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ABSTRACT

Eguilibrium moisture content (EMC) and creep and recovery

tests were conducted for canola seeds (Brassica napus L-, cV.

Westar). The effects of sample âgê, origin and. pretreatment

(rewetting/d.rying cycles, irradiation and long-term stress) on

EMC properties and viscoelasto-plastic behaviour were

investigated. Eguilibrium moisÈure content hysteresis was

studied by eguilibrating rewetted and dried samples together

in an air-tight environment at constant temperature of zloc.

The measured EMC values compared well with the published data.

The viscoelastic properties of canola were evaluated. using

rheological models.

A significant difference in viscoelasto-pIast,ic
properties, greater than that which can be explained by the

EMc roop between adsorption and desorption isotherms was

found. The actuar difference in average ratio of elasticity
between adsorption and desorption samples was approximately 6

times greater than the difference in ratio of elasticity
corresponding.to the moisture content loop (O.4e" db) for the

canola kernels equilibrated at 672 relative humidity (RH).

Adsorption and desorption isotherms obtained for three

different samples of different açte and origin differed
substantially. The difference in EMC between two adsorption

samples harvested at different locations lrras approxirnately

L.3Z db at 232 RH. A discrepancy in instantaneous loading

deformation of 1-3å was attributed to the difference in age and
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gror¡ring history of two canola samples at 8.5å db MC.

The rewetting/dryíng pretreatment resulted. in a

significant mold development. The adsorption and desorption

isotherms (EMC - ERH curves) shifted down as a result of the

pretreatment. The hysteresis loop widened for low and

intermediate moisture contents. The EMC hysteresis loop

widened. 2.5 times as a result of the pretreatment for samples

equilibrated with air at approximately 252 RH. The

pretreatment increased instantaneous loading deformation by

352 over the predicted value due to the EMC difference alone

for samples eguilibrated at 42? RH.

The EMC behaviour was not affect,ed by irradiation or

Iong-t,erm stress. Long-term stress, horr,/ever, had significant
effects on the viscoelastic properties of the canola.

Instantaneous loading deformation increased approxirnately 22å

as a result of this pretreatment for samples eguilibrated at
s8å RH.

The viscoelasto-plastic behaviour of the canola kernels

during creep .and recov-ery tests lras explained using a

rheological model consisting of a plastic component in
series with a viscoelastic component.

-].1-
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1. INTRODUCTION

The world production of rapeseed has been rapidly
increasing over the years. Estimated 4 Mt (rnillion tonnes) of
rapeseed vras harvested worldwide in l-960. The number

increased to 7 Mt in L97o and reached 22 Mt in l-989 (FATUS,

l-990) . The L989 annual production of rapeseed in Canada v¡as

3 Mt. Canada was the worldrs largest exporter and third
largest producer (after rndia and china) of rapeseed in l-989

(FAO, l-990) . logether with wheat and barley, rapeseed

constitutes three most important -crops and the base for
agricultural developrnent and diversification in Canada.

New varieties of rapeseed are produced by altering its
genetic structure. canora is a generic term referring to
varieties of rapeseed with low concentration of erucic acid
and grucosinolates. canora is a source of vegetabte oil for
human consumpt,ion.

The risk of quality deùerioration during storage and

transportation of canola has to be minimized for economic

reasons. the knowledge of physical properties of canola, such

as equilibrium moisture content and rheological properties, is
of primary importance to maintain its high quality over a long

time and in crushing industry during oil extraction process.

At high moisture levels there may be a loss of functional
properties such as colour, aroma, texture, appearance or

nutrients due to microorganism growth (Labuza, i-974). The

mechanical properties of agricultural material are also

influenced by its moisture content (Mu1ton et â1., l-991).
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These properties play a major role in evaluating the fitness
of agricultural product for post-harvest processing (Szelef

and Mohsenin, L969) .

Canola, âs a biological material, changres its propert,ies

depending on â9e, growing history and pre-treatment. There is
a lack of data on the influence of pre-treatments, such as

rewettingrzdrying cycles, irradiation, growing history or long-

term mechanical stress on equÍlibrium moisture content and

mechanical properties of canola.

2. LITERATT]RE REVIEW

2.L Equilibrir¡m rnoisture content relative hurnidity

relationship

Eguilibrium moisture cont,ent is the moisture content at

thermodynamic equilibrium, when the rate of water adsorption

by the material equals to the rate of water desorption from

the material. Therefore, in the equilibrium state moisture

content of the material does not change (Labuza, l-984). The

theoret,ical aspects and a practical approach to the subject of

the eguilibriurn moisture content in agricultural materials are

given in this section.

2.L.L Equilibrium in heterogeneous systen

The theory of eguilibrium, it, is a basic concept in

thermodynamics and one cannot underest,imate its importance in

the various processes and phenomena analysis. fn food
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processing and grain storage, the theory of equiribrium
appries to all problems related to long-term exposure of foods

and grains to air with a constant relative hurnidity.

Gibbst equation for heterogeneous system consisting of
two or more phases (Hatsopoulos and Keenan, J-96s; Hsieh I LgTs)

Ís given by the following formula:

9r
dG=-SdT+Vdp+l (Ð Vi,o dnr,o) (1)

CL=L i=t

where:

G = Gibbst function, J

S = entropy, J/K

T : temperature, K

V = volume of a whole system consisting of e phases, m3

P - pressure, Pâ

g = number of homogeneous phases

r = number of components

t¡ : chemical potential of componenÈ i in phase a.

J /moJ-

n : number of moles of component i.
At constant ternperature and pressure (thennal and

mechanical eguilibriun) the Gibbs' function becomes:

( dG) r, p=0 e)

under the assumption that no chemical reaction occurs

(chemical eguilibriurn) a forlowing constraint equation may be
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written:

I
Ð r, ,ü=constant
U.=L

(3)

Finally, the solution of Eq.J-, under the constraints expressed

in Eq. 2 and Eq. 3, is (detailed mathematical analysis given

by Hsieh, L975) z

Fj,r = Vi,z = ¡ r . 3 ltri,p

In the equilibrium state, the chemical potential-s of a

particular component have to be equal in all the phases,

because:

P =Fo + R 7l_n (a)

(4)

(s)

where:

a = water activity or eguilibrium relative hurnidity,

decimal

þ0 = reference chemical potential, J/moL

R = uni-versal gas constant, 8.3L4 J/molxK

At normal conditions, the activity of the water in air
equals to the relative humidity of the air (Labuza | 1,984) .

Therefore, with respect to activities the following expression

may be written:

ãi,t = âi,2 = . r . 3 ãi,g = RI{ (6)
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where:

RH : relative humidity (decinal)

rn the equilibrium state, the activity of water has to be

the same in all the phases.

2.L.2 Temperature and pressure effect
In the above section, three assumptions vrere mad.e. The

assumption of constant temperature resulted in thermal

equilibrium. The assumption of constant pressure assured

mechanical equilibrium. The assumption of no chemical

reaction occurring brought, in chemical equilibrium.
The effect of ternperature on water activity may be

described with the clausius clapeyron, empirical eguation

(Labuza, L984):

tnþ=!(+- å ) r,raL R'Tt T2'

where

a1 : !.¡ater activity (relative humidity) at
temperature T,

ãz : vrater activity (relative humidity) at
temperature T,

A = heat of sorption, J/moL

The heat of sorption, Q, is a function of moisture

content and for high moisture contents is equat to zero. For

example, for Sinton wheat, ât L0å db moisture content, the
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heat of sorption is equal to 7690 J/mo1e (Labuza, tg94-).

Based on Eq. 7 the relative change in water activity, for
wheat at l-0å db ¡noisture content due to its temperature change

from 20 to 300C, would be approximately LIeo. Therefore, in
experiments concerning the equilibrium moisture content of
agricultural materials, the temperature fluctuation should be

kept within the smallest possible linits. Otherwise

significant error may result. The influence of pressure on

the water activity rnay be analyzed with the following eguation

(Labuza, L9B4):

rn9 ( Pz- Pr)=VRT (8)

where:

v

P1

E''2
a1

a?

At 300c,

r.e84 ) .

at

molar volurne of liguid, m37mol,

initial pressure, Pâ,

final pressure, Pa.

: water activity at pressure P'

= water activity at pressure P,

the molar volurne of water is 0.00058

Substituting numerical values in Eq.

m37mo1 (Labuza,

I results:

a^ln -' -g '1-o -13 (pr-pr)
aL

(e)

side of Eq. 9

the experiment

The small value of constant on the right

irnplies that, pressure fluctuations throughout
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$rould have negrigibte effect on the finar water activity of
agricultural materials.

2.1,.3 Moisture sorption hysteresis

üiater activity is a function of state. Therefore,

according to thermodynamics there should not be two different
states of water within a material at a given water activity
(Labuza, 1-984). Nevertheless almost all biological materials
exhibit a significant hysteresis loop. Due to hysteresis
phenomena, much iower water activity is required to obtain a

given moisture content by desorption than by adsorption. rn

nature, the hysteresis loop has a practical applicatíon of
preventing the rapid changes, such as a sudden loss of water

(Kapsalis, l-98L) .

Labuza (l-984) gave three reasons for the hysteresis loop:
(1) supersaturation of some solutes during drying process,

forlowed by rapid crystarlization. As a result, some v¡ater is
trapped in crystarline structures and is not rereased. during
d.rying process, (2) The diameter of capilraries decreases

during the drying process and water may be physically trapped

and as a consequence not released during desorption. (3) The

surface tension of water and wetting angre in capilraries
differ for adsorption and desorption processes.

Four different types of hysteresis v¡ere classified by

Everett (L967 ) and are shov¡n in Fig. 2.L.
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}IATER ACTIVITY

Fig. 2.L Classification of main t11pes of sorption
trysteresis (Everett I L967)

Type A occurs when the loop extends over a limited range of
water activities. In type B, the loop extends from water

activity equal to unity to a given closure point. In type C,

hysteresis extends over the entire range of water activities.
Type D is a combination of type B and C.

The size of hysÈeresis toop depends on temperature. It
may decrease with decreasing temperature reach a minimum and

then increase again (Amberg et a1., L957). Also, the rates of

Ê'+zl
f¡l I
E-l
o
CJ

f¡l&
E{
U)
H
O
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adsorption and desorption process influence the size of a

hysteresis loop. In the case when drying is carried out very

slowly, the supersaturation of the solutes may be avoided and

hysteresis loop narrows (Rao, 1939).

2.L.4 lfettrods for obtaíning sorartion isottrersns

Methodology for obtaining sorption isotherms r¡ras

characterized by exceptional diversity of apparatuses and

methods (cal, l-98L). As it has been indicated by Gal (l-981-)

the experimental data on equilibrium moisture content (EMC)

should be accompanied by detailed description of the material,

experiment,al procedures and apparatus. He stressed that the

two basic parameters which should be precisely naintained at

const,ant values, while taking EMC data, are temperature and

water vapour pressure (relative humidity) in the space around

the sample. He proposed that, the temperature should be kept

constant within + 0.20C for routine work and + O.O20C for
reference purposes. He also indicated. that the methods to
maintain constant water vapour pressure by generat,ing and

controlling the vapour content within the space around the

sample had. only mod.erate accuracy. On the other hand the use

of saturated and unsaturated saÌts solutions to maintain a

constant vapour pressure produces the accuracy of

approximately + 0.5å in relative humidity.

Cenkowski et aI. (L989) used ERH and EMC methods to

obtain moisture content data for lentils. The equilibriun
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rerative hurnidity (ERH) method !,ras based on equilibrating a

small mass of aír with a relatively large mass of grain in an

air-tight system. The EMC method was based. on eguilibrating
a thin layer of grain with the air of -constant relative
hurnidity. The result obtained with both method.s were combined

and used to estimate the constants of the nodified Henderson

and the Chung-Pfost equations.

Osborn et aI. (L989) used the ERH rnethod (described Ín
their study as a closed-loop dew point rnethod), to obtain
moisture content data for soybeans. They indicated. that. the

ERH method required less time for the small mass of air to
reach equilibriurn with the grain than for the grain to reach

equilibrium with the air when using the saturated sart method..

Vlazza and Jayas (1990) used a static method (no air
movement, onry diffusion), with standard sorutions (saturated

sart method), to obtain the equilibrium moisture content data

for sunflower seeds, hulls and kernels. The sample under

investigation was praced into a glass desiccat,or containing

the sart solutions in order to maintain a constant vapour

pressure.

Gal (1-981) described the method of mixing various
guant,ities of dry and moist lots of the same substance in
order to obtain different final water activities (air relative
humidity). He indicated that the obtained isotherm points lay
inside the hysteresis loop in this case.

Multon et a1. (l-98l-) investigated the effect of moisture
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conÈent hysteresis on the mechanical properties of wheat

kerners. one half of the initiar lot of grain T¡¡as dried,
under vacuum without heating, to 5å db moisture content while
the other harf was wetted, by adding predetermined quantities
of hrater, to 332 db moisture content. Gentian vioret, !,ras

added to the water as a grain colorant. rn order to obtain a

hysteresis roop for different relative hunidities
predetermined quantities of dry and wet grain rrere mixed and

praced into the sealed containers. After the eguiribrium was

reached, moist and dry 
. 
sampres !{ere hand.-separated and. the

moisture cont,ents were measured.

In the EMC and ERH methods either moisture content of the

sample or rerative hunidity of the air are quasi-constant

during each experiment. rn the methods described by GaI

(1981-) and Murton et aI. (L981-) both moisture content of the

sarnple and rerative humidity of the air are changing during
the experiment. The changes in rerative humidity are due to
different rates of adsorption and d.esorptíon processes.

2.L.5 lfathematical models

The data obtained in experiments on equilibriurn moisture

content are usuarry fitted to one of the available
mathematícal models for predicting the moisture contents at
any given relative hurnidity.

Van den Berg (l-985a) stated 5 requirements for the

isotherm maÈhematicar modeLs: (1) the experimental data should
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be described by a mathematical model for a specific
application as drying or storing, (z) the mathematical model

should have a simple form, with a linited number of
parameters, (3) the parameters should have a thermodynamíc

basis, (4) the temperature dependence should be reflected. in
the model and (5) the hysteresis phenomena should be reflected
in the mode1. It $ras concluded by Van den Berg that there is
no single mathematical model satisfying alI the above

reguirements for describing sorption phenomena in biological
materials.

Chirife and. Iglesias (Lg7B) evaluated 23 different
isotherm equations and concruded that each moder $¡as

successful in predicting the moisture content,s for a specific
food or grain and for given rangies of relative humidity and

temperature.

Boquet et aI. (1978 ì L979) evaluated 39 different
experimental isotherms and concruded that no singre model

fitted 'satisfact,orily the experimental data for all the

materials under investigation.

The Modified Henderson and Chung pfost equation

(Appendix B, Eq. 7 and 8) and the parameters for various

materials rüere adopted as ASAE Standard D254.4, Moisture

Relationship of Grains (ASAE, L9871.

Caurie (L981) tested his equation (Appendix B, Eq. 9)

using published sorption data for a number of selected protein

materials and wheat. Caurie (L98L) concluded, that values of



-1_3-

monolayer (the varue of moisture content at which alr the

sorption sides are occupied) are higher when predicted with
his equation compared to those predicted v¡ith the BET (derived.

by Brunauer, Elmett, Teller) equation. It $ras indicated by

Caurie that various r,¡orkers in the field considered the value

of monolayer derived from BET equation as underestimated.

Flood and T,rhite (L9s4) applied several known eguations to
their experimental daÈa for popcorn. Equations presented by

Iglesias and Chirife (L976) (Appendix B, Eq. 10) provided Èhe

best fit to their experimental data.

Jayas at eI., (L987 ) estinated constants of the Modified

- Henderson and chung - Pfost equations for canora rneal. They

concl-uded that the Modified - Henderson equation described the

experimentar data for canora meal best, for humidity from 20 to
808.

Cenkowski et al. (1989) estimated the constants of
Modified - Henderson and chung - Pfost equations for rentils.
rt v¡as concluded that the Modified - Henderson equation gave

the best fit to the experimental data. Neither of the

eguations accurately estimated moisture contents for retative
huniditli' from 8O to 9OZ.

fn order to get the best, mathematicat description of the

eguilibrium moisture content - rerative humid.ity relation, the

experimental data shourd be anaryzed., using severar available
equat,ions and the constants in the equations should be

determined statistically. The residual plots and sum of
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squared residuals should be used to choose the mathematical

model which gives the best f it to the experimental d.ata.

2.3 Effects of the pre-treatments on physical properties of
agricultural materials

Mohsenin (1-986) indicated that the most important factors
influencing the mechanical properties of biological materials
are: moisture conÈent, age, stage of ripening and. temperature.

Hubbard et aI . (L957 ) proved that hysteresis effect,s in
wheat decrease as a resurt of repeated rewetting/dryíng
cycles. Chung and Pfost (L967 ) explained that
reweÈting/dryíng cycles caused cracks which decrease the

availability of sorptive sites inside an absorbent. After 3

consecutive rewetting/drying cycles the chemicar and physical

structure of v¡heat becomes stabre and the hysteresis roop does

not decrease further (chung and Pfost, L967). Murton et al.
(L981-) rinked the moisture sorpt,ion hysteresis to different
mechanical behaviour of v¡heat depending whether the wheat

sampre was eguilibrated with the air through adsorption or
desorption process.

In such countries as Japan and USSR grain and other
agriculturar materials are irradiated prior to the storage

(!,iilson, L985) . Exposure of agricultural materials to
ionizing radiation kills microorganism while causing minimal

chemical changes. A dose of 25 kilogray (kCy) (t_ kcy - unit
of energy absorbed from radiation by the material through
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which the radiation passes, equivalent to J- kJ) kills all the

microorganisms within the irradiated grain sample (IAEA,

L9B5). At low irradiation doses (up to i_O kcy), the

irradiation does not cause significant loss in nutritional
quality of the grains (Graham, LgBO; Murray, L9g3).

Futhermore, the rosses in vitamin content are similar to those

caused by heat processing (Graham, i-990) .

2.4 Mechanical properties of biotogical materials

2.4.L Viscoelasticity

According to Morrow and Mohsenin (L966) the rnajority of
biotogical materials exhibit viscoelastic behaviour. The term

viscoelastic refers to a whore spectrum of mechanícal

behaviour on the part of the material. According to Lockett
(L972) on one side there are classical viscous fluids, ê.g. I

air or water, while on the other side are erastic solids as

rubber under moderate loading. Viscoelastic solids exhibit
flow in addition to their elastic proþerties. The flow

behaviour of the viscoerastic solids, referred to the gradual

elongation of the sample under the constant load, is ca11ed

creep.

One of the methods used for describing Èhe behavior of
the viscoelastic biological materials is based on the

rheological models consisting of a combination of springs and

dashpots.
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2.4.2 Rheological models for biological. materials

Although the assumption of homogeneity and isotropic
behaviour is viorated with agricurtural materials, their
mechanj-car behaviour can be approximated using the rheological
models. zoerb and Harr (L960) used a 2-erement Maxwell model

to describe the behaviour of pea beans during stress
relaxation. Morrow and Mohsenin (L966) indicated that
rheological behaviour of Mclntosh apples may be represented by

3-element Ke1vin and Maxwell models.

4-element Burqers model

The rheological model to represent instantaneous

compression, creep, elastic rebound and recovery of the

viscoelastic, biological material is a 4-element Burgers

model, shown in Fig. 2.2.

Fig. 2.2 4-elenent Burgers nodel (lfohsenin, 1-986) .

q

Burgers model consists of a Ke1vin model connected in
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series to a spring and a dashpot (Mohsenin, l-986). In the

creep and recovery tests the load is suddenly applied, held

constant for a given time, t1, and then suddenly removed.

A typical creep and recovery curve is shown in Fig. 2.3.
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Slpical creep and recoverar cun/e in a viscoelastic
material (Cenkowski et aI., 1990) .

mathematical description of the Burgers model was

Morrow (l-965) in the following form for the creep

oot
nv

rig.2.3

The

given by

part:

e (r) = oo *& rr -"-+) *-U,Eo Er' tlv

and for the recovery part:

e(c) = lr"ä-rl .-Ë.+

(10)

(11)



-L8-
rühere:

e (t) = strain mrn/rnm

q : viscosity coefficient corresponding to
retarded elastic deformation, pa.s

îy = viscosity coefficient of second viscous

element corresponding to Newtonian flow, pa.s

oo : contact load stress, Pâ

Eo : instantaneous elastic modulus, pâ

Er : modulus of elasticity of a second elastic
element, PEr

T,. : retardation time (n,/Er) , s

t : time, s

ti : creep time, s

The moduri of elasticity and viscosity coefficients
corresponding to the elements of the Burgers model may be

derived, based on the graphical description in Fig. 2.3, and

then incorporated into the Eq. i-O and 1l-.

using this approach cenkowski et al. (i-990) determined

the apparent mod.uli of elasticity and viscosity coefficients
representing the elements of the Burgers model for single
canola kernels at approximately Bå wb moisture content.

S-element model

The biological yield point was defined as the point on

the stress-deformation curve at which the stress decreases or

remains constant with increasing deformation (Mohsenin, j-9g6).
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At this point, according to Mohsenin, the init,ial cell rapture

in a small- volume of cellular structure occurs. In ASAE

Standards (L987) bioyield point is defined, based on the

force-deformation curve, âs the point where the increase in
deformation results in a decrease or no chang:e in force.

Fig. 2.4 S-element model (Bilanski and. Grahan, 1983).

Pitt (L982) defined tissue failure as a sequence of

individual cell rapturesr or a sequence of intercellular bond

failures. In the first case, the expected cause of tissue
failure is the normal stress while in the second case the

shear stress will t1pically cause the .

Tissue failure results in irreversible deformation of the

sample subjected to the stress greater than its critical value

of yielding stress. Drake (Lgll-) and Peleg (L983) defined the

so called fracture elements to introduce such irreversibility
and discontinuity phenomena to rheological models representing

biological materials. Peleg (L983) indicated that the
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dissipation erement may be activated by a criticar strain as

well as critical stress or either of them depending which

critical value was reached first.

Bilanski and Graham (1983) indicated that the rheological
behaviour of forage v¡afers with its yietding characteristic
may be represented with the five element model, shown in Fig.

2.4.

The dissipation element K of the five element model

represents, according to Bilanski and Graham, instantaneous,

irreversible deformation due to the yierding of the material.
The instantaneous ¡naterial response was expressed by:

v(o) ="(o+b(1-e-r") (12)

where:

T = deformation, m

o : stress, P€t

r, To, b = constants for a given material

The creep behaviour of the material was expressed in the

following fom:

,I(o, t) = O (o) (1 +at-e-e¿) (13)

where: ..

J(ort) : creep compliance strain related to the unit
stress, L/Pa

Õ(o) : stress funct'ion

t : time, s

a, k : constant,s for a given material
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Creep compliance depends on the magnitude of the applied

stress, which indicates that, the authors assumed nonlinear

viscoelasticity of the investigated material.

3. OB.IEqTTVES

The specific objecÈives of the present studies v¡ere:

To determine the effect of age and growing history on:

the equilibrium moisture content - eguilibrium relative
hurnidity (EMC - RH) relationships, hysteresis loop and

viscoelasto-plastic properties of canola kernels.
To determine the effects of irradiation, Iong-term

stress and rewetting/drying cycles on: the equilibrium
moisture content - equilibriun relative hurnidity

relationship and hysteresis loop.

To relate and quantify the effect of changes in
equilibrium moisture content, due to the pre-treatments

on resurting changes in viscoerasto-prastic properties
of single canola kernels.

To investigate the character and magnítude of hysteresis
loop between adsorption and desorpt,ion isotherms for
canola.

To compare the viscoelasto-plastic properties of the
canola kernels eguilibrated with the same relat,ive
hunidity air through adsorption and desorption process

(mechanical hysteresis) .

To evaluate the Burgers moder for the creep and recovery

2.

3.

4.

5.

6.
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tests performed on single canola kernels.

7. To develop a rheological model for explaining the

mechanical behaviour of a single canola kernel during

creep and recovery tests.

4. DESCRIPTION OF EQUIPIÍEMI

4.L Equilifrrium moisture content apparatus

À schematic drawing of the experirnental unit used in
eguilibrium moisture content experiments is shown in Fig. 4.L.

The unit consisted of an eguilibriurn moisture content,

(EMC) apparatus, heat exchanger and Maxima air punp (Hagen

Inc., MontrealrPQ.). The heat exchanger comprised a copper

tubing (400 nm - length, I.D. :5 rnrn) and a water tank. The

elements of the experimental unit $¡ere connected with flexible
plastic tubing (I.D. : 5 mn).

Six independent experimental units were constructed. Each

equilibrium moisture content apparatus consisted of: Lo

plasÈic rings (2) (J-0 mrn thick and f .D. : 95 mm), top (1) and

bottom (4) pipe section. A metar mesh (8) vras instarled in
each ring to support a sample (10). In the top section, a

bulk polymer resistance humidity sensor RH-2 (9) (Genera]

Eastern, Inc., Vtatertown, MA) h¡as installed.
The humidity sensors mounted in alr six EMC experimentar

apparatuses T¡rere calibrated prior to the experiments and then

caribration was checked again after a series of experiments.

A Hygro-Ml dew point hunidity sensor (Generar Eastern
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rnstruments rnc., watertown, Ma. ) was used as a standard to
calibrate the RH-z hunidity sensors.

DETAIL

AIR
PUMP

HEAT
EXCHANGER

Fig- 4 .L Equililrir¡m moisture content apparatus. 1 toppipe section, 2 - plastic ring, j - nrbber gasketl
4 bottom pipe section , S ,6 thermocouples,7 glass beads, I metal nesh, 9 humidity
sensor, 10 - samFle. AII dilnensions are nm.

The bottom section of the EMC apparatus was filled with
a bed of glass beads (7) (i. ¡nm d.ianeter) in order to temper

the incoming air. The temperature of incoming and. outgoing
air was measured using T-type thermocoupre (s,6) mounted in
the top and bottom sections of the EMc apparatus. The EMc

experimental units were placed in a walk-in temperature
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controlled chamber.

4.2 Temperature controlled chamber

A temperature controlled charnber was designed and built
to maintain constant ternperature (+ O.l- oC) throughout the

experiments. The chamber was constructed. of wood and

thermally insul-ated with two layers of styrofoam (each 50 mm

thick)

Heat generated inside the chamber by the Maxima air pumps

during the experiments rrras removed via a heat exchanger to a

water/ethyrene grycor solution and dissipated in the KR-30

compressor (Haake, rnc., Germany) outside of the chamber. The

glycol sol-ution was then circutated throughout a R-20

circulator (Haake, Inc., Germany) and back to the heat

exchanger inside the chamber. The heating elements of the

circurator were controrred erectronically in an on-off mode.

The tenperature feedback was derived from the L.M-335 precision
temperature sensors (Nationar semíconductor corp., santa

crara, cA) mounted on the warr of the chamber and on the walr

of the heat exchanger inside the chamber.

4.3 Spring apparatus

A schematic drawing of
mechanical properties tests

The unit consisted of
Machine (John ChatiIlon &

the experimental unit
is shown in Fig. 4.2.

a Chatillon Universal

Sons Inc., NY) and a

used in

Testing

spring
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apparatus (Bielewicz, L990) .

Fig.4-2 Mectranical. properties e><perinental unit. l_ - rigid
metal plate, 2 adjustable metal plate, 3
spring, 4 - pitot rod, 5 frame of the universal
testing mactrine, 6 -movable bar of the universal
testingr machine, 7 adjustment screr¡s, I
kerneJ-, 9 metal plate of the universal testing
machine, 10 load ceII, 11 LVDT sensor, L2
rod. of LVIIT sensor, l-3 opening in the movable
bar of the universal testing mactrine.

The main components of the spring apparatus were:

tr¡¡o round plates (L,2), a guide rod (4) and a spring (3). The

movable top plate (1) hras supported by the spring. The

top prate T¡ras mounted upon a rod (4) with the rod extending in
a vertical direction. The other end of the rod slid freely in
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the guide hole of the bottom prate (2). The crearance between

the rod and the opening in the bottom pÌate was less than o.oL

nm. The main purpose of the rod was to ensure that the top

plat,e (1) maintained its horizontal position while moving in
the vertical direction. A rod (LZ) of the linear voltage

displacement transducer (LVDT) (J-L) was attached to the bottom

end of the apparatus rod (4). The spring \^ras mounted in
series with a sampre (8). The spring was carefurly machined

so that it, rested directty against the surfaces of the prates

while the axis of the spring rernained directry verticar so

that the spring did not provide any twisting action on the top
prate (1) which courd cause binding of the rod (4) in its
guide hore.The whore apparatus, except the dispracement

transducer (11), rras mounted on the movabre bar (6) of the
Chatill-on Universal Testing Machine and adjusted with screws

(7 ) unÈil all three plates (L ,2 , g) r{ere paralIeI . The

displacement t,ransducer (11) was attached to the main support
frame (15) of the chatirlon universal Testing Machine.

The deformation of the sample (g) hras measured with an

Ac-Ac 271--oooo and DC-DC z4z-ooo rinear voltage dispracement

transducer (11) (Trans-Tek rnc., Elriggton, con. ) , whire the
deformation of the spring (3) h¡as measured with a Dc-Dc 242-

000 LVDT (Trans-Tek rnc., Ellington, con. ) . Arso, the force
acting on the load cerr (10) and the displacement of the
movable bar (6) r^rere measured by the built-in chatillon
instrumentation. The displacement transducers were connected
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to a Hewrett Packard Hp 341-A data acguisition system. An rBM

personal computer vras used for data logging

The diameter of the sample (singre kernel) was measured

with a Dc-Dc 3sL-ooo LVDT (Trans-Tek rnc., Erlington, con. ) .

A1t the displacement transducers hrere catibrated with
clearance gages prior to the experiments and the calibration
$ras checked after the ex¡leriments.

5. TIATERTÄI,S

5.1 Samples of canola

Canola kernels Brassica napus L., cv. f.Iestar were used in
the experirnents. Three different canora crops (grown at
different rocations and in different years) vrere used in the
experiments.

The x-sampre, LgBg crop, ât about 7.Lz moisture content,
db, was purchased from a rocal supprier in August, 1990. The

average diameter of the kerner.s $¡as j-.76 mm with a standard
deviation of O.i-5 mm.

The Y-sampre hras harvested in t-989 at the Gl-enlea

Experiment,ar station, Facurty of Agriculture (GIen1ea,

Manitoba). prants vrere threshed with a vogel thresher,
cleaned. using a blower and then further cleaned and separated,
with a centrifuge spiral separator (crerand Mfg. cop.,
Minneaporis, MN), into two fract,ions. The y-sample was then
stored for nine months at, room temperature at approximately gå

wb moisture content. Examination of the kernels, prior to the
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experiments, under magnifying glass showed that some of the

kernels $rere cracked. The outside surface of most of the

kernels was wrinkled. The average diameter of the kernels was

l-.95 mm with a standard deviation of O.32 lnm.

The Z-sample h¡as also harvested at the Glenlea Farm in
August, L990. Plants qrere threshed with a Vogel thresher,
creaned using a blower and further creaned with a specific
gravity separator (Kipp Kelly Inc., Winnipegr MB). The

average size of the kernel rr/as l.7O nm with a standard

deviation of O.2O mm.

5.2 Pre-t'reatments

Three different x-samples of canola vrere subjected to
three different, pre-treatments: rewetting/drying cycles,
irradiation and dead load apprication. For convenience, the

sampre subjected to long-term stress was named s-sampre, the

sampre subjected to irradiation was named r-sample and the

sample subjected to the rewetting/dryíng cycles was named c-
sample.

5.2.L Rewetting/drrfirng cycles

A schematic diagram of the rewetting/drying procedure is
shown in Fig. 5.1-.4 canora sample of approximately 4 kg was

subjected to three consecutive rewetting/drying cycres. The

sample of 7. l-å db initial moisture content was first moistened

Eo 20å db rnoisture content by sprinkring with a predetermined
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quantity of distilled water.

Fig. 5.1 Schematic diagra'n of ttre rewetting/drying
procedure.

The rewetted sanpre v¡as then kept in a seared prastic
bag. Throughout the fírst hour the rewetted sampre was gentry

mixed at room temperature to ensure uniform moisture

distribut,ion. The rewetted sample was then stored at t-ooc for
a further 23 h for equilibration. The canola sample $¡as

finarly spread on two trays in a 40 mm thick bed and dried in
an oven (Labtine Inc., Chicago, 11) at 500C. The sample was

mixed in the oven every hour for the initial 4 hours. After
24 h the sample was taken from the oven and examined. A
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strong fermentation-like odour was noted. Then the moisture

content of the sample was determined and the sample !,ras

remoistened to 2OZ moisture content, db. Two additional
rewettin g/drying cycles were performed.

A careful- visual examination of the sample after a third
drying cycle revealed substantial rnold development. prior to
testing the core of mold (stuck together canola kernels) was

rernoved from the sample.

5.2.2 Irrad.iation

A 5 kg sample of canola $ras transported to the Whiteshell
Nuclear Research Establishment, at pinawa, Manitoba. An AECL

r.'Lo/L, 10 Mev - L k!{ prototype industrial linear accererator
lras used to irradiate the canola sampre. A rorler conveyor

derivered the sampre to the target, room. The sample moved

through the accelerator where it, was subjected to the electron
beam penetrating the sampre from the top The sampre was

exposed to a d.ose of radiation egual to approxirnately J-o kcy.

5.2.3 Constant pressure application
A 5 kg sample of canola was subjected. to long term-

stress. A constant stress on the sampre vras obtained by

applying a dead load to the canola bed.

A cylinder (r.D. = 95 rnm) was fiLled to approximately 300

Inm lever with the canola kernels. A weight of zoo N v/as

applied to a pressure prate. The pressure of approximately
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30 kPa exerted on the canola sample !,Jas equivalent to the

static pressure caused by the weight of 3 m high canola bed.

The canola sample was left under the load at room temperature

for a period of three weeks.

6. UETTIODS

The eguilibriun moisture content tests and mechanical

properties tests vrere performed simultaneously. The

experimental material aequired from the EMC tests was

subjected to the mechanical properties tests.

6.1 Equilibriun moisture content tests
Atl three different, samples (X, y, Z) of canola and

three different, subsamples of the X-sample subjected to
different pre-treatments were used as the experirnental

material for the EMC tests.
Preriminary tests indicated that the heat generated by

the Maxima air pump (Fig. 4.1) caused a temperature gradient

across the rayers of canola kerners inside the EMC apparatus

of approximately 0.60c. Therefore, the temperature within a

working area of the temperature contror chamber was kept

constant at 24.60c to maintained average temperature of the

sample at approximately ZS0C.

6. 1-. 1- Sample preparation

A 4 kg canola sarnple, ât approxinatery 7.rz db moisture
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content, was divided into two subsamples. The first

subsample q¡as rewetted to approxímately tLeo db moisture

content, by adding predetermined. guantities of distilled

water. The rewetted subsample was kept in sealed plastic

bag. Throughout, the first hour the rewetted subsample was

gently mixed at room temperature to ensure uniform moisture

distribution. The sample was then stored, ât 100C, for at
least another 23 h.

HUMIDITY. -

SENSTR (4

Fig. 6 . 1 E>rperimental. unit, used in the preparation of low
moisture content. sample.

The second subsample was dried in an experimental unit
(Fig. 6.L) to approximately 3.3-4.5? db moisture content.
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The sample (1) was placed into a plastic cytinder (Z).

Dry air was forced through the sarnple. Irlater absorbed by

the air while it passed through the canola bed was

transferred and desorbed from the air to a desiccant (3).
Air was circulating in a closed loop. The whore unit was

air-tight. The desíccant (3) had to be replaced once during
the drying process in order to achieve the required. level of
canoLa rnoisture content. The final moisture content of the

canola was predicted based on the reading of a humidity
sensor (4) and the results of previous experiments. The

drying process lasted approximately 24 h. The dried
subsample hras then placed in a plast,ic bag and stored at
room temperature for several hours.

6.L.2 Test procedure

Prior to the experiments, both dry and. moist subsamples

were placed in the seal-ed plastic bags in the control
chamber at 24.6 0c and left there for a period of z hours.

six EMC units v¡ere used in the EMC experiments. Each of l_o

intermediate section (rings) of the EMC apparatus (Fig. 4.1)

was loaded with approximately l-5 g of canola, creating a

single kernel thick layers

Different levels of finar rerative humidity at each EMC

test rârere achieved by loading the EMC apparatuses with
different ratios of the moist, subsample mass to the dry
subsample mass. An experimental rayout would typicalry
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look as follow: section #1rS,5,7 19 were loaded with dry

canola kernels (3 .5-4.5e" db) while section #2 ,4 ,6 ,8, 10 were

loaded with canora kerners of J- eo db moisture content. A

section containing a dry subsample vras irnrnediately followed
with a section containing a moist subsample. Such an

arrangement increased the sectíon-to-section moisture
gradient, therefore accelerated the moisture adsorption to
the dry subsampre and moisture desorption from the moist

subsample.

The task of loading the EMC apparatus !,ras performed

with maximum possible efficiency and speed to minimize the
moisture loss by the kerners at high moisture content and

the moisture increase in the kerners at Iow moisture

content,. A predetennined guantity of dry and moist
subsample, reguired to l-oad a singre EMC apparatus, hrere

separated from the rest of the samples, kept in the sealed

bags inside the chamber. The EMC apparatus was then loaded

according to layout which was previousry pranned. The tine
required to load a single EMC apparatus with t_o intermediate
sections $¡as no longer than 5 min. The average room

temperature, where the sampres were roaded. into the EMC

apparatus, r^ras approximately 24oc with maximum deviation of
+20C.

A series of preliminary experiments $rere conducted in
order to estimate the tirne required for the dry and moist
subsample to reach an equiribriun. rt was determined that
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after l-7 to 20 h (depending on the dry to moist mass ratio),
the relative hunidity sensed by the R-2 hurnidity sensor

(Fig. 4.1) did not change. It was further noticed that an

increase ín the experimental time from 24 h to 48 h did not

change the final moisture content of initially dry and moist

subsamples, nor changed the hysteresis loop between the

subsample eguilibrated through adsorption process and the

subsample eguilibrated through desorption process. Had the

eguilibrium been not reached, the hysteresis loop would have

narrowed with the time. fn the case of no hysteresis, both

points on the adsorption and desorption curve would have

finally overlapped each other in the equilibrium state.
If relative humidity sensed by the R-2 hunidity sensor

(Fig. 4.1) did not change through 4 consecutive hours the

intermediate sections of the EMc apparatus containing canola

samples were removed from the EMC apparatus and untoaded.

Art the canola originally taken from the. rnoist subsample and

coming from different sections of the EMC apparatus was

mixed together and placed into a plastic bag. The same

procedure was followed with the canola originated from the

dry subsample. The time reguired to unload a single
apparatus Ì¡/as no longer than 2 min.

Moisture content determinations h¡ere done with the
convection oven method, by drying 1_5 g samples for 4 h at,

l-3OoCr âs outlined in ASAE Standard S352.l- (ASAE , l--g}7) .

In the experimental design, the EMC tests were to
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provide the canola samples for mechanical properties
evaluation. This reguired the inclusion of the EMC apparatus

section loaded wiÈh X-nontreated sample as a reference.

Based on comparison between pretreated and reference samples

the impact of different pre-treatments on the mechanical

properties was determined.

6.2 ltectranical properties test,

The principaÌ goal of the mechanical properties
experiment,s was to compare viscoelastic properties of
singre canora kernels previousry subjected to different pre-

treatments with the properties of reference kerners after
both sanples were equitibrated with air in exactly the same

conditions. The kerners previously subjecÈed to the EMC

tests rârere used as an experimental material in the
mechanical properties experiments.

As a result of the investig.ation a rheological moder to
represent viscoelasto-prastic behaviour of a single canola

kernel subjected to the creep and recovery test was

proposed.

6.2.L Selection of working settings
cenkowski et, ar. (l-990) investigated the mechanical

properties of the canora kerners by compressing a single
kernel in series with a spring at constant rate of L.7 mm/s.

rn these studies the same upr^rard verocity of the movable bar
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(6) (Fig. 4.3) was chosen. The kernel was compressed with a

constant rate of loading of approximatery 2 N,/s. The road

vras released with the same rate in the unloading process for
all the mechanical experiments.

o.2
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0.1

0.08

0.06
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0.0?

0
20 40 60 80

TIME, S
100 120 140

Fig. 6.2 Tlpica1 creep and recoveaar test for ttre kernel at
20.52 db moisture content.
Origins to A - loading, AB - creeping period., BC -
unloading, CD - recovery period.

Preliminary creep and rècovery tests on the single
canola kernels at high rnoisture cont,ent (above 8å db

moisture content) shov¡ed that strain caused by loading the
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kernel was much greater than strain corresponding to
unloading process. The same tests also revealed that creep

strain lras much greater than recovery strain for the kernels

at high moisture content. A typical creep and recovery test
for the kernel aÈ 20.52 moísture content is shown in Fig.

6.2. In this Èest, loading strain was approximatety 2.9

times great,er than the strain corresponding to the unloading

process. The creep strain was approxirnately 2.9 times

greater than recovery strain. Creep and recovery, loading

and unloading strains $¡ere approxiuratety of the same

magnitude in the second creep and recovery test performed on

the same kernel. The creep and recovery characteristics
obtained in the first, creep and recovery tesÈ could not, be

exprained with a simple Burgers model, discussed in section
2.4.2. In order to eliminate plastic, irreversible
deformation contributing to instantaneous J-oad.ing and creep

deformations each creep and recpvery test was preceded by 3o

Ioading/unload.ing cycles. This method of elirninating
plasticity of the biological material was described by

several authors (Shpolyanskayat L9SZ, Davison et â1., I7TSl

cenkowski et aI., L990). A typicar roading/unl-oading cycles

test performed using the spring apparatus, is shown in Fig.
6.3. As result of the initial loading/unloading cycles

elastic rebounce (4, Fig. 6.3) of the kernel was egual to
the deformation caused by J-oading during further
loading/unloading cycles. Preliminary tests with canol-a
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select upper

performed to

Fig. 6.3 Tlpicar loading/unloading cycres for canora kerner
at 20.5å db moisture content (Appendix A, Table
A8) .

The results of these tests revealed that plastic
deformation (B-4, Fig. 6.3) in each consecutive cycle in
cycle test increased when the maximum force acting on the

kerner at the end of each cycre, lsas greater than 2.2 N for
the kerners at high moisture content. Further testing
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showed that the plastic deformation, for the kernels at high

moisture content, was elininated after approximately 25

cycles so that, the loading/unloading characteristic
levelled-off with the maxi¡num force acting on the kernel of
approxinately 2 N. Therefore, all the creep and recovery

tests were preceded with 30 loading/unloading cycles.
Further preliminary tests showed that, with the upper

force limit, set at, 1.85 N and the lower at, 0.l-6 N, maximum

average force at the end of ,loading process lr¡as 2 N with
maximum deviation of + O.O1 N and minimum average force at
the end of unloading cycre was 0.01- u with maximum deviation
of + 0.0L N.

In the creep and recovery tesÈs a 60 s creep time was

sufficient for the slope of a tangent to the creep curve not

to change during at reast the rast l-o s of the creep part of
the experiment. A 60 s recovery time was sufficient for the

kernel to recover.

6.2.2 Sanple preparation

rn order to avoid a change in canora moisture content,
due to the exposure of kernels to arnbient air during
mechanicar testing, the canora sampre, stored in the plastic
bag irn¡nediatery after EMC tests, was divided into several
srnarr subsamples. up to four kernels from each subsarnpre

u¡ere used for mechanícal tests. Each kernel was chosen from

a smarl portion of canola kerners separated from the rest of
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the subsample. The subsamples were stored in the plastic

bags insid.e a temperature control chamber aE 24.60C.

The positioning of a single canola kernel during a

loading period is shown in Fig. 6.4.

I-
,l

r_ l_

Fig. 6.4 Ioading position of a single canola kernel.

Preliminary tests demonstrated that kernels placed in
the crease side down position were most stable and therefore
most likely not t,o exhibit a side movement during the

rheorogical tests. only kernels with a dark outside surface

were selected for mechanícar properties tests. Kernels of a

spherical shape and approximately of the same size v/ere

chosen for mechanical properties experiments.

Preliminary tests showed that kernel d.iameter in y direction
(Hv) (Fig. 6.4) could be well expressed as arithmetic
average of kerner diameters in x (Hx) and Z directions (H.).

The dianeter in Y direction (Hv) of each kernel was

measured.

A single kernel (Fig. 6.5), chosen for the experiments,
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was positioned in the centre of the top plate of the spring 

apparatus (Fig. 6.6) . 

f 

Fig. 6.5 "A single kernel, chosen for the experiments, was 
positioned in the centre of the top plate of 
spring apparatus." 

The upper force limit was set through the keyboard of 

the control unit at 0.04 N. The movable bar of 'Chatillonl 

universal testing machine (6) was moved upward with a 

velocity of 5 mm/min (minimum velocity of the bar) until the 

kernel made contact with the load cell plate (9). Force 

displayed on the screen of the control unit, at the moment 

of the initial contact when the movable bar of testing 

machine halted, was not greater than 0.04 N. 
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6.2.3 Test procedure

Creep and recoverar tests
Each creep and recovery test was preceded with the

loading/unloading cycles. Prior to the loading/unloading

cycles, the upper and lower force linits v/ere set through

the keyboard of the control unit (Fig. 4.2) at 0.l-6 and 1.85

N. The upward and downward velocity of movable bar (6) of

testing. machine was set through the keyboard of the control
unit at 1OO mmr/rnin (L.7 rnm/s). The Chatitlon Testing

Machíne was set, to |tAutomatic moderr. The data acguisition
system was then initiated and the kernel was subjected to 30

Ioading/unloading cycles. After 30 cycles, the movable bar

(6) of the testing machine was autonatically halted. The

working mode of testing machine was changed to rrManualtr.

The set, force lirnits as weII as an upward and downward

velocity of the movable bar were left unchanged. The

kerner recovered for a period of approxirnatery 60 s and then

the movable bar was moved upward. The bar halted when the

force acting on the kerner reached the set maximum value (2

N). The bar stayed in this position for 60 s and then r,t¡as

moved downward and halted when the force acting on the

kerner reached the set minimum value (o.ol- N). The data was

collected for another 60 s.

Contact area tests
fn order to calculate moduli of elasticity and
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viscosity coefficients defined in Sect,ion 2.4.3 in the

Burgiers model the contact area between the kernel and

compression plates had to be evaluated. In the contact area

experinents, the canola kernels v¡ere subjected to 30

consecutive loading/unloading cycles.

A glass s1ide, with a thin layer of carbon, was

int,roduced between the load cell plate (9) (Fig . 4.2) and.

the kernel. The layer of carbon was placed on the glass

surface by means of a candle. The area from which the

carbon was removed by the kernel during loading/unloading

cycles represented the contact area. Diameter of the

contact area was measured by first enlarging the image of
the contact area by projecting it ont,o the screen from the
grass slide and tracing it with the pen. carriper r^ras then

used to measured diameter of the contact area by projecting
its image onto the screen and. then by adjusting calliper to
Èhe traced image of the contact, area. Four repricates were

performed at each of the six moisture content tevels

7 . RESULTS AI{D DISCUSSTON

7.r Evaruation of the method used in equiribrium moisture

content tests
The equilibrium moisture

Brassica napus L. r cV. I{estar

fields, in different years and

treatments, for adsorption and

content data for the canola

harvested from different

subjected to different pre-

desorption isotherm at ZSgC,
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in terms of moisture content versus relative humidity, are

given in Appendix A (Tab1es AL to A6).
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Fig. 7.L Comparison of ttre present e:<perinental data on
equilibriu:n moisture content. with the published
data.

The experimental data for the X sample are given in
Appendix A, Table Al-. The averages of the adsorption and

desorption moisture conÈents lrrere calculated for each

relative humídity level.
In order to verify the equipment used in EMC test the

calculated EMC data obtained in these studies are presented

along with the data pubtished by Pixton and Henderson

(L98L), Pichler (1957) | Rao and Pfost (L980), Tirnbers and

Hocking (L974) | Sokhansanj et al. (1-986) in Fig. 7.L. The
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published data vrere obtained in temperature range of 2O0C to
250c. The ex¡lerímental data obtained in the present work

s¡ere found to be in a good agireement with the published

data.

7.2 Pre-treatment effects on isotherm shape and trysteresis

J-oop

The comparison of the adsorption and desorption

experinental data for X, Y and X, Z samples is shown in Fíg.

7 .2 and 7.3 .

30 50
RELATIVE HUMIDITY, %

r X-ADSORPTION X X-DESORPTION .A Y-ADSORPTION + Y-DESORPTION

Fig. 7 -2 Desorlrtion and adsorption isotherms at 250C
for two different sanples of Westar canola.

X - L989 crop, purctrased from the local
supplier.

Y - L9B9 crop, trarvested at GIenIea Farm.
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The data points representing the adsorption and desorption
processes of the Y-sample 1ie above the data points

representing adsorption and desorption process of the X-

sample.

r X-ADSORPTION X X-DESORPTION  ' Z-ÀDSORPTION + Z_DESORPTION

Fig. 7.3 Desor1ltion and adsorption isotherns at 250C for
two different samples of Westar canola.

X - l-989 crop, purctrased from the J.ocal
supplier.

Z 1990 crop, trar¡¡ested at Glenlea Farn.

The data points representing Z-sample lie bel-ow the X-

sample data points. The difference between moisture

contents of the x adsorption sample and y adsorption sample,

eguilibrated with the air of approximately 23å RH (rerative
hunidity), was approximately r.3eo db (Appendíx A, Tables A1

and A2). The difference between moisture contents of X
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adsorption sample and Z adsorption sample, equilibrated with

the air at 53å RH was approximately O.LZ db (AppendiX A,

Tables ÀL and À3). The hysteresis loop, between adsorption

and desorption curves, for X and Z samples was constant at
approximately O.42, db, for relative humidity ranging from

approximately 242 to 672. The Y-sample hysteresis loop

increased in size, for retat,ive hunidity in range from

approximately 50 to 7O? RH, with the maximum of
approxirnately O.7Z db at approximately 53å RH.

The results, shown in Fig. 7.2 and 7.3, indicated that
the age of the sample as welL as growing history of the

sample influenced the eguilibrium moisture content

relative hurnidity relationship for the adsorption and

desorption process as well as its hyst.eresis Ioop.

The X sample after being subjected to rewetting/drying
cycres was named sampre c. The adsorption and desorption
j-sotherrns at 25oc for the x-reference and c-samples are

shown in Fig. 7.4.

It was pointed earlier the rewetting/drying cycles
resulted in a signíficant mold. development. The data

points, representing adsorption and desorption samples,

shifted down as a resul-t of the pre-treatment. At
approximatery 23å RH, the noisture content of the c sample

was approximately 3.62 db, while the moisture content of the
nontreated, control sampre was be approximately 4.62 db.



-49-

10 30 50 70
RELATIVE HUMIDITY, %

r C-ADSORPTION + C-DESORPTION  . C-ADSORPNON X C-ÐESORPTION

Fí9. 7.4 Desorlrtion and adsorartion isothems at zs 0c of
ttre x-canola samFle before and after being
subjected to the rewetting/drying cycles.

The hysteresis loop arso widened 2.5 times from o.4 to l-.0%

db, for the samples equilibrated with the air at,

approximately 23å RH, as the resurt of this pre-treatment.

The results, shown in Fig. 7.4, indicated that the
rewetting/drying cycle pre-treatment, resulÈing in a

significant mold development, influenced the eguiribrium
moisture content

the size of the hysteresis roop. Data on eguiribriun
moisture content, of canola shourd thus be accompanied by

evaruation of the extend of microorganisrn growth within the
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sample.

The adsorption and desorption experimentar d.ata for X

andIsampIe(X-samp1eirradiatedpriortotheEMCt'ests)

are shown in Fig. 7.5 whire the ex¡lerimentar'Lesurts for the

x and s-sample (x subjected to the rong-term strèss þrior to'
the EMC tests) are shown in Fig. 7.6 : . "-!:r:-.
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30 50
RELATIVE HUMIDITY, %

r X-ADSORPTION + X.ÐESORPTION  ' I-ADSORPTION x I-ÐTSoRPTION

Fig. 7.5 Desoraltion and adsoraltion isother:ms at 25 0C for
ttre X canoJ-a sample before and after exposure to
1O kGy dose of irradiation.

The result shown in Fig. 7.5 and 7.6 proved that
neither pre-treatrnent (irradiation or long lasting stress

prior to the EMC tests) had a substantial effect on the

adsorption and desorption isothern shape and hysteresis
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loop, within the investigated range of relative humidities.

50 50

RELATIVE HUMIDITY, %

r X-ADSORPTION + X-DESORPTION  ' S-ADSORPTION X 5-DE5ORPTION

Fig. 7.6 Desorption and adsorption isotherms at 250C for
tÌre X canola sample before and after application' of long-term stress.

Kapsalis (L98L) stated that in nature a hysteresis loop

has a practical implication of preventing the changes which

are too rapid, such as loss of water. Mohsenin (i-986)

indicated that mechanical damage to the kernels results in
the accererated microorganism growbh. rn the case of x and

Z sample, the observed hysteresis Ìoop was found to be

constant and egual to approximately O.4Z db, for relative
humidity ranging from approximately 2s* to 672. The kernels
of X and Z samples v¡ere in a comparatívely good condition,
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most, kernels of the Y-sample rrere damaged. One could

suspect a substantial microorganism development within the

Y-sample

À comparison of the hysteresis loops of X, y, Z, and C

sampJ-es indicated that the widening of hysteresis loop in
the case of Y and C samples v¡as caused by increased

microorganism development within these samples.

The experímental data on eguilibriun moisÈure content

are usually fitted to one of the available mathematical

models. To date the constants of the mathematical models

for canola were carculated regardress of whether the canola

was equilibrated through adsorption or desorption process.

The non-linear regression procedure of SAS program (SAS,

l-985) was used to estimate the constants of the Hendersonrs

eguation (Appendix B, Eq. 11, given by Henderson I LgS2) for
the X, Y, Z and C samples distinguishing adsorption and

desorption isotherms. The values of constants in
Hendersonrs eguation, the standard deviations of the

estimates and the sum of squares of residuals are given in
Table A7 (Appendix A). constants K and N in the Hendersonrs

equation varied considerably d.epending on whether the

eguitibrium was reached through ad.sorption or desorption
process. The K and N constants, for adsorptíon process of
the C sample (X sample subjected to the rewetting/dryíng
cycles) hrere approximately 0.049 and L.397, respectively,
whire for the desorption process of the same sample were
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approximately O.026 and L.628t respectively. The values of

constants in Hendersonrs equation varied considerably

depending of the pre-treatment history. The K and N

constants, for adsorption process of tne Y-sample, hrere

0.0L56 and I.7628 respectively while K and N constants, for
the C sample v¡ere found to be 0.0488 and l-.3974.

7.3 Data from mectranical e>rperinents

To evaluate the effect of pre-treatment of canola on

its viscoelastic properties the single kernels were exposed

to creep and recovery tests (Fig. 7.7) . Each creep and

recovery test r¡ras preceded with 30 loading/unloading cycles

to eliminate plastic deforrnat,ion and to establish a constant

contact area. Mclaughlin (L987) described the phenornena of
yielding for the apple tissue which was in contact with
compression plates during the compression tests. He

indicated that fracture rines, turned brown when exposed to
the air, hrere always perpendicular and nearest to the

outside surface of the sample, which was in contact with
compression plates. The fracture lines were discontinuous

at some points indicating the end of the rapture zone.

The visual examination of the kernel, after
loading/unloading cycles, showed that the top and bottom

part, of the kernels u¡hich were in contact with the

compression prates, were flattened and did not recover to
the original shape



-54-

q)
TIME s

Fig. 7.7 flpical. creep and recovery e>r¡leriment preceded
with loading/unloading cyc1-es for canola kernel at
LO.z* db moisture content (Àppendix A, Table A22,
E:çeriment No. L7, .

This was because the contact stress was of a greater

magniÈude than the yielding stress for canola kernels. The

cells crushed as a result of yielding were dislocated into
the int,erior of the kernel. The cell rapture and

dislocation were due to near point-loading of the oríginaI
spherical surfaces. This phenomenon of initial,
irreversible plastic deformation and dislocation of the

raptured cells into the interior of the kernel before

E
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constant contact area was established, will be referred as a

rrapparent yieldingtt.

ïn further analysis it was assumed that the contact

area does not change during the creep and recovery tests
which !,rere preceded with loading/unloading cycles.

A tlpical creep and recovery test preceded with 30

loading/unloading cycles is shown in Fíg 7.7. Line from

origins to A represents instantaneous loading. At point A

the creep process starts and lasts until the load is removed

at point C. Line CD represents instantaneous unloading with
point D corresponding to the beginning of recovery period.

The distance between origins and E is egual to the residuaÌ
strain while the distance between points A and B eguals the

creep strain.

The results for creep and recovery tests, âs well- as

cycle test, are presented in Appendix A in terms of
deformations to avoid any systemat.ic error and t,o faciritate
future discussion on the obtained mechanical properties
data. Standard deviation of estimates were calculated with
respect to deformations.

7 .3.L Contact area data

Experimental results obtained in the contact, area

tests for x-sample, in terms of different moisture content

levels, contact area diameter, contact area, total and.

erastic deformation, mean values and standard deviations are
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shohrn in Appendix A (Tables A8).

The contact area between kernel and compression plates
vtas evaluated assuming that the canola kernel was of
spherical shape, and. that the contact area of the kernel

with the top ptate equalled the contact area of the kernel

with the botton pIate.

The linear regression procedure of the SAS program

(SAS, l-985) was used to find the coefficients of a straight
rine representing a contact area diameter versus moisture

content rerationship, for moisture content ranging from 4.3

to lL.7Z, db. The relation obtained was:

DIAIIETER=O.087 4. (MC) -o.0927 (14)

where:

DIAMETER - contact area diameter, rtm

MC - moisture constant, Z db.

Experimentar data and the regression moder are shown in
Fig. 7 .8.

The correlation coefficient ( R Squared, AppendiX A,

Table A9) vras 0.90 for this model.

Averag,e contact area increased with the moisture

content, from approximately 0.0836 nrm2 at 4.3å to 0.7548 mmz

at LL.7Z db moisture content.

Coefficient of variation decreased with moisture

content from approximatery 41-? al 4.32 d.b to r4z at 6.7eo db

to approximately Seo for 8å db moisture content.
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Fig. 7.A Contact area dianeter versus moisture content
based on the loading/unloading cycle tests.

rt was concluded that for the kerners at 1ow moisture

contents the magnitud.e of the contact stress, depending on

contact area, varied substantiarty from kernel t,o kerner.

7 .3.2 Different pre-treatment data

Three separate X-samples were subject,ed to different
pre-treatments: C-sample to the rewetting/drying cycles,

r-sampÌe to the irradiation and s- sample to the rong-term

stress. The pre-treatment effect on the mechanical

properties of canola was studied on the sarnples equilibrated
with the air through the adsorption process. The X-
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adsorptíon sample, eguilibrated with the air at exactly the

same conditions as the sample under the investigation, r4ras

used as a reference. The effect of different pre-treatments

were studied at different eguilibrium moisture content

levels.

Rewetting/ dry íng cycles

The viscoelastic properties of the C-sample h¡ere

studied for the kerners equiribrated with the air of 232 and

422 relative humidity. The experimental data, for C-

adsorption and desorption samples, as welr as the reference
sample, are given in Appendix A (Tabres A9 to Al-3) in terms

of deformations, average values of deformations, standard

deviations of deformations, ratio of elasticity (A/8, Fig.
6.3) and kernel diameter.

It was concluded, based on the t-tests (c = g5Z)

(AppendiX A, Tabre 423), using the instantaneous roading
deformation as a criterion, that, the rewetting/drying pre-
treatment and consequent mording caused a significant change

in viscoerastic propert,ies of the canora kerners at both
moisture content levels.

Average values of instantaneous roading deformation,

for the samples eguilibrated at 42.32 rerative humidity,
hlere 0.0593 nm with o.oo72 mm standard deviation for the c-
adsorption sampre (5.3å d.b moisture content,) and. 0.0469 mm

with 0.0090 mrn standard deviation for reference sampre (6.22
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db moísture content). The instantaneous

increased approximately 0. 0. 0L24 rnn (262)

pre-treaÈment.

load.ing deformation

as a result of the

0.0I

0.07

0.06

0.05

6789
MOISTURE CONTENT, % db

Fig. 7 .9 Average instantaneous roading defornation versus
moisture content for X adsorption reference
sanple in creep and recoverar test.

Predicted change in instantaneous loading deformation

due to the moisture content difference alone of
approximately O.9Z db between C and X sample was

approximately 0.OOB rnm (Fig. 7.g1 . Therefore, the actual
change in instantaneous loading deformation of approxi-matery

O.OL24 mm between X and C samples, caused by rewetting

/drying pre-treatment, v¡as approxirnatery 35å greater than

the change predicted by the moisture content, difference.
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A similar pre-treatment effect was noticed for the

samples eguilibrated at approximately 23? RH. Average

values of a creep deformation, for the samples equilibrated
aE 232 relat,ive humidity, v¡ere found to be 0.0048 mm with

0.001-9 mm standard deviation for the C-adsorption sample

(3.62 db, moisture content) and 0.0034 mm with O.00L0 mm

standard deviation for reference sample (4.62 db moisture

content). The creep deformation increased approximately

0.001-4 ¡nn (292) as a result of the pre-treatment.

Irradiation

The data for I-adsorption and reference sample are

shown in Appendix A, Tables Ai-B and AL9. The effect of
irradiation was studied for the sampres equiribrated with
air at 722 relative hunidity.

. No significant effect of irradiation on mechanical

properties of the canola kernels was proven, based on the

resurts of two sampre t-tests (c = 9sz) performed for this
sample.

The average varue of instantaneous roading deformation

for the irradiated, adsorption samples was found to be

approximately 0.0763 mm with o.oL53 mm standard deviation,
(l-L.l-å db moisture content), and 0.0799 ¡nm with O.0l_43 mm

standard. deviation for reference sarnple (r-r-.1å db moisture

content) .
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Constant pressure application

The mechanical properties experimental data, for the S

and reference sample are given in Tables A1-4 to Al-7

(Appendix B). Prior to the EMC experiments two series of

mechanical tests (Appendix A, Table .A'14 and 4L5) were

performed. Their objective !.ras to prove that recovery of
canola in bulk which took place in a short, tirne after
removing a dead load did not play a significanÈ role during

the EMC tests and basic mechanical properties tests. The

first, series of tests vrere performed an hour after the

pressure on the canola bed was removed. The second series

of experiment,s was performed 7 days after the dead load was

removed. A two sample t-test (a = 95e") (Appendix A, Tab1e

.A23) showed no significant difference in mechanical

properties between these two samples.

The mechanical properties experimental data for the S-

adsorption and reference sample, eguilibrated with the air
of approximately 58å RH, ís shown in Appendix A, Table Al_6

and Al-7.

It, was concluded, based on a t-test (c = 9SZ) (Appendix

A, Tab1e eZ9), with the instantaneous loading as a
criterion, that, constant pressure application caused a

significant change in mechanical properties of canola

kernels.

The average value of the instantaneous loading
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deformation was approximately O.0473 mm with approximately

0.0068 mm standard deviation for reference sample and O.0577

mrn with 0.0065 mm standard deviation for sample subjected to

a long lasting stress. The instantaneous loading

deformation decreased approximately O.0l-04 rnm (222) as a

result of the pre-treatment.

The average value of creep deformation was found to be

0.009 rn¡n with 0.0013 mm standard deviation for the S-

ad.sorption sample (7.92 uroisture content, db), and O.O1O2 mm

with 0.0008 mm standard deviation for reference sample

(7.92 moisture content, db) . The creep deforrnation

decreased approximately 0.0013 nn (138) as a result of the
pre-treatment.

Z-sample

The mechanical properties experimental data for the Z-

adsorption sampJ-e, at, 8.5å db moisture content, equilibrated
with air of approximately 62å.relative humidity, are shown

in Appendix A, Table A2O.

The average value of creep deformation was

approximately O.Ol-07 mm with O.OO08 mm standard deviation
and loading deformation approximately 0.0463 mm with O.OO77

mm standard deviation. The average ratio of eLasticity was

O.3746 with O.0797 standard deviation.

The average value of creep deformation for X-sarnple at
8.5å db rnoisture content was 0.Ol-t- (Fig. 7.1-O) . The average
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value of loading defor¡ration was 0.053 (Fig. 7.8). The

average value of ratio of elasticity was approximately O.46

(Fis. 7.t]-)

0.o18
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MOISTURE CONTENT. % db

Fig. 7.1o Àverage creep defor:mation versus moisture content
for X adsorption (reference) sample.

Comparison of the experimental data for Z and X-sample

at 8.5å db moisture content indicat,ed that creep deformation

for both sampres vrere approximately of the same magnitude.

The loading deformation was approximat.eJ-y J-3å greater for x

sample than for Z-sarnple. The ratio of elasticity was

approximately L9Z greater for X-sanple than for Z-sample.

Based on the data obtained for both samples it was
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4 5 6 7 B I 10 11 12
0.36

MOISTURE CONTENT, % db

Fig 7.11 Ratio of erasticity versus noisture content for x
adsorlrtion reference sanple.

concl.uded that age and growing hist,ory of the sample

influenced its rheological properties.

7 .3.3 Þfechanical trysteresis

The mechanicar experiments resurts for the x-adsorption
and desorption sampres, equilibrated with the air at 672

rerative humidity, are shown in Appendix .A, Tabres A2l- and

À,22- A1r the average deformations corresponding to the
creep and recovery tests were of the same nagnitude for both
samples. Two sample t-test, (Appendix A, Table A23), with
the ratio of elasticity as a criterion, indicat,ed that there
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hlas a significant difference in mechanical behaviour between

canola kernels coming from the adsorption and desorption

samples

The adsorption and desorption samples eguiribrated with
the air of approximately 67eo relative humidity to
approximately 9.8 and L0.2? db rnoisture content,

respectively. Therefore, the moisture content hysteresis
loop was approximately O.4Z db. The average ratio of
elasticity was approximatery o.4234 urm/rnn for the adsorpt,ion

sample and 0.3 mmr/mn for the desorption sample. Therefore,

the ratio of elasticity hysteresis loop was approximately

O.L234 mm/nm.

The difference in ratio of elasticity for the
adsorption samples at 9.8 and. Lo.zz db moisture content, was

approximately 0.02 mm/mn (rig. 7.LL). The actuar d.ifference
in ratio of erast,icÍty between adsorption and desorption
samples of o.L234 nm,/nn was approximately 6 t,imes greater
Èhan the difference of o.o2 mn/nm corresponding to the
moisture content loop of O.4>o db.

It was concluded, that the water molecules are

incorporated into the kernel structure in a different way in
the kernels equílibrated with the air through adsorption and

in the kerners eguilibrated through desorption process.

This dissimilarity causes a significant, difference in the
mechanicar properties of the canola kerners equiribrated
with the air through the adsorption process and canola
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kernels eguilibrated through the desorption process.

-1.3.4 Burgers model versus viscoelasto - plastic model

The goal of these studies has been to develop a

rheological model which could describe the viscoelastic
properties of single canola kernel based on the creep and

recovery test which is not preceded wiÈh toading/unloading

cycles. Experimentat data, shown in Appendix A, for
reference sample (X-adsorption) obtained in creep and.

recovery experiments, preceded by loading/unloading cycles,

rr¡ere used to calculate the modulus of elasticity
corresponding to instantaneous loading and unloading st,rains

describing behaviour of the first elastic element of the

Burgers model (Fig. 2.2 and 2.3). Each creep and recovery

test r.ras preceded with loading/unloading tests to eliminate
the apparent, yietding behaviour of the kernet.

The modulus of elasticity was calculated based on the

assumption that, contact, area between the kernel and

compression plates d.id not change after the loading/
unloading cycles and stayed constant during the each creep

and recovery experiment. The magnitude of the stress was

found by dividing the force acting on the kernel by the

cont,act area calculated. from Eg. L6.

The calculated values of the instantaneous loading and

unloading modulus of elasticity as a function of moisture

content are shown in Fig. 7.L2.
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Fíg 7 .L2 Àveragre instantaneous modulus of elasticity versus
moisture content for X adsorption (reference)
sanpì-e.

Apparent moduli of elasticity representing

instantaneous loading and unloading decreased with the

moisture content. AII the other elements of the Burgers

model may be calculated applying the same methodology.

The above approach of eliminat,ing first plasticity and

then evaruating viscoelastic properties of the bíorogicat
material reflects viscoelasto-plastic.behaviour of the

singre canora kernel. The viscoelastic properties of the

single canola kernel may be well represented by a sirnple

Burgers model only when creep and recovery test is preceded
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with the loading/unloading cycles. In such case, the

strains corresponding to the elements of the Burgers model

shourd be rerated not to the initial size of the kerner but

to the height of the Itbarrel-t' which results because of the

precycling. Therefore precycling of the kernel prior to the

creep and recovery test influences in a obvious way the

viscoelastic properties of the canola kernels represented by

the Burgers mod.eI.

An example of the creep. and recovery test, which was

not preceded with the loading/unload.ing cycles, is given .in
Section 6.2.I. The differences between creep and recovery,

loading and unloading strains were caused by apparent

yierding and resulting in irreversibre prastic deformation,

which occurred during instantaneous roading and creep period

of the creep and recovery test.
The process of instantaneous compression, creep,

instantaneous response to unloading and recovery of the

singÌe canola kernel during the creep and recovery test,
which was not preceded with the loading/unloadingr cycles, is
represented by a viscoelasto - plastic model (F,ig. 7.L3).

This model consists of a plastic componenÈ and a

viscoelastic component. The viscoelastic component, was

represented by the Burgers model described in Chapter 2

section 2 .4 .6. The plastic component of the mod.el was

defined as:
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sÐ(t) = 8L t €"(l_-s-J.t¡

dissipated strain, mrn/rnm

strain dissipated. during instantaneous

loading, mm/mrn

strain dissipated during the entire creep,

mm,/nm

time, s

empirical constant

(ls)

where:

o:"D

8L :

8c:

ùL

k:

Fig. 7.L3 ViscoeJ-asto - pl-astic nodel.

The graphical representation of the viscoelasto-plastic
model is shown in Fig. 7.L4.

The magnitude of the irreversj-ble deformation and,

therefore, of the dissipated strain, defined in Eq. L5,

caused due to the apparent yielding, depend on the magnitude

of the applied load. If the contact stress is such that

PLASTiC

COMPONENT

VISCOEIASTIC

COMPONENT



apparent yielding does not

behaves as a riqid body.

-7 0-

occur the plastic component

STRAIN

Ð.(t.)
Eo

Ð.(r)

oot
nv

tr
TIME, S

Burgers model
Viscoelasto-plastic rnodel

Fig. 7.L4 Graphical representation of the viscoelasto-
pJ.astic nodeJ--

The total instant,aneous strain of the material,
represented by the viscoelasto-plastic model, consists of
instantaneous elastic strain of element Eo of the Burgers

Ð

Oo

E.,.

- -a--'
I
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model and instantaneous irreversible strain (er) of the

plastic component. The total creep strain of the material,
represented by the viscoelasto-plastic model, consists of
the strain due to the first viscous element (n) interaction
with the second elastic element (8.) (Burgers moder), strain
of the second viscous element (nu) (Burgers mod.el) and.

strain due to the plastic component (€c). Because prastic
component behaves like a rigid body during the recovery

period the recovery period, it is represented by a simple

Burgers model.

The plastic component in the viscoelasto-plastic model

is connected in series with four other erements representing

the Burgers model. Therefore, mathematical representation

of the viscoelasto-plastic model is a superposition of the

solution given in Eq. l-5 and the solutions given in Eq. l_O

for creep and in Eq. lL for recovery. The solution
representing creep behaviour is:

e(t)

and recovery behaviour is:

I

*eo+ä,t -.-4).#=oo
Eo

_È
1) ert

(16)

(L7)

where:

e (t) : strain nm/mm

eo(t1) : strain dissipated during instantaneous
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Ioading and entire creep, rur/nn

q : viscosity coefficient corresponding to
retarded elastic deformation, Pa's

îv : viscosity coefficient of second viscous

element corresponding to Newtonian flow, Pa's

oo : contact load stress, Pâ

Eo : instantaneous elastic modulus, Pâ

Er = modulus of etasticity of a second etastic

element, Pâ

Tr = retardation time (rì,/Er) , s

The constants in Eq. L6 and L7 representing plastic

component as well as elements of the Burgers model component

rrere calculated, as an example, for the experiment,al data

given in Appendix A, Table A'24 for the test shown in Fig.

6.2. In this experiment creep deformation was 2.g times

greater than recovery deformation and instantaneous loading

deformation was 2.9 times greater than instantaneous

unloading deformat,ion. This was because creep and recovery

tebt was not preceded with the loading/unloading cycles.

Retardation time was calculated, by differentiating Eq.

LL (or Eq. L7) over the tine and substituting numerical

values (Appendix A, TabLe A24) z

de(t) = =oe rcË-1)eÊ =WF (18)
dt E,T,'
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o'ol-8 *-îg-r,.-ä=o.oo3zs (1e)
Jr

where:

tgp = rate of strain at, the end. of the creep period,

L/s

as 5.5 s.

The magniÈude of o6,/nu was calculated, based. on the

assumpÈion that creep behaviour at time approaching 60 s is
represented. by a straight line which means that at, this time

' apparent, yielding and retard.ed elastic deformation

approached asymptotically their maximum values. Therefore,

differentiating Eq. 10 (or 1"6) over the time and

substituting numericar values (Appendix A, Tabre F,24) z

è,delt) = =9 e-4 *3 = tsú (20)dt ErT, - \v

oo 
= tga - o. 000066 (21)Iv

where:

tga = rate of strain at the beginning of the recovery
period, L/s

Finally, the Burgers model component for the creep period

is:

_È
e(t) = 0.043+0.018 (1-e-*) +6.6x10-st (22)

and for the recovery period:
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e (t) = 0.004 +984.062e

calculate constant k in Eq. L5,

_¿
5.5

line

(23)

representing

€
E
E
¿

H

0.16

TIME S

Fig. 7.LS Evaluation of the strain dissipated during creep
period.

the Burgers model component,

shifted upward by the value

which was dissipated during

in viscoelasto-plastic model was

corresponding to the strain

instantaneous loading (F'ig.

STRAIN DSSIPATED

DURING FIKIT 18 E

OF CBEEP

STRAIN DIS{ilPATED
DURIÈ¡G¡

ENNRE CREEP
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7.I5). The differences between the curves, representing

experimental data and the Burgers model component of the

viscoelasto-plastic model, were measured over the time. The

strain dissipated over the time, during instantaneous

Ioading and creep is shown in Fig. 7.L6.

E
E

c:0.1rc

¿
æ.
L

in 0.1 0
o
t¡Jt-
È(n
Ø 0.09
fl

0.12

0.08
604020

ÏIME, S

Fig. 7.L6 Strain dissipated during instantaneous loading
and creep period.

The nonlinear regression procedure of the SAS program

t/as used to calculate constant k in Eq. 1-5.

Mathematical representation of the plastic component in
the viscoelasto-ptastic model is:

eo(t) = 0.083 +0.03g (L-e-o'22¿'t) (24)
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Therefore, the mathematical solution of the viscoelasto-
plastic model for the creep period is:

t
e ( t) = e.1-26 +0.03S ( j--e -o.224t) +0.018 (f -e-E-) +6 .6x10-st

The experimental data and curve corresponding t,o the

mathematical solutions of the viscoelasto-plastic model,

expressed in Eq. 25 and 26, are shown on the same graph in
Fig. 7.18.

/--\

GZ
X-(Y+Z)=deformation

due'to sjecond ]'iscous
element

creep and recovery

Contact area was found based on the drararing in Fig.

7.L7. The kernel r{as considered to be a sphere which was

trimmed at both ends at a depth equal to the half of
irreversible plastic deformation caused by apparent yielding
(excluding the deformation due to the second viscous

element). Contact area t¡as approximately 0.5436 mmz.

(25)

(261_Ë
e (Ë) = o .!25 +984.062 e s.4

"S..

Before
compression

Fig- 7.L7 Kernel
test.

X-Y=deformation
due to apparent

yielding

deformation during
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Fig. 7.LA Experimental data and culrre corresponding to
mathpmatical solution of viscoelasto-plastic
nodel for cano]-a kernel at 20.58 db moisture
content.

Apparent noduli of elasticity !,rere found based on the

graphical descript,ion in Fig . 7.L4 and. experimental data

shown in Appendix A, Table A24. The magnitude of the

contact stress was oo:2/(0.5436 x L0'6) = 3.68 x LOó Pa.

Instantaneous modulus of elasticity was approximately 8.56 x

LO7 Pa. Modulus of elasticity of the second. elastic element

v/as approximately 2.04 x 1-OB Pa. Viscosity coefficient
corresponding to the first viscous eÌement was approximately

1-.L2 x l-Oe Pa's. Viscosity coefficient corresponding to the

second viscous elenent was approximately 5.52 x l-010 Pa's.
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7.4 Error analysis

The RH-2 relative hunidity sensors, according to
manufacturers specification, have +2å accuracy of relative
humidity measurement. The RH-2 sensors were cal-ibrated

using the H-L dew point sensor as a reference. The maximum

deviation from the expected value was approxirnately l.2Z
from the mean relat,ive humidity.

The oven method lvas used to measure the noisture

content of the canola sample. The maximurn deviation from

the mean value for the repeated moisture content

measurements ttras no greater than +0.06? moisture content,

db.

The nonlinearity of t.}:,e 242-OOOO LVDT sensor, used to
measure the deformation of the kernel, $ras, accordíng to the

manufacturers, within 0.5å for + O.25 nm range which is
equivalent, to 0.0025 mm. Nonlinearity of the sensor,

related to the output fluctuations shown in Fig. 7.4 was

approximately 0.0044 mm. Resolut,ion of the LVDT sensors,

according to manufacturers, is infinite. Accuracy of the

measurements, derived from the average interpolated value

(Fig. 7.4) of the sensor output, was proven, by the means of
the calibration using the clearance gages, to be less than

O.OOI- for all the LVDT sensors used in the experiments.

Cenkowski et al, L990, Índicated. a semi-dead load as a

factor contribut,ing to the error in modulus of elasticity
evaluation. The load decreases during the creep period
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because the kerner deforms as resurt of the pressure, which

causes a spring relaxation (Fig. 4.2). This influences

elastic rebounce of the kernel during the unroading process.

Maximum averag:e creep deformation was approximatery o.oi-7 mm

(Appendix A, Tab A1-8), which caused. approximateÌy L.Så force

decrease during the creep period. The average strain
corresponding to the instantaneous modulus of elasticity for
the same series of ex¡leriments (Appendix B, Tab1e BLO) v¡as

approximately 0.075 nm. Contact area diameter !,¡ere measured.

within + 0.01- mm accuracy

The accumulated error in the instantaneous modulus of
erasticity for the canora at LL.1å db moisture content was

calculated according to the formulas:

ô = ÂEo 
i-oog

Eo

where:

Eo= 4Ff
nD2 d

and:

where:

E0= instantaneous modulus of elasticity, Pa

(27)

(28)

AE'o = jg)
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ô = error, Z

F - Ioad, N

I = kernel deformation, m

D = contact area diameter, m

d = kernel diameter, m

A = error,

The accumulated error in the instantaneous modulus of
elasticity (8 x l0z Pa) !,¡as approximately 4.7eo. The major

contributions to the error v¡ere by the kernel deformation and

contact area d.iameÈer measurements.

8. CONCLUSIONS

Based on the result of these studies following specific
conclusions can be drawn:

L. The age and growing history of canola have significant
effects on the EMC - ERH relationships for adsorption

and desorption processes, hysteresis loop between

adsorption and desorption isotherms and viscoelasto-
plastic properties of the canola. The difference in EMC

between two adsorption samples harvested at different
locations was approximately 1.3å db at 23? RH. A

discrepancy in instantaneous loading deformation of L3Z

was attributed to the difference in age and growing

history of two canola samples at 8.5å db MC.
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2. The rewetting/drying cycle pretreatment, resulting in a

significant, mold development, influences the EMC - ERH

relationship, the size of the hysteresis loop and

viscoelasto-plastic propert,ies of the canola kernels.

The EMC hysteresis loop widened 2.5 times as a result of
the pretreatment for the samples eguiJ-ibrated with air
at, approximately 25å RH. The pretreatment caused a

change in instantaneous toading deformation 35å greater

than that predicted due to the EMC difference alone for
samples equilibrated aE 422 RH.

3. The long-term stress

a significant effect
isotherms.

the canola sample does not have

the adsorption and desorptíon

on

on

4. The long-term stress on the canola sample causes a

change in viscoelasto-plastic properties of the canola

kernels. The instanÈaneous loading deformation

increased approxirnately 22å as a result of the

pretreatment for the samples equilibrated with air at

58å RH.

5. EMC behaviour and viscoelasto-plastic properties of the

canola are not affected by irradiation pretreatment.

6. Viscoel-astic properties of canola differ for adsorption
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and desorption sample. Difference in viscoelasto-
plastic properties of canola is greater than that
can be explained by the EMC loop between adsorption

and desorption isotherms. The actual difference in
average ratio of elasticity between adsorption and

desorption sample was approximately 6 times greater than

the difference corresponding to the moisture content

loop alone for the canola kernels eguilibrated at 672

RH.

7. Viscoelastic properties of a single canola kernel may

be evaluated using a 4-element Burgers model only ín
the case when the plasticity of kernel is eliminated

prior to the creep and recovery tests.

8. Viscoelasto-plastic behaviour of a canola kernel

during creep and recovery test may be explained using

rheological model consisting of a plastic component in
series with a viscoelastic component.

). SUGGESTTONS FOR F.UTTIRE RESEARCH

l-. The viscoelast,o-plastic nodel should be evaluated for
different loads. Nonlinearity (depending on load) of

viscoelasto-plastic properties of canola should be assumed

because of the shape of the sample. The relationship
between strain and stress should be expressed in terms of
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the creep compliance (straín per unit stress). plastic

strain should be expressed as a function of stress.

2. The phenomena of mechanical hyst,eresis should be studied

in greater details. Canola eguilibrated with the air
through desorption process exhibits much greater plastic

deformation under the load than canola equilibrated
through the adsorption process. This may be beneficial
in oil extract,ion process.

3. The long-term stress on the canola kernels at
intermediate moisture contents analogous to that caused

by canola bed during the storag'e should be simulated

using the spring apparatus. The time and the magnitude

of the stress reguired for the kernel to rapture should

be evaluated. The contríbution of the plastic component

and the second viscous element of the Burgrers component in
the viscoelasto-plastic model should be considered in this.
case as a factor of primary importance.

4. The effect of temperature and temperature fluctuations
on viscoelast,o-plastic properties of the single canola

kernels should be studied using the spring apparatus.

The mechanical behaviour of the kernel should be

expressed using viscoelasto-plastic model.
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5. The effect of rnolding and microorganism growth on

EMC - ERH relationship and viscoelasto-plastic
properties of the canola should be studíed in greater

details.
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0.002
0,005

r,0456
I nn82

0"0004it
0¡0010
0.00033
0.00027
0.000¿1
0.00032
0.00015
0.00019
0$0018
0.000{5
0"00037
0J0031

o.oo72
0.0022

0J053
0Jt033

3,928-0{
7.2.9F-n5

F
O
t\)



lrEE Ar3 GEP/mmY AÀtD LoADnEÆNlIlfi)Irc El(PffiUBtTÁt DÀTA m C ArEonprrDN sÂrpr8 AT 63 z õ H)Ñnns mMr¡II..

Exffit{,
Nû

uÂuBm

mm
I
2
3
1
õ
6
7
E

0

l0
u
l2

1.783
t.663
t.78+
1.680
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AVF'RÂßE

.0903
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0.0016
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0.013
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mm
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o.o2t I
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0.003
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0,013
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0.0074
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0.030
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mm
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0.007
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0.007
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0¡¿39
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0.014
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mm
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0.007
0.102
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0.t02

0.04{
0.036
0.038
0.0ãt
0.016
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0.{3t
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Dmru{ÀTU{
mm
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0.052
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0.050
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0.013
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0.0n¿

0.0125
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0¿00
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qPEflU
NO

tm{IL
IXÁMEIEN

mlfì

t
z
3
1
5

6

7

I
I
t0
ll
t2
r3
t1
t5
l8
l7
l8
l9
20

t.767
t.740
1.609
1.769
t.710
t.77 t
t.769
1.715
t.723
1.717
t.723
1.733
r.7r6
t,7tt
t.712
1.73õ
1.699
t.7+2
1.735
I _760

E4SIT
DImM¡ÀTÐN

mm

nÐnn^rNfoÀIxm ms'f

0.050
0.059
0.056
0.053
0.06e
0.010
0.0{0
0.050
0.061
0.067
0.06t
0.05õ
0.063
0,051
0.0õt
0.0õ7
0.063
0.063
0.0ô7
0 0ñß

finÁL
fmarfAua¡

tnm
0.196
0.1õ2
0.t91
0.1{6
0.r86
0¿03
0.t89
0202
0¿01
0.189
0¿{0
0¿0{
0.r6?
0.t12
0.16t
0¿01
0.tõt
0¿06
0.t6r
0200

RANO OF

EÄÍrTIY

0¿õ5
0386
0¿93
0364
0279
0.213
0¿ö8
02+7
0262
0290
0¿ô3
027t
0378
036¿
0339
0¿8õ
0318
0¿õ9
036õ
o273

CBtrP
DtsIDAIATIÌ{

mm

Äv

SIn IXg

0.015
0.0r¿
0.013
0.013
0.0t3
0.0t3
0.0t3
0.011
0.0t3
0.013
00ró
0.01õ
0.013
0.009
0.010
0.0r3
0.011
0.0t I
0.012
0-0t ß

1.7388

I.OADING

D[!ûmfÀmÈ¡
n]m

0.0226

,

0ft54t

\ND rutNY[RY

0.049
0.06Ð
0.06õ
0.061
0.063
0.060
0,059
0.057
0,057
0.067
0.063
0.081
0,067
0.082
0.0õ8
0,062
0.06¿
0.067
0,063
0 nßß

0îfì¿n

{,NTOADINC

Dla)ruATDI{
mm

o.t 83q

TßT

0.018
00õ0
0¡õ3
0J55
OJó4
0,019
0J{5
0¡1e
0.0{8
0f)55
0.058
0f)õt
0¡6?
0rlõ3
0¡5t
0.0õ7
0.0õl
0¡63
005?
0ft58

0.0262

RDMWHT
DEIOE}TAMN

nìm

0 30fìn

0.023
0.019
0.01õ
0.014
0.02 t
0.015
0.0r1
0.021
0.016
0.016
0.01õ
0.010
0.013
0.0t8
0.015
0.0t0
0.0?0
0.0r8
0.016
0.0r 0

0.0¿0tt

ruSIIX'At
DEOzuATÐN

mm

0.ft I 20

0.010
0.010
0.013
0.009
0,00?
0.018
0.013
0.014
0.013
0,014
0.010
0.016
0.000
0.00s
0.007
0.013
0.0r r
0.015
0.013
o nte

0 nnrT
0.0621
0.0016

0.0526
0.00¿8

0.0 t ß9
0 nn32

nntto
0.002s

ts
c)
CO



ÎABI8 423. 1-rBSr RESULÎS PffiÐRMEX) IU EVAIUAÏE mE ETEff 0F PREffiEATUI¡üS At\tD EQ|IIIBRIIM MUSnmn C6NII¡¡T
IYffTNESIS ON MECHÁNEAI PAOPMfiES OF CANOII,

T-TEST
I

t

SAMPTE

C-AI)$RP.

X-AIMRP.

2

MC

%db

U.ATATJIIP.

X-ÁTMRP,

3

5.28

6.21

RTI

%

U-AIËIJIIP.

C-DE$RP.

I

3.63

4.8

CRnERÍON

12.3
l¡6'IAl,{TÄ¡iB0tii

L0ÁDnn
DEFORMANON

X-ADÐHP.

X-DESDNP.

5

it.t¡ö

1.71

22.7

X-AüilTIP.

X-DMRP.

INI'TANTANEOTJT

MADNG
DMRìÍATNN

I

DF

9.U4

r0.2

22.1

p-mlæ

IT!b'I'ANTANTO{J!

MÁDI}G
DMRMÂÎMN

ri-AlËÐtP.

x-ÁD$RP.

22

7

9.ö4

t0.2

B7
IIË'TANTANEOTJT

L0ÁDING

DMOMÍAIION

0,01¿

I-AINDRP.

x-fimnp.

tTl

21

I

7.9

7.s

87

0.0001

U-O DANJ

s7 ltA'ls

3.708

t

21

RATÏO

OF

HÆITCflY

I l.t

1l.t

67.8

0.0182

I¡5TA¡{TANEOU

I,OADNG

DMRMATffi

5.778

2.071

FßfiERg
ISD

38

7.t

7.t

71.6

0.318

uÞ*I'ANIA¡¡80{lt
mÐnrc

DmmfÂrlllt{

2.531

2.084

0.0069

38

CONCTI]NON AT 95 %

CONFIDFNC,f,: ÍEVRT.

ÁTIR

0.000t

II\6'I'AI{TANEOTJT

tOAI}II{G
DBF0RMANON

Mean values 6f lrnrling
defamation are not

aual fæ th€se samoles

1.013

2.081

0.0101

t0 0.191

8.520

Mean mlues of læding
defamatisr ale not,

emnl for these samoles

2.025

0.0131

t0 0.883

Mean mlueg of lmdiqg
defmation are not

emnl fon these samoles

2,79t

2.025

16 0.937

À|,æn values of lmding
ddmlatim are

eorral for thpsc mmntpn

2.228

0.12

0.0383
Mean mlurs of ratiæ
of elastieity are not

æual fm thpce sâmnles

0.08

2.228

0.0081
Mean mlrìês of lmd¡Dg
defmatim rre not

equâl fc these samnles

2.21

Mean Wlu€s of lr,afiing
defrmation are

eaual fæ these sâmnles

Mean mlucs of lmding
defmnation arr

æual frur thcsc nnmnlpq

rts
.' F-,Õ



TAtrE A21. ETPMME¡IüI DATA MR 2 æIS&I]TÍIE CSIP A¡iID NMWff TESTS NÛr PAErtr)Ð fIlU rcADIIËA,INT,OADII\G CYCTES,pmfioHfiD oil m cámfa nnNE[ A1205 Z db ]Ð6run8 mfTÏltx,

EXP[&U.
NO

C@
STBAIN

mm/mm
I
2

0J63
0lll6

BÐOvBY
SIRAIN

min/mm
0.0t8
o nt7

TAMWf AT

t=6ls

õ.6Hrõ
5 5n-n5

TAÑAN AT

t=6?e

{.003¿5
-{l^0ít2¿t

IOAINW
STRAIN

mm/mm
0.1e6
0.047

I'NIOADING

SIRAIN
mm./rnm

0.013
0 0¿1

DNtrAÏED
SIBAIN

mm/mm
0.083
0-005

S'TRAIN ÀT
t=6ls

mm/mm
0.187
0.103

STRAIN AT
t = 122s
mm/mm

0.1e5
O IRÂ

F
.F
't*
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l-- BET rsorHERI{ EeuATroN (Braunauer et ar., r_939) .

a = 1 _c-!(r-a)m ffioC'mod

Where:

a : vrater activity,
m = moisture content (dry basis, decimal) at

water activity a and temperature T, kg/kg

To 
: monolayer moisture content, kg/kg

C : empirical constant.

2. cAB ISOTITERH EQUATION (Van den Berg, 1985b) .

CKam
mo ft-xa) (r-Ka+cKa)

$ihere:

c, K, : empirical const,ants.

ilo : monolayer moisture content, kg/kg.

3- rIArI,I{ooD AND HoRRoBrNrs EeuATroN (pohorecki and wronski,
Le77' .

9 =B*Ca+p¿z
m
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!{here:

B, C, D : empírical constants.

4. SMITH TSOTHERIÍ EQUÀTION (Iatruza, l_984).

log ( 1-a) =Bm+C

hlhere:

B, C = êhpirical constants.

5- r,ÀNcllurRrs EeuATroN (pohorecki and wronski, Lg77).

A1-
f -6-d-

P
p̂

!{here:

A, K = êflpirical constants,
ps = saturated vapour pressure, pa.

6. SIP's EeUATION (pohorecki and Wronski r Lg77r.

Kam

m_t Ka 18'-¡A - 1+ (X-1) a

ÍVhere:

A, B, K = empirical constants.
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7. IIODTFTED IIENDERSONTs EeUATION (ASÀ8, l_987) .

Vühere:

K, Ct n = empirical constants.

8. CHIING AND PFOSTTs EQUATION (Lg6Z).

m=E-Flog t- ( T-C) fog (a) l

l¡ ^\ L

m- l-1og-\ r -dr- I n
K(T+C) J

2C

$ihere:

E, F, C : empirical constants.

9. CAURTE's EQUATTON (198r_)

r"* =-l-n ( cmo) +
m

m^rl1,-1- a
U d

Where:

C = empirical constant

ro = monolayer moisture, kg/kg.

L0- ltfoDrFrED - Irar,sEy EeuATroN (rgtesias and chirife Lg76)

â=exp [ -exp (e+Af) m-.]
lVhere:

A, B, c : empirical constants
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T = temperature.

l-1. IIENDERSONTs EQUATION (tg52)

t-a = e-k*n
I{here:

krn = empirical constants


