fungi r¿hích rníghË have t.ended Ëo insulaËe adjacent grains from each other.



Table I Reported values of thermal conductivity of wheat

MaËerial- M. C.
% w,b.

Temperature Density Tirermal conductivity
C I cn-3 ca1 C-l cm-l """-f

0xlev (1944)
No. 1 Manítoba
wheat
Englísh wheat
Mouldy No. 1
Maaitoba

Babbitt 923å)
hard wheat

Hooper and Chang (1953)
wheat

Moote (1953)
hard red spring wlleat

Kazarían and Hall (1965)

LL.7
72.5
L7 .8

19. 5

o1

1.38
2.L5
2. s4
2.9I
3.48
4. 58
5.32
6 .45
6.9
6.9
7 .32
7,67
9. 85

r0. 88
l.3.7 5

0. 68
5 .45

10. 3

L4.4
20.3

2'6*48

2L-44

0. 85

0 .842
0. 846
0.825
0.822
0.822
0.859
0. 828
O. B5B
0 .8Br
0.831
0. 860
0.828
0 .831
0.821
0. 821

0.772
0.77 4
0.775
0.7 66
0.7 43

0. 00036
0. 00041
0.00039

0. 00037

0. 00036

0 . 0003 18

0. 000312
0.000324
0.000329
0. 0003 29
0. 00033 2

0. 000336
0.000328
0.000355
0 . 0003 61
0.000345
0. 000364
0. 0003 58
0.000364
0.000379
0. 000400

0. 000280
0.000292
0. 000309
0. 0003 24
0. 000330
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Babbitt (f945) reported only one value of Lhermal conductivity

of hard wheat for tenperature range of 26 to 48C. The moisture conËenË

of :the wheat was 9.2"/" and the bulk density 0.85 g cm-3. His reported

value of Ëhermal conductivity of 0.00036 cal c-1 
"r-1 """-1 i" eqr,ru.l Ëo

the thermal conductiviËy of No. 1 ManiÈoba wheat at 11.7% moísture re-

ported by 0x1ey (1944). The equaliËy of Ëhermal conductiviËy values for

dífferent moisture contents could be due Ëo the dífferent methods used.

The thermal conductívity of trrro samples of hard red spríng

wheat was determíned by Moote (1953) usíng Ëhe same method as Babbitt

(f945) . The moisture content of sample A was varied from 1 .38"/" to 7 .35%

by adding r¡rater to Ëhe wheat. The moisture c.ontenË of sample B was

varied frorn13.757"to 5.3% by intermittently drying aË 105C. The thernal

conductivíty varred linearly wiËh moísture content, sample B having

slightly lower values than sanple A. The conductivíty values of sample

A ranged from 0.000312 cal C-1 
"r-1 "".-1 "t 

1.38% noisture corltenË to
-1 --l _1

0.000361 cal c - cm-'s.c-' at 7.352 noisture conËenË. The thermal

conductivity values for sample B varied from 0.000328 cal c-l.*-1 "..-1
at 5.32 moísture content to 0.000400 cal C 1 *-1 "..-1 at 13.75% moísture

content. No explanation r,/as gú.ven for the variation in the thermal

conductiviËies of dífferenË samples.

The thermal conductivity of wheat reported by Moote for

moisture which is the nearest value of moisËure content to thaË of

Babbítt was 0.000364 cal c-l *-l "."-1. This small variaËion in

conductivities reported by MooËe and Babbítt could be expecËed due

the differerrce i.n moisture content.

9.8s%

thermal

to

Hooper and Chang (1953) reported thaË Ëhe thermal conductivity

of wheat was 0.000318 ca1 c-l "r-l "."-1. 
The moisËure content and Ëhe



l1

variety of the wheat v/as not specified.

Kazarian and Hall (1965) studied Ëhe effect of moisËure content

on thermal conductivity of soft white wheat , using a transÍenË heaË flow

method. The temperaËure of rrheat during the test varied fron 21 to 44C.

The wheat at 0.68% moisÈure content had a thermall'..conductívíÈy value of

-1 _1 -10.000280 ca1 C - qm. - sec - and at 20.37. moisture content a value of

-1 -1 -'l0.000330 cal C - cm'sec -.: Thermal conducËiviËy increased linearly

1,iiËh íncreasing moisture contenË. Theír linear regression equation is

díscussed in sectíon 4. In general, the Ëhermal conducËivities reporËed

for soft white wheat were less than those for hard red spring wheat re-

porËed by Moote (f953). This difference could be expected due to varia-

tion in the varíety of wheaË and Êhe methods used.
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}ÍETHODS AND MATERIAI,S

3. f Apparatus

The apparatus .used for measuríng the Ëhermal conductivi¡y of

r'¡heat was similar to one used by Kazarian and Ha1l (1965). The apparatus

consisËed of a hollow aluu.inún cylínder 30 cm high and 15 cm ín diameter.

The cylinder wa1l was 0.16 cm thick. Both ends of the cylinder were

pluggéd wiËh 1.9 cm thíck pieces of wood. The line heat source r¡/as a

25 cm long 0.0361 cm in diameter (27 gauge B & s) chromel wire, havíng

resistance of 0.0985 ohins per cm, which r¿as stret,ched between copper

leads on Ëhe axis of the cylinder (Figure 1).

The chromel wÍre was heated by electríc power dupplied by a 6

volt storage batËery. CurrenË flow through the heater wire was controlled

wíth a 0 to 35 ohms variable resistor. A 0.0 to 0.6 amp direct current

artÛleËer, minimum giaduation 0.01 amp, accuracy *L% fu1l span, \^ras used to

measure the current. TemperaËure was measured at. the center of the heaËing

iilre with a 0.0L27 cm diameter (36 gauge B & s) copper-constanran

thermocouple soldered Ëo the chromel r,vire. The síze of. the soldered

joínt was kept as small as possible Ëo reduce the effecË of extended

surface on the heat transfer from the joint. The thermocouple reference

junction was mainËaíned at 0 C +0.01C. Electrical potentÍal of the thermo-

couple circuit v/as measured with a potentíometer strip chart recorder,

minimuu graduat.ion I pv, overall accuracy J2 uv (Fígure 2). The alumínum

cllinder was enclosed in an insulaËed wooden box (l'ígure 3), which was

placed in a controlled temperature chamber (figure 4a). The insulated.

wooden box reduced temperature changes and the effect of aír currents

around the test eylinder. Temperature at the center of the wooden box

varÍed less than + 0.027C with tíme. BatËery, ammet.er and potentiomeËer

t
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recorder r,/ere at room temperaËure locaËed ouËside the controlled

teüperature chamber (Fígure 4b).

3.2 Càlibration of thermocouple

The thermocouple used for measuring the Ëemperature of the

heater was calibrated against a constant ÈemperaËure bath in the temp-

erature range -26.3C to *48.9C. Temperature of the bath vras controlled

by a platinum resistance sensor. Manufacturers of the bath ÍndicaËe that

the accuracy of temperàËure control is more than *0.004C at an operating

temperature of +37c. The temperature of the baËh was measured by a

mercury thermometer havíng a mÍnimum graduaËíon of 0.lC. The temperature-

rnillivolË data for 0.0 to 48.9c and for -26.3 to O.Oc were analysed

separateiy. The millivolt output was recorded Í.or 48 seËtings of tempera-

ture in the Leurperature range 0.0 to 48.9c and for 2l settíngs in the

temperature range -26.3 to 0.0C. The regression equations expressing the

relationshíp between temperature and nillivolt for each range of t,empera-

ture are:

TemperaËure range 0.0 to 48.9C

T=0.401 +2.47xI03v

r = 0.9999; s = 0.253

Temperature range -26.3 to 0.0C

T=-0.319+2.53x103v

r=0.998; s=0.489

where:

T = temperature, C

v = volËage outpuË, mv

s = standard deviaËion, C

r = correlation coeffíeíent.

(3.1)

(3.2)
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3.3 Grain sample

Manítou, a hard red spring wheat, harvested during the fall

of L969, graded No. 2 Manítoba Northern \¡/as used ín the tests. The

orÍginal moisture content of the wheat was 10.87" andproÈein content

was 13 .37" on Ëhe basis of 13.5% moisture content.

The wheat r¿as divided ínt,o seven lots whieh were condítioned

to moisture contents rangíng from 4.4 to 22.57". Samples to have a

moisEure conËent above LO.B"/" irTe-re condiÈíoned by adding vrater. Píxton

and l,{arburton (1968) reported that the re-distributíon of moisture \'rithín

the wetted graín usually takes at least seven days. Therefore, lots

conditíoned byadding \^iater rrere held after the addition of \,/aËer for at

leasË 12 days, to allow the moisture to become completely uniform through-

out the lot. A temperaÈure of 2C was maintained during this period to

avoid fungal growth ín the wheat. LoËs to have moist.ure content below

L0.B% were dried at Ëemperatures not greater Ëhan 60C to reduce the

chemical changes in the wheaË at hígh temperatures. trnlheat at any

moísture conËent, when not being used, was kept in plastíc cans at the

temperaËure the tests were being conducted. To determine the moÍsËure

colltenÈ, four 20 to 25 g samples from lot r¿ere dríed in an oven at 100C

f.or 96 hours. The samples, before and aft.er drying, were weighed by

an elecËric single pan balance indicating weighË up to 0.0001 g. The

moisture conËent v¡as calculaËed on üiet basis.

3.4 Density

Grain densiËy was determined by weighing the anount of wheat

required to fill the thermal conductiviËy test cylinder and dividing

by iËs volume. A consistent filling procedure was used to avoíd

variation ín compactj-on. The density v/as measured for each replicaËion
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of thermal conductivíËy at tv/o temperatures' 20C and -6C.

3 .5 Preliminary tests

To determine the amounË of currenË flow to be used in Ëhe experí-

ments, lO-tests \,fere run, 5 each with currenË flows of 0.500 amp and

0.528 amp; These tests were conducted at 2OC using r¿heat containing LO.87.

moisture. A curve between temperature and 1og.(tine) was plotted for

Èhree different heating tests wíËh a currenË of 0.500 arnp. The plot of

tenperature and log"(time) resulted in a straíght line only after 0.6

minutes of heatíng. Since EquaËion (2.6) is applicable Ëo only sËraight

line portion, the 0t I¡las chosen to be 1 minute 0Z was arbitrarily

chosen to be B minutes.

It was found that a current of 0.500 amp would gíve a Ëempera-

Èure rise of approxímately I2.6C after B minutes of heating. The tempera-

ture change between I and B minutes \¡ras approximatel-y 2.7C. The tempera-

Ëure rise with a current Of 0.528 arnp afËer a heatíng time of 8 minutes

r^ias approxímaËely 13.6C and between l and I minutes l{as approximaËe1y 3.0C.

These results \¡rere used Ëo calculate the thermal conductivíÈy of wheat

wíËh Ëwo different levels of currents. Slíghtly higher values of thermal

conducËivíties were obËained for the tests wiËh a current of 0.528 amp

due to greater íncrease in temperature (Table 2) , but l^lere not signif icantly

differenË at the 5% level from those obtained with a current of 0.500

amp. A similar conclusion wúth currenËs of 0.490 amp and 0.560 amp and

a heating tiue of 1 to 10 minutes $ras reported for corn by Kazarian and

Hafl (1965). Hooper and Lepper (1950) reported Ëhat \^Ihile a wíde range

of currents and temperature.rise can be used, in general lower currenËs

are suited to lower Ëhermal conductivit.ies. Therefore, a current of 0.500

amp \¡/as used for the thermal conductiviEy Èests. The current varied less
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Table 2 Effect of current on thermal conductivity

Moísture content = 10.87" w.b.

Temperature = 20C

-i -l *1
Thermal conductívíÈy, cal C - cm sec

CurrenË

Average

Standard deviation

0. 500 amp

0 .0003 62
0.000359
0.000379
0.000344
0. 000356

0.000360

-(I.26 x LO -

0.528 amp

0.000387
0.000389
0.000413
0. 000352
0.000457

0.000399

3.87 x 1O-5

Table 3 Effect of heat,ing time on thermal conductívity

MoisËure content = 10.87" w.b.

Temperature = 20C Current = 0.500 amp

, --1 -1 -1
Thermal ConductivíËY, cal C - cm sec

Ileating tíme

Average 0.000360 0.000358 0 .000358

srandard deviarion 7.98 x LO-6 7.64 x L0-6 7.33 x L0-6

7 minutes

0. 000363
0.000363
0 . 00037 0
0.000356
0. 000349

B minutes

0.000362
0.000358
0.000367
0.000354
0.000347

9 minutes

0.000360
0.000359
0.000367
0.000355
0.000347
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Ëhan *0.82 during a test.

To determine if using different heating Ëimes had any effecË on

thermal conductivity, 5 additíonal tests \^rere run wíËh a current of

0.500 amp. I¡Iheat was heated for 9 minutes and the thermal conductívity

was calculated after a heaËing period of 7, B, and 9 minutes for each

t.esË wíth 0, equal Ëo I mínuËe. There were insignificant differences in
1

Ëhermal conductivities determíned after 7, 8 and 9 minutes of heaËing

(Table 3). Therefore, Éhermal conductivities determÍned for the heatíng

perÍods of I Ëo 7, 1to 8 and I to 9 minutes r,^/ere averaged for each t.est.

3.6 Thermal conduct.ívity

After determining the current and heating time to be used, plastic

cans with wheat were kept in the controlled temperatùre chamber to bring

the wheat to equílibrium with the Ëemperature of Ëhe controlled tenpera-

ture chamber. When the t.emperature of wheaË in cans became constanË, Èhe

thermal conductivity cylínder r¡as filled with the r¡heat. The Ëest was

sËarted, when the Ëemperature of wheaË in the cylinder varíed less than

0.027covera time period of at least 10 to 15 mínutes. The recorder was

started 1 to 3 minuËes before power was applied. Thís served as a check

of Ëhe ínitíal temperaËure of wheat. Then the electrical circuit r¿as closed

and the temperature rise recorded. After each test the graín was removed

from the cylinder. For 20C and -6C Ëhe weíght of the sanple in the cylinder

was recorded. A fresh sample was used to fill the cylinder for Ëhe ne*t

ËesË and Ëhe grain from the previous test r'/as kept ín the chamber. to bríng

the Lemperature of wheat back dornm to the chamber temperature. Care was

taken to filt the cylinder in the same T¡/ay so that Ëhe density would not

vary greatly between tests.
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The time correction, 0o, was found by the procedure discussed

in section 2.6. A time-temperature curve was plotted for 2 tesËs of

Ëhermal conductivity. A Ëypical curve is shown in Fígure 5. The values

of d0/dt were obËained by drawíng tangents tothe time-temperature curve.

Then the values of d0/dE were plotted Ëo obtain the desired time

correcËion (fígure 6). The tjme correction, 0o, was found to be 3

seconds for both Ëhe Ëests. Hooper and Lepper (1950) also report.ed thaË

Ëhe time correction for most materials, and for a parËicular apparatus

is nearly constant.
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4, RESULTS AND DISCUSSION

The effecË of moisture on thermal conductivity at test tempera-

tures ís shown ín Figures 7 to L2. The thermal conductívity of spring

wheat increased linearly with increasing moisture content at each Ëempera-

ture. The l¡i.near regression equations for different temperatures are:

TemperaËuxe = 20C

k = 3 .34 x to-4 + 3.37 x to-6 lt (4'1)

r=0.80, s=l.62xLO-5

TemperaËure = 5C

k = 3.44 x to-4 + 2.28 x lo-6 lt G'2)

t = 0.73, s = 1'37 x 1O-5

Temperature = 1C

k=3.26xt0-4+3.25xt0-6u (4'3)

t=0.94, s=7'73xLO-6

TemperaËure = -6C

k=3.L7xto-4+3.67xt0-6u G'4)

r=0.91, s=l'0BxlO-5

TemperaLure = -L7C

k=3.36xt0-4+2.24xt0-6u (4'5)

t = 0.67, s = 1'63 x 10-5

Temperature = -27C

k = 3.43 x to-4 + 2.28 x to-6 lt (4'6)

r--0.67, s=l'62xLO-5

The linear regression equation based on the 210 thermal conducË-

íviÈy determínations at all six Ëest temperatures is:

k = 3.33 x to-4 + 2.86 x to-6 l¿ (4'7)

t = 0,77, s = 1'48 x l0-5



¡

c) K
J

U
)

I

E L}
I
c) *.

! { (l^
sÈ

g h Ë (J J Ë z. J er a= ffi t'J r þ

4.
¡0

:(
 ô

fa

3.
7C

I

qñ
n

? 
?,

'ì

o

0

o

O

o

F
'!G

, 7

0

-Æ
 

aÂ
.

[<
 =

 3
.3

4.
x 

80
 r

+
 3

.3
7 

x,
 [C

I 
" 

iV
l

S
=

 t.
62

xl
ds

r 
=

 Ü
.g

t

Ë
A

C
!-

I 
rc

IN
T

 A
V

G
 O

F
 5

 T
Ë

S
T

S

E
 

t?
" 

16
 

ap

[\l
iO

f 
S

T
U

R
H

 C
tN

T
"f

[:f
',¡

T
, 

ry
o 

W
E

T
 Ë

,4
\$

¡S

T
F

IIR
fu

IA
,!-

 C
O

I'J
D

U
C

T
IV

¡T
Y

 C
iF

 S
P

R
Ih

IG
 V

JH
Ë

A
T

 A
T

 2
C

IO
C

&
q

N
J L¡



I C
)

t&
l

(.
{>

T o'
q

t; (-
)

î, (J J <
[

O
^

s o ; L Ë () :) É
l

z. c) (J _t e .å
.

fE hJ r i--

I I ''r ,.L
I I

?o
l- I I

'-I
- t I

-r
lI '"t
 r * L 0

4.
1

3.
t

?' !)
. ?

o

o

o

o

o

F
lG

. 
B

 ît
lE

R
[v

1A
L 

C
O

lrl
nU

C
îtV

lîY
 tF

: S
P

R
I[\

!G
 W

I-
¡H

A
Ï 
A

T
 5

"C

o

A
 

-Ê
,

k 
=

 3
.4

4 
x 

lo
 -+

 e
.2

8 
x 

to
_;

 r#
¡

$=
 1

.3
7x

¡C
I"

v 
=

 f.
).

73

E
A

C
I-

I 
P

C
IIN

T
 A

V
G

. 
O

F
 5

 T
E

S
T

S

E
t?

-[
6

$1
0¡

5T
U

ft[
 c

Û
hl

T
E

N
-T

 r
*/

o 
ri'

/H
T

 B
A

S
IS

o

N
J o\



î (J ¡-
r-

!

{.
fi

I Þ f\ î* J <
{ o- q a t: ¿ r- () :) É
ì

æ
.

c) (*
)

-J
-:

? tr û-
r.

J E t-

3.
50

F
¡G

. 
e 

T
'F

{E
R

tV
iA

l- 
C

O
N

D
U

C
T

IV
IT

Y
 O

F
 S

P
R

Iil
JG

 W
I{

E
A

T
 A

T
 l"

C

-4
\ 

- 
ø

\

k 
=

 3
.2

6 
Þ

i ¡
C

I 
'+

 3
.2

5 
)r

 lO
 - 

f\4

S
 =

 7
.7

3 
x 

[d
G

r 
=

 0
.9

4

E
A

,C
["

{ 
P

C
IIh

.3
T

 A
V

G
. 

O
å-

 5
 T

H
S

T
S

8 
L?

 
Í6

 
20

, 
2e

h4
0!

sT
Lj

irE
 c

tg
\lT

åi
N

¡T
, 

*,
/*

 \4
/E

T
 B

ê,
st

s

N
) !



î
(_

)
lrl (r

)
T
F (-

)

T
,. J < (_

)

\r
o b Ë (_

) 3 c3 z. c) () J
'<

i cr
-i

€^ tr td -E !'=

4.
 r

ö

3.
9O

3.
7t

,.)

F
'IG

. 
10

 T
h4

E
R

M
A

L 
C

O
N

D
U

T
T

IV
IT

Y
 O

F
 S

F
III

N
G

 W
!-

IE
A

T
 A

T
 -6

"C

o

-¿
1,

tr
 =

3.
1 

7x
Ë

C
)'+

 3
.6

7 
x 

tO
6 

nn

S
 ' 

!.0
8 

x 
lü

 5

r 
=

0.
9 

I

E
,A

O
F

"{
 F

U
IN

T
 A

V
G

 T
F

 5
 T

-H
S

T
'S

I 
Ë

?-
 

[6

tu
rü

ts
ïL

,¡
R

fi 
C

O
N

T
Ë

N
T

 , 
%

 þ
vË

T
 B

A
S

IS

?-
0 

,. 
' ?

4

N
J

oo



;
(J ¡.

rJ m T
* ;Þ ()

t 
c-

> J < (J
rf

, g h tr (J :} cf (} C
) J \{

L
q [r Lr

-l r ¡-
-

- 
,a

L

? 
Õ

f\

3.
5t

o
o

o

F
¡G

. 
11

 T
I"

¡E
R

M
A

L

o

I 
t?

. 
[(

] 
eÜ

$v
fO

lS
T

'U
R

Ë
 C

O
N

T
Ë

IiJ
T

 , 
%

 W
E

T
 B

É
+

S
IS

o

(J
k 

=
 3

.3
6 

x[
C

4
S

=
 å

.6
3x

ld
s

r 
=

 0
.6

7

C
O

hJ
D

U
C

T
I\i

 ¡
T

Y
 O

F
 S

P
R

IN
G

 W
ü-

IE
A

î 
A

T
 -

I7
"C

Ë
,1

.e
H

 P
û!

F
'¡T

 A
V

G
 û

F
 5

 F
t¡

hJ
-f

S

-la

+
 2

.2
4 

x 
10

" 
[\4

?"
4.

l.J \o



I
C

}
t!.

i
\}

J

î
Ë

_(
J

¡

c) J C
J

s
I h tr C

J =
) É
l ä () u J ç ffi l-r

d .L $-

3.
90

3.
70

3.
3C

I

o

o

o

F
f 
G

. 
L2

k 
=

 3
.¿

}3
 x

 li
a+

 2
.2

8 
x 

tC
6 

rv
l

g 
=

 1
.6

2 
x 
ld

5
r 

=
 O

.6
7

E
A

C
H

 P
O

IN
'T

 A
V

G
 O

F
 5

 T
Ë

S
ÏS

o

g 
l"è

- 
16

 
2"

0

I\4
O

IS
T

IJ
R

ñ 
C

C
IË

\IT
fr

N
!î,

 %
 W

Ë
T

 E
Á

\S
¡S

:.

T
I-

.{
E

[II
V

IA
I-

 C
O

N
D

U
C

I-
IV

¡T
Y

 O
Ë

 S
F

R
IIÏ

G
 W

h¡
ñA

T
' A

T
 _

 2
7 

" 
Q

o

L¡
) o



31

where:

k = thermal conductivity, cal C-l 
"*-1 u".-1,

M = moísture content, 7" wet basis

s = standard deviation of regression equaËion, cal c-l "r-1 """-1
r = correlation coefficienË.

The standard devíations of regression equations are based. on

all indívidual test determinatíons and not on means aË each moisËure

contenL. The slopes of the eurves at -L7C and -27C are less than Ëhose

for higher temperatures. Though there is not much evidence , there

see[rs to be a trend of moisture content affecting thermal conductivity

less at 1ow temperatures than at high Ëemperatures. Coeffícients of

correlaËion are consíderably less at -ITCand -27C Ëhan at hígher tempera-

tures, OnIy 45% (r = 0.67) of the variatíon ín thermal conductívity is

explained by linear regression equaËíons for -17Cand -27C. the reason

for the low values of correlation coefficients at -17c and -2Zc was

not established. But thermal conductivity appears to be a.,rinear func-

tion of moisture cont.enË at the higher temperaËures as r¿as also shown

by Moote (1953) and Kazarian and Hafl (1965).

A símilar sËatistj-cal analysis of the daËa presented. by Moote

(1953) for hard red spring wheat, temperature range 32 to 6OC, moísture

content 1.38 to L3.75"/" results ín the following equation:

k = 3.oB x to-4 + 6.54 x to-6 ¡r (4.8)

r=O,96, s=6.59x10:6
The slope and intercept of Equation (4.4) rnrere compared. agaínsË those

of Equatíon (4.1) for 20c. The standard deviation of the regression

EquaËion (4.1) was used for the comparíson. The slope and íntercepË

of Equation (4.8) were sËatisËically different at the 52 level frour
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those of Equation (4.1). The difference in slopes could be expected

since the effect of moisture content appears to increase with temperature.

The difference between the equatj-ons could also be due to larger moisture

migration in the steady-state method used by Moote than in Èhe transíenË

state method used in Ëhis study.

Kazarían and Hall (1965) presented the following regression

equaËíon for soft whiËe wint,er wheat, moisture content 0.68 to 20.3%,

temperaËure range Z|LC to 44Cz

_/, _âk=2.79x10-+2.70x10"M (4.e)

The effecË of moisture content on thermal conducËivity of sofL wheaË,

i-.e. Ëhe slope of the equation, is not significantly differenË aË Ëhe

5% Level from that found for hard red spring wheat at 20C. But the diff-

erences in dry matter and kernel size and shape do,affect the thermal

conductivity sínce the thermal conductívíËíes aË 0.0f moísture contenE

í.e. intercepts of both equatíons of the two wheat varieties are

significantly different. Two samples of the same variety wheat .grovTn under

different environmental conditions may be different in. quality from each

oËher. This dífference in quality of wheat may also affect the thermal

conducËivity.

tr{heaË conËaining l-9.32 moisture which had been allowed to re-

main at room Ëeuperature for a short period of time was found Ëo be

bailly infected with mould. At- all tested ËemperaËures the thermal

conductívity of this mouldy wheat was less than that of uninfected

wheat at the same moisture conËent (Table 4). Oxley (Lg44) made símilar

observations. Therefore, in measuring or applying thermal conductivitíes

of grain, care musË be Èaken to determine Ëhe extenË of fungal growth.
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Figure 13, in which each poínt is ,Ëhe average of 35 thermal

conduct.ivity determÍnations at each Ëenperature in Ëhe moisture content

range of 4.4 to 22.5% shows that the thermal conductívity was minimum

at about. -8C. A similar paËtern of increasíng therural conducËivity above

and below a cert,ain temperature has been found for ice and meaËs

(Lentz, L96L). The minjmum occurs ac 0C for ice and around -2C for meats.

For Ëhese materíals there ís a discontinuity in Ëhermal conductivity

aË t,his tenperature when freezing occurs, but Ëhe curve for wheat appears

Ëo be continuous. Therefore, the moisËure Ín wheat, contaíning up to 23%

moisture, does not appear to undergo a sharp change ín phase. There

does not appear to be consistenÈ effect of Ëemperature on thermal conduct-

ivity, buË Fígures 14 to 20 show Ëhat the temperature at which the thermal

conductivity ís minimum depends on t.he amount of \^/ater present in Lhe

wheat.

The thermal conductivíËy is a consequence of the followíng

modes of heat Èransfer which may exist in bulk grain:

1. ConducËion wíthin each kernel,

2. Conduction across kernel conËact poínts,

3. Conduction across the pore spaces,

4, Convection across the pore spaces,

5. Radiation bet\nreen kernels,

6. MoísËure migration.

The relative importance of each of these facËors raust depend

largely on the conditíons of the temperat.ure gradients set up, their

rate of change, the size and shape of masses involved, and the resistance

Ëo air movement, beËween the grains (Oxley, L944). 0x1ey (L944) and

Babbitt (L945) have shown that the effect of convection currents in Ëhe
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bulk grain is negligible in sËeady-state apparatus. Sínce the Ëempera-

ture gradient across the small pore spaces in the r¿heat v¡ith transient

sËate method used in this study ís expecËed to be small, the effect of

radíatíon and convection across the pore spaces can be consÍdered to

be neglígible. As discussed earlíer, total moisture migration in Ëhe

transient, state method can also be consídered negligible. Tt wou1d,

therefore, appear that the heat transfer was mainly by conduction under

Ëhe ËesË condÍtions.

Sínce there appears to be no sharp change in the phase of water

in the grain it wou1d, therefore, be expected thaË the thennal conductivity

of Lhe grain kernel will decrease with decreasing temperaËures. Also,

decreasing temperatures cause a decrease in thermal conductivity of the

air in the pore spaces (Kreith, 1965). The combined effect of Ëhese two

facËors is a decrease in thermal conductívíty of wheat wiËh decreasing

temperatures. Dua and 0jha (L969¡ reported that the thermal conductivíËy

of graíns increases wít.h increase ín density. The increase in density

could result in increased kernel Ëo kernel contact and thereby causíng

a'n increase in conduction between kernels. Therefore, the only factor

that could cause an increase in thermal conductivit.y as t.he teurperature

decreases belor¿ t.he temperaLure aË which the thermal conductir¡ity is

minimum is an íncrease in conduction from kernel to kernel due to in-

crease ín bulk density. such an increase in bulk densíty røas found

between *20C and -6C (Figure 2L). The increase in bulk density will al-so

decrease the size of pore spaces, whích might decrease the effect of pore

spaces on lor¿ering the thermal conductivity at lower temperatures. So

Lhe increasing bulk density may become the domínate factor affecting

Ëhermal conductívity as Ëhe temperature drops below the ternperaËure at
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whích the thermal conductivity is minimum causing the íncrease in

thermal conductivity.

The effect. of moisture content in íncreasing the thermal

conductíviËy of grain ís twofold:

1) Since the thermal conductivity of water is more t.han thaË

of dry grain, iÈ. increases the thermal conductíviËy of

grain,

2) there is more increase in densít.y with lowering of tempera-

ture at higher moisture content than low moisture conËenE

(figure 21), which increases the kernel to kernel contact

thereby increasing the thermal conductiviEy

Due to increase- in <íensj.ty, wíth lowering of temperature aË the

same moisture contenÈrsíze of pore spaces.-may be reduced, whicir níght decrease

the effect of pore spacæs on lowering thermal conducËivity of wheaË.

But aË high moisËure contents the density of grain is greatly reduced,

and the overall effect of moísture on densíty at low Ëemperatures is

sËill a decrease ín density (Figure 2L). Also, Ëhe thermal conductivity

of waËer below 121C decreases with decreasing temperaËures (Kreíth, 1965).

This decrease in thermal conductiviËy will be greater at higher moisture

conËenËs. Therefore, the overall effect of moísture conËents on Ëhermal

conductíviËy at 1ow temperaËures will be a small increase in Ëhermal

conductivity with increasing moísture conËenËs. This míght be the reason

for smaller slopes in regression Equation (4.5) and (4.0¡ at -L7C and

-27C respecËively.
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5. CONCLUSIONS

The general conclusions of this study of measuring thermal

conductívíËy of spríng wheat aË low temperatures are:

1) The thermal conductivity of spring wheat lor a moisture

content range of. 4.47. to 22.57" varíed from 0.000329 to

0.000407 ca1 C-l cm-1 sec-l within the temperaËure range
. 

of -27C to +20C.

2) Thermal conductívity was a linear functíon of moisture

content above a Ëemperature of -8G. The relat.ionshíp

below thís temperature \.vas not as strong.

3) Thermal conductivity was minimum at abouË -8C and increased

with both íncreasing temperatures above Ëhis and with de-

creasing temperatures below Ëhis Ëemperature.

4) MoisËure content appears to be affectíng thermal conducËivíty

less at low temperatures than aË high temperatures.

5) Thermal conductívity of mouldy wheat r¡as less than Ëhat of

uninfected wheat at the same moisËure conËent for all

temperatures.

6) DensiÈy of wheat hTas more aË -6C than at +20C. The effect of temp-

eraËure on densíËy \¡ras more at higher moisture contents

than at lower moist.ure content,s.

7> There does not appear to be any change in phase of water

present ín wheaË containing 4.47" xo 22.52 moísËure down to

ËemperaËure of -27C.
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6, SUGGESTTONS FOR FIIIURN STUDY

1) The effect of density of grain on thermal conduct.ivity should be

investígated.

2) The effecr of teurperaËure on density of grains should be studÍed

more. thoroughly.

3) The effect of adsorption and. desorpËíon of moisture orr Ëhermal

conductivity should be investigated.

4) The effect of different. type and extent of fungal growth on

thermal conductivity should be studÍed.

5) The temperatuïe gradients within pore spaces and. their effecË on

heat movemenË should be investigated.

6) The effect of Ëherrnal expansion of ,grain shourd. be studied.

7) The rate of heaE transfer across t.he kernel contact surfaces should

also be determined.
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APPENDIX A

Temperature-time relationship

Thís appendíx Íncludes figures A-l and A-2 whích show the

relatíonshíp between temperature and 1og (tine). Tlie Ëjme 0f r,üas

det.ermined from these f ígures.
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APPENDIX B

SAMPLE CALCI]LATIONS

This section includes a Lypical calculaËj-on procedure used

to calculat.e the thermal conductivity for each test determÍnaËion.

The equatíon for thermal conductívity is:

. o - .az-eo.K = 4rG;=Ð ro8. l¡;- soJ

where:

(8. 1)

(8. 2)

k = t.hermal conducËivity,

t1= Ëemperature at tíme 0rr

r- = râ.mperaËure at tíme 0^,-2lgoLL4L

Q = heat ín put per unít length of líne heat source,

0 = tiure correcËion.
o

To calculate Ëhe thermal conductivíty, k, in metric units the equation

ís modífied as:

)í-R 4.3 0.-0,
k= ?rrü=zJ loBe ttrr

where:

k = Ëhermal conductivity, ca1 C-l 
"*-1 """-1,

i = currenË, amperes

R = electrical resístance of the heater, ohms per cm,
e

t = EemperaËure, C.

For wheat havíng L0.8"/" moísture content:

i = 0.502 amperes,

R_ = 0.0985 ohms per cm,
e

0 = 3 seconds.o'
IniËíal temperature = 5.9C,



s6

Temperature after I minute of heating = 14.7BC,

TemperaÈure after 7 minutes of heating = L7.38C,

Temperature after 8 minutes of heaËing = L7.55C'

Temperature after 9 minutes of heating = L7.70C.

Substituting these values into Equation (8.2) yíelds:

1) For I and 7 minutes,

-1 -1 -1k = 0.000361 cal C cm sec -;

2) For I and B minutes'

-1 -'r -1k = 0.000362 cal C - crtr - sec *;

3) For 1 and 9 minutes,

-1 -1 -1k = 0.000363 cal C - cm ' sec -;

Average of three is,
-1 -1 -1k = 0,000362 cal C - cm - sec
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APPENDIX C

Tables of data

In this section, different values of therural conductivíËy

and elensíËy determined at different moisture contents and temperatures

are reported. Tables C-l Ëo C-6 are for Ëhermal conductívity and

tables C-7 and C-B are for densitY.
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Table C-1 Thermal conductÍvity of spring wheat at ZOC

-4 -t -l -1Thermal conductivity, 10' ca1 C * cm sec
l.{oisbure eonËent,
percent 4,4 6.2 8.1 10.8 l-5.2 19.0 22.s

Average

Standard devia-
tion

0.154 0 .225

J.JO

3.s4
3.62
3.34
a taJ.JL

3.44

0. 133

3. 84
3.53
3.75
3.81
a trô

3 .69

t ctr
J. J)

3.46
3.70
3.92
3. 50

3.s9

3.70
3 .6s
3.89
I tr1

3 .64

3. 68

0. 135

4 .08
3.7 4
3 .93
3.64
3.82

3.84

0.170

4 .L4 4.15
3.94 4.L3
4.07 3.90
3.9r 4. r0
4.2r 4.09

4.05 4 .07

0.128 0.100

Table C-2 Thermal conductivíty of spríng'rvheat at 5C

Thermal conductívíty, r¡4 cal C-l "*-1 """-1Moisture content,
percent 4.4 6.2 8.1 10. 8 L5.2 19 . 0 22.5

Average

Standard devi-a-
tion

0.081 0. 121

3.66
3.42
3.42
3.57
3.55

3 .52

0. 103

3 .59
3.70
3 .80
3.62
3.68

3. 68

3 .40
3.70
3. 68
3. 60
3.s4

3.s8

3.7 4
3 .57
3.62
3.96
3. 38

3 .65

0.2L4

3. 88
3.81
3. 68
3.7 6

3,62

3.7 5

0. r03

4.05 3.9L
4 .07 4.05
4.00 3.64
3. 90 3. 98
3. 90 3.99

3.98 3.91

0.081 0.161
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Tabte C-3 Thermal conductivity of spring

Thermal conductivíty, 10* cal

wheat at lC

^-r -1 -1u cm sec
MoísËure contenÈ,
percent 4.4 6.2 8.t r_0 .8 L5.2 19 . 0 22.5

Average

Standard devia-
tíon

3.4r
3.24
3 .42
3.45
3.28

J. JO

0.094

3.44
3.48
3.52
3.47
3 .4r

J. +O

0.042

3 .63
3 .40
3.44
3 .58
3.62

3.s3

0. 107

3.69
3.69
3.77
3 .63
3. s6

J.O/

0.078

3. B6
3.7 0
3.7 3

3 .88
3 .66

3.77

0 .098

3.88 3.90
3. 91 3.92
3. 85 4.01
3.89 3 .96
3.92 4. 01

3. 89 3 .96

0.027 0.05r

Table C-4 Thermal conductivity of spring

Thermal conductivity, fõ4 cal

wheat at -6C

-l -'l -1u cm sec
Moísture content,
percent 4.4 6.2 8.1 10. I L5.2 19.0 22.5

Average

SËandard clevía-
tion

3.33
3.35
3.28
c ,tr
J.JJ

3.40

3.34

0. 043

3.29
3 .49
3 .46
3. 59
3.45

3.46

0. 108

3.39
3.46
3.67
3 .44
a 11

3.47

0. 120

3. 61
3.50
3 .4L
3 .50
3.49

3.50

0.071

3. s5
3 .57
3.77
3 .64
J.t)

3.65

0.096

3 .98 4 .02
4.04 3.97
4.08 4 .07
3.94 4.0L
3.9r 3.7I

3 .99 3 .97

0 .070 0.112
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Table C-5 Thermal conductivity of spring wheat al -I7 C

Thermal eond.uctivity, 1õ4 cat C-l "r-l "."-lMoísture content,
percent 4.4 6.2 8.1 r0. B L5.2 19.0 22.5

Average

Standard devia-
tion

J. J+
3 .31
1 

''J
J. JL

3.24

3.29

0. 050

3.46
3. 68
3.68
3.7L
3 .68

J. 0¿+

0.103

3.6L
3. 65
3.7L
3.62
3.7 L

3 .66

0. 048

3. s9
3.63
3.65
3.63
J./O

3 .65

0.064

3 .48
3. 31
3.69
3.47
3 .69

3.53

0.162

3.79 4.06
3 .9r 3.8s
3.93 4.07
3.92 3. 89
3.7L 3.s9

3.Bs 3.89

0.098 0.195

Table C-6 Thermal conductivity of spríng wheat aE -27C

Thermal conductivity, fã4 .^t C-l "*-1 "..-1Moisture content,
percent 4.4 6.2 8.1 10.8 ]-5.2 19 . 0 22.5

Average

SËandard devia-
Ëíon

3.30
3.26
.) aa

3. 40
).2¿

3.30

0.068

3. 51
3 ,63
3 .64
3.70
3.60

3 .62

0. 069

3 .66
3.7 L
3 .65
3. B0
3.69

3.70

0. 060

3. 83
3. 63
3.82
3.94
3.87

3.82

0.115

3.78
3.90
3.69
3. B4
4. 00

3 .84

0. 117

3.90 3.96
3. 88 3.81
3.73 4.L6
3.82 3.55
3.78 3.79

3 .82 3 .85

0.070 0.225
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Moisture conËenË,
percent

Table C-7 Density of spring wheat aE 20C

1
-JDensrty, g cm

4.4 6.2 8.1 10. 8 L5.2 19 .0 22.5

Average

0.800 0.821
0.803 0. Br9
0.805 0. 821
0.799 0. B2l
0. 803 0. 821

0.802 0.82r

0 .77 4 0. 731
0.772 0.732
0.772 0.732
0.767 0.736
0.763 0.736

0 .77 0 0.7 33

0.7 99
0.822
0.826
0. 815
0. 815

0. 815

0.809
0.815
0 .805
0. 805
0. 812

0.809

0.770
0.765
0.779
0.776
0.7 90

0.776

Table C-B Densíty of spring r¿heat at

Denslty, g cm

-6c

-J

Mo isture cont.erì.t ,
percent 4.4 6.2 8.1 10. B l5.2 19 .0 22.5

Average

0.806
0. 808
0.803
0.803
0. 815

0. 807

0.826
0.825
0.825
0.819

0.824

0.826
0. 815
0.826
0.821
0.825

0.823

0.822
0.820
0 .820
0.820
0.8r5

0.819

0.7 86
0.797
0.795
0.794
0.792

0.7 93

0.797 0.7 56
0.7 9s o .7 56
0.795 0.758
0.793 0.758
0.797 0.76r

0.795 0.758
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A?PENDIX D

Calqulated values of Thermal Conductivity

Thís appendix consústs of table D-1, which shows the values

of thermal conductivíty for a moisture contenË range of 4% to 237". These

values were calculated by EquaËions 4.1 to 4.6 for each Ëemperature.
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