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ABSTRACT 

A vertid-type thin-laya &a was useà to obtah the thin-layer drying and rewetthg 

data of huiles oats ( A v e ~  sativa L., cv. 'AC Belmont'). The experimental data were 

obtained by dryhg or mcttsig 7 W  huiieso oats in the thin-Iaycr dna using air at constant 

relative hWIUdity conditions. The data wac c o k t e d  for various combinations of initial 

grain moishue content (1 1 to 22% dry bais), temperature (15 to 36°C). and relative 

humidity (27 to 93%)). A thin layer (one or two kemeïs thick) of oats was held in a 

horizontal plane and conditioncd air was passai vertïdy through the layer. The gain or loss 

in m a s  of oats with tirne was recordeci mtil the grain mass was constant or within * 0.01 g 

betwan two successive readings. 'Ihe eqdibrium moiSnin content @MC) was presumed 

to have ken reached at this stage. Depenâing on the air conditions and the initial moisture 

content, equilibrium was amineci by both sorption and desorption piocesses. The sorption 

and desorption EMC data were detennined by oven dryhg the samples af€er the drying or 

rewetting process was stoppd The EMC data were used to determine a suitable 

EMC-equilibrium relative himiidity (ERN) relationship of huliess oats. 

Thin-layer drying or rewetting data wcre anaiyzed ushg liquid diPFusion, Lewis' and 

Page's equations. The liquid diaision quation for an isotropie and hornogeneous sphere 

did not describe die dryhg and rewetting rate of oats satisfacbrily. Tbe dlln-layer dryhg and 

rewetting rates at constant dative humiditics agrecd wcll with the Page's quation. The 

effets of temperature, relative humidity, initial moishrn content and air vetocities were 

investigatd on parameten k and n of Page's equation. The temperature, relative humidity, 

and initial moi- content had sigdicant e f fa  (p > 0.05) on L The relative humidity and 



initiai moi- content had sigaifiaut e f f i  on parameter n. The air velocity did not have 

signifiant effkct @ > 0.05) on dyiag or rrmaiag raie. Due to the nonlinear distribution of 

k and n among experimentai tests, it was not possible to cornlate k or n in tems of 

tempera- and relative humidity for 1 the expaimatal tests. 

Numerous empirical and semi empiricai equations have been proposed by scientists 

to describe the EMC-ERH dationship of crops. nit suitability of five commoniy used 

equations (modined equations of Chung-Most, Guggenhcirner-Andersonde Boer (GAB), 

Halsey, Heuderson, and Oswin) was evaluated to describe the EMC-ERH relationship of 

oats. Nonlinear regression was p e r f o d  to estimate the three parameters of each of the 

equations. Bascd on the standard enot of humidity, mean dative percent enor, and 

randornness of residual plots, the m&ed Oswin quation best descrikd the EMC-ERH 

relationship for 'AC Belmont' huiles oats. 
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1. INTRODUCTION 

Oats rank sixth in world c d  production foliowing wheat, rnaize, rice, barley and 

sorghum @ I o b  1995). Oats ~irt the fou& most important caeal crop in Canada. During 

the penod h m  1986 to 1995, an average of 2.97 Mt of oats were produced aud stored 

anndy  in Canada worth about CsnS 163/t (Canada Grains Corncil 1996). Canada ranks 

second in oat production in the world, next to the USA, foilowed by Argentha, Australia, 

and the former Soviet Union. Canada is the foremost exporter of oats in the world with an 

average of  48% of its exports going to the USA and the balance to Japan, Cuba, Belgium, 

Luxemberg, and the Netherlands ( Baker 1995). 

Oats are used for feed and food purposes. Oats contain seven B vitamins, vitamin E, 

and nine minerais: Fe, Ca, Mg, Na, K, P. Cu, Mn, and Za Oats also have the highest protein 

content of any cmal grain, and thcy are a good source of cornplex carbofiydrates and water- 

soluble dietary-fibre. Oats play a major role in maintainhg human health through diet due 

to their water-soluble dietary-fibre content. The oats seem d u c e  the cholesterol levels (a 

major factor in coronary hart diseases), have an impact on gastrointestinal cancer and 

related disordm (Hill and Fernandez 1990), and lower pst-meal blood glucose levels in 

insulinliependent diabetics (Holm et ai. 1992). The digestibility of protein of oatmed is 

equal to that of wheat and soya fiour, is., a sùniler digestib'ity to that of other grain proteins 

(Welch 1995). 

Oaîs arc n o d y  consumed whm they are pduced, espccially whm used for feed. 

Oat h a  are low in nutritive and aiagy value, diaefore, d u c h g  the huü percentage of the 

oats improves their value for animal fad and human food S e v d  cultivars of hulless oats 



have been developed with fields compazable to c m t l y  p w 1 1  huiied cultivars (e.g. 'Terra' 

and 'Tibor' in Caaada, and 'Pennuda' b m  the USA). 

Oats are principaUy fd to deiry d e ,  horses, mules, replacement laya chickens and 

turkeys, with lesser quantities fed to hogs, ô e e f d c ,  and shecp. Food products that use oats 

incluâe oatmeal, oat fleur, natural cacels, meat product extenders, coolcies, breads, granola, 

baby food. and oat bran. 

The prcsmt trend in caeal and oilCHA drytig is to use mar-ambicnt air drying (Singh 

(Jayas) and Sokhansanj 1984). In the prairies, the use of near-ambient dryùig is 

economically superior to the use of hi&-temperature drying systems (Fraser and Muir 

1 WOa, 1980b). An additionai advantage of near-ambient drying is that it delivers better- 

quality, dried grain. 

Thin layer moisture-transfer equations are used in simulation models of drying grain 

in deep beâs using near-ambient air. The simulation models prove extremely useful because 

they provide the information ~lated to differrnt drying systans, dryer design and testing' and 

related cost aaalysis without acnially installing a drying system. A deep-bed drying mode1 

works by dividing the total grain depth in several thin layers and calculating the change in 

moisture in each layer duriag smaii time steps for the constant dryllig conditions. In a single 

tirne step, d i n î t  tbin iaycrs in a grah bcd axe subject to différent air conditious and these 

air conditions change with each subsequent tirnt step. A thin layer will dry if the vapour 

pressure of the drying air is lower then the vepour pressure of the grain, otherwise it will 

rewet. Calcuiation of moimin change in thin layas is based on heat and mass balance 

relatiomhips and the thin-layer moi- traasfer charactcnstics of the grain. Moisture 



transfer characteristics of thin layers of grain are therefore, required. 

The EMC of sceds is ncedd in thin-layer dryhg equations and thus needs to be 

determjllcd for new crops. Th EMC-ERH relationsbip for a crop W usefid in predicting the 

drying and rewetting behaviour of grains during storage. For hulless oats, ümited data on 

thin-laya dqhg chamt&tics and equiiibrium moistue contents have bcen reporteci in the 

published literaturc. 



2. OBJECTIVES 

The objectives of this shidy were : 

(1) to determine the drying charactcristics of 'AC Belmont' hulless oats using a thin-layer 

dryllig-rewetting apparatus; 

(2) to evaluate the ability of liquid difhdon, Lewis', and Page's equations for describing 

thin-layer drying and m n i n g  data of huiiess oats; 

(3) to obtain by the thin layer drying methoci, the EMC data for huiiess oats at severai 

relative hunidities (27,37,48 61,68,69,75,88, and 93%) and dryiag temperatures 

between 15 to 36°C; and 

(4) to evaluate the suitability of five commonly w d  isotherrn models i.e. the modified 

Chung-Pfost, GAB, Halsey, Hendmon, and Oswin equations to describe the EMC- 

ERH relationship of huiles oats. 



3. REVIEW OF LITERATURE 

3.1 Background 

The moisnire transfer to or fiam c d ,  oilscads, and food materials has been 

a subject of considerable rrscraeh in the pst Xi ycars. Data on singlekemel dryhg or thin- 

layer drying rates of caeals and oiiseeds are q u i d  for simulation and design of various 

drying systems (Brooker et al. 1974). Considerable woik lus km done on thin-layer drying 

of grains but very litile research has been donc on thin-layer rewetting of graias (Misra and 

Brooker 1980). The need for rewetthg rate data has been recognkeâ (Jayas et al. 1988) for 

simdating the possible occurrence of d g  of grain during nt81:-ambient air drying. The 

rewetting process is similar to drying, and drying theories can k appiied to understand and 

describe the mmtting rates of ccicals and oiiseeds ( Fortes et al. 198 1). Comparecl to many 

other engineering materiais, grain is nonhornogeneous, and this nonhomogeneity precludes 

a simple yet definitive madel based on classical heat and m a s  transfer. Input air conditions 

are seldom constant, especially in nervgmbient dryiag, in which temperature and relative 

humïdity are constantly changing- To take into a c m t  the many variables in grain drying, 

a mode1 or an equation needs to k so complex that it is of questionable value, despite the 

awefome numerical capabiiity of modem cornputas. This is not to suggest that l e s  complex 

models vwith simplifyiDg assumptions arc not u~eful. For example, a grah can be represented 

by a sphcre of quivalent volume t a h a  than including the relatiomhip of d a c e  area to 

volume and the shspe factor. O t k  simpüfLiog assumptions hquently used are: negligible 

temperature gradient within the grain, moisturc difiion to the kemel swfke is in liquid 

form, moisîure evaporates only at the kemel SUrf8ct- A miew of theories of thin-layer 



drying and the various theoteticaî, anpirical, and semi-empirical quatiom used to fit the 

&ta of thin-laya drying of agricuituraj grains is givm in this chapter. 

3 2  Moisture Tramfer Thcori~ 

The t a m  "thin-laya " has ken applied to (Jaya et ai. 1991): 

1. a single kemel fîecly suspendcd in the drying air or one layer of grain kernels. 

2. a polylaya of many grain thicknesses ifthe temperature and the relative humidity of the 

drying air, can k considemi for the purpose of the drying ptacess calculatio~s, as king 

in the same thermodynamic state at any time of drying. 

Based on the above definition it can be concluded that: 

1. a mathematicai model of drying of a single grain kemel is also a model for grains drymg 

in a thin-layer using any of the drying methods, 

2. thickness of a thin-layer may change with the velocity. temperature, and relative humidity 

of the drying air. 

This would mean that the thickness of a thin-layer can increase if the velocity of the 

drying air increases and also if the thennodynamic state of the drying air approaches the 

equilibrium state in heat and mass transfer with grain dried in this iayer. 

In classical ûeatks, drying ride is divided into a constant rate period and one or more 

fallllig rate paiods (Foster 1982). Constant ratc dtyhg occurs when therc is fiee water at the 

material surface and resistance to water vapour rcmoval is limiteci to that of the au or gas 

film surrounding the materid. In grain drying this condition occurs only when drying very 

wet grain or brkfiy afta moishm condenses or min wets the grain. The point at which the 



constant rate diying stops and fding rate drying struts is called the criticai point. 

in falling rate dying, eitha the extent of the surface with free water diminishes or 

evaporation d e s  within the material, or both. With a iecediog evaparation fhnt, dryhg 

becomes almost entkly dinusion-depcadent. Dryiag of ce& grains occurs almost 

exclusively during the falling rate period (Brooker a al. 1974) when moisture transport 

within the kernel controis the o v d  moisturc rate to or h m  a kemel. Bakker-Arkema et 

al. (1978) have summarised the severai mechanisms that have ken suggested in the literature 

for moisture movement within a capiiiary-pomus body: 

1. Liquid dinusion due to moisture concentration gradients. 

2. Liquid movement due to capillary forces. 

3. Vapour diffusion due to partial vapour-pressure gradients, c a d  by temperature 

gradients. 

4. Vapour diffusion due to moistue concentration gradients. 

5. Liquid or vapour fiow due to ciifferences in total pressure. 

The moisture transfer within a cemai @ or oilseed is a complex phenornenon. 

Grain is a biological materiai with w two grains or seeds totally aüke. The factors affecting 

the moisture transfer and their inter-rclatioaships are too complex to be integrated in one 

spacific equation or model. Hukill(1974) statd that gmh drying will remah essentially an 

empirical operation until an quation is developcd that will account for ali the variables 

involved in at least the simplest case. The simplet case referred to was a kemel fully 

exposed to air of constant t e m m  d hddity. There is no definite kiowledge on the 

mechanisms of m o b  transport involved during drying or nwctîing of cereais and oilseeds 



and no single theory wvers all the possible mechanisms of moi- transport to explain 

moisain W e r  rates to or h m  a grain (Fortes and Okos 1980). It is generally agreed that 

the mechanism of moisture movment withïn a grain is controUed by diaision phenornenon 

as stated by Fick's Iaw (Pamy 1985). C d  (1964, citai by Shatadai 1989) gave the 

following liquid diaision quation for a homogcneous and isotropie sphere with radial 

symmetry: 

w h a :  M is the moistue content ( % dry basis) at any tiw t (min) and raâial distance r (rn), 

and D is the d i h i o n  coefficient (m2/s). 

Mer simplitication Eq. (1) can be rewritten as: 

Assimiing that the diffusion coefficient is independent of moishm content, Eq. 2 becomes: 

ratio (Mm a hensioniess variable, to giw : 



where 

and Me and Mo are the quilibrium and initial moisture content, respectively. 

The foiiowing boundary conditions cm k taken: 

MR (t = O, r) = 1 (moistuc is d o d y  distributcd at time M). 

(moi- ratio at centre is finite). 

Arpaci (1966, cited by Shatadal 1989) solved Eq. 4 dong with its associated boundary 

conditions to give : 

2R (-l)n'l m(t, r) = - (nnr) Dn *2*) sin-exp(- 
%rn= l  n R R~ 

Integrating Eq. 5 over the volume of the sphere and then division by the totai volume of 

sphere gives the average MR for the sphere. 

where MR=(M-Me)/(Mo-Me) 

and M is the average moi- content of the grain at any tirne, t 

The diffusion coefficient, D, in Eq. (6) is generaiiy expresscd as a hction of 

temperature in an Arrhenius type ~lationship: 



D = C, exp(-CJï') (8) 

where: C, and C, are product dependent constants and T is the tempetanire 6). 

Equation (6) or its equivalent fomi for a siab or a cyiinder have ken used by several 

investigators to describe the thin-layer moisturc ttansfer rate data for various agricultural 

grains (Becker and Sallans 1955; Pabis and Henderson 1961,1%2; Bakker-Arkema and Hall 

1965; Chittenden and Hustnilid 1966; Hamdy and Johnson 1968; Hamdy and Barre 1969; 

Hustruid 1962, 1963; Whitaker and Young 1972; Rowe and Gunkei 1972; Watson and 

Bhargava 1974; Henderson 1974; Osborn et al. 1988). The liquid diaision equstion (Eq. 

3), however, has been show to giw inaccurate predictions of moisture transfer data (Fortes 

and Okos 1980; Bakker-Arkema et al. 1978). The researchers mentioned above have used 

Eq. (3) to describe thin-layer m f e t  data mainly because its logarithmic fom resembles a 

typical grain drying or rewetthg curve. Theoretically Eq. (3) would give unrealistic 

representation of data (Fortes et al. 198 1) because: 

1. Liquid diffusion cannot take place whai there is no moisnae continuity b i d e  the kemel. 

Liquid dinusion, therefore, cannot be used to explain moistiire transport in conditions 

of low moisture content. 

2. The liquid diffusion equation assumes no coupling between heat and moistwe transfer 

proceses which may not always k the case in reaiity. 

3. The liquid diffiision equation does not take into account other possible mechanisms of 

moisture transport which may shdtaneously k occurring during drying and 

rewetting of &s and oilseeds. 

Moi- trander prcdictions arc more accutate when the liquid diffusion coeficient 



is considered as a fûnction of moi- anterit in solution of Eq. (2). Bruce (1985) followed 

this approach and oolved Eq. (2) numtridy to mode1 single kemel dryllig of barley and 

cornparcd predicted with the nrperimmtal @hg data. This suggests that liquid dinusion 

may be the predominant moi- transport mechanism. 

The principles of irreversible t h e ~ m w c s  d the mechanistic approach to heat 

and mass ttansfet in prous media werc applied by Fortes and Okos (198 1% 198 1 b) to derive 

the folIowing equations for deScribing drying of cereals. 

Liquid fîw: 

dH dpvo aH A=-KV (~vo-+  H -) VT~-KV ~ V O -  PM 
dTr dTr dM 

Heat flux : 

where : H is relative humidity, decimal. 



Energy conservation: 

The drying rates of corn and drying and wetthg rates of wheat were successfu11y 

d d b e d  using the above set of equations by Fortes and Okos (198 la, 198 1 b). T'hey found 

that the liquid flux was dominant in the low temperature (26 to 47 O C )  drying or rewening 

of wheat and corn. At high tempe- (100 OC or higha) of drying, the vapour flux was 

of a higher order of magnitude than the liquid flux throughout the entire drying period. 

The theoreticai equations described above and others in the literature ( Berger and Pei 

1973; Luikov 1966% 1966b, 1975; Mikhailov 1973; Miller and Miller 1955; Philip and De 

Vnes 1957; De Vries 1958; Henry 1939; Whitney and Porterfield 1968; Young 1969; Jayas 

et al. 1991) ans helpful in explainiDg the compIex phenornenon of moisnire movement inside 

capillary-porous bodies such as grains and for prrdicting the moisture profile within a kernel 

(Bruce 1985, Fortes and Okos 198 la) but they are o h  inconvenient and inefficient for use 

in deep bed simulation models (Pany 1985). Bakker-Arkema (1984, cited by Jayas et al. 

1991) stated, "for several major smaii grains such as wheat and barley, the empirical drying 

rate equations need updating, and dinusion-type drying cquations nced to be developed for 

mort grains." Several reseamhers, thmfore, have p r e f e d  to use simple semi-empirical 

equations for rnode1iing thin-layer or tewetting of cerrsls and oilsceds. 



3.3 Semi-Empirical and Empllial Equatiom 

Lewis (1921, cited by Jayas et ai. 199 1) mggested an equation thaî is andogous to 

Newton's law of cooîing and gave tbe foiiowing equation for drying of a solid: 

Upon integration, Eq. (9) becomes: 

where k = moisture transfer rate parameter, l k  

Chittenden and Hustnilid (1966, cited by Shatadaî 1989) assumed that ail the 

resistance to moistme transfer occurs in a thin outer layer of the kernel. Equation (1 0) (or 

Eq. (1 1)) which is based on liquid diasion makes this assumption also. Because of its 

simplicity Eq. (1 1) has ken widely useà in grain drying simulations. The equation, however, 

c m o t  describe the drying nite accurstely throughout the diying pend (Sokhansanj et al. 

1987; Jayas et al. 199 1). 

Page (1949, cited by Jayas a al. 1991) modifiai Eq. (1 1) by adding an exponent n to 

tirne t to improve the fit to thin layer data for shellcd corn and since then the modified 

equation has k e n  uscd extensivcly for characterizhg thin laya dryiag of cereais, oilseeds, 

ear corn and clover (White a al. 1973; J a p  and Sokbnsanj 1986,1989; Shgh (Jayas) et 

ai. 1983; Pabis and Hendason 1962; Bruce 1985). Page's equation is: 



whem k and n are moistine transfér rate paramcters and arc dependent on the product king 

dried, 

On dinkentiation, Eq. (12) becornes : 

Substitution fiom Eq. 12 gives: 

The parameters of Eq. (1 1) or (12) have also been relatcd to independent variables. 

Different researchers have used dinercnt relationships for this piirpose. A detailed List of 

various relationships dong with the range of values for independent variables used by 

different researchers is given by Sokhansanj et el. (1987) and Jayas et al. (1991). Equation 

(12) takes into account the concept of moisture tramfer due to liquid diffusion with 

resistance to moi- transfer occmhg in a thin outer layer of the kemel because it has the 

ternit used in Eq. (10). Additionally, it shows that rate of moistrire -fer depends on the 

thne elapsed. 'Ihe moistue transfér rate is expnssed as a fimction of timc which apparently 

also accounts for the effects of other Mors iike vapour flux due to temperature gradients, 

irregular shape and anisotropy of kemeIs, shrinlrage and expansion of kemcls, thus giving 

the equation a good pdction capebility. In the case of low temperature drying or rewethg 

of grains, otha  OIS afkting the moisam transfci rate may be product-dependent because 



liquid clifnision due to concentration ment is the dominant moistue transport mechanism 

(Fortes and Okos 1981% 1981b). Thaefore, for low temperature drying or rewetting of 

cereais and oilseeds, parameta n of Eq. (12) or (13) can k assumcd to k pduct-dependent 

constant. This asstunption maka it easy to compare the effêcts of independent variables, 

such as temperature and reiative humidity, on the moistue transfer rates by direct 

cornparison of parameter k of Eq. (12) which othawise is not possiile because of the random 

adjustments in the parameters to give the ben fitting cunn (Jayas et ai. 1988). 

Equation (1 2) has k e n  used sufassnilly to descxibe the thin-layer drying and wetting 

rates of various cereal grains and oiîseeds by many hseatchers (White et al. 1973; Agrawd 

and Singh 1977; Miaa and Brooker 1980; Duggai a ai. 1982; Hutchinsan and Otten 1982; 

Famer et al. 1983; Syarief et al. 1984; Bruce 1984 Li et ai. 1987; Osbom et al. 1988)- 

Syarief et al. (1984) found Eq. (12) to k the best equation for modelling thin-layer drying 

rates of sdower sccds. Ovetbults et al. (1973) found that modifieci Eq. (12) was better fit 

to the drying data of s o y b  than the u n m d e d  Eq. (1 1). Severd other empVicai 

equations have been developed and used by grain drying researchers. A comprehensive 

review of thin-layer moistwe tramfer equations is given by Jayas (1991). 

3.4 Effect of Independent Variables on Mobhire Tramfer Rates 

Moi- transfer rate in grains is affecteci by many parameters such as temperature, 

relative humidity, initiai moishue content, velocity of drying air, and grain cbaracteristics. 

The f'actors iikt the stage of maturity, dimensions, physical or chernical changes during 

processing or storage also Sèct the moisturc -fer ( C W e  and Igiesias 1978) . 



Temperature has the most signincant effect on moisbac transfer rates (Misra and 

Bmker 1980; Syarief et ai. 1984; Jayas and Sokhansanj 1986; Osbom et al. 1988). 

Relative humidity of air has signifiant effkct on dying and rrwettiag rates especially 

at temperaturcs below 70°C (Park a al. 1971; Misra and Bmker 1980; Sokhansanj et al. 

1987), because it controls the rate of watcr vapour transport h m  the grain SUTfkce to the air 

and influences the value of equiiibrium moisturc content. Singh (Jayas) et al. (1983) 

compared dryhg rates of barlcy, wheat and canola at low temperatures (13 to 22 O C )  and 

found that an increase in relative humidity h m  56% to 90% reduced the moistue content 

of grain by 30% af?er 90 min of drying. 

The opinion on effect of initial moisture content on rate of moistue tramfer is not 

conclusive. Accordhg to some researchers (Syarief et ai. 1984; Osbom et al. 1988) the 

initial moisture content does not have appeciiable e f f i  on moisture transfer rates, whereas 

others (Park et al. 1971, Sharaf-Eideen et al. 1980) f o d  diat initiai moi- content affects 

moisttue tramfer rates considerably. 

Researchers g e n d y  agree that the velocity of air during diying grain in thin-layers 

has little effed on drying rate (Jayas a al. 1991). Misra and Brooker ( M O )  compiled drying 

rate data for corn and showed that air velocities ranging h m  0.025 to 2-33 m l s  had some 

effect on k (Ils) in Page's equation. Airflouus h m  0.1 b 0.5 ds had liale effect on the half- 

time drying of d o w e r  seeà (Syaricf et al. 1984). At sufnciently high velocities, the 

boundary layer would be very thin and thadore mistance to moi- flow due to the 

boundary layer would k ncgligible. 

Diffèrent grains have âiBerent moi- transfer cbaracteristics. These differences 



in moishm transfer rates of d i n i  -y k due to mit  compositions and 

ciifferences in thickness and configuration of pcricarp, akimne iayer, endosperm, and germ. 

Very limited msearch has bcen done to study the e f f i  of diffkrent varkties of a crop on 

drying and rrwcauig mats.  Li et aL (1987) reportcd that diffkent varietics of d o w e r  seeds 

with d i f f i  oil contents had the same drying rates. Stroshine et al. (1981) found 

significant di&rences in field àrying rates of corn inb& and hybriâs- 

From the above discusscd psrametcrs, oniy four variables (temperature, relative 

humidity, air velocity and initial moisture content) are generaiiy used in studies of thin-layer 

drying and rewetting rates for cereals and o i l d s .  

3.5 Methods and Equipment for Thin-Layer Moisture Tramfer Tests 

On the basis of path of air flow through the sample, equipment used for thin-layer 

moimire tramfer shidies is classifiecl as the vertical type or the horizontal type (Sokhansanj 

et d. 1984a). In the vertical type equiprncnt, the thin Iaya of sample is kept in a horizontal 

plane and air flows verticaliy tbrough the sample. in the horizontal type equipment the thin 

layer of saznple is kept in a v d d  plane and au flows horizantaiiy through the sample. 

Sokhansanj et al. (1984a) cornpanxi the two types ofequipmmt in detail. in the vertical type 

equipment, continuou weighing is not possible because the mass readings are af5ected by 

the air liR In this case, eitha the air flow has to be stopped or the sample has to be moved 

away h m  the air stream to gct correct mass readhgs. lhis prob1em (air la) does not occur 

in horizontal type equipment. The air velocity profle is more d o m  in the vertical type 

equipment than in the horizontal type but this différence does not significantly S e c t  the 



dIyhg mes. 

M*bodologies used for obtaining diying or rrwcming characteristics are characterized 

by an exceptional diversity of apparatus and mcthods (Gd 1981). As indicated by Ga1 

(198 1). experimental data on EMC shouid be acwmpanied by daailcd descriptiom of the 

material, cxperimental procedures and apparatus, He strrssed tbat the tempera- and water 

vapour pressure in the ~pace mund the sample should be p i s e l y  maintaineci constant- He 

also indicated t h  only moderate accuracy wuld k attained using methods in which the 

water vaporn is maintained constant by controlling the vapour content in the space amund 

the sample. 

Canful planning is requitad to conduct the thin-layer dryiag expaiments. A detailed 

sample preparation procedure and data collection schedule will d u c c  the risk of Ioss of tirne 

and valuable data. It is oRen difacult to haw fieshly-harvested samples for use in thin-layer 

drying tests. Therefore dried or remoistened samples have to be used for the studies. There 

is no agreement among researchers on how to prepare the samples so that the test sample 

resembIes the fkshly haMsted grain. Sokhansanj a al. (1984b) compared the drying rates 

of wheat, barley, and canola thet w m  rcpeatedly rewetted and then dried in 60 "C air. 

Drying tims for wheat and barley did mt change significantly while Qyiiig times for canola 

decrtased. In al1 samples, ho- they found a dennite change in drying rate between 

kshly harvcsted and mttcd graia H u d d  (1962, cited by J a p  a ai. 199 1) found that 

fiozen samples of corn and whtat drkd at the saw rate as neturally moist samples. For 

anificidly moistencd samples, he found that the drying rate was slightly faster in the 

beginnllig but later it dned et the same rate as naturaîiy moist samples. Soldiansanj et al. 



(1983) found that in preparing the samples for drying, temperature during tempering has a 

strong influence on the time ~quired for moisturc distribution in the kemel to become 

unifom~ The most common anci easy way to prr2iare a sample for a test is by eithet diying 

or remoistening the samples aitificialiy. Such artifIcialiy prrparcd samples must be kept for 

sufficient t h e  in a seaied container for Mfom distribution of moisturc in the grains. 

3.6 Isotherm Equations 

More than 200 equations have been proposed to describe the sorption data for 

biological materials alone (Van den Berg and Bniin 198 1). No unique rndei, however, has 

been found ta accuratcly describe the equilibrium moisture content @MC) and equiiibrium 

relative humidity @RH) relaîionship ofvarious types of mataials in a bmad range of relative 

humidities and temperanires. The absence of such an equation is due to Merences in 

biological matenals. A few compmatively versatile models are available for the isothenns 

of food and otba biological maîerials. These include the Halsey (1948, cited by Fasina and 

Sokhansaaj 1993), the Oswin (1946, cited by Fasina and Sokhaasanj 1993), the Henderson 

(1952, cited by Yang 1992), the Chung-Pfost (1967), and Guggenheim-Anderson-de Boer 

(GAB) equation (1946, cited by Jayas et al. 1991). The equations are: 

Madificd Hcnderson equation: 

RH = [l- {exp(-A(T+C) M~)] 

Modifieci Chung-Pfost equation: 



M&ed Halscy equation: 

RH = exp(-~x~(A+B*T)MC 

Modified Oswh equation: 

RH = 1 I [((A + B-T)/M)~ + 11 

Modified GAB quaiion: 

where RH is the equilibrium relative humidity in decimai, M is equiiibrium moistwe content 

in decimal (dry basis), M* is the equilibrium moistuce content in percent (dry basis), A, B, 

and C are mode1 specific coefficients, and T is temperature in°C. 

Hdsey's equation was developed for high protein and high oil content food products, 

Iglesias and Chirife (1976) modified this equaiion to account for temperature dependence 

of the constants of the equation. O d s  equation is a mathematicai npmentation of the 

sigmoid shape of the isothenn cums.  The modifieci Hendezson and the Chung-Pfost 

equations are commonly uscd to describe the EMC-ERH nlationships for starchy foods. A 

lot of regional tests of the goodntss of fit of some popuiar equatiom, as applied to individual 

foods or aops were also reported. For example, Chen and Clayton (1971) tested different 

models and their temperature dependence using the EMC data of corn, and found that the 

empiridy modifieci Chen's equation (Chen 1971) adequately describeci the temperature 

depcndency of corn hthcrms ktmen 4.4 OC and 60.0 'Ce Most a ai. (1976) determined 

parameters of Modified-Hademon (1952), Chung-Most (1967) equations to describe the 



isothem data for grains and oilseeds. Asijegin and Sopadc (1990) uscd the Bradley (1936, 

cited by Yang 1992). Halsey (1948). Haderson (1952). Chmg-Pfost (1967). and Caurie 

(1970) equations to asscss the goodness of fit to the isothmi data ofNigerian millet at the 

temperatures of 20.25 and 40 OC, and f o u i  tbat the Chung-Most cquation mve the best fit- 

Recently, Jayas and Maps (1993) modifiecl the GAB equation by incorporating the effect 

of temperature of drying air. They fitted this modifieci equation, as well as modified 

equations of Chung-Pfost, )falsey, Hendcrson, and Oswin, to the EMC data of oats at 

temperatmes of 10, 25. 40, and 55 OC. They concluded that the modified Chung-Pfost 

equation was the best and the modified GAB equation was the second kst in describing the 

moistue isotherms of oats. Moi- isothem include both sorption and desorption 

phenornena occmhg due to rewetting and dryhg of grains respcctively. Sorption isotherms 

include mois- uptake by adsorption and absorptioa 

The Modified-Hendenon and Chung-Pfost quations are adopted as the ASAE 

Standard D245.4, Moisture Relationship of Grains (ASAE 1993) for cereal grains and oil 

seeds. These two equations were found not to describe well the îsothemis of many crops 

such as lentil (Cenkowski et al. 1989b). canola (So-j et al. 1986). and sunflower seeds 

( M m  and Jayas 1990). This is especiaiiy true whcn the relative humidity ranges fiom 80 

to 100%- Chen and Morcy (1989a) compareci the Modified-Halsey, Modifieci-Oswin, 

Modified-Hendemn, and ModifSed-Chung-Pfost quafions by using the isothenn data of 

variety of cmps. T k y  concluded that the Modifid-Henderson and Modificd-Chung-Pfost 

equations could serve as good modcls for xnany stamhy grains and fibrous materials and 

these were not suitable for high protein and oil products since thcy indicated clear patterns 



in nsiduai plots and had large values of mean relative pment emrs and the standard enors 

of the estimated parameter. nierefore, Chen and Morey (1989a) suggested that part of the 

ASAE standard regadhg moisturc nhtionship should k mrised. 



4. MATERIALS ANI) METHODS 

4.1 Thin-layer Dying Equipmcnt 

The equipment (Fig. 4.1 ) consisted of a chamber with nine separated tray sections 

ventilated with air at the same temperature and relative humidity in each section. The 

chamber was comected to a Crimstc-WAA (C-GAA) unit (Parneteter Generation and 

Control Inc., Black Mountain, NC) which pmvided constant au temperature, relative 

humidity, and airtlow. A A-akduct recirculated the exhaust air to the C-GAA unit The 

air was conditioned to desired xelative humidity and temperature by the C-L-AA unit. This 

unit contained a water bath with heating and cooling CO& immersed in the water. The water 

temperature was contmiied electronicaiiy. Water was forced thugh spray noales, creating 

a fine mist of water. Air was passed through the mist. Heat and water vapour transfer 

between droplets and air t h u g h  a thin film of saturateci air clinghg to each droplet 

continued until an quiiibrium condition was reacheâ. The control of water temperature thus 

ailowed the control of relative hUIIlidity. Air was then heated to the desired dry bulb 

temperature by an clecûic heatcr instalied as part of the C-GAA unit The comlitioning 

chamber and transitions h m  the chamber to the ducts wcre constnicted h m  wooden- 

particle boards 12.7 mm thick d siirfaced with non-abso&inp melamine. The chamber and 

transitions were t h e d y  insulatcd with extrudcd polystytene 50.8 mm thick. Al1 joints 

wen d e d  to prevent leakhg. The duc& wcrc t h e d y  insulatcd with fibre-glass, 76.2 

mm thick. The thin-Iayer diying-wetîing equipment explahcd above, was designed and 

coosmicted by Sinicio (1994). 
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Fig. 4.1 Experimental cquipment for thin-laya dying and weniDg teso. 
Source: Sinicio (1994). 



The air velocities werc wntro11cd by the valves located in each tray section. The air 

velocities wcie measured khmea the air vaives and the tmys at nîm points for each tray 

section ushg a hot-wirt ananometer (Mode1 TA400. Airfîow Developments Ltd, 

Mississauga, ON) with a prccision ofI0.0 1 mls. For each tesî, the air velocity was mcanired 

twice, at the beginning and af ta  the equiîibtium was rrachd 

The average air temperature for each tray section was sensed by nine fype-T 

thennocouples arrangeci in parailel. The thennocouples were installed 25 mm below the 

grain trays. The air temperatures were d by a digital thennometer (Model Pronto Plus, 

Thenno-Electric Instruments, Sacidle Bmk, NJ) with a pecision of I0.1 OC connected to 

a m u a i  switch box. Dew point temperature was mcasured at the sir inlet section using a 

dew-point humidity sensor (Model Hygro-Ml, G e n d  Eastern Instruments Inc., Watertown, 

MA) with a precision of d . 1  O C .  An aquarium type air pump forceci the air fiom five 

collecting points at the air inlet section over the dew point sensor. 

The sample holders or trays were made of square, extnded-alwniniurn fiames with 

aluminium screens 2 12 x 2 12 mm to hold the grains. The aluminium screens were held in 

place by comprrssing thcm with plastic splinters. The mass of grain and tray was measured 

using an elecwnic balance (Mode1 Mettier PE1600, Mettler instruments Corporation, 

Onifense, Zurich, Switzcrland) with a prccision of M.0 1 g. 

4.2 Simple Conditioniag 

The hulless oats, AWM sutha L. cv. 'AC Belmont' uscd in the experiments were 

purchased h m  a grain company, Unitcd Grain Gmwcrs and tramportcd Saskatoon to 



Winnipeg. The oats were at an initiai mo- content of 11 6% db. The seeds were stored 

at - 1 5 OC until used. The amples were conditioned to moisture contents of 1 1 (1 1 - 12), 1 6 

(16-17), and 21 (21-22) % db for thin laya dymg and rewetting tests. The seeds were 

mnoistened or dricd to the desirrd moisturc contents e i tk  by adding calculateci quantities 

of distilled wakr or drying at 40 OC in a convection air oven, rrspcaivcly. The rewetted 

samples were kept in a sealed container aad aimbld gcntly but constantly for 1 h afier 

adding the distilicd water, to enme UlYfonn and complete mixing. The samples were kept 

for 24 h at arnbient temperature with occasional tumbling before king useà for tests to get 

uniform distribution of moisture. The initial moistume content and quilibrium moisture 

content were detennined accordhg to the procedure outlincd for oats, in the ASAE standard 

S352.2 (ASAE 1996) by drying triplicate sub-samples in a convection air oven at 130 'C for 

22 h. 

4.3 Test Procedure 

43.1 Thin-layer quipmemt 

The thin layer drying and rewetting tests wac planned for nine constant relative 

humidity conditions. Accordingiy, the air and water tempnanirrs were selected as shown in 

Table 4.1. For a test at constaut relative humidity, the tcmteniperciturr of air and water were set 

at th C-GAA unit The mit ~ n s  lefi muhg for 24 h to cnsia stable air conditions for the 

test. The unit was set to obtain relative humiditits of 27,37,48,6l, 68,69,75,88, and 93% 

for the nine tests. Thrw grain grainples with initial moisturc c o n t a  of 1 l , l 6  and 2 1 % db 

in triplicate, spmd on trays, were p l a d  in the chamber. Prior to putthg trays in the 



chamber, empty trays were weighed and 100 g of huiles oats, suficient to fom a one- 

kemel-thick Lay- werc Ulljfonnly sprcad over th duminium scneas of each ûay. The m a s  

oftrays with~wiisrccoiéed&30min,mryhorirfor6 h a n d e ~ y 8  to 12 hthereafter 

till the mass was within M.01 g between two successive rcadings. The moistue content at 

this point was presumed to k the EMC. The fint rrading at 30 min was taken afier 

considering the tirne taken to sp& thin-layer of oat kemels on aU trays and putting them 

inside the drying chamber. The initial rtadings were recordcd at shorter intervals because 

of the p~dicted exponentiai behaviour in loss or gain of moisture by the grains initially. 

Table 4.1 Air and water temperatures for constant relative humidities in the C-L-AA unit 

Air (OC) 36.2 25.8 15.2 35.4 25.8 15.5 35.5 15.4 25.7 

Water (OC) 11.0 6.5 1.4 26.9 19.0 9.5 31.0 13.7 24.8 

RH (%) 27 37 48 61 68 69 75 88 93 

The air and water temperatures in the C-LAA unit, ambient temperature, dew point 

temperature, and average air temperature for each tray section were ais0 rrcordeci at the tirne 

of recording mass of trays with grain The time to mach equilibrium ranged from 3 to 8 d 

depending on the air conditions. The EMCs of the samples were detemined by oven ârying 

methoâ and used for f.urthtr dysis. 

43.2 Determination of equivdent radius 

nie 'AC Belmont' oat samples in triplkate at îhree initial moishne contents (1 1, 16, 

and 21% db) were used for the determination of tadius of a sphcrt quivalent in volume of 

a single oat kemel. Eight h u n W  oat kcmcls wae placcd in the m p l e  holder of the 

pycnometn (Mode1 930, Becianan Instruments Inc., FullCrton, CA) and sîandard operating 

27 



procedure was followed for compression ofsaniple.' The equivalent volume of air displaced 

was diroctty m d  in mL. The volume divided by the totai number of kemels gave the 

volume of O= Lcrnel which was equirbd with volrnnc of spbac to calculate the equivaient 

radius of sphm. The mean of ai i  the nine radü mis taken. The mean quivalent radius of 

sphnr was uscd in Eq. (6) for duition for fitness of the equatîon to describe the thin layer 

drying and rtwctting &ta of 'AC Belmont' oats. 

4.4 Aaalysis of Thin-layer D ying and Rtwetting data 

The thin-layer drying or rewetting data w m  fined to liquid diffusion a.@)), Lewis' 

(Eq.(1 l)), and Page's (Eq.(l2)) equaîions, ushg lincar and non-liaear regtesion (SigmaPlot 

3.02, Jandel scient if?^, San Rafael, CA) to cadi of the experimental data sets (42 for drying 

and 39 for rewetting). The parameters k of Lewis' equation, and k and n of Page's equation 

were calculateâ h m  the experimentai data. The values of parameters were back-substituted 

in Eqs. (1 1) and (12) to predict the moi- contents at the t. The observed and the 

predicted moimue contents were compared (Appendùr B, Fig. B1-B27) and statistically 

anaiyzed for evaluating the best fit equation. 

The ben fit of the quafions was evaluated on the basis of standard aror of moisture 

content (SEM), average relative pcrcent emn (e), and domness of rcsiduals. The best fit 

equation was then used to correlate the effècts of tempcraturc, relative humidity (RH), initial 

moi- conkt  (MC), and air wlocity ova the entire range of Mn-layer drying and 

rewetting data. 



4.5 Analysis of EMC-ERH Data 

The EMC-ERH data ofhulitss oats wac anaiyzed usbg five (Eqs. 14 - 18), three- 

parameter equations (modifieci equatiom of Chmg-Most, Halsey, Henderson, GAB, and 

OsWin). 

For the qusdiatic soiution of the GAB equafion, the positive value of predicted ERH 

was taken. The parameters for cach cqwtïon wcre detcrmined using non linear regression 

(SigmaPlot 3.02, JandeI Scientific, San Rafil, CA). The suitability of the equations was 

evaluated using the mean relative percent mot, standard aior of relative humidity, and 

randomness of residual plots deterxnïned visuaiiy. 

The mean relative precent mot (e) was defined as: 

and the standard error of relative humidity (SEH) was dehed as : 

SEH = 4- 
where: 

Y = measud cquiiibnum relative humidity (decimai) 

Y = equiiibrium relative humidity prcdicted by the ERH mode1 (decimal) 

N = n u m k  of expcrimental data points 

df = degrec of fkdorn ofthe regcesion modd (N minus the number of constants in 



the model). 

The différences bctween the m d  (mean) and predicted ERH values at various 

equilibrium moisturc contents wcre defincd as rcsiduais. The &duels were plotted against 

m e a d  values of ERH and randomness in the miduels indicated a supcrior model. 



S. RESULTS AND D@CUSSION 

5.1 Cornparison among Liquid Dfthrion, Lewis9 and Page's Equations 

The liquid diffiision m. (@), Lewis'@+ (1 II), and Page's @q. (12)) equations have 

been uscâ by several rcsearchers to describe the ârying or rewettuig of agiculturai crops as 

discussed in section 3.3. Lincar and nonbar regressions (SigmaPlot 3.02, Iandel 

Scientific, San Mael, CA) were p r c f o d  to fit the &ying and rewetiuig data of 'AC 

Belmont' hulless oats. The tlmt equations wac walu8tcd for their suitability in describing 

the experimcntal data on basis of SEM, e, and randomnes of miduais. The equivalent radii 

of a sphere for the oat kemek as requirrd in Eq. (6). was detennined by using an air 

cornparison pycnometer and the results en given in AppendYt C (Table C3). Liquid 

diffusion equation (Eq. (6)) was evaluated by one, two, and three tams of the infinite senes. 

The SEM, and e values for typical tests of f k s t  replicates at nine relative humidities 

are given in Table 5.1. The mean relative percent emm, mged h m  O. 14 to 7.13%, 0.07 to 

4.05%, and 0.04 to 1.69% for liquid diffusion, Lewis', and Page's equations, tespectively. 

The SEM values ranged h m  0.05 to 1.7.0.0 1 to 0.80, and 0.01 to 0.64 for liquid difkion, 

Lewis', and Page's equations, nspoctively. The vaiues of e and SEM were the lowest for 

Page's equation and thmefore it desuibcd the data beüer thaa the liquid diffusion and Lewis' 

equations. The plot of miduais vcmis tirne foi the liquid diaision equation was pattemed, 

whercas it was scattcrad for both LeWu' and Page's equafiotls Qigs. 5.1, 5.2, and 5.3, 

rrspectively). Thcmfore, it can te concludeci that Page's equation is the best mode1 arnong 

the models tcsted to describe the dlln laym dryiag or mettiiig rates of huiiess oats. For 



Table 5.1 Standard emr of moisturc content and mean relative percent emr for 
liquid diffiision, tewis', and Page's equations. 

Test Equation 
Liquid difihion Lewis Page 
SEM* ef *(?+A) SEM */O) SEM CA) 

ïî736Hlf 0.6038 

Standand cnor of moisturc content 
+ Mean relative petcent emm 

t nie meaning of cbatactcrs in the code ut: T = test; nact two digits reprcscnt 
relative humidity in %; n a t  digits qment temgmaturc in OC; next charac 
tefers to bigh (H, 21022% db), medium (M, 1617% db), and low (L, 1142% d 
moisturc contents; and the Iast digit mfèrs to the leplicatc numôcr (i.e. 12736H 
means a test conducted at 27% RH, 36T, at hi@ initial m o h  content, and 
for the first rcplicate). 





FQ. 5.2 Rddual plot obtained with Lewis1 q u a t h  for a aiCs1 te~~t t ing 
test data-set, T48 1 5L1. 



Fig. 5.3 Resklual plot obtained with Page's equalian for a typicel tewetüng 
t a  d s t e a  1481 5L1. 



m e r  analyses of the data, only Page's equation was wd 

5.2 Dryîag and Wetting Parameters of Page's Equation 

The parametcrs k and n of Eq. (121, wcrc tstimatcd using nonlincar regression 

(Sigrnaplot 3.02, Jandel Sciaitific, San Rafki, CA). The values of parameters k and n are 

given in Table 5.2. Using thcse values moisturc contents wcrc pndicted and compared 

against the measurcd data (Appcndix B. Figs. B1 - B27). Page's equation described the 

experimental drying and rewetting rate for all individuai expaimental tests at constant 

relative humidities except for the rewetting rate at 88% RH (Appendix B, Figs. B22bB24b). 

The rewetthg rate was described succcssfully by Lewis' equation for this test This may be 

attributed to the altemathg dryiog and rewetting of grain samples which was unexpected. 

AI1 the tIuee samples in tripliate behaved in the same way, indicating that perhaps at RH 

of 88%, the moistue wndensed and was sorbed by grsia and then dried again or the growth 

of mould rnay have causeâ the behaviow. This behaviour, however, was not at 93% RH. The 

mould growth was observeci on kernels for two RH conditions at 88% (HOC) and 93% 

(2S°C). The modd growth was piobably due to Penicilliun, spp. at 1 SOC and Aspergi22u.s 

spp. at 2S°C. nie values of k of Lewis' equation (Eq. (1 1)) estirnated ushg iinear regression 

are given in Table 5.3. 'Ihc values of difniaon coefficients (m2/h) for one, two, and three 

tenns of infinite d e s  of liquid diffusion cquation (Eq. (6)) arc given in Table 5.4. 

The pruceâurc GLM of SAS (1995), was used to analyse the eEect of temperature, 

RH, MC, and velocity on the parameters k and n of Page's quation In the GLM model, k 

and n were dependent variables as a hction of tempcranae, relative humidity, and MC. 



Table 5.2 The puuneters k uid a of Page's eqwtian (Eq. 12) for thin-iayer drying rnd 
d g  of 'AC Bclmcmt' hulless mis, 

Test Dataset k n 

+ Rcfer to Table S. I for expluirtion of 
the code. 



Tabte 5 3  Tôe puMKta k of Lewis' eqdm (Eq. 11) for îhin-lryer drying 
and rcwaturg of 'AC Belmont' hulless oas. 

Test Daaset k 
No. 

Test Damset k 
Na, 

Rcfcr to TaMe 5.1 for expluution ofthe code. 

38 



Taûic SA The values of diffisian eoeficients for the tint, second, d thitd m*es of liquid 
diniuiaa -on (Eq. 6). 

Test Duaset ltam 2tams 3tams 
No, Dl Dl M Dl D2 D3 

Refer to Tabie 5.1 Cm expluuu'on of the code, 
(continucd) 



Table 5.4 (wntinued) The values of difision coefficients for the first, second, and third 
series of liquid diffision equation (Eq- 6)- 

Test Dataset 1 tenn Itetms 3terms 
No. Dl Dl D2 Dl D2 D3 

+ Refcr to Taôh 5.1 for expianation of the code. 

40 



B d  on ANOVA, the significance of t h c ~  vari* was analyseâ @ > 0.05). 

5.2.1 EEeft of temperature and dative humidity on k and n 

Botû tempemime and RH had sigdicant e f f i  on k @ >O.OS) with the ? value of 

0.83. Tanpaehm and relative hddi ty aiso had signüîcaut effbct on the vaiue of k and n 

@ > 0.05) with a p value of 0.0001. This indicated that the parameters k and n varied 

signifïcantly with temprature and RB 'Ibis cm ;ilso k sen h m  Tabk 52, -in k and 

n Vary for a i l  nine expaimcntal tests. 

A t .  dimensionai scatter plot of k and n each, versus RH and temperatwe was 

done to visualize the distribution of k and n (Fïgs. SA and 5.5). The distribution of k was 

nonlineu. A linear comlation ktmen temperature and RH mth k was therefore not 

possible. The procedure REG (regession) with sclection MAXR (for improvement of 8 ), 

of SAS (1995) was used to d y z t  the cffcct of tempcraturc, RH, IMC and velocity on k and 

n. 

The procedure REG of SAS (1995) indiateci that for k, temperature was highly 

significant @ > 0.05). The effèct of IMC also was si@cant @ > 0.05). The effect of 

temperature was more sisnificant than MC. The value of 3 for the k model was 0.53 

indicating poor comlation b a n  the variables for the sain da@ set. For the n model, RH 

had a signifiant effm @ > 0.05). Tbc vduc of? for the n model was dso 0.53 indicating 

poot comlation betwecn th variables for tbe aitire deta set. 

The effécts of temperature on dryhg and rcwctting rates are illustrateâ in Figs. 5.6 

and 5.7 for 15.S°C and 25.8OC, rrspcctivc1y. F m  Fig. 5.6, it can k scai that drying is 

fastet at hi* tcmpatum and a smiilat trend was observai for mvctting (Fig. 5.7). The 



Fig. 5.4 Thm dniensional scatter plot of k of Page's equation at various 
tempefatum and mWve humidii. 



Fig. 5.5 Thme dimensional scatter plot of n of Page's quatïon et various 
temperahims and rdaovb humiâïïm. 



60 80 

Tirne (h) 

Fig. 5.6 Efbd of temperatun on dryhg rate of hulless cmts. 
Redative humidii = 68%, initial rnoistum content = 22% db. 



60 80 

Time (h) 

FQ. 5.7 Nkd d tmpaature on mmtling rate of hullerr oab. 
Relative humidity = 68%. iniüal moirture amtent = 11% db. 



Fig. 5.8 Ef6sa of rdetivs humid'i on Rmetong rate of hulless oeEa 
Temperature =15@C, initial rnabtuie content = 1 1 % db. 



effect of RH on rcwettïng is illumatcd in Fig. 5.8 a lS°C for 48.69, and 88%. 

5.2.2 EKet of initiai moisaire content and air vdoeity on k and n 

The efféct of IMC and air velocity was analyzeâ using procedure GLM of SAS 

(1995) on k and n. The procedure REG was also used to fit ail the variables for the entire 

data set. 

Tbe IMC had signifiant e f f i  @ > 0.05) on k and n. The opinions of pmious 

researchers on the effect of IMC on m o b  di rates is divided as discussed in Section 

3.4. The vetocity did not have any signifiant &kt on k and II, i.e. th- was no significant 

effa* on dxying or rcwettmg rate. Studics donc by Simmonds et al. (1953), Chittenden and 

Hustruiid (1966). and Misra (1978) suggest that air velocitits may not have signifiant effect 

on moisture transfer rate of cereals and oilseeds if it is above cntical value of O. I6 m/s. In 

the present expriment, the minimum and maximum air velocities mre 0.05 and 0.97 mfs, 

respectively. The Mgnifiutnt effect (p > 0.05) of air velocity was because velocity varied 

arnong experimental tests (Appendur A (T'able A19)). 

Procedure REG of SAS (1995) was used to develop models of both k and a, taking 

temperature, MC, and air velocity as independent variables. The value of 8 for both 

the k and n mode1 was 0.53 indicating poor conelation betmm the variables for the entire 

data set. 

The effect of M C  on drying ratc is illustnted in Fig. 5.9 at RH of 27% for M C  

values of 12.0, 16.5, and 21.5% db. Dryhg rate was hi* for bigher moisture content 

samples cornparrd with samplts with lown moistim content. The e f f i  of IMC on 

remtting rate is iiiustnted in Fig. 5.10. 



Fig. A9 Efbct of initial moisbis content on dryhg rate of h u l h  oahi. 
Temperature = 36%. Felaais humidii = 27%. 



Fi. 5.10 Efbct of initial moiidure content on mwtting rate of hulkss oats. 
Temperahin = 2S%, nlatba humidity = 93%. 



The thin-layer mying and rrwetang data wae also analysai asuming paameter n 

as a productdcpenâcnt constant. The rssuplption makes it possible to compare the effects 

of temperature and RH on drying or maiog rates by direct cornparison of k (Section 3.3). 

The parameteta was avcragcd for acpcrimcntd tests 627,37,48,61,68,69,75,88, 

and 93% relative humiditics. The average vaiucs ofn and the wltcsponding modified valws 

of k dong with SEM and e arc given in Table 5.5. Noniinear rrgnssion (SigmaPlot 3.02, 

Jandel Scientific, San Rafâel, CA) was perfomid to fit th model for k as dependent 

variable, and temperature and RH as independent variables. The model did not fit 

satisfactorily with an 8 value of 0.45 indicating a poor comlation betwan parameter k, 

temperature, and RH. Another model was attcmpttd using mean vaiues of n for al1 nine 

experimentai tests with the w~zcspondhg modified values of k (Table 5.6). This model too 

did not fit well, with an 9 value of 0.42 indicating a poor comlation between parameter k, 

temperature, aad RH. ûther researchc~s (Jayas a al. 1991) have nported equations for k as 

a function of tcmpcrature aad RH. The reason for such a poor comlation of k with 

temperatun and RH cannot k explaineci. 

5.3 Eqdïibrium Moisture Content of Sorptkn and Deaorption 

k p d i n g  on the air conditions in the tbin laya dryiDg chamber, samples with three 

initiai moi- contents in tziplicate (1 1, 16, and 2 1% db), undcrwent either drymg 

(desorption) ot rrmttiPg (sorption). The data in tmiu of incrcase or dccrwse in moi- 

content (% &), and moisturc ratio, with tirne (h) ia nhe arpaimcnital tests (at constant 



Tabk 5.5 nK modificd values of panmcar k of Prgc's aqwtion (Eq. (1 2)) whcn the average values of parametcr n for cach RH w m  wad, 

T a  mrei k n SEMe c e  Ttst Datnsct k n SEM c Ttst DataSei k n SEM e 
No. (96) No. (961 No, 

1 T2736Hlt 0,5339 0.5514 1.3486 0,2205 4 T6136H1 0,4495 0.81 12 0,4015 0,1234 7 T7536Hl 0,5344 0,77H 0,3045 0,0808 
0.77 14 
0.77 14 
0,7714 
0.77 14 
0,7714 
0.3714 
O,?? 14 
0,7714 
l,OO3O 
1 .O030 
1,6030 
! ,OOM 
1,0030 
1,0030 
1 ,0030 
1,0030 
1,0030 
0 . m  
0,8308 
0,BW 
0.83Oû 
0,8308 
0.8308 
0.8308 
0,83û8 
0.83oa 



Tabk 5.6 Tlw modificd values of punidff k of Page's equation (Eq, (12)) whm an ovcrall average value of paramttcr n 4.3357 w u  d. 

Tell Iktini k n SEM* e++ Test Chtaset k n SEM e Tesi Dataset & n SEM c 
No. (%) No. No. (%) 
I T2736Hlt 0.4533 0.7357 2.1059 0,3447 4 T6136Hl 0,4822 0,7357 0.5558 0,1743 77536H1 0,5536 0,7357 0.2927 0,OMI 

T6l36HZ 
T6l36H3 
T6136MI 
T6136M2 
T6136M3 
T6136tl 
T6 1 36L2 
Tb1 36W 
T6825H1 
T6825H2 
T6825H3 
T6825MI 
T6825M2 
T6825M3 
T6825Ll 
T682SL2 
T6û25i.3 
T69l SHI 
T69 1 5H2 
T691SH3 
T6915M1 
T69l SM2 
T4915M3 
T6915LI 
TH1 S U  
T6915W 



relative humidity conditions) are given in AppcndUr A (Tables Al to Al8 ). The values for 

pdnsient EMCs (or dynamic EMCs before final EMC is m h e d  at nearquilibrium) were 

caiculated using Eq. ('7). Afta cquilibration, the moioane content of samples, in triplicate, 

was confinneci by ovai drying (ASAE 19%) mdbod The mean EMC (g of H20/100 g dry 

ma-) of soqtion and demzption are givar in Table 5.7. The sorption and desorption EMC 

for al1 the expaimental tests are show in Fig. 5.1 1. 

5.4 Evaluation of Equitions for EMC-ERE? Reiationship 

Seven of 14 mean EMC values, prcsented in Table 5.7, were attaiaed by desorption 

and the same number by sorption. Therefore, the parameters of the modified Chung-Pfost, 

GAB, Halsey, Hendcrsdn, and Oswin equations @p. 14 - 18- dctennined separately for 

sorption and desoipion data by nonlincar rcgrrssion (SigmaPlot 3.02, Jandel Scientifk, San 

Rafael, CA). The parameters of the equations together with the values of mean relative 

percent emr (e), and standard enor of relative humidity (SEH) are given in Table 5.8 . The 

residuai plots for ali the models are givcn in Appendùc C (Figs. Cl and C2). The residual 

plots were random for ail the five cquations, suggcsting t h  this parameter can be ignored 

in selection of the best fit modcl. Thaeforc, fkther assessrnent was done based on other 

statisticai parameters. Based on the SEK and e values, the rnodifïod Oswin equation was the 

ben mode1 for dcscribing both desozption and sorption data of oats for all the temperatmes. 

The second best modcls were themodified Chung-Pfost for sorption and the modified 

Halsey for desorption data of 'AC Belmont' orits. 

Ushg th paramctcts daamiaed for sorption and desorpion foi various models, the 



Table 5.7 Mean equiiibnum moisturc contents (g H,01100 g dry matter) of 'AC Beimont' 
huiles oat equilibrated h m  27 to 93% relative humidity at 15.26, and 36OC. 

ERH T e m m  Sorption Dcsorption 

- - - - - -- 

* S.D. is the standard deviation based on n=3. 



Fig. S. 1 1 Sorption and desorpth EMCs of h u l b  ortr, various bmperahires 
and relatiw humidities for al1 the expwimental tests. 



Tabk 5.8 Estimami parameters, pacent dmation and standard emx for the modif 
Oswin, modifiai Wsey, modifiai Henderson, modified Chung-Most, and modined 
GAB quatons uscd to prcdict cqyiiibrium reIative hdd i ty  for 'AC Belmont' 70% 
huiiess oats at 27 to 93% relative humidity aad a 15 to 36.C. 

Sorption conditions Desomtion conditions 

Madifieci 
Chmg-Most 

Modified 
GAB 

Modified 
Halsey 

Modified 
Hendersoa 

Modifieci 
Oswin 

A 
B 
C 
e 

SEH 
A 
B 
C 
e 

SEH 
A 
B 
C 
e 

SEH 
A 
B 
C 
e 

SEH 
A 
B 
C 
C 

SEH 

A, B, C = parameters of modifiai equations 
e = mean relative percent crror, % 
SEH = standard cmn of relative humidity, % 



predicted values of RH wcre calculateci and Uotherms wne piottcd at 15.26, and 36'C 

temperaturcs (Fik 5.12). For higher relative humidiües, at all the temperatures, al1 models 

except Halxy and Oswïn desaibai the EMC-ERH data of oats for desorption Vig. 5.12). 

For lower relative humiditiia, at aii the tcrnpaatms, aü makis except Hdsey and Oswin 

described the EMC-ERH data of oats for sorption (Fig 5.12). û v d  for the 15 to 36°C 

range, the modifiai Oswh mode1 describeci the EMC-ERH the kst 

5A.1 Cornparison of EMC nith the pubibhed data 

Jayas and Mana (1993) determincd the EMC of 'Tibor' huiîess oats by the static 

method using salt solution. The EMC of 'AC Belmont' oats determincd by the thin-layer 

dryhg methoà a 2S°C was compareci with the reportai data (Jap and Maua 1993) of 

'Tibor' hulless oats in Fig. 5-13. The meamcd values of EMC in the present study are 

slightîy higher than those measined by Jayas and Mazza (1993). The higher values may be 

due to cultivar and growing y-. 

5.4.2 Comparhoa of thin-hyer characteristics with otber cenrlc 

The moishirr contents pcedictad by Page's equation (Eq. (12)) for huliess oats at 

36.2 O C ,  and 27% RH wae cornparrd with wheat and barley for an initiai moisture content 

of21%,db. ~ v d l l ~ ~ o f p a t a m d a s k d n f ~ w t w a t d ~ l ~ m r e ~ a f i o m a s h i d y  

done by Sokhaaeenj et al. (1984b). The EMCs for what and barlcy at 362OC and 27% RH 

w m  obtained using the values of of the Modifieci-Hendason cquation (Eq. (14)) 

fiom ASAE Standard D245.4 (ASAE 1993). Tbese EMC values werr uscd in Page's 

equation to obtain predicted moist\ae con- at various time intavais. The predicted 



Fig. 5.12 Experimental data and the pmâ-bd desarpth and aûsapth isothems 
ati5,26, mdWC.Thepndiceedlinesbeymdthedatasetpointsare 
exûapoîated lines. 



ERH (decimal) 

3s - 

Fig. 5.1 3. Canparkm uf sorptbn €MC of oab measured by thin-layer 
drying methoâ with puMished data of h u l h  oats at 25%. 
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I 

30 - - 
I - 
1 
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I 

1 
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moisture contents of huliess oato, and badey werc corn@ and are illustratecl in Fig. 

5.14. It is observai tbat hulless oats dxy nUta than both wheat and barley. For example, 

huUcssoatsdryh21%,dbto 16.rC,dbin1 hwhaeasittdces 16hforwhcat,and 17 hfor 

barley to dry b 16966 db. Several fktors such as oil content, cultivar, grain or oilsceds type, 

kemel dimensions, density, and crop year (Ncuk 198 1) contribute towaràs higher drying 

rate of oat compareci with wheat aad bsuley. 



Fig. 5.14 Compatison of thin-layer dtying chambmtm for h u l b  oab, wheat, 
and berley. Tempemturi, = 38%. RH = 27%- 



6. CONCLUSIONS 

B a d  on the d t s  of diis study the foliowhg conclusions can bc drawn: 

1. The liquid m o n  cquation does not sa5isfjactody describe the dymg and rewetting data 

of huiIess oats . 
2. The drying and rcwetiing rats ofhuiitss oais at constant dative hlfmidity conditions agreed 

well with the Page's cquation ex- for the mmtbg at 88% relative humidity. 

3. A dationship of parameter k with tcmpmtmc and relative humidity for the entire range of 

data could not be established aithough thae was a significant effect of temperature 

and relative humidity on k. 

4. The initiai moistue content sigaifimtly affccttd the diying and rrwating rates of hulless 

oats. 

5. The air velocity did not significantly affèct the drying or rrwetihg rates. 

6. The modifieci Oswin m d  was the best mode1 in describing the EMC-ERH relationship of 

'AC Belmont' huiiess oats. 
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Appendix A 



Table Al Moisture content (% db) with time for test at Temp = 3620C. RH=27% 

Cumulative Moisturc content (% dry mass basis) 
t h e  Tray 1 Tray2 Tray3 Tray4 Tray 5 Tray6 Tray 7 Tray 8 Tray 9 

Hl* ML++ Ll+** H2 M2 L2 H3 M3 L3 

Hl,  H.2, and H3 reprcsent high mc, 21.22% db in rcplicatcs I, II, and m. 
** MI, M2, and M3 represent medium mc, 1647% db in nplicates ï, iI, and m. 
"* LI, L2, and L3 npmui t  1ow mc, 11012% db in rcplicates I, ii, and m. 



Table A2: Moisturc ratio with time for test at Ternp = 36.î"C, RH=27% 
- - - - - -. - - -- - - - - - . - 

~umulative Moistwt &O 

time Tray I Tray2 Tray3 Tmy4 Tray 5 Ttay6 Tray7 Tray 8 Tmy9 
(h) H l t  M1 LI H2 M2 L2 H3 M3 L3 

- -- - 

t Refer to Table A l  for cxplanation of the code. 



Table A3 Moisîtne content (% db) with time for test at Tcmp = 26.8T, RH=37% 

Cumulative Moistwt content (O/O dry m a s  b i s )  
t h e  Tray 1 Tray2 Tmy3 Tray4 Tray 5 Tmy6 Tray 7 Tray 8 Tray 9 

H l t  L1 H2 L2 MI M2 H3 L3 M3 

t Refer to Table A 1 for explanation of the code. 



Table A4: Moishm ratio with timc for test a Temp = 26.8"C, RH=37% 

Cumulative Moisture ratio 
time Tny 1 Tray2 Tmy3 Tmy4 TrayS Tmy6 Tmy7 Tray 8 Tray 9 

1 Hl t Ll H2 L2 Ml Ad2 H3 L3 M3 

t Refer to Table Al  for explamtion of the code. 



Table A5 Moisturc content (% db) with time for test at Tmp 152c RH=Ig./C 

Cumulative Moisturc content (% dry mass bis )  
time Tny 1 Tny2 Tny3 Trsy4 TrayS Tny6 Ttay7 Tray8 Tray 9 

Mlt Hl M2 HZ Ll L2 M3 H3 L3 

t Refer to Table Al for explanation o f  the code. 



Table A6: Moisturc ntio with timc for tcst at Tcmp = 15.2T, RH=48% 

Cumulative Moisturc ratio 
time Tray 1 Tmy2 Tray 3 Tmy4 Tray 5 Tray 6 Tray 7 Tray 8 Tray 9 

M l t  HI M2 H2 L1 M3 H3 L3 

t Refer to Table Al for explanation of the code. 



Table A7 Moisture content (SC db) with tirne for test at Temp = 35.4% RH=61% 

Cumulative Moistuce content Wo dry mas busis) 
time Tiry 1 Tny2 Tmy3 Tmy4 Tmy5 T m 6  Tray 7 Tmy 8 Tray9 

LI? Ml Hl H2 M2 H3 L2  L3 M3 

t Refer to Table A 1 for explanation of the code. 



Table A8 : Moisturc ratio with time for test at Tcmp = 35.4.C. RHE61% 

Curnulativc Moistwr ratio 
timc Tray 1 Tray2 Tray 3 Tray4 Tray 5 Ttay6 Ttay 7 Tray 8 Tray 9 
(h) Ll t M1 Hl H2 M2 H3 L2 W M3 

t Refer to fable Al for cxplanation of the code. 



Table A9 Moi- content (% db) with timc for test at Temp = 25.8T, RH=68% 

Cumulative Moisturc content (% dry nincs basis) 
time Tray 1 Tmy2 Tmy 3 Tray4 Tmy 5 Tray6 Tmy 7 Tray8 Tray 9 

t Refer to Table A 1 for explanation of the code. 



Table A 1 O : Moimire ratio with time for test at Tcmp = 25.8% RH=68% 
- - - - - - - - - - - -- - - - - 

Cumuiat ive Moisture ratio 
timc Tray 1 Tray2 Tmy3 Tray4 Tmy5 Tray6 Tmy 7 Tray 8 Tray9 

LW Ml L.2 M2 Hl HZ M3 L3 H3 

t Refer to Table Al for exphnation of the code. 



Table Al 1 Moisture content (% db) with time for test at Temp = l5.5"C, RH=69% 

Cumulative Moistute content WO dry mas basis) 
timc Tray 1 Tray 2 T'y 3 Tray 4 Tmy 5 Tray 6 Tray 7 Tray 8 Ttay 9 

Hl? Ml M2 LI H2 L2 M3 L3 H3 

t Refer to Table Al for explanation of the code. 



Table A 12 : Moisturc ratio with time for test at Temp = 155.C. RH=69% 

Cumulative Moisturc ratio 
time Tray 1 Tray 2 Tray3 Tray4 Tray 5 Tray6 Tmy 7 Tray 8 Tray 9 

H l 7  Ml M2 Ll HZ L2 M3 U H3 

t Refer to Table A 1 for explanation of the code. 



Table A1 3 Moisturc content (% db) with time for test at Tcmp = 35.5.C. RHs75% 
- - 

Cumulative Moisturc content (O/O dry mass basis) 
timc Tray 1 Tray2 Tny3 Tmy4 TmyS Tmy6 Tray 7 Tray 8 Tray9 

1 Hl f Ml MZ H2 L1 L2 L3 M3 H3 

t Refer to Table Al for cxplanation of die code. 



Tabb A14: Moi- ratio with timc for test at Temp = 35JOC, RH=7S% 

Cumulative Moisturc ratio 
time Tray 1 Tray 2 Tray 3 Tmy 4 Tray 5 Tray 6 Tmy 7 Tray 8 Tray 9 

1 Hlt Ml M2 H2 LI L2 W M3 H3 

t Refer to Table A I  for explanation of the code. 



Table A15 Moisture content (% db) with time for test at Temp = 15.4'C, RH=88% 
- - -  

Cumulative Moishire content (96 dry mass basis) 
time Tray 1 Tmy2 T m 3  Tray4 T m 5  T m . 6  Tmy7 Tray8 Tray9 
(h) LI 't Hl H2 Ml L2 M2 L3 M3 H3 

t Refcr to Table A l  for expkiution of the code. 



Table A16 : Moimire ratio with time for test at Temp = 15-4"C, RH=88% 

Cumulative Moisturt ratio 
time Tm. 1 Tray2 Tray3 Tray4 Tray 5 Tmy6 Tray 7 Tray 8 Tray 9 

Lit HI H2 Ml L2 M .  W M3 H3 

t Refer to Table Al  for explmation o f  the code- 



Table A 17 Moisture content (% db) with t h e  fot test at Tcmp = 25.7"C, RH=93% 

Cumulative Moistwe content (% dry msss bis)  
time Tray 1 Tray2 Tray3 Tray 4 TrayS Tray6 Tray 7 Tray 8 Tray 9 
(h) M l t  Hl M2 Lt H2 L2 L3 H3 M3 

t Refer to Table Al for explanation of the d e .  



Table Al  8 : Moisture ratio with time for test at Tcmp = 25.7"C, RH=93% 

Cumulative Moishve ratio 
tirne Tray 1 Tmy2 Tmy3 Tray4 Tray 5 Tray 6 Tray 7 Tray 8 Tray 9 

Ml? Hl M2 LI H2 L2 W H3 M3 

t Refer to Table Al for explmation of thc code. 



Table A 19. Mean air velocitics ( d s )  in nine trays of thin-layer drying quipment in nine 
exphenta1 tests. 

(%) Tray 1 Tray 2 Tray 3 TrayQ Tray 5 Tray 6 Tray 7 Tray 8 Tray 9 



Appendu B 



Time (h) 

Fig. B1 - Etperimental anâ predicted by Page's equetion moisbrre content at 
temperature = 36%. RH = 27%, initial mc = 1 1.9% db fw Viree 
repiicat8~. 
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Fig. 82 - ExperVnentel and predided by Page's equeoOn moirhire content at 
temperature = WC, RH = 27%, inaial mc = 16.5% db for three 
repiicates. 
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Fig. 83 - Experimental and p r e d i i  by Page's equation moisîure content at 
temperahire = 36%, RH = 2196, initial mc = 21.5% db for thme 
npliCBtes. 



Fig. B4 - Exparimental and p r e d i  by Pageas equetkn moistum content at 
temperature = 25%, RH = 37%, initial mc = 12.0% db fw three 
tepliCates- 
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Fig. 85 - Eqerimental and p r e â i i  by Page's equation moisture amtent at 
temperature = 25%, RH = 37%, initial mc = 17.0% db for three 
reprcstes. 
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Fig. 66 - Experimentaî and predicted by Page's equaoOn moisture content at 
temperatun = 25%, RH = 37%, initial mc = 21.5% db for three 
repliCstes. 



Fig. B7 - Eicpefimental and predided by Page's equation moishm content at 
temperature = 15%, RH = 48%, initial mc = 12.2% db Br three 
replicadeS. 



O O ~ m c - R e p I  - Ptedidedm~-RqI 
A O ~ m c - R e p I I  

- -  P r e d i i  mc - Rep II 

Obdervedmc-RepIII 
CI-.*. Predïïe~I mc - Rep III 

Fig. 68 - Experim8ntcBl end p r e d ' i  by Page's equation moisture content at 
mpeiahin, = 15%. RH = 48%. initial mc = 16.9% db k r  thme 
repliCates. 
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Fig. 89 - Experimental and p r e d ' i  by Page's equatbn moisture content at 
temperature = WC, RH = 61%, inml mc = 22.3% db for three 
replides. 
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Fig. 610 - €xperimental and pred'ided by Page's equetian moistum content at 
temperature = 36%. RH = 61%, initial mc = 1 1.4% db for three 
repliCates. 
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Fig. B I  1 - Bcperiment8l and predided by Page's equetion moisture content at 
tempemture = 3WC, RH = 61%. initial mc = 16.3% db for three 
repliceter. 
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Fig. 812 - Expdmental and predkted by Page's equaüon moisture content at 
temperature = 36%, RH = 61%. initial mc = 21 .O% db for three 
mplicates. 
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Fig. 613 - Expen'mental and prediied ôy Page's equeüon moisture content at 
ternpemture = 25%, RH = 68%. initial mc = 12.0% db for three 
repliCates* 
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Fig. 814 - Expefirnental and p n d i  by Page's equation moistum content at 
bmperature = 25%, RH = ûû%, initia1 mc = 1&B% db for threo 
repliwtes. 
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Fig. 815 - Experimental and predied by Page's equation moisture content at 
temperature = 2S°C. RH = 68%, initial mc = 21.5% db for three 
replicates. 



Fig. 616 - E>cperimentel and predicted by Page's equation moisture content at 
temperature = 1 SOC, RH = 69%, initial mc = 1 1.9% db for three 
mpIiCEit88. 



Fig. 617 - E>cperlmentel and pred'icteâ by Pageh equadion moisture content at 
temperature = 15%. RH = 60%. initial mc = 16.7% db b r  thme 
repliCates. 



Obmedmc-RepI - Prediaed rnc - Rep I 

Fig. B18 - €xperimental and predided by Page's equaüon moisture content at 
temperature = 15%. RH = 69%. initial mc = 21 -4% db for three 
repiies. 
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Fig. 619 - Expen'mentel and pmdieâ by Page's equation moiaure content at 
bmperahire = 36%. RH = 75%. initial mc = 11 -5% db for t h m  
replikates. 
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Fig. 820 - €xpmimentai and p r e d i i  by Page's equation moisture content at 
temperature = 36%, RH = 7S%, initial mc = 16.4% db (w th- 
f e p I i i 8 ~ .  
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Fig. 821 - E>qierimental and pred'ied by Page's equation moislure content at 
tirmperature = 36%, RH = 75%. initial mc = 21.4% db for three 
replites. 
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Fig. B22a - Gcpwimental and pmdicted by Page's equaüon moisture content at 
temper91uie = lS°C. RH = 88%. initial mc = 12.1% db fwthree 
repi'ies* 



Fig. B22b - E>cperimental and predided by Lewis' equrtion moisture content at 
temperature = 1 SOC, RH = 88%, initial mc = 12-1 % db for thme 
npiicitirr. 



Fig. 82% - Exprimental and pcediieâ by Page's equation moistum content at 
temperature = 15% RH = 68%. initial mc = 16.9% db for aime 
repiiceies. 
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Fig. B23b - ErperirnentaI and pmdiided by Lewis' equation moioiahire content at 
temperature = 15%, RH = 88%, initial mc = 16.9% db for thme 
repliies. 
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Fig. B24a - Gcperimental and pcedicted by Pape's eqmtbn moisture content at 
tempenaire = 1 SOC, RH = 88%, inaial rnc = 21.8% db for three 
m p l i i .  



Fig. B24b - Expen'mental anâ pndided by Lewis' equaîion moisîure mtent  at 
temperature = 15.C. RH = 88%, initial mc = 21 -8% db for thme 
repliCates. 
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Fig. 825 - Experimental and predicteû by Page's equation moistuc6 content at 
temperature = 250C, RH = 0396, initial mc = 12.0% db for three 
nplii. 
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Fig. 626 - ExpetSrnental a d  prSaid8d by Page's eqwüon moistum cantent at 
temperature = 25%, RH = 93%, initial mc = 18.7% db for three 
f e p l i i .  
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Fig. B27 - Experimemtal and predicted by Page's equaticm moisture content at 
temperatum = 25%. RH = 93%. initiai mc = 21.7% db Ibr thme 
mplicate8. 









Table C3 Meau quivalent radius of a sphn for 'AC Belmont' huiles 
oat kemels detenuinad by air companJon pycnomctcr. 

IMC Volumctric Mean Volume Equivaicnt Mean 
(Wb) reading for VoIumcoi pa d u s  of Equivaient 

800 kemcis 800 kemeîs kmnel sphere radius of 
@= 

(mL) (d) (mL) (mm) (m) 
21 -95 19.66 
2 1 -95 19.65 19.66 0.0246 1.803 
2 1 -95 19.66 
16.28 18.18 
16.28 18.20 
16.28 18.19 
11.1 1 17.25 
11.1 1 17.25 17.23 0.0215 1.726 
11.11 17.19 




