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ABSTRACT

SOMSAK VIRAVANICHAI

The University of Manitoba

May 1-971-

EFFECT OF MOISTURE CONTENT A}ID TE}{PERATURE ON

SPECIFIC HEAT OF I^IHEAT

Major Professor: Dr. trù. E. Muir

The specifÍc heaË of hard red spring wheat frorn three dÍfferenË years

of harvesÈ hras measured by using a calorimetric method of mixtures. Three

seríes of tesËs were conducted hrÍth wheaÈ containing moisture ranging

from 0 to 42"Á dry basis in dlfferenË Ëemperature ranges between -35 C and

+2Q C.

The specific heat of wheat was found to be linearly dependent on the

moisture content up to 30:Z dry basÍs. the regressÍon eguations relating

specific heat to moisture content r¿ere deternríned for the various temper-

ature ranges tested. The average specÍfic heat of dry wheat ¡¿as 0.270

-l -1cal g *C -. trltreat containing moisture contents Less than 30% dry basís

did not appear to freeze or give up its laËenË heat of fusion at any

dÍstínct temperature wíthÍn Ëhe temperature range investÍgated. lüheat

containing higher than 302 moisÈure appeared to have a ruide freezíng

range, rather than a fixed freezÍng poÍnt.

There qlas no difference in the specifÍc heat of ¡¿heat obtained from

dÍfferent years of harvest.
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NOMENCLATURE

d ttl.ennal diffusivity, "*2 "".-1
c = speci-fic heat, ""1 g-1c-1

d.b. = dry basis

E = !'rater equivalenÈ of cai-orimeter, g

k = thermal conductivity, cal C-1crn-1"".-1

M = moisture content, 7" wet basj-s

E = moisture conËent, % dry basis
t)

W = uncertainty

a = quantÍty of heat, cal

r = correlaËion coefficíenË

P = densitYrgcn-3

s = standard deviation

T = Ëemperature, C
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X = moÍsture conÈenË, g water/g dry mass
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BTU = BritÍsh Thermal Unít

C = degree centigrade

ca1 = calorie

cm = centimeter

F = degree FahrenheiË

g = gram

min = mÍnute

url- = millÍl-iter

mv = millivolt
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1. INTRODUCTION

Wheat is considered the most important grain groun in Canada, the

United States and other parts of the wor1d. Western Canadian farmers

have been storing th.eir harvested grain in farm bins for a considerable

period of time before delivering it to country elevators. A survey taken

by the CanadÍan WheaÈ Board indicated that 465 million bushel-s of wheat

ÌÀIere stored in farm bins aü the end of the 1969-70 crop year (The üIestern

Producer, SepËember 3, 1970). Due to infestations of insects and mítes

and growth of fungi a l-arge quantity of stored grain is lost each year.

The rate of deterÍoraÈion'of the stored grain can be control-led by a

number of factors; the prirnary factor being Ëemperature control. To

rationally design and control operations to combaË grain storage problems,

grain temperature must be predicted. One of the physical propertíes

required to predÍcÈ grain temperature is the specific heat of the grain.

IGrowledge of the specific heat is also useful in estimating the rate of

heating or cooling of Ëhe grain and may help to clarify the relatÍve

influence of biological factors such as insecËs and fungi on respiratÍon

and heating.

Specific heat is defined as the quantÍty of heat requíred to change

the temperature of a unit mass of a substance one degree. The uni.t of

measurement is c"l g-1C-1 or BTU t¡.-1f-1. The numerical value for

specÍfic heat in ei-Ëher system of uníts is Ëhe same

The specific heat of a hygroscopíc materíal is influenced by several

factors including temperat.ure and moísture content. Several investigators

(Babbitt 1945; Pfal-zner 1951; Moote l-953; Disney 1-954 and KazarÍan L962)

have shown the effect of moisture content on the specÍfic heat of wheaÈ
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at or near room temperature. So far the eff,ect of low ËemperaËure on

specific heat of wheaË has not been determined. Therefore, in Ëhis

investigation the co¡nbi¡ed effect of moisËure content and low Ëemperature

on specÍfic heat of r¿heat was determined using the calorimetrÍc method

known as the rrmeËhod of mixturesrr.

The. nain objectives of this investigation were:

(1) To determine the s.pecific heat of wheat at differenË moisture

contents rangÍng from 0 to 40 percenË dry basis and at temperatures

ranging from -35 C to *20 C.

(2) To study wheËher or not the specifÍc heat Ís. dÍfferent among the

samples fron different years of harvest.

(3) To study whether or noË moisture adsorbed in grain underwent a

freezing process at 1or¿ temperatures.
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2. LITERATURE REVIEÍ,I

Values of the specific heat of unmill-ed wheat have been reported

by several- Ínvestigators sÍnce L945. Generally the publ-ished data show

considerable variation. Due to the l-ack of a sÈandard method and

technique in tesÈing, it Ís difficult to compare these values. In many

cases the same rnethod has been used but Ëhe variatíon in test conditions

yielded diverse resul-ts.

In 1945 Babbitt cal-culated a value for the specific heat of Marquis

wheat from the measured values of thermal conductivity (1c), thermal

diffusiviËy (d) and density (P). IrrheaË contaÍnine 9.2i¿ (dry basis)

moisture with a bulk densiËy of 0.85 g "*-3 rc" enclosed in a gal-vanized

steel cylinder. The measured value of the thermal conductívíty was 0.00036

" _-1 -1_ -1 2 -1cal C cm sec - and the Ëhermal- diffusivity 0.001-L5 cm-sec . The

specifÍc heat cal-culaËed from the relationship c = kldp was 0.370 cal
-'t -1g -C -. The temperature of the wheat varied f.rom 26.1 C (79F) Èo 48.9 C

(120F) during the experÍmenË

PfaLzner (1951) measured the specific heat of wheaË aË moisture

conËents ranging from O"Á Ëo abouË L57" wet basis. The method of míxtures

was used with a 5-g sample of wheat enclosed in a small- cylindrÍ-cal

copper capsule dropped into water in a calorimeter. The calorimeter

was cooled Ëo about l- C by introducing íce water. The wheat r¡as held at

room temperature before it was dropped ínto the calorimeter. The temper-

ature was read on a Beclcnann Ëhermometer at one minute intervals duríng

the t.ests. Three sarnpl-es from different lots of wheat were tested.

Sample A and B were from the same year and sample C from a different

year. The specÍfÍc heat was l-inearl-y depen(;ent on moisture content and
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the results r.rere expres.sed as:

Sarnpl-e A c = 0.283 + 0.00724 YL,

Sanple B c = 0.301 + 0.00733 M,

Sarnple C c = 0.288 + 0.00828 M,

where c is the specific heaq..1 g-1c-1, "rd M Ís the moisture contenÈ,

Per cent wet basis. PfaLzner concl-uded that the apparent specific heat

of bound rnlater does not differ appreciably from that of free water over

the range of moisture and temperature investigated.

Moote (L953), foi-lowing the same method used by Babbitt, studied the

effect of moÍsture on the thermal properties of wheat. Two l-ots of No. 1

Northern Manitoba wheaË hrere tested. The first lot of. wheat was íni.tÍally

dríed and then moÍsture was gradual-ly added during the Ëest. The second

lot was dried in steps with tests made between the drying periods. The

calcul-ated values of the specific heat of wheat containÍng varíous amounts

of moÍsture from L,4% to L3.7i¿wet basi.s r,rrere reported. The specifÍc heat

values for high moÍsture wheat lsere considerably affected by the migraÈion

of moisture during the tests. AË very 1-ow molsture content Ëhere \.ras no

signÍficant movement of moísture so the values of specÍfÍc heat were

presunably correct. The specific heat of dry wheat were 0.314 and 0.310

-1 -1cal g -C - for No. l- Northern Manitoba wheat.

In 1954 Disney measured the specific heat of Manítoba and Bersee

hard wheat hTith a modífied Bunsen ice cal-orimeter. The method consisted

of dropping a measured amount of wheat at room temperature into the ice

calorÍmeter and measuring the amount of ice thaÈ rnelted. The specific

heat of No. 1 Northern Manitoba wheat r¡ras measured at seven different

moisture contents ranging from 1.29 to L7.5% !üet basis. Values of the
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specific heat reported, ranged from 0.31-0 cal g-1C-1 aË 1.29% moisture

content to 0.447 cai- g-1C-1 at L7.5% moisture content. Specific heat

measurements of twenty different moisture conÈents were reported for

Bersee wheat. Fifteen of the tests were conducted at moisture contents

obtained by internittently drying the wheat from 33.6 to 0.L4"/. r^reË basÍs.

Five tests !,Iere performed after Ëhe moisture content of the sample !'ras

changed from 1.99 to L8.2"¿ by the addition of T4rater. The specific heat

determination after conditionÍng the r¿heaË by desorpËion varied from

-1 -1 -'r -10.582 ca1 g -C * at 33.6% moisture content to 0.307 cal g *C * at 0.147"

moisture. Conditioning the wheat by adsorption produced specific heaË

values ranging from 0.306 cal- g-1C-1 at L.99"Á moisture content to 0.457

-1 -1cal g -C - at L8.27". Disney concl-uded Ëhat there lras very little dífference

beËween Ëhe specifÎc heat of the two varieÈíes of wheat over the range of

moisture contents investÍgated.

Kazarian Q962) measured the specific heat of soft white wheat

aË five dÍfferent moísture contents by using the method of mixtures.

The graÍn samples were held at room temperature and then dropped directly

into the calorimeter water. In each test about 60 g of wheat and 40 g of

hrater were used. The temperaÈure of the sample and Èhe water were

measured and recorded with a 3O-gauge copper-constant.an thermocouple and

recordíng potentiometer. The first seríes of tests were done over a

temperaËure range of 10.7 C to 3L.7 C (5I.2 F ro 89.0 F). The specific

heat reported, ranged from 0.347 caL g-1c-1 at 0.682 moisture content Ëo

-1 -1Q.522 cal- g *C * at 20.3"/. moÍsture content. A second serÍes of specific

heat measurements were conducted over a temperature range of 25 C to

46.2 C (71 P Ëo 1l-5.1 F). The values obtai.ned at rhe higher remperarures
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ranged from 0.323 cal g-1C-1 at 0.68% moisture conËent to 0.532 ""1 g-1C-1

at 2A.32 noistuïe content. The test resul-ts aË the hígher temperatures

appeared to be consistently lower than the data obtained at the lower

temperatures. Kazarian concluded that the specific heat of sofË whíte wheat 
,_,

is a linear funcËíon of moisture contenÈ and could be expressed by the :.':

equations,

c = 0.334 + 0.00977 14 at mean temperature 2L.2 C (70.1 F), 
::.

and c = 0.31-l- + 0.01L2 M at mean Ëemperature 33.9 C (93.1 F). .l
-1 -1where c = specific heat, ca1- g *C -, M = moisture content, Per cent !'Iet. 

,.1,:

basis.

!trheelock and Lancaster (1970) derived an equation for the specifi.c

heat of wheaË flour from the pooled data gathered on soft white wínter

wheaË flour and unmil-l-ed wheat. The equation obtained rìIas expressed as ,

c = 0.2g5 + 5.51 (10)-4'* O.44L X + 1.L44 X2,

where c = specific heat, .tl g-1c-1,

T = temperature, C,

X = moisture conÈent, I watet/g dry flour

Thís equation coul-d be used for deËermining the specifíc heat of '.,,'::rl

wheat f lour with a moisture content up Ëo 20"Á (X = O.25) and over a i r,'

.,."

Ëemperature range of 0 C to 60 C.

The publíshed values for the speeific heat of wheat are sumnatLzed

1n Table 2.1.
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3. METHOD AND APPARATUS

3.1 IntroducËion

ln aLl- experimental determinaËions of specific heaÈ, Ëhe amount of

heat added to or removed from a body must be measured. The theory and

Practice of making rneasurenenËs of quantítÍes of heat is generally

classed as cal-orjmeËry. Numerous calorimeËric methods for conducting

these measurements have been proposed. In Ëhis investÍgaÈion a standard

calorimetric method known as the ttmethod of mixËurestt \n¡as ernployed. The

meËhod of rnixÈures consists essentially of addíng a known mass of materíal

at a high temPerature to a known mass of \.rater at a l-ower Ëemperature,

or vice versa, and measuring the equil-ibrÍum temperature thaË results.

The specific heat is then calculated using the heat capacity of the

calorimeter and the measured temperature change.

3.2 DevelopmenÈ of Test Apparatus

The t,est apparaËus used in this study vras urodifÍed fron the ASTM

Standard Method of TesË for Mean Specific Heat of Thermal InsuLat,ion

(American SocÍety for Testing and Material-s). The test apparatus r"ras

less complex than those generally used in scj.entifj.c calorimetry but

it provided suffÍcienÈ precisÍon and accuracy. The test apparatus, as

shot¡n in Fígures 3.la and 3.lb, conslsted essentíal-ly of the calorimeter

and the temperature measurement ínstruments. The test apparatus r¿ill be

described in detail in the subsequent sections.

3.2.L CalorÍ¡neter

The cal.orÍmeter was an Isotherm Dewar fl-ask rvith a capacity of

1000 nl-. The metal Jacket !Ías removed from the flask since it prevented
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the use of a nagnetic sËirrer. The flask hres then insulated with one

and a half incÏ¡-es of fiber-glass ínsulation to minimize ttr-e heat exchange

wittl the surroundings. An insulating cover was used for covering the

flask during Ëhe experimenË. The cover was divided into two parts in

ord.er to facilitaËe the temperature measurement of the calorÍmeËer hrater

and Ëo reduce the size of the opening whiLe Ëransferring the sample ínto

the caLorÍmeËer. A g.lass rod five inches long was connecËed Ëo the

smaller part of the cover so that it protruded inÈo the calorimeter

fl-ask. A thermocouple fixed at the end of this rod measured Ëhe temper-

ature of the calorimet.er rrater at the same locaËion throughout the tests

(Figure 3.2), A magnetic stirrer was used to stir the calorimeter r/üater

to maintain a constant temperature throughouË the fl-ask.

3.2.2 TemperaËure Measurement InsÈrumenËs

The temperature of the eaLorímeter rnrater \^ras measured with a 36-gauge

(Brown and Sharpe) Copper-constantan Ëhermocoupl-e connected to .a poËen-

tiomeËer type strip charË recorder (ElectronLk L24*). The temperature

of the grain sample üras measured and recorded using a 24-gauge (Brown and

Sharpe) Copper-constantan thermocoupl-e and a SuperMite* manual índieatÍng

potentiometer. A water-íce reference chaulber (Model l-36 Air cooled

FrigÍster*) provi-ded a reference temperature for the thermocoupLes which

was maintained aË 0 C + 0.01 C.

A Phíladelphi¿* dÍfferential thermomeËer having a range of 5 C wÍth

0.01-C divisions was empl-oyed to calíbrat,e the calorimeËer hrater thermo-

couple. Two precision-type thermometers, ASTM number 62 C and 63 C with

0.l-C divisions wete used to caLibrate the thermocoupl-e which was located

in the grain sample.

* Trade name
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Figure 3.1a Apparatus for deterrniníng the specific heat of wheat:
1. calorimeter 5. manual indicating
2. magneEic stírrer
3. strip chart recorder potentiometer 6.
4. water-ice reference chamber 7.

potentiometer
coolíng bath
ínsulated glass tube



ínsulat.ed cover

magnetíc sÈírríng
bar

glass rod

glass rod 

-"_

hTater --------_

Top view

--*Isotherm Dewar
flask

--.insulated covef

Paper taPe

Isotherm Der¿ar
flask

fiber-glass
insulatÍon

thermocouple

magneËíc
stÍrring bar

support

Figure 3.lb Schernatic diagram of cal-orimeter.
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3.2.3. Auxiliary EquipmenË

Other eguipment consisted of a liquid cooling bath for cooling the

grain sample to the desired t,emperature. A 25-m1 glass tube, insulated

with fiber-glass, \^ras used for containing the grain sample. The

insulated glass tube assisted Ín producing a uniforn temperature through-

ouË the sample whil-e it was being cooled and reduced heat transfer while

Ëhe tube was being moved from the cooling bath to the calorjmeter. A

Mettler* K4 balance, accurate to 0.1 g, was used for weighing the calori-

neter \^rater. A }feËtler* H10T balance, accuraÈe to 0.00019, was used for

weighingÈhe grain sample and the specific heat sÈandard. An elecËric-

ally operated drying oven was used for determinÍng the moÍsËure content

of the grain sample.

3.3 Specific lleat Standard

A speclfic heaË sËandard

heat. In this study granular

standard for cal-ibrating the

check the reliabÍlitv of the

is a material- of accurately known specific

aluminum was employed as a specific heat

calorimeter. Granular copper was used Ëo

equípment and the procedure enployed.

* Trade name
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4. PROCEDURES

4"L Grain Sanple

The graÍn samples used in this test were obtained from three

different lots of, Manitou No. 2 grade Hard Red spring wheat, harvested

during the fal-l- of L967r 1968 and 1969, rniËial moisture and proreÍn

contenËs of the wheaË are shówn in Table 4.1.

TABLE 4.1.

Inj-tial- moisËure and proteÍn conËents of ManÍtou wheat.

Year Harvested MoÍsture Content ProteÍn
Content*

"Á wet basÍs)

Fa]-]- L967

Fal1 1968

Fal1 1969

12,9

r_1.9

r_3. 8

LL.4

10.6

L2.1

11 .6

L3.2

13.3

* ProËein content based on 13.52 noisture content (wet basis) and using
a nitrogen to protein conversÍon factor of. 5,7,

Before conditÍoning to differenË moisture contents Ëhe wheat was

cleaned by using a 10-mesh-per-inch screen. Moisture contents beLow the

initial moisËure were obtaÍned by drying Ín an oven at, 100 c. High

moísture contents were obtained by the addition of calcul-ated amounËs

of distÍlled waËer and allowíng the samples to stand for 5 to 7 days to

assure an even distribution of adsorbed rn/ater. Lorr moisture contenË

grain samples were kept aË room temperature in plastic bags, high moísture

content samples hrere puË in plastic bags and kept in a refrÍgerator aÈ

a temPerature about 0 C to prevent rnol-d and fungÍ growth. The moisture
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contents of the grain samples used for determining

given in Table 4.2.

T A B L E 4.2

Moisture contenË of

speeific heat.

graín samples used for deternining the

Ëhe specifÍ.c heat are

Grain Sample Moisture Content
(% dry basis) (% wet basis)

L967, cleaned v¡heat

1968, cl-eaned wheat

L969, cleaned wheat

L969, uncleaned wheat
(containe d L. 5"Å dockage)

2,4

L2.9

2L,L

3.s
r.l_.9

20,2

0.9

9.6
13.8

16.8

23.5

30 .5

42.0

2.L

L2.T

20,6

2.3

LL.4

17 .4

3.4

10.6

16. 8

0.9

8.9
T2.L

14,4

19.0

23.4

29.6

2.L

10.8

17.L

4.2 Moisture Content Determination

The moísture contents of the grain samples were determÍned

oven drying nethod. Three duplicate samples of about 20 to 25 g

weighed to 0.0001 g and dried Ín a ventil-ared oven ar 100 c for
and then reweighed. Moístuïe contents were calculated frorn the

by an

I¡Ief e

4 days

dÍfference
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betr¿een fuitial and final weÍghts and expressed in percentage of initial
weight, i.e. per cenr wer basÍs (M) as rhe fo11-owing:

M= iriitiaL_wgigh! - {i_natweight xLOO7" _ __ _4.Iinitj-al weÍght

and percentage of final weÍght, i.e. per cent dry basÍs ($) as the

foLJ-owing:

b= initial we_ig\t - final weight xIO07" ---4.2final weight

4.3 TemperaËure Measurement

The accuracy of the specific heat deËermination is dependent on the

measurement of (1) the Ínitial- temperature of the cal-orimeter ü/a¡er,

(2). *re initÍal- temperature of Èhe grain sampl_e, and (3) the temperaËure

of the mixture. The temPerature of Ëhe calorímeËer \dater \¡ras., measured

and recorded with a 36-gauge (Brown and Sharpe) Copper-constantan thermo-

couple and a recordÍng poËentÍometer. The srnall díameter was chosen ín

ordel to reduce temperature measurement errors due to heat conducËion

al-ong the wire. The thermocouple was calLbrated wíth a dífferential
thermometer i.n the temperature range of 20 to 25 c. A graph of temper-

ature versus electrical potential was prepared for converting the

recorded electrical potentÍaI of the thermocoupLe circuít ínto temper-

ature accurate to * 0.005 c, A Z4-gauge (Brown and sharpe) copper-

constantan thermocouple r¿as used ín measuríng the temperature of the

grain.sample. The thermocouple was calibrated. by comparison with the

ASTÏ nuurb er 62 C and 63 C precisíon thermometers over the t,emperarure

range +10 c to -40 c. rhe calibration curve prepared for convertÍng

the measured electrical potential- into temperature $¡as accurate to

+ 0.05 c.
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4.4 Speciflc lleat Deterrnination

The sarnple of vrheaË whose specific heat was to be determined was

weighed and placed into an insul-ated glass tube. About 2Q g of wheat

were used in eaeh tesÈ and the sample l^ras weighed accurate Ëo * 0.0001 g

with a Mett,l-er Il 10 T bal-ance. The glass tube containing the grain

sampl-e \¡ras covered wîth a rubber stopper which had a 24-gauge Copper-

constantan thermocoupl-e inserted through Ëhe center to measure the

temperature of th.e sample. The glass tube with the contents l,/as

inserted Ínto a copper cup in a cooling bath" The temperaËure of the

cooling bath was adjusted to the required temperature. tr{hen the grain

samples were in thermal equÍJ-ibrium in Ëhe cool-ing bath, the temperature

varÍed with time l-ess than + 0.5 C. The grain samples were cooled B to

10 hours.

The procedure for obtai.ning measurements \^/as as follows: The

calorÍmeter flask was filled with 20o + 5 g of distÍlled rn/ater at a

temperaËure approximately 23 c. rhe exact weíght of water was deter-

mined to the nearest + 0.1 Br âs the dífferer¡.ce between the weight of

the flask wÍËh r,Tater and the weÍght of the empty flask. The magnetíc

stirring bar was put into the calorímeter and the stirrer r,iras set in

motÍon. The same sËirrer speed was used during all tests. Ihe calori-

meter flask r^ras covered at all tÍmes except when the sample was actually

being dropped into the flask. The recording potentÍometer r¡/as set Èo

record the ËemperaËure of the calorímeter r{ateï at a chart speed of
-'l1 inch min - with a 0.1--mv span (approxÍmately 2.5 degrees centrigrade).

l{hen the rate of change of the temperature of Ëhe calorímeÈer vrater

became constanL for about 5 to 6 mÍn the sample r^/as dropped ínto the
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calorineter vrater. The temperature of the s.ample r,¿as recorded prior to
transferring fron the cooling bath. The time required to transfer the

s4npLe frorn the cooLÍng bath into the calorÍmeËer vrater was approx-

irnately 3 or 4 sec. rn this shorË period of time, Ëhe quantity of
heat exchange wiÈh the surroundÍngs was rel-ativei-y sma1l since the sample

I'üas contained Ín Ëhe insulated glass tube. The grain sample was poured

fron the glass tube directly into the calorimeter water and thermal

equiJ-Íbrium vlas esËablished ín approximately 30 to 40 sec. The temper-

ature of the calorimeter r'Iater was continuousl-y recorded for about l0
mÍn after thernal equii-Íbrium of the mÍxtures vras established.

A typical tjme-eLectrical potenËial curve of the calorimeÈer water
is shown Ín Figure 4.1.

The value of temperature of the mixture (t*) was deternined by

extrapolatÍng the straight line portion of the time-electrical potenËia1

curve to the rrtransient tímer as ÍllustraËed in Fi-gure 4.1. The term

transient tÍme is used to defíne the time aË whÍch the sample üras dropped

Ínto the cal.orÍmeËer r^/ater. Then, by equating the heat losÈ to Ëhe heat
gained, we have:

""M" 
(Tm-Ts) = (M *n) crü (Tc_Tn) _ _ _ _ _ 4.3

where cs = mean specÍfic heat of the sample, 
""1 g-1C-1,

crd = mean specific heaË of calorimeËer r¡rater, cal 9-16-1
M" = mass of the sample, E,

M, = mass of the calorimeter \4rater, g,

T" = Ínitial terrperature of the calorÍmeter warer

at transient tÍme, C,

T" = ÍniÈial temperature of the sample, C,
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T = temDerature of the nixture extrapolated at transienÈ time, C,m

f, = water equivalenÈ of calorímeter and its accessories,. g.

Rearranging, the specific heat of the sample is calcuLated as follows:

c^ = (M +s) c_. (T^-T_)S -s ' -\.I '-c -m' - - - 4.4

The mean specific heat, of water (c*) used in
11

0.999 cal g-*C-'ar remperature 20 to 23 C. (CRC

and Physics, 49th Ed. l-969).
i

4.5 CalibraËion of the CaLotimeËer

all calcul"aÈions is

Handbook of Chemistrv

The caLorjmeter was calÍbraËed using the same procedure described

in section 4.4, excepÈ to substÍtuÈe the specific heaÈ standard (aluminum)

for the grain sample. The water equivalent of the caloríneËer (E) was

then cal-culaËed using the equaËion:

Mc (T-T)ss -m s'r =;-6 -fi- - ì'í
h7- c m-

where M = mass of the specifie heat standard, g,S-

c = mean specific heat of specÍfic heat, standard, ""1 g-1C-1.s

The water equivalent of a body is defined as the mass of rtrater thaË

requires the same amount of heaË as the given body in order to change

its temperature by an equal amount.

The waËer equivalent of the calorimeter obtained. from the average of

sixteen deterninaÈions was 24.40 g with a standard deviatíon of 2.86 g.

4 "6 Accuracy of thè Experiment

The accuracy of Èhe experiment, in determining Èhe specÍfic heat was

t¿lthin 3.937" uncerËainty (see Appendix C) .
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To check the accuracy and precision of the experÍ-nental apparaËus

and the technique ernployed, the specific heat of pure granular copper

was determined in the Èenperature range of ^22.L C to +2L.6 C. The

value of specific heaË of copper as obtained from an average of eight 
, , 

,

deterninations was 0.0937 
""1- 

g-1C-1 wíth a standard deviation 0.00151 "','"',
-1 -'lcal- g -C *. lthen compared Ëo the published value for specific heat of

coPPer at 0 C, the experimental value was 2 .9"Á greater (Specif ic heat 
...,: ,of copper at 0 C Ís 0.091 

".1- 
g-1C-1, H"at Transfer EngÍneeríng, Prentice ::: :

Hal1 1961-). However the error was wiËhin Ëhe limit of the experímental 
;,',,-: ,:'

uncertainty.

To check whether dropping the graÍn dÍrectl-y inÈo water would

affect the specific heat, a series of tests was conducted \Âlith

wheaË encl-osed in a pol-yethylene bag. The wheat contained O.92 moisËure

(dry basis) and the temperature range tested was -33.5 c to +20.8 c.

Thespecificheatva1ueobtaínedbydroppingthegraindÍrect1-yinto

hrater for the average of eighË tests r¿as 0.281 cal g-1C-1 with a standard

deviation 0.0047 ""1 g-1c-1. For wheat conËained. in a pol.yethylene bag,

the specif ic heat value obËalned from the average of eighË determínatÍons .l -.,,: ,

was 0 .275 caL g-1c-1 with a standard. deviatÍon 0.0i-20 ""I g-1c-1. :t,,''"
,.:-'.t'..

Anal-ysis of variance showed that there \rras no sÍgnificanË dÍfference

between Ëhe two means at Ëhe 5% Level

Since it r+as found that the meËhod of dropping the graÍn directly 
1.:,,:¡:,::,into the calorímeter I,Tater did not affect the specific heat value, the i. :i

procedure described was used to determine the specÍfic heat of wheat at

various moisture contents and temperature ranges.
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5. RESULTS

The test results of, the determination of specÍfic heat of wheat

are divided into three series. The first series of determinations

r^ras conducted wiÈh wheaË, harvested during the fall of Lg6g. The mean

specífic heaÈ was determined over five. temperature ranges of -33.5 to

+20.8 c, -2r.4 ro +21.0 c, -10.8 ro +21.2 c, )i.6 to +zL.L c and rB.9 to

+21.8 c, vrith moist,ure conÈents ranging from 0.9"Á to zL.4% (dry basis).

The mean values of specific heat obtained in this series of tesËs are

summarized in Tables 5.i- Èo 5.5.

Linear regression equations rel-ating specific heat to moÍsture

content were determined for each of the five temperature ranges (Figures

5.1 to 5.5). Ihe mean regression equation for al-l five test LemperaËure

ranges vlas:

c = 0.270 + 0.00878 MD - (5.1)

r. = Q,99, s-0.0099

r^rhere c = specifÍc heat, ".1 g-1C-1,

MD = moisture content, % dry basis,

r = correlatÍon coefficient,

s = standard deviatíon of the regressÍon equation, ."1 g-1c-1. ,,, , :

,.,:,,:a;-: ¡.r .

The standard deviation of the regression equations is based on the

means of eight deÈerminations for each moisture content.

The regression equaËi.ons of small temperature Íntervals beËween 
i;,¡.;¡.,:.ì,,

-33.5 to -2r.4 c, -21.4 to -10.8 c, -10.8 to *0.6 c and *0.6 to +g.9 c '?"):'; ':'.:

were calculaËed by using Èhe equatÍons given ín Figures 5.1 to 5.5 (see

Appendix B). Figure 5.6 shows the four compuËed equatÍons and the egua-

tion described in Figure 5.5 in the temperar:ure range of *8.9 to +21.8 C.
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SubsËituting the values of moisture content i¡to those equations (l'igure

5.6)' the specÍfic heaËs in the respecËive tenperature intervals were

calcul-ated for wheat conËaining 5, 10, 15, 20 and 257" moísture (dry basís).

FÍ-gure 5.7 shows the plot of the compuÈed specific heat versus temper-

ature at Ëhe nidpoint of each tenperature inÈerval.

In the second series of Ëests, the specific heats of clean wheat

harvested in L967 and l-968 and unclean wheaÈ harvesËed in L969 (wheat

from the same bulk tested in the first series of tests) were measured

in the temperature range -21.s to t2L.0 c and *l-.3 Èo +2L.6 c (see

Tables 5.6, 5.7, Figures 5.2, 5.4). The specÍfic heat of these Ëhree

different wheat, sampl-es IÀIas not signÍficantly different at the 12 Level

from those for the clean, \969 wheat.

The third serÍes of specific heat, determinaÈions were conducted

wÍth 1969 wheaÈ contaj.ning 30.5 and 42 percent, moisture (dry basis).

The purpose of this series of test.s was Èo deterrnine whether or not

Ëhe high moisture adsorbed in wheaË underwent a freezing process at

1ow temperatures. The tesËs were performed at eight different temper-

ature ranges for r¡heat containing 30.52 moisÈure (Tabj-e 5.8, Fígure 5.g)

and nine temperature ranges for r¿heaË containin g 42'Á of moisture

(Table 5.9, Figure 5.8). calculatÍons for the specÍfic heats in the

smal-l temPerature intervals (Figure 5.8) were performed as for FÍgure 5.7.

Table 5.10 shows Ëhe heat capaciries per gram of r0, 20,30.5 and

42"/" adsorbed $Iater calculated be,tr¿een the corresponding temperature and

+21 C' taken as 0 at +2L C. Two assumptions hrere made in calculating

Ëhe heat capacity of adsorbed rtrater. First it was assumed that the

wheat kernels I^/ere composed of a mixture of water and solid matter and



-25-

that Èhe heat capacity of each is independent of the other. The

second assumptign was that the specific heat of. solid matter $/as

independent of temperature and the value of 0. 270 caL g-1c-1 (Equarion

5.1) was used Ín calculating the heat, capacity of, solid matter. The

heat capacity of adsorbed water was obtained by subtracÈing the heat

capacity of the solid matter from the heat capacity of wheaË (solÍd

matter plus adsorbed waÈer), and recalculated on the basis of L g of

adsorbed r{ater. Figure 5.9 shows the curves of heat capacíty of

adsorbed water agaÍnst the temperaËure in comparison r^¡ith the heat

capaciÈy of free water.
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TABLE5.]-
specific heat of wheat in the temperature range -33.5 to +20.g c

MoisÈure conËent SpecÍfic
heat* Standard

(7" dry basis) (Z wet basis) ("rt g-1 c-1) , de-viatÍon
' (ca1 g-1ç-l-)

0.9

9.4

13.4

]-6.4

22.7

0.9

8.6

11.8

L4.T

l_8.5

0.281

0 .338

0 .37s

0.397

0.452

0.0047

0.0070

0.0067

0 .00 8l_

0.0089

* Mean of 8 tests.

l,ABLE 5.2

specffic heat of wheaË in the tempeïature range -2L.4 to t2l-.0 c

$reË

1.L

8.6

TL.7

L4.L

18.5

0.286

0.346

0 .382

0 .409

0.457

0.0037

0.0022

0.0039

0.0042

0.0040

basis )

1.1

9.4

l_3.3

L6.4

22.7

* Mean of 8 tests.
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T A B L E 5.3

specific heat of wheat in the Ëemperature range -10.8 Eo +2L,2 c

Moisture content Specific
heat*

(""t g-1 c-1)
Standard

("Á dry basis) (% wet basis)

1.1

9,4

r_3. 3

L6.4

22.5

1.1

8.6

TL.7

l-4 . r.

r_8. 4

0. 285

0 .355

0 .388

0.420

0.47L

0.0046

0 .0069

0.0058

0.0040

0.0056

* Mean of 8 tests.

TABLE 5.4

specific heat of wheat ín the temperature range *0.6 to +zL.L c

MoÍsËure ConËent Specific
heaË* Standard

(7" dry basis) (% wet basis)

0.9

9.6

t-3. B

16.8

23.s

0.9

8.8

T2.L

14.4

19 .0

0.27L

0.352

0.398

0.423

0 .489

0.0040

0.0021_

0.0051

0 .0045

0.0040

(""t g-1 c-1)

* Mean of 8 tests.
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T A B L E 5.5

SpecÍfic heat of wheat in the temperature range f8.9 to +2L.9 C

Moisture Content

(% dry basis) (% wet basis)

Specific
heat*

(""t g-1 c-1)

Standard
deviation

("ut e-1c-1)

2.9

9.5

13.8

L7 .4

24.L

2.8

8.7

L2.T

14.8

L9.4

0.300

o.362

0.401

0.435

0.498

0.0082

0.0058

0.0068

0.0069

0 .00s6

* Mean of I tests.
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T A B L E 5.6

Specific heat of wheat frorn different years of harvest, temperature
range -2L.5 to +21.0 C

Moisture content Specific
heat* Standard

(Á dry basís) ("1 wet basis) ç"at g-1 c-1¡ . devj-aËionv t (oa1 o-1c-1)

Manitou wheaË, harvested f.aLL L961, cleaned

2.4

L2.9

2L.L

ManÍtou wheat,

3.5

11.9

20.2

Manitou wheaÈ,

2.L4

L2.L

20.6

2.3

11.4

L7.4

harvested fa1l

3.4

10.6

16.8

harvested fall

2.L

10.9

T7.L

0.299

0.374

0.446

L968, cleaned

0 .301

0.362

0,437

L969, uncl-eaned

0.29Q

0 .366

0,442

0.0033

0.0048

0.0063

0.0032

0 .00s0

0.0047

0 .00 21

0.00ss

0.0042

*Mean of 4 tests.
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T A B L E 5.7

SpecifÎc heat of wheat from different years of harvest, temperaËure
range *1.3 ro +2L.6 C

Moisture content Specific
heat* Standard

(% tuy basís) (% wet basis)

Manj-tou wheat, harvested fal1 L967, cleaned

2.4 2.3 0.282

L2.9 LL.4 0.387

zL.L L7 .4 0.463

Manitou wheat, harvested fal1 1968, cleaned

3.s 3.4 0.288

r.1 .9 10.6 0.371_

20.2 16.8 0.453

Manitou wheat, harvested f.aLL 1969, uncleaned

2.4 2.L 0.28r

l.z.L 10 .8 o .3g0

20.6 17 .1 0.467

0.0049

0 .00 74

0.0032

0 .00 21

0.0010

0.0022

0.0081

0.0021_

0.0016

(cat g-1

* Mean of 4 tests.
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T A B L E 5.8

\,\rheat in the differenË Ëemperature ranges,

30.5"Á dry basis (23.47" vr.b.)

Temperature range Specifíc heaÈ* Standard
devíation

-35.6 to

-26.2 xo

-21.0 to
-16.3 to
-Il-.8 to
- 6.6 to
* 0.5 to
* 5.9 to

+20.7 C

+20.7 C

+20 .8 C

+20.7 C

+21.0 C

+21.1- c

+2L.4 C

+2L.7 C

ca1 -1
C

o.526

0.534

0.534

0. s34

0.532

0.533

o,543

0.551

0.oo72

0.oo24

0.0053

0.004s

0.0052

0.0033

0.0066

0.001_7

* Mean of 4 tesËs.

Specific heaË of

moisture content

wheat in

42.0% dry

T A B L E 5.9

the different temperature ranges,

basis (29,67" r^r.b.)

remperarure ranse speciric heat* å:iTÍii3"
(cal g-t c-t) (."1- e-1c-1)

-35.5 to *20 .7

-30.5 to *2O.7

-26.2 ro +20.8

-2L.3 to *20.4

-16.5 to *20.8

-10.9 ro *20.5

- 5.9 ro *21.0

+ 1.1 to *2L.4

+ 5.1 to *2I.3

C

C

C

C

C

c

C

c

c

0.640

0.660

0 .6 81-

0.702

0 .688

O.688

o.632

0 .584

0 .590

0.0081

0.0048

0 .005 7

0.0080

0.0075

0.0056

0.0044

0.0088

0.0111

* Mean of 4 tests.
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6. DISCUSSION

Specific Ï¡reat of wheat appears to be a linear function of moisture

conËent up to a noisture conËent o1, 30"Å dry basis. A sirnÍlar conclusion

was also reported by Pfal-zner, 1951; Disney, L954, and Kazarian,

L962. IË was found that an increase of one percerit in the moisture

content of wheat resulted in an average increase of 3.257" Ln the specific

heat (EquatÍon 5.1). EvidenLly Ín the Ëemperature range above 0 C, the

effect of moisture conËent at a LeveL higher than 30% dry basis was

decreased (FÍgures 5.4, 5.5) as was also shown by DÍsney (1954). On Ëhe

contrary the effecË of moisture contents above 307" increased Ëhe specí.fic

heat as the ËemperaËure of the sample was decreased below 0 C (Figures

5.1- to 5.3).

The effecË of Ëemperature was less aË l-o\^r moisËure conËenË but

increased with increasing moisture content. For wheat contaj.ning less

than 30% moíst.ure there r^ras a l-inear increase in speciflc heat hrith

increasing temperaËure. The specÍfic heat of wheaË containing more Ëhan

30% moísture increased consíderabl-y at low Ëemperature (Figure 5.8).

The effect of low temperature on high moisture r,rheat coul-d be expected

if the latent heat of fusion was released. From the heat capacity curves

(Figure 5.9), ít is apparent that Lhe freezing process certainly occurs

Ín wheaË containÍng 427" moisture (dry basis). This is indicated by the

definite break in the heat capacity curve which occurs at -1 C. Evídently

this sharp break is due to Ëhe latent heat of fusion of the adsorbed

s/aËer as .ít f reezes. This curve is si¡nilar in appearance to the heat

capacity curve for gelatin-water mixtures described by tlampton and Mennie

Ín 1934. The curves (Figures 5.8, 5.9) show no definite freezing point
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of wheat but rather a freeziag range. The f,reezing range for wheat

contaÍning 427" rnoisture lies between -1 C and -29 C. This freezing

range can be readiJ-y explaíned if we consider Ëhe wheaÈ to be a mixture

of v¿ater and organi.c chemical compounds (i.e. starch and protein) wtlich

have Èhe effect of lowering the freezing point of the míxture. When

the ínitiaL freezLng point of the sol-ution is reached, a porÈÍon of Ëhe

ü/ater changes phase. This results in an increase in Èhe concentration

of the remaining solution and a correspondÍng decrease in freezing poínt.

The temperature again decreases untj-l this new freezÍng point is reached

and more J-iquid solÍdifies. This expl-aÍns the reason for the freezÍng

temperature range indicated by the curve (Figure 5.9) rather than a

sharp freezing point that occurs with T¡¡at,er. !üheat contaíníng moisÈure

conÈents l-ess than 302 dry basis did noË appear to freeze or give up

latent heaË aË any distÍncË tempeïature (Figure 5.9). Al-so since

specific heats below 0 C do -not increase wíth decreasíng temperature,

there does not appear to be a wide Í.reezíng range for wheat belot'¡ 307.

moísture content; that is, the wheat does not rel-ease any latent heat.

The results obËaÍned for L967, l-968 and 1969 (uncleaned wheat)

compared wíth the regressÍon lines (Figures 5.2, 5.4) shor,rs that there

is no significant difference betr¡een differenË samples tested. That

is the dockage Í.n grain and years of harvesË did not affect specific

heat.

In general the data obtained from this ÍnvesÈígation agree wÍËh

the data of Disney (1953) for l,lanitoba No. l wheat in the correspondíng

t,emperature range (Figure 5.4). When compared to the data for soft

white wheat (Kazarian, L962), the specífic heaÈ of soft white wheat is
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considerably hÍgher than that of hard red spring wheat' (Figure 5'5) '

This difference in resulËs may be due to the higher ÈemperaËure range

under which the soft wheat slas tesËed or the difference in the technique

and procedures employed in Èesting or possibly due to a varietal

difference of wheat.
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7. CONCLUSIONS

Conclusions that can be drawn frorn the experimental results are as

foLlows:

l-. The specific heat of hard red spring wheat is a linear funcLion

of moisËure conËent up to 3O7" dty basis. The mean regression eguation

úIas c = 0.270 + 0.00878 \ ca1- g-1C-1 over a temPerature range of -33.5 C

to *2I.8 C.

2. The effect of ternperature on specific heat of wheaË Íncreased

with increasing moisture contents.

3. tr{heat conËaining moisture contents Less than 302 díd not appear

to freeze or give up the l-atent heat of fusion aË any dístínct temPer-

ature rrithÍn the range of temperaÈure investigaËed.

4. The freezÍng process appeared to occur in a wide temperaËure

range below the freezÍng poÍnt of v¡aËer for wheat containlng moisture

contents greaÈer than 302 dry basis.

5. Dockage in graln and the year of harvest did not affect specífic

heat.
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8. RECOMMENDATIONS FOR FI'RTIIER STUDY

1. The effect of ternperature on Ëhe other therrnal properties of grain

such as thernal conductivity and Ëhermal diffusivity should be

i.nvestÍgated.

2. The effect of mould and fungi on the thermal propertÍes of graÍn

should also be studied.

3. The specific heat of the supercool-ed unfrozen r¡rater absorbed in
grain should be more thoroughly ÍnvestÍgated.
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APPENDIX A

Samp1e calculation for specÍ-fic heat of wh,eat

The equation for calculatÍng specific heat is;

c_ = (M+E)c(T_T)-s *Ì^, -_' hr'c m' A 1.1-
@ s- m s-

For test No. l- for wheat at a moÍsture content of 0.97" dry basís and a

temperature range of -33.5 to +20.8 C.

c = mean specÍfÍc heat of wheat, 
".1 

g-1C-1
S

c = mean specific heat of caLorimeter \¡rater, O.ggg "r1 g-1C-1
\,{

M = mass of wheat, 20.0569 g
s

M = mass of calorÍmeter v¡aËer, 2O2.5 g
ü7

T = initial temperature of calorimeter \¡raËer, 22.L3 Cc

T- = initÍal temperature of wheat, -33.11 C
s

T = temperature of the mixture, 20,78 C
m

E = hrater equivalent of the calorímeter, 24.4 g

SubstÍtuting inËo Eq. A 1.1-:

c_ = (202.5 + 24.4) (0.999)(22.13 - 20.78)
s

(20.os6e) fzo.tt - (-ss.11)7

= (226.e) (0 .999) (t-.3s)

(æ.r*r) (rr"Ð
= 0.283 ""1 g-1c-1

The average value for 8 tests

= 1/8(0.283 + 0.276 + 0.276 + 0.287 + 0.276 + 0.282

14.287 + 0.279)

= 0.2g1 ""1 g-1c-1

-] -1Standard deviation = 0.0047 cal g -C -
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APPENDIX B

SarnpJ-e calculaËion for regression eguatÍon for specific heat of

wheat in sma1l temperature interval-s.

From the definition of specific heat, the foJ-lowing equaËion was

obtained:

a = mc.AT 
^2,L

LeË Q = quantíËy of heaË reguired to raise the temperature of I g

of wheat from -33.5 to -2L.4 C, cal

c = mean specific heat of wheat ín the temperature range

-33.5 to -2L.4 c, ""1 g-1c-1

.'. a = (1) (c) Çzt.+ _(_zz.s¡J

= 12.1 c.. A2.2

Let Q, = quantity of heat required to raíse the temperature of 1 g

of wheat from -33.5 to +2L C, cal

"1 = mean specific heat of wheat in the correspondíng temperature

range' ""1 g-1c-1

= 0.270 + 0.00788 5 (From Figure 5.1)
, .,1r.;'.,,,','

o'. Ql = @.270 + 0.0o7BB 5) [r, - (-fi,ilJ 
,, r,= (0.270 + 0.00788 SlCt+.tl A 2.3 : : ',

Let Q, = quantity of heat requÍred to raise the temperature of L g

of wheat frorn -21.4 to +2L C, cal

"Z = mean specif ic heat of wheat in the correspondíng temperature ,:.,: : ,

:,,.ri ',.,',, ,.,

range' ""1 g-1c-1

= 0.215 + 0.00801 b (From Figrre 5.2)

.'. Q2 = @.27s + 0.OOB01 MD) þt - Gzr.qJ

= Co.27s + 0.00801 rrì (42.4) . A 2.4
:r..:

SinceQr=Q+Q, .. .. A,2.5 ::'::'-r:



i:_,:-r,:.:.r:;.:,:i .":_,:. -.,:,.:::rj..: j;::,i -:,:i.:r; :.:::-::1..-,r;a.: :.:;-r::.:t¡: t::
:l
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SubstitutÍng the value of Q, Q, and Q, in Eq. A 2.5, the fol-lowing was

obtained:

(o,270 + 0.007S8 MD) (s4.5) = L2.1 c * (0.27s + 0.00801 5) G2.4)

Solving for c;

c = 0.250 + 0.00743 \ cal g-1c-1
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APPENDIX C

Calculation of experimental uncertainËy

The equation of specÍfic heat is

"" = (Mw f E) c*AT,
- A 3.1

M ATss

The uncertainty of the specifÍc heat of a sample can be calculated

by using the nethod descrÍbed by KlÍne and McclÍnÈock (1953).

til'=[q!ç'J '. fþ] '. [T]l'*f:5l itïþJ'----A
f '"J L \'*') L", J FqJ L-q_j 

-14)
where û) = the uncerËainty of individual- measuremenËs, (20 to i-)

A t, = the measured temperature change of the calorÍmeËer úraËer,

AT_ = the measured Ëemperature change of the sampLe, C.s

The quantity of the measured values and their uncertainties are

shown in Ëhe Table below.

3.2

Quantity I"lini¡ntun
Value Uncertainty "Á, Uncertainty

AT
h7

ÁT
S

M+E
v7

c
\^7

M
s

g-lc-1 g-lc-1

2.86

0. 78

2.58

0.10

0.0005

0.35 C

L2.9 C

225 e

0.999 cal

2oe

f1.01 c

+0.1 c

ts.B e

*0.001 cal

+0.0001- g

By sub

i5ì
["" )

stiËuting th

22

e above values Ínto Equation A 3.2, produced

222
(0.10) +(2.86) +(0.000s) +(0.78)= (2.58) +



i'i'''" ;-,: ;'.'r-'.:.1, aral:,r,:-:-l
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:,i: :,: :¡,:.r'r r'rif .li:l-lr:ir.:,r.i:

\

are

= (15.4s)

= +3.937.

ïherefore the specific heat

wÍthin ! 3.93"/. uncertaînty.

values obtained from the experiment


