
IIIIN-IAYER REI.IETTING R.ATES OF CANOI¡I (Brassica campestris L. )

by

PANKÀI SHATADAL

IÏIE UNTVERSITY OF HANITOBA

A TIIESIS

SIIBITITTED TO TIIE FAGTILTY OF GRADIIATE STIIDIES

IN PARTIA]. FTIIfILLMNNT OF ITIE REQUIREMENTS FOR TTIE DEGREE

OF I{ASTER OF SCIENCE

DEPARNffiNT OF AGRICMflIRAL ENGINEERI}IG

I¡NIVERSIIY OF HANITOBA

ITINNIPEG, MANITOBA

AUGUST 1-989



*I )i3""iXo:"'o'".u

Canadian Theses Service

Ottawa, Canada
K1 A ON4

Bibliothèque nationale
du Canada

Service des thèsescanadiennes

The author has granted an irrevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in his/her thesis. . Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

L'auteur a accordé une licence irrévocable et
non exclusive permettant à la Bibliothèque
nationale du Canada de reproduire, prêter,
distribuer ou vendre des copies de sa thèse
de quelque manière et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thèse à la disposition des personnes
intéressées.

L'auteur conserve la propriété du droit d'auteur
qui protège sa thèse. Nila thèse ni des extraits
substantiels de celle-ci ne doivent être
imprimés ou autrement reproduits sans son
autorisation.

Canadä

rsBN 0-315-5488?-8



THIN.LAYER RETTETTING RATES OF CANOLA

(Brassica campestris L. )

BY

PANKAJ SHATADAL

A thesis subnrined to thc Faculty of Graduate Studies of
the university of Manitoba in partial fulfillment of the requirenrents

of the degree of

MASTER OF SCIENCE

@ t989

Permissio¡r has been granted to the LIBRARY OF THE UNIVER-

S¡TY OF MANITOBA to lend or sell copies of rtris thesis. to

the NATIONAL LIBRARY OF CANADA to rnicrofilnr ttris
thesis and to lend or sell copies oi the fìlm, and UNIVERS¡TY

MICROFILMS to pubtish an abstracr of ¡his thesis.

The author reserves other publication rights, and neither thc

thesis nor extensive extracts from it may be pnnteC or other-

wise reproduced without the author's written permissiorr.



ABSIrÂCï

Thin-layer rewetting tests \{ere conducted for seeds of canola

(Brassica campestris L.) in the temperaÈure range of 7.5oC to 30.0.C

at tvro relatíve hunidities (80 and 90t) using a thin-layer wetting

unit. separate tests were done at 5.0, 7.0 and 10.0t inítial moisture

contents of seeds and 0.10, 0.25, and 0.43 n/s air velocities while

the aír rras naíntained at 30'C and 90t relatÍve hr.rniidity. In Èhe

tests, a thin-layer (one to two kernels thick) of canola was held in

the vertical plane and the conditioned aír rüas passed through the

layer, thus fully exposing the thin-Layer of canola to the aÍr. The

gain in the mass of the thin-layer of canola with time was recorded

using a mícro-computer-based data acquisitíon system. the liquid

diffusion equation for an isotropic and honogeneous sphere did nou

describe the rewetting raÈe of canola satisfactorily. The thin-layer

rehtetting rate data agreed well v¡ith Page's equation. The parameter n

in Page's equation lras assumed as a product-dependent constant which

made it easy to compare the effects of independent variables on the

rewettíng rate wíthout causÍng considerable error in predícting the

re!¡etËing rate for canola. A lÍnear relationship was found between

the parameter k, temperature and relative hunfdlty. The initial

moisture content, in the range from 5 to 10t \üet mass basis, had no

significant effect (p > 0.05) on the rewetting rate. Ttre rewettÍng

rate did not change sÍgnifÍcantly with air velocity in the range from

0.25 to 0.43 n/s (p > 0.05). The rewetting rate, however, lras slower

at 0.L0 m/s air velocity. The thín-layer wetting rnodel developed in



this study will be

during near-ambient

of ímportance

air drying of

in predicting seed moÍsture changes

bulks of canola.
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1. INI:R.ODUCIION

Canola is the second most important crop of Canada wíth an annual

average productíon worth $691.2 nillion (Anon¡mous, 1998) . (In

canada, the ter-n canola is used for lovr erucíc acid and low

glucoslnolate content Brassica campesËris L, and Brassica napus L.

culcivars, and outside canada Èhe term rapeseed is used for all B.

campestris and B. napus cultivars; rapeseed refers only to high erueíe

acíd cultivars of this crop in Canada). Canola is crushed to extract

vegetable oil for human consumption and canola meal for animal

consrrmption.

The relative risk of quality deterioration rshen storing canola is

higher than when storing wheat or barley (Mills, l-989), trüo orher

major croPs in Canada. The moisture content Linlt for dry or straight

grade canola is l-0t wet mass basis (wb) but this 1s too high for rong-

tern (5 months or nore) safe storage bçcause growth of storage fungi in

the AspergiTTus glaucus group occurs at 70t relative hrrmidÍty which

corresponds to 8.3t noÍsture content, wb, at 25"c for canola (Mills,

l-989). Therefore, Mills (l-989) suggested that canola should be binned

at a maximu¡n of 8t noisture content, wb, for long term safe storage.

Friesen (L982) recornmended thaÈ canola should be harvested when seeds

are danp (over L2.5* moísture content) to reduce field losses and then

should be dried to safe moisture levels. Itet weather durÍng the

harvest season or the chance of an early frost may also force farmers

to harvest canola at hígh moisture contents. Drying of canola,

therefore, nay becone essential.
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The present trend in cereal and oilseed dryíng ís to¡uards using

near-ambient air drying (singh and sokhansanj, 1984). rn the prairies,

the use of near-ambient drying is economÍcally superior to the use of

high-temperature drying systems (Fraser and Muir, L98Oa,b). An

additional advantage in near-ambient dryÍng ls that ft delÍvers better

quality dried grain. For canola, heated-air drylng ney cause heat

damage to some seeds which subsequently will yíeld oir that is

susceptÍble to oxidation (Appelqvisr and Loof, Lg72). rf rhe seed-lor

of canola contains green seeds, the chlorophyLl leveL of the seeds is

consÍderably reduced if the lot is dried naturally (Appelqvisr and

Loof, L972>. The sâme is not true for canola dried with heated air.
The decrease in chlorophyll level gives a reduction Ín the refining

cost of the oil. Natural or near-ambient drying, therefore, should be

preferred for canola. rn both near-ambient and natural air drying

systens, ambient air is forced through a deep bed of stored graín. rf
the temperature of the ambient air is raised slightly by any means

including fríctional energy from a fan or motor, natural air drying is

then termed as near-ambient dryÍng.

Thin-layer mofsture transfer equations are used ln deep-bed grain

drying simulatÍon modeLs. Such sinulatÍon models are extremely useful

because they provide information on different drying systems, dryer

design and testing, and related cost analysis without actually

ínstalling a drying system. A deep-bed grain drying sinulation model

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

calculating the change in grain moisture in each layer in snall tirne

steps for the constant dryíng air conditions. rn a single time step,

2



different thin layers in a graÍn bed are subject to different air

conditions and these aír conditions change with each subsequent time

step. A thin layer of grain will dry if the vapor pressure of the

drying air is 1o¡cer than the vapor pressure in the grain, ocherwise it

will rewet. Calcu1atíon of moisture change in thÍn layers is based on

heat and mass balance relat.ionships and thin-layer moisture transfer

characteristics of the grain. Moisture transfer characteristics of

thín layer of grains are, therefore, required.

Most previous investigations in thin-layer moisture transfer

relationships were concerned with Èhin-layer dryfng of cereals and

oilseeds and very little work was done on thin-layer rewetting rates

(Jayas et al., L988; Misra and Brooker, l-980). Rewetting of graín can

occur in typical near-ambíent or natural aÍr drying systems. For both

systems it is common to run the fan continuously even 1f it involves

runníng the fans during periods of hígh ambíent relative hr:nidity

which can canrse rewetting of grain (Friesen and Huminlcki, l-986). ru

is desirable to knol¡ how fast a grain bed ¡rould rewet if fans ar:e

running during high ambient hunidiry periods. An in-bin heated-air

drying system may also involve rewettí-ng of the top layers of grain

because air entering the top layers may have lost its dryíng potential

by picking up noisture from the preceding layers of grain. A deep-bed

grain drying simulation model, espeeially one for the near-ambíent or

natural alr drying simulation, should have provisions Èo calculate the

amount of rewetting. ThÍn-layer rewetting rates of cereals and

oilseeds, therefore, would be the basic input to the deep bed drying

sínulation models.

3



To the knowledge of the author, no data exíst in the literature on

thin-layer rewetting rates of canola seeds. The objectives of this

study lüere: (1) to deternine the thin-layer rewetting rates of canola

ín the temperature range of 7.5 to 30'C which norrnally prevails during

the harvesc season in the Canadian Prairies; (ii) to develop a sinple

nodel to predict the rewettíng rates of canola; and (iÍí) to

ínvestigate the effects of temperature, rel-atlve hunidity, initial

moisture conteni of canola and air velocity on the rewetting rate of

canola.



2. REqIEIT OF IJITRAIT'RE

2.L Background

The moísture transfer to or from cereals, oilseeds, and other food

materials has been a subject of considerable research in the past 40

years. Data on sÍngle-kerner drying or thin-layer dryÍng rates of

cereals and oilseeds are required for sinulation and design of various

drying systems (Brooker eL al., L974). The rewetting rates of cereals

and oilseeds were given less attention than dryíng rates, probably

because heated-aír drying systems lrere cornmonly used where the probl-en

of rewetting does not arise. However, the need for rewettÍng rate data

has been recognÍzed (Jayas et al., l-988) for sinulating the posslbre

occurence of rewetting of graÍn during naËural or near-ambient air

drying. The rewetting phenomenon is analogous to dryfng, and ÈheorÍes

of drying can be applied to understand and describe the rercettlng rates

of eereals and oilseeds (Fortes et a1., 1981). A revíelr of theories

and methods used in collecting and analysing thin-layer rnoisture

transfer data of agricultural grains is given ín this chapter.

2.2 l{oÍ.str¡re Transfer Ttreories

Drying of cereals and oílseeds usually takes place in one or more

falling rate periods (Brooker et al. L974) when moisture Èransport

within a kernel controls the overall noisture transfer rate to or fron

a kernel . several rnechanisns , sr:rnmarized by Bakker-Arkena et al .

(1978), have been suggested in the literature for moisture movement

within a capillary-porous body:

1-. Liquid diffusion due to moisture concentration gradients.

5



2. Liquid movement due to capillary forces.

3. Vapor dlffusion due to partiaL vapor-pressure gradients, caused by

temperature gradients.

4. Vapor diffusion due to moisture concentration gradients.

5. Liquid or vapor flow due to differences in total pressure.

The moisture transfer rcithin a cereal grain or oilseed is a

complex phenonenon. There 1s no definite knowledge on the mechanisms

of moisture transport involved during drying or rsetting of cereals and

oilseeds and no single theory covers atl the possible mechanisms of

moisture transport to explain moisture transfer rates to or from a

grain (Fortes and Okos, 1980). However, one common approach in

analyzing moisture transfer rate data has been to use the liquid

díffusion equatlon for a sphere or any other regular geometric shape

whích may resemble the grain kernel. crank (L964) gave the following

liquid diffusion equation for a honogeneous and isotropic sphere with

radial s)rrnnetry:

ro - 1^l Lp¡z 
3T , ]Ax rzl ôr

where: M is moisture content (t dry basis) at any tÍme t

radial distance r (n), and D ís the diffusion coefficient (n2

After sinplification, Eq. (1) can be rewritten as:

f{-ol# .i# ].,3T,'3*
Assuming that Èhe diffusíon coefficient is independent of

content, Eq. (2) becones:

f{- ol #*2,# ]

(nln)

(1)

and

nÍn-1).

moisture

(2)

------(3)



The moisture content (M) in Eq. (3) can

(l'R), a dinensionless variable, to gÍve:

ðMR -la2m. 2ât'rRlat -DLôrr*;ã;l

where: MR

and, Me and Mo are equlibrir:m and inítial moísture content,

respectively.

The following boundry conditions can be taken:

ìfR(t:0,r) : 1 (moisture is uniformly dístributed at tíne t-0).

ìR(t > 0,R) : 0 (surface attains equÍlibrir¡rn instantaneously).

alfR(Ë'r:Oì 0 (noisture ratio ar cenrer is finire).ôt

where: R is total radius of sphere.

ArpacÍ(1966) solved Eq. (4) along with its associared boundary

condiÈions to gÍve:

be replaced by moÍsture raÈio

MR(t,r) : # ä:r*,, "*3i"1ff¡"*n<-*2r>

Eq. (5) can be lntegrated over the vol-r.¡me of the

division by the total volune of the sphere would give

for the sphere. Tt¡e averagí.ng procedure yields:

* - *, ã-, ], .*n< -n2n2(D/R2)t>

where: MR - ##"

(4)

and, M is average moisture content of the grain at any time, t.

Eq. (6) or its equivalent fonn for a slab or cylinder have been

used by several investigators (Becker and Sallans, l-955; pabis and

Henderson, L96L, L962; Henderson and Pabis, 1961, L962; Bakker-Arkema

and Hall, L965; Chittenden and Husrrulid, L966; Handy and Johnson,

7
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1968; Hamdy and Barre, L969; Hustrulid, L962, 1963; Young and WhÍtaker,

L97L; Iltritaker and Young, L972; Rowe and Gunkel , L972; Itatson and

Bhargava, L974; Henderson L974; Osborn et al., 1988) to describe the

thin-layer moisture transfer rate data for various agricultural grains.

The liquid diffusion equation (Eq. 3), however, has been shoun to give

inaccurate predictions of moísture transfer data (Fortes and Okos,

1980, 1981a; Bakker-Arkema et al., L978>. The apparent success of Eq.

(3) in describing thin-layer moisture transfer data in some cases may

be due Èo its logarithrnic forn which resembles a typical graín drying

or rerüetting curve. Theoretically Eq. (3) would give unrealistlc

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

1. Liquid diffusion can not take place when there is no moisture

continuity inside the kernel. Liquid diffuslon, Èherefore, can

not be used to explain moisture transport in conditions of low

moisture content.

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

moisture transfer processes which may not always be the case in

reality.

3. The liquid diffusion equatí.on does not take lnto account other

posslble mechanisms of moisture transport which may slnultaneously

be occurlng durÍng drying or rewetting of cereals or ollseeds.

A definite inprovement ín moísture transfer predictions would

result if the líquid díffusion coefficient is taken as a function of

noisture content and the solution of Eq. (2> is used. Bruce (1985)

followed this approach and solved Eq. (2) nunerically to nodel single

kernel drying of barley. He found accurate predictions for his

8



experimental drying data. This suggests that lÍquid diffusion nay be

the predominant moisture transport mechanism. A more cornplete

theoretical analysis of heat and moisture transfer phenomena in

capillary-porous bodies, includÍng cereals and oílseeds, nas given by

Fortes and okos (198La,b). They derived the following equations using

the prínciples of irreversible thernodynamics and the mechanistic

approach to heat and mass transfer in porous ¡nedia.

liquid flux:

Jt - -ptK-¿ln(H)VT' - p¿r¿Y'jfi w

vapor flrrx:

Jv - -Kv( euo ffi,+ " åflto>*'- xrrp.,oå# vM

heat flux:

Jq - -Ktvr'- 
lo$È,ut,,(H) 

+ r.,r(r.roj$,- 
"#t"r] Y'' :#onf

mass conservation:

," 3l': -v(r, + rv)

energy conservation:

ô1'pscbãf - o"+ff - -vre - r'vrv

where: Jt - liquld flqx, kg n-2 s-l

Jn : heat fh.x, J n-2 s-1

Jv: vapor flux, kg n-2 s-L

K, : lÍq,-,id conductivity, s-l-

Kg : apparent therrnal conductiviÈy, Il m-l f-l

Ky: vapor conductivity, 12 
"-1

\ - specific Latent heat of vaporization, J tg-1
9
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I* - speclfic differential heat of wetting, J kg-l

Rv - universal gas constant for !Íater vapor, J kg-l f-l
T' : thermodlmamic temperature, K

H : relative humidity, decÍrnal

cb : specific heat of body, J kg-l ç-1

p2 - Liquid densíty, kg n3

ps - dry solÍd density, kg 13

pvo: saturated vapor density, kg 13

Fortes and okos (1-981a,b) used the above set of equations to

describe the drying raËes of corn and drying and rewetting rates of

wheat successfully. They found that liquíd flux was dominant in low

uemperature (26 to 47 'c) drying or reqretting of rvheat and corn. rn

high tenperature (100'c or hlgher) drying, vapor flux was of a hlgher

order of magnitude than liquid flux throughouÈ the entire dryíng

period.

Ihe theoretlcal equatÍons described above and others in the

literature (Berger and pei, L973; Luikov, 1966a,b , LgTs; Mikhaílov,

L973; Miller and Miller, 1955; phíl-ip and De vries, LgsT; De vrÍes,

l-958; Henry, 1939; l.ltrítney and porrerfield, 196g; young, L969) aïe

helpful in explaining the complex phenomenon of moisture movement

inside capillary-porous bodies such as grain and for predictíng Èhe

moisÈure profile rvÍthÍn a kernel (Bruce, 1985; Fortes and okos, 19g1-a)

but they are often ínconvenient and inefficient for use in deep-bed

sirnulation models (Parry, l-985). severaL researchers, therefore, have

preferred to use sínple semí-enpÍrical or enpÍrfcal equatÍons for

nodelling thin-layer drying or rewetting of cereals and oilseeds.

10



2.3 Semi-F-.Flrical and Enpirical Equatlons

Analogous Èo Newton's law of coollng, Lewis (L921) suggested the

following equation for descripÈion of the dryíng of a solid:

ff : -r1u-u"¡

rtrhere: k - drying constant, nin-l

Upon integratlon, Eq. (9) becones:

ItÍtt - lÍe - ìrR : exp(-k.r)Mo - Me -(10)

Eq. (9) (or Eq. (10)) is also based on liquid diffusíon rheory

discussed earlier Ín thís chapter but assumes that all the resistance

to moísture transfer occurs in a thin outer layer of the kernel

(chittenden and Husrrulld, L966). Eq. (10) has been wideLy used in
grain dryíng simulation (Parry, 1985). However, it does not describe

dryíng rate accurately over the conplete drying períod (sokhansanj et

al., L987; Jayas et al., L988).

Page (L949> nodified Eq. (10) for berrer represenrarion of his

thin-layer drying daËa for shelled corn:

MR - exp(-k.rn)

where k and n are moisture transfer rate parâmeters.

Upon differentiatíon, Eq. (11) becones:

dt'f 1
dr Mo-Me - exp(-k.tn)(-n.k.rn-1)

Substitutfon fron Eq (Ll) gives:

dM
äË- -".u..n-11u - Me)

(e)

Eq. (L2) takes into account the concept of

to llquid diffusion with resistance to moisture

11

(11)

moisÈure transfer

transfer occurÍng in a

(L2>

due



thín outer layer of the kernel because it contaÍns the terr¡s used in

Eq. (9). In addition, it sho¡cs that moisture transfer rate depends on

time elapsed. It seems that effects of other factors (such as the

presence of vapor flux due to temperature gradients, irregular shape

and anisotropy of kerners, shrínkage or expansion of kernels) on

moisture transfer are lumped together by nakíng moisture transfer rate

a functÍon of time which gives the equatÍon good prediction capability.

rn the case of low temperaËure drying or rerüettÍng of grains, other

factors affecting the noÍsture transfer rate mey be product-dependent

because líquíd diffuslon due to concentration gradient ls the domínant

moisture transport mechanísm (Fortes and okos, 19BLa,b). Therefore,

for lorv temperature drying or rewetting of cereals and oilseeds,

parameter n of Eq. (11) or (12) can be assumed as a product-dependent

constant. this assurnption will nake it easy to compare the effects of

independent variables, such as temperature and relatí.ve huuidÍty, on

the moistlrre transfer rates by dlrect couparíson of parameter k of Eq.

(11) l¡hich otherwise is not possible because of the random adjustments

in the paremeters to give the best fitting curve (Jayas et al., j-ggg).

Many investigators (sabbah, 1968; I.ltrite et ar., L973; Agrawal and

slngh, L977; Mlsra and Brooker, L980; Duggar er al., L9g2; Hurchinson

and otten, L982; Farmer et al., 1983; syarief et al., L9g4; sokhansanj

et al., 1984b; Bruce, 1985; Ll et aL., L9B7; osborn et al., 19gg) have

successfull-y used Eq. (11") ro describe rhe rhin-layer drying or grefting

raËes of various cereal grains and oilseeds. Based on Ëhe analysis of

the data from various sources and using several different thin-layer

moisture transfer models, Misra (L978) found that Eq. (11) was the most
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pronising nodel for predicting drying and rewetting rates of shelled

ye1-low corn. Syaríef et al. (l-984) found Eq. (11) ro be rhe besr for

nodelling thin-layer drying rates of sunflower seeds. osborn et al.

(1988) found a nodified forn of Eq. (11) ro be rhe besr for predicríng

the rewetting rates of soybean. Several other enpirical equatÍons have

been developed and used by grain drying researchers. A conprehensive

review of thin-layer moisture transfer equations Ís given by Sokhansanj

et al. (L987).

2.4 Effect of rndependent variables on lfoisÈure Transfer Rates

Four independent variables generally used Ín studies of thin-layer

drying and rewetting rates for cereals and oilseeds are Èemperature,

relative humidity, velocity of air and initÍal moisture content of

grain. TemPerature has the most significant effect on moisture

transfer rates (Misra and Brooker, 1-980; syarief et al., L984; Jayas

and sokhansanj, l-986; osborn et a1., 1988). Relarive hrrmidíÈy of air

has a significant effect on dryÍng and rewetting rates especially at

temperatures below 70"c (Park et al., L97L; Mlsra and Brooker, 1980;

Sokhansanj et a1., L987). Air velocity does not seem to have any

sÍgnificant effect on moisture transfer rate if it ís above a critical
value of about 0.1-6 m/s (sinnonds et al., 1953; chitrenden and

HustrulÍd, L966; Rugunayo, L979; Mlsra, L978; Hutchlnson and Orren,

L982; Jayas and sokhansanj, 1-986). At sufficiently high velociries,

the boundary layer would be very thin and therefore reslstance to

moisture flow due to the boundary layer would be negligible. There is

no single opinÍon on the effect of initial noisture content of grain on

moisture transfer rates. some researchers (Park et al., I97L; sharaf-

13



Eldeen et â1., 1980) found that ínitÍal moisture content affects

moisture transfer rates considerably whereas some other researchers

(Syarief et al., L984; osborn et â1., L988) reported thac initial
moisture conterxt does not have an apprecÍable effect on moisture

trasfer rates.

The diffusion coefficient, D, in Eq. (6) is generally expressed as

a functÍon of Lenperature in an Arrhenius t5¡pe relationship:

D : cr ."p<-fi?l

where: C1 and C2 are product-dependent constants and T' i" t"rperature

(K).

rhe paråmeters of Eq. (10) or (11) have also been rerated to

independent variables. Different researchers have used different

relationships for thís purpose. A detailed list of such relationships

along with the range of values for independent variables used by

different researchers is given by Sokhansanj et al. (1987).

Dífferent grains have differenË moisture transfer characteristics.

Kreyger (1972) conpared the ability to release moisture for a nr¡mber of

agricultural seeds. He classified broad beans, green peas, naize

(corn) and lupines as slow drying seeds, wheat, rye, and oats as normal

drying, and ryegrass, sugarbeet seed and rapeseed (canola) as quick

dryÍng seeds. At 2ol molsture content (wet basis) the abílity of

rapeseed to release moisture nas about L5 tÍmes hlgher than that of

corn and 10 times higher than that of wheat. These differences in

moisture transfer rates of different grains rnay be due to different

composÍtion and thÍcknesses of pericarp, aleurone layer, endosperm and

germ. More research is needed to deÈermine the reslstance to noisture
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flow of dlfferent parts of a graÍn kernel. Very línfted research has

been done to study the effects of different varieties of a crop on

drying or rewetting rates. Li et aI. (1987) reporËed that different

varietíes of sunfl-ower seeds with differerxt oil conËents had the s."me

drying rates.

Mettrods and Equipment for Ttrin-I^ayer l{oistr¡re Tra¡rsfer Tests

The equipment used for thtn-layer moisture transfer studies were

either a vertical type or a horizontal type (sokhansanj et al., 19g4a).

rn the vertical type equipment, the thin layer of samp.le was kept in a

horizontal plane and air flow across the sample rras in a vertical
directíon, whereas ín the horizontar type equipnent the thín layer of

sample was kept in a vertical plane and air flow across the sanple rras

in a horÍzontal direction. A comparision of the üro t)rpes of equlpnent

is given Ín detail by sokhansanj et al. (1984a). continuous weighíng

of samples can not be done in vertical type equipnent because the

weight readings are affected by the air lift. Elther air flow has to

be stopped or the sanple has to be removed fron the air streåm to get

the correct weight readings. The problen of weight lift did not occur

in horÍzontal type equíprnent. The aír velocÍty profile wes more

uniform ín the vertical t¡¡pe equipment than that in horizontal type but

thÍs dlfference did not significanrly affecr the drying reres.

sample preparation is an inportant aspect of thin-layer drying or

rewetting tests. The most common and easy rray to prepare a sample for

a test is by either drying or remoÍ-stening the samples artificially.

Such artificially prepared sanples must be kept for-sufficÍent tlne in

a sealed container for uníforn dÍstribution of moisture in the seeds.
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Hustrulld (L962,1-963) found that frozen samples of corn and wheat drled

at the same rate as naturally moist samples. For artificially

moistened samples, he found that the drying rate was slightly faster in
the beginning but later it drled at the same rate es naturally moist

sanples. sokhansanj et al. (1984b) conpared the drying rates of wheat,

barley and canola subjected to repetítive wetting and drying cycles.

For all three grains they found a definite change drying rates

between freshly harvesÈed and first time rewetted grain. Further

research is needed to quantify the effect of artificial drying or

remoistening of samples on their drying and rewettíng rates for all
important cereals and oilseeds.
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3. ETPERII{ENTAL DESIGII

The important factors in the study were aÍ-r tenperature and air

relative hunidicy. A 2x4 factorial design !Ías planned using two

relat,ive hunidlty (RIt) levels (80 and 90t) and four temperarure levels

(7.5, 15.0, 22.5 and 30.0'c). Three replicacÍons at each combínation

of tenperature and relative humÍdity were done. Due to the linitations

of the Clirnate-Lab-AA unit, the mÍ.nlnrrn temperature reached at 90t RH

was 16'c. Therefore, tests were done at 16"c instead of l-5"G and no

test could be done aE 7.5oC when the relative humidÍty level was 90t.

The initial moisture content of the seed and the air velocity were kept

constant in all cests at 7.0t, wb, and 0.43 m/s, respectively, to

elirninate any variation from these two sources. Separate experlmenÈs

were done at initÍal noisture contenüs of 5.0, 7.0 and 10t, wb, at 90t

RH, 30'c temperature and 0.43 m/s air velocity to observe any

significant effect of lnitial moisture content on rerüetting of canola.

Three replicates at each initÍal molsture content rüere done.

Experiments srere also done at 0.1-0, 0.25 and 0.43 m/s alr velocity when

other variables were kept constant (90t RH, 3o'c temperature and 7.0t

initial moisËure content). Tlrree repl-icates at each air velocity were

carrled out.
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4. T,IATERIAIS AITD I{EIUODS

4.L Experimental tletting Unit

A schemat,ic drawing of the experimental unit used in thin-layer

rewetting experiments is shown in Fig. 4.L The unit consisced of a

Clinate-Lab-AA (C-L-AA) unít (Par¡meter Generation and control, Inc.

Black Mountain, NC), nixíng and wetting chambers, a sample holder, an

electronic weighÍng balance, and duct work. The air was condítioned to

a desired relative hunidity and temperature by the C-L-AA unit. rtre c-

L-AA unít contalned a !Íater bath wlth heatíng and cooling coils

immersed in the water. the \ùater temperature was controlled

electronically. l.Iater l¡as forced through spray nozzLes which created

a flne nist of water. Air rÍas passed through the mlst. Heat and water

vapor transfer between droplets and air through a thfn fihn of

saturated aír ellnging to each droplet continued until an equiltbrir¡.n

condition was reached. This allowed control of air relative hunÍdity

through control of water temperature. The air was then heated to the

desired dry-bulb temperature by electric heaters.

The condltÍ.oned air was delivered to the \retting chamber through

the duct work end the mixing chamber. The wetting chamber was about 96

cm long and had a flow area of L225OO nm2 (350 nm X 350 un). The

nixing chamber was 600 mm X 60 un X 60 run. A honeyeornb screen rras

fitted et the inlet of the wetting chamber to smooth out the air

velocity pattern. The sanple holder was made of two detechable square

frames with brass screens. The brass screens of the sanple hoLder were

supported by honeycomb screens. The sanple holder was placed in an
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upright position with the thin layer of rhe sample held tíghrly Ín rhe

vertical plane and exposed fully to the air flow. The sten of a fr¡me

supporting the sample holder !Ías passed through a hole in the floor of

the wetting chamber and resËed on the platforn of the wetghlng scale.

The edges of the supporting frarne were kept 25 nn clear from the side

walls of the wetting chamber. The aír from the outlet of the wetting

chamber was recirculated to the G-L-AA unit to complete the air cycle.

A by-pass duct l¡ith a slide gate and a by-pass valve ïras attached

between the lnlet and outlet ports of the C-L-AA unft. Íhe slide gate

and the by-pass valve were used to change the air velocity.

Ttre temPerature and relative hr¡mÍdíty of the conditiqned air luere

measured with a hunidity and tenperature probe (HMP 3Lur vaisala oy,

He1sinki, Flnland). The tenperature was also neesured by a mercury-in-

glass thermometer, and three type T thermocouples located 10 cu atray

fron the top and bottom of the sanple holder and 35 cm eway fron the

niddle of the sample holder (Fig. 4.L>. The hrrnidity sensor nas

calibrated once every tlÍo months uslng saturated salc solutions of

lÍthíun chloríde (L2* RII), sodium chlortde (75t RH) and porassir.n

sulphate (97* RII), wirh a HMK1l calibraror (Vaisala, Oy, Helsinki,

Finland). The air velocÍty !üas measured by traversing a hot wire

anemometer (Air Flow Measurenents, Missisauga, ON) and taking Ëhe

average of the air velocity at six equidistant poÍnts in the cross

section of Èhe wetting chanber. A Gorona personal computer was used

for on-line recording of the change in the mass of Èhe wettíng sanple.

The thernocouple readíngs were also recorded by the computer.

20



4.2 Sample Preparation

The canola, B. campestris L., used in the experiments was cultlvar

Tobin which is widely grolJn in Canada. Clean canola seed at about 6.0t

moisture content, wb, rras purchased from a rocal seed supplier. The

seed were remoistened to the desired inÍtial moisture contents for a

test by sprinklíng predeternlned quantitÍes of distilled rtrater on a

sufficient sample size of canol-a for a test. The remoistened sample

was kept 1n a sealed contalner and tunbled genÈly but constantly for

the first hour after addÍng the v¡ater to ensure uniform and complete

rníxing. The sample was then kept at least for another 4g h at room

temperature wlth occasÍonal tu¡nbling. sokhansanj et al. (1983) found

that the artificially remolstened canola requires less than z h of

tempering at 25oC for the even distributlon of moisture in the seed.

The ínitial moisture content of the sample was measured príor to the

beginning of each test. All the moisture content determinations were

done according to the procedure outlined in the ASAE standard S 352.L

(ASAE, L987) by dryÍng sanples for t+ h ar 130'c in an air convecrion

oven.

4.3 Test Procedr¡re

The C-L-AA unft was turned on and the air condÍtions for a test

sec, at least 24 h before the test \üas to begÍn. Minor adJustments in

the settings were nade before starÈing the tesc to achieve the desired

conditions accurately. The sample size for all the tests was 140 g.

this sarnple size was sufficienÈ to forn a one-kernel-thick layer on the

screen of the sanple holder. The canola sample was spread over the

screen of a frame of the sanple holder. the tr¡o frames of the sanple
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holder were then clamped together at the sldes and botton using three

pLastfc clamps and at the top usíng two metalllc clamps. Some kernels

slid as the sample holder was placed in the upright positíon in the

wetting chamber and the actual thin-layer used in the tests was one to

two kernels thick. A data acquÍsítion progrâm nas started as soon as

the loaded sanple holder was placed ínside the vrettíng chamber. The

data on gain in mass of the sample with time and thermocouple readings

were stored on diskettes

Based on the trial runs of up to 46 ot 70 h, it was concluded that

23 h of test run was sufficÍent for canola sarnples to reach equilÍbrir:n

moisture at 15'c or hígher. At 7.5'c, 46 h rsere requÍred to reach

equílibrium noisture. Accordingly, the tests were run for 23 h at 15.c

or more and for 46 h at 7.5"c. lhe ftnal moÍsture contents of the

samples were determined after each test was over.
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5. RESIILTS AI¡D DISCUSSIOI{

5.1- Ttrin-Iayer rewetti-ng and El{C data

Thin-layer rewettÍ-ng-rate data for canola, ln terms of change in
moisture ratio (!R) and moisture content (dry nass basis) with tíme at

different temperature and relative hunidity combinations, are gÍven in
Appendix A (Tables A1 to Table A21). Rar¡ data are included Ëo

facilitate further data analysis by other researchers Ín the future.

The values of MR were calculated usíng Eq. (7). The final moisture

conuent obtained in each test lras taken as the equilibrit¡n moisture

content (EMC) for the test. The values of average equilibrfu.¡m moisture

content fron three replicates done at different combinations of

temperatures and relative hr:niditíes are given in Table 5.1_.

Jayas et al. (L98S) suggested that an investigator conducting

thin-layer moisture transfer experiments should determine hís own EMC

values to eliminate most sources of variation affectíng EMC values such

as surface propertles, physfcal structure, and prior moísture history
of grain and voh.ue changes durÍng moísture sorption. rf a thin-layer

moisture transfer experiment Ís run for a sufficiently long time to
allow grain to reach near-equiLfbrir:n moisture conÈent, then any

variaÈion due to different meËhods of EMC detenninatíon would also be

elininated.

5.2 comparison between liquid diffusion and page,s equatÍ.on

The solution of the liquÍd diffusion equation for an isotropÍc and

homogeneous sphere (Eq. (6)) and page's equation (Eq. (11)) are rhe rnro

commonly used equations to describe drying or re\retting of cereals and
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Tabre 5.1. Adsorption equilibrium moisture contents of canola.

Temperature

("c)

7.5
1_5.0
22.5
30.0

l_6 .0
22.5
30.0

RH

(r)

* S.D. ís standard deviation based on three replicates

80
80
80
80

90
90
90

13.9
L2.7
L2.O
LI.2

L7.7
L7.0
t_4.0

0.21_
0. l_3

0.13
0. 10

0.34
0. 3L
0. s3
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oilseeds. Nonlinear regressions \Íere carried out usíng procedure NLIN

of SAS (1985) to fit the data of four typical rerüeæÍng tests, T9O3O1-

(test conducted at 90t Rtl, 30oc, repLícate# 1), T90t-61 (test conducted

at 90t RH, 16'c, replicate# 1), T8o22L (test conducÈed et gOt RH,

22.5"c, replicate# l-), and 180071- (test conducted at 8ot RH, 7.5"c,

replicate# 1), to both Eq. (6) and Eq. (11), separarely. rhe rrüo

equations were comPared for their ability to describe the experimental

data. The criterÍa used to determÍne the better fítting equatlon were

lower values of standard error (s,E.) of MR and randonness in

residuals. Eq. (6) is in terms of an infinite series. However, to use

Eq. (6) in nonlinear regression the inflnite series \ras approximated by

takÍng sunmatíon of the first 40 terns Ín the series. For typical test

data, the value of S.E. of MR did not change ax the fourth decirnal-

place when the nr:mber of terms in the infinite series of Eq. (6) were

increased beyond 40. Hence, 40 terms \rere adequate to approxímate Èhe

Ínfinite series of Eq. (6). The values of s.E. of MR obtained for the

best nonrinear fit for four tlpical test data-sets usíng Eq. (6) with

40 term series and Eq. (11) are given in Table 5.2. The resídual plots

of l.lR obtained with Eq. (6) and Eq. (11) for a rypicel re!¡eæing resr

are given ln Flg. 5.1- and 5.2, respectlvely. The values of s.E. of MR

for the llquid diffusÍon equarion (Eq. (6)) were nuch higher than rhose

for Page's eguatíon (Eq. (11)) (Table 5.2 and, Fig. 5.1 and 5.2).

Further, the residual plot for the liquid diffusion equation lras

patterned whereas residuals of Page's equation were randornly scattered.

Therefore, lt can be concluded that page,s equation is a better nodel
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Table 5.2 Standard error of moisture ratÍo for the liquid díffusion
and Page's equation.

Test

T90301 30.0
T901_61 L6 .0
T8022L 22.s
T80071 7 .5

Temp

('c)

RH

G)

90
90
80
80

liquid diffusion
Eouation

0.0332
0.0544
0.0424
0.0426

Page

0.0104
0.0079
0.0082
0.0083
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for deseribing the rewetting rates of canola. only page,s equatÍon rüas

used in further data analysís in this study.

5.3 l{etting parameters of Page's equation

Nonlinear regression, uslng procedure NLIN of sAs (l-985), was done

to estimate par¡meters k and n of Eq. (11). The values of parameters k

and n of Eq. (11) and rhe corresponding s.E. of MR obtained by rhe

regresion are given in Table 5.3. Page's equation described the

experimental rewetting rate of canol-a at all the temperatures and

relative ht¡midities very rsell with S.E. of MR less than 0.01 in all but

two tests (lable 5.3). The predicted and obserrred values of moisture

content (dry mass basis) for typícal rewetting tests at different

conbinations of temPerature and relative hurnidity are shown Ín Appendix

B (Fig.BL to 89). FÍ9.81 ro 89 furrher íllusrrare rhar page,s

equation described the experinental data successfully at all
temperature and rel-atÍve hunidfty combinatlons.

Based on the analysis of variance done using procedure GLM of SAS,

the parameter n did not vary significantly with the temperature (p >

0.05). Hence che parameter n lras averaged over all tenperatures at 80

and 90t RH, separately. the average values of n were 0.790 and 0.g56

at 80 and 90t RH, respectlvel-y. Ttre nodlfied k values and the

corresponding s.E. of MR when the average values of n were used, are

given in lable 5.4. The s.E. of MR was less than 0.01 for alr but

three tests whích shows that the predíction of rewetting rates with

average values of n rüas good. The k values fron Table 5.4 can be

compared between different temperature levels to show the effect of

temperature on the rewetting rate. rn the treatments âmong which
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TABLE 5.3 Ïhe parameters
rewettíng rates

Test No.

1
2
3

4
5

6

Temp. *
('c)

k and n of Page's
of canola.

30.0
30.0
30.0

22.5
22.5
22.s

l_6.0
l_6.0
1_6 .0

30.0
30.0
30.0

22.s
22.s
22.5

1s.0
ls.0
1s.0

7.5
7.5
7.5

RII**
(r)

7
I
9

10
l1
L2

l_3

L4
1_5

90
90
90

90
90
90

90
90
90

k

equation for thin-layer

0.0349
0.0244
0.0236

0.023L
0.0173
0.01_86

0.0132
0.0126
0.01_26

0.0339
0.0380
0.0351

0.0184
0.0193
0.0245

0.0117
0.0161
0.0L14

0.0087
0.0078
0.0089

t_6

L7
l_8

l_9

20
2L

80
80
80

80
80
80

80
80
80

o.77L
0.882
0.900

0.819
0. 881
0.872

0.854
0.860
0.867

o.774
o.745
0. 760

o.796
0.801
0.769

0.81_4
0.784
0.834

0.782
0.831
0. 793

s.E.***

Teuiperature varied t2"C

Relative htrmidíty varied

S.E. - standard error of

0.0104
0.00s7
0.0008

0.0072
0.0045
0.00s8

0.0079
0.0061
0.0049

0 .0082
0.0099
0.008s

0.0056
0.0082
0.00s9

0.0071_
0.0083
0.0134

0.0083
0.0067
0.0086

80
80
80

+38

moisture ratio
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TABLE 5.4 The
the

nodÍfied values
average values

Test No. Tenp.*
('c)

l_

2
3

of parameter
of pareneter n

4
5
6

7
I
9

30.0
30.0
30.0

22.5
22.s
22.s

16.0
16.0
16.0

RH**
(r)

k of Page's equatÍon when
are used.

90
90
90

t 0 30.0
11 30.0
L2 30.0

13 22.5
L4 22.5
15 22.5

L6 1s.0
L7 1s.0
1_8 1s.0

L9 7.5
20 7.s
21 7.s

k

90
90
90

90
90
90

0.0243
0.0272
0.0283

0.0196
0.0194
0.0200

0.0131
0.01_28
0.0133

0.0317
0.0314
0.0316

0.0189
0.0202
0.0222

0.01_33
0.01_s6
0.0144

0.0083
0.0098
0.0091

s.E.***

80
80
80

0.0L77
0.0068
0.0078

0.009s
0.0061
0.0063

0.0078
0.0068
0.0078

0.0086
0.01_2s
0.0104

0.0056
0.0083
0. 0073

0.0088
0.0083
0.01_62

0.0084
0.010s
0.0086

Temperature varied *2oC

Relative hunídity varied +3t

S.E. - standard error of moisture ratio

80
80
80

80
80
80

80
80
80

Note: AI
AT

80t RH, average
90t Rll, average

n
n

- 0.790
- 0.856
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parameËer n is the sane, a higher value of pararneter k corresponds to a

faster rel¡¡etting rate. At 80t RH, the rer¡etting rate increased sharply

between 7.5 and l-5.0'C (58t lncrease ín k), a bÍt slowly between 15.0

and 22.5"C (42* increase in k) and sharply again between 22.5 and

30.0'C (54t increase in k). At 90t RH, the k value increased by 50t

beËween 16.0 and 22.5'C and by 35t between 22.5 and 30"C.

5.3.1 Paraueter n as a product-dependent constant

As discussed in chapter 2, paråmeter n of Eq. (l-l-) nay be assurned

as a product-dependent constant for low temperature drying or revretting

of cereals and oilseeds. The assumption makes it possible to compare

the effects of temperature and relative hunidity on rewetting rates by

direct comparisons of parameter k. For further analysis, the overall

average value of n from all the 2L tests lras assumed as a produet-

dependent constant for the rewetting of canola. Ihe overall average

for n was 0.818. Table 5.5 shows the values of par¡meter k for all the

tesus when the par¡meter n was fixed at 0.818, and the corresponding

s.E. of MR values. The s.E. of MR values did not exceed 0.016 for any

test, therefore, the assumptíon of taking n as a product-dependent

constant seems valid for representing the rewetting rate data of

canola. Maximr¡n S.E. of ¡ÍR \Ías obtained for test l-l- (Table 5.5)

conducted at 808 RH and 30'c tenperature. Fig. 5.3 shows the observed

moisture content and the moisture content predicted by Page,s equation

when the value of parameter n was 0.818, for test L1. The difference

between observed and predicted moisture content did noü exceed 0.3

percentage points (Fig. 5.3). Ihís further suggests that assr.mption of
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TABLE 5.5 The nodified values
an overall average

Test No. Temp.:k
('Ç)

1-

2
3

4
5

6

7

I
9

10
11
L2

30.
30.0
30.0

of paraneter k of
valueofn-0.818

RH**
(r)

22.s
22.5
22.s

16.0
16 .0
16.0

30. 0
30.0
30.0

90
90

90
90
90

90
90
90

k

0.0286
0.0318
0.0332

o.0232
0.0231
0.0237

0.01_58
0.0155
0.0160

0.028L
0.0279
0.0280

0.0166
0.0178
0.01_9s

0.0114
0.0135
0.0L24

0.0070
0.0084
0.0078

Page's equation when
is used.

13 22.5
L4 22.s
ls 22.s

l_6 l_s.0
L7 1_s.0
18 15.0

L9 7.s
20 7.5
2L 7.5

s.E.***

80
80
80

80
80
80

0.01-30
0.01r.4
0.0133

0.0071
0.0117
0.0107

0.0r_04
0.0101
0.010s

0.011r_
0.01s9
0.0126

0.0069
0.0087
0.0112

0.0071
0.01_09
0.0136

0.0114
0.007r.
0.0099

Temperature varied t2oC

Relative hunidÍty varied

S.E. - standard error of

80
80
80

80
80
80

+3t

moisture ratio
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taklng n as product-dependerit constant did not affect the accuracy of

predíctlon appreciably.

5 -4 Effects of tenperature a¡rd relative hr.¡midít¡r on rewetting

Anarysís of variance was carried out to see the effects of

temPerature, relatíve hunídity and interaction bet¡seen temperature and

relative hr:mÍdity on the rewetting rate of canola. The interacËion

term !Íes first lncluded in the AIiIOVA model. The effect of interaction
was not signifícant (p > 0.05). Therefore, the interaction term was

dropped fron the nodel and analysis of varíance was re-done. Both

temperature and relarive hrrnidity had a significant effecr (p < 0.05)

on rerüettíng rate of canola. Fig. 5,4 and 5.5 also illustrate the

sígnificant effect of temperature and relaÈive hr:nÍdity 01 the

rewetting rate of canola.

5-4.I- Relating wetting parameter k wittr teulreraü¡re and RII

To quantify the effect of temperature and relative hr¡mldity on the

rewetting rate of canola, the procedure GLM of SAS was used to find a

linear relationshlp between k as a dependent varlable (Table 5.5), and

temperature and relatíve hrrnidity as independent variables. The

relatÍonship obtained was:

k- - 0.0257 +0.00094T+0.00031 RH -(13)

where:

T - temperature, "C

RH - relative hr.¡midity, t.

The value of x2 obtaÍned in the linear regression \ras 0.96

indlcating a good fit. Ttre p value associated r¡ith the coefficlent of

temperature in Eq. (13) was 0.0001 whereas p value assocÍated wíth the
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coefficient of RH was 0.001-0. Tenperature, therefore, has more

significant effect on rewetting of canola than relative hr:nÍdity.

Values of coefficients associated with temperaLure and relative
hunídity in Eq. (13) also indicaËe the s¿rme. It has been reported that

for other oilseeds and cereals, such as sunflower seed, soybean,

shelled corn and barley, temperature had a more sÍgnificant effect on

moisture transfer rate than relative hr,rnidfty (syarlef et al., L9g4;

Osborn et al., l-988; Mísra, Lg78; Jayas and Sokhansanj, 19g6).

Substitution from Eq. (13) gives:

MR: exp(-(- 0.0257 + O.O0O94 T + 0.00031 RIr) 10.818) -(14)

Eq. (14) can directly be used in e deep bed drying sinulation

model to predict the rewetting under hígh ambient relative hunÍdity

conditions. Table 5.6 shows the s.E. of MR when equatlon (L4) is used

to predict the rewetting et the test condÍtlons. Maxfnr.¡m s.E. of MR

\üas obtained for test 20 (Table 5.6) conducted at 7.5"c and got RH.

Fig. 5.6 shows the moisrure content predicted by Eq. (14) and the

observed moisture content for test 20. The maximun dlfference between

the predicted and observed moisture content at any tine for test 20 was

1.1- percentage points (rlg. 5.6). the dífference between noÍsture

content predicted using Eq. (1-4) and Èhe observed moisture content \rere

calculated for all the 21 tests. Based on these calculations, it was

found that the dlfference between moisture content predicted by Eq.

(14) and the observed moisture content did not exceed 0.4 percentage

Points for tests done at temperature and rel-ative hr:nidíty combinations

other than 7.5oC and 80t RH. This much error can be accepted for rnost

practÍcal purposes when workíng with bioroglcal products. Eq. (14),
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TABLE 5.6 The values of standard error of moisture ratio when the
parâmeter k in Page,s equation is a linear function of
temperature and relative htrnidity.

Test No.

t
2

3

4
5
6

7
I
9

Ternp. *
('c)

30.0
30.0

RIt**
(8)

22.s
22.s
22.s

16.0
16.0
16.0

30.0
30.0
30.0

22.5
22.5
22.s

15 .0
1s.0
1s.0

7.5
7.5
7.s

90
90
90

10
tt
L2

13
L4
L5

s.E.***

90
90
90

90
90
90

80
80
80

0.017s
0.0164
0.0247

0.007L
0.01L7
0.01-21

0.0207
0.o24s
0.0L77

0.0138
0.0171
0.0r_s9

0.0438
0.0289
0.0131

0.0333
0.0145
0. 0L82

0.0609
0.0772
0.0397

l_6

L7
18

19
20
2L

Temperature varied t2oC

Relative hunidity varied t3t

S.E. - standard error of rnoisture ratio

80
80
80

80
80
80

NOTE:

80
80
80

k : - 0.0257 + 0.00094 T + 0.00031 Rr{
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therefore, can be used for prediction of rewetting of canola in the

temperaÈure range fron 15 to 30'c. At temperatures lorser than 15oc,

Eq. (1-4) should be used with caurion.

5.5 Effect of initial molsture content on rewetting

The re¡,¡etting rate data, in terms of change ín moisture ratio and

moísture content (dry mass basis) with time, at dÍfferent initial
moisture contents when other variables in the test were kept constant,

are given 1n Appendix c (Tables cl- to c9). The k and n values for the

cests done to study the effect of Ínitlal rnoisture content on rewetting

rate are gíven in Table 5.7. Based on the analysis of varíance, no

signíficant difference (p > 0.05) rüas found in the parâmeter n åmong

different initiaL moisture conÈent levels. The values of n were,

therefore, averaged over all the tests done aL different inlclal
moisture content levels. Ttre everage value of n was o.B5g. The

regressions lüere re-done to estlmate the nodifled values of parameter k

corresponding to the average value of parameter n (Table 5.7) .

Analysis of variance sho¡sed that the nodÍfied values of paraneter k did

not dÍffer slgniflcantly amorg dÍfferent lnitial moisture content

levels (p

initial molsture content does not affect the wetting rate of canola.

Fig. 5.7 also shows the insignificant effect of Ínitial moisrure

content on rerùetting rate. syarÍef et al. (1984) found no effect of

inÍtial moÍsture content on dryfng rate of sunflower seeds. Osborn et

al. (1988)'found the effect of initial uoisËure content on rewetting

rates of soybean to be tnsignificant. Results from this study and

those reported by syarief er al. (L9s4) and osborn er al. (19gg)
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TABLE 5.7 lhe parameters k, n and nodified
various initial moÍsture content
conditíons were maintained at 30

IMC
(t wet basis)

5.0
5.0
5.0

7.0
7.0
7.0

10.0
1_0.0
10.0

k

0.0324
0.029s
o.0299

0.0349
0.0244
0.0237

0.0214
0.0209
0.0167

k of Page's equatíon for
(IMC) tests when aír
+ 2"C and 90 t 3t RH.

* ModifÍed k values correspond
n : 0.858.

0.788
0.830
0.827

0.77L
0.882
0.900

0.87L
0.892
0.959

nodified k*

0.0262
0.0263
0.0242

0.0242
0.0270
0.0281_

0.0226
0.0242
0.02s9

to the regression with average
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suggest that initial molsture content xnay not have an appreciable

effect on molsture transfer rates of oÍIseeds.

5.6 Effect of air velocit¡r on rewettÍng

The data of the tests conducted to ínvestigate the effect of air
velocity on the rewettÍng rate are given in Appendix D (Tables Dl to
D9). The vaLues of estimated parâmeters k and n of Eq. (11) and

corresponding s.E. of MR are shown in Table 5.8. parameter n díd not

differ significantly (p > 0.05) between different air. velocity levels.

The regressions llere re-done r¡ith thè average value of parâmeter n.

The average of n was 0.848. The nodified varues of parrrngter k are

given Ín Table 5.8. Duncan, T, and scheffe nultiple conparison tests
(SAS 1-985) were done. Results of nultfple comparison tests showed that

the rewetting rate did not dÍffer significanrly between 0.25 anð, O.43

m/s aír velocities. The rer¡ettlng rate, however, rüas slower at O.1O

m/s air vel-ocity than at the other two velocitles. FÍg. 5.g shows the

same result. studies done by simmonds et al. (1953), chittenden and

Hustrulid (1966), Rugumayo (L979), and Misra (L979) suggesr rhar aÍr
velocÍty may not have a significant effect on moisture transfer rate of
cereals and oílseeds if it is above a critical value of about 0.1-6 n/s.

For rewetting of canola, crítical aÍr veloclty is between 0.10 and 0.25

m/s.
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TABLE 5.8 The parnmeters k, n and nodified k of page,s equatíon for
various air velocity tests when air conditions were
mainrained ar 30 + 2"C and 90 + 3t RH.

AÍr Velocity
(n,/s )

0. l_0

0.10
0.10

0.2s
0. 25
0.25

0.43
0.43
0.43

k

* Modified k values correspond Ëo the regression wíth average n -
0. 848.

0.0206
0.0179

0.0256
0.0266
0.0213

0.0349
0.0244
0.0237

18s 0. 841
0. 833
0.859

0.831
0.836
0.898

0.77L
0. 882
0.900

nodified k*

0.0180
0.0193
0.0189

0.0238
0.02s3
0.0263

0.02s2
o.0282
0.0293
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6. CONGIUSIONS

Based on the results of this study the following specÍfic

conclusions can be drawn:

l-. The liquid diffusion equation does not describe the rewetting rate

data of canola satisfactorily.

2. The rewetting rates of canola agree wel_l with page, s equation.

3. The parameter n of Page's equation can be assuned as a product-

dependent constant because such an assumption does not

appreciably increase the error in predicting the rewetting rate of

canola.

4. The par"meter k of Page's equation can be expressed as a function

of tenperature and relative hr.¡midity for canola:

k: -0.02s7 + 0.00094 T + 0.00031 Rn

5. The initial moÍsture content does not affect the rewetting rate

of canola sígnifÍcantly in the range fron 5 to 10t wet mass basis.

6. The rewetting rate of canola does not change sígnificantly wiuh

air veloclty in the range from 0.25 m/s to 0.43 m/s. The

reweÈting rate, however, ís slower at 0.L0 nrls.
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l-.

7. SUGGESTIOT{S TþR FTIIT'RB RESEâRCII

Thin-layer dryÍng rates of canola in the low temperature range can

be determined using the sâme experimental uniË that was used ín this

study. The combined drying and wettÍng rate daËe can Èhen be used in
developing a deep-bed near-anbíent drying sirnulatíon model for canola.

The moisture hístory of grain affects its drying and wetting raÈes,

and equilibrír¡¡n moisture content (sokhansanj et al., 1994b; Jayas eÈ

al. , 1989). The effect of moisture history of grain on its drying and

wetting rates, antd equilibrium moisÈure conÈent should be studied in
greater detail.

Moísture transfer rates through different components (endosperm,

germ, aleurone layer, pericarp) of a graÍn kernel should be

studíed to facilitate theoreticaL explanation of moÍsture transport

mechanisms involved in drying or wetting of grain.

2.
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Table A1: change in moisture ratio and moisture content
with time for test at Temp=3g.0oC, RH=90% andair velocity=g.43 m/s. Réplicate* 1.

isture Content(dry mass basis)
Mo

8.15
8.72
9.21
9. 56
9.91

10. 19
10.40
10.75
1 0.89
11 .17
11 .31
11,45
11 .87
12.36
12.s0
12.85
1 3.06
13.20
13.34
13.48
13.69
13.83
13 .97
14 .11
14. 18
14 .25
14 .25
14 .32
14 .32
14.39
14 .39
14 .39
14 .46
14 .46
14.53
14.53
14.53
14.53
14.53
14. 53
14.53
14.53

Rat ÍoMoi sture

91
83
76
71
66
62
59
54
5¿
48
46
44
38
31
29
24
21
19
17
15
12
10
08
06
05
04
04
03
03
02
02
02
01
01
00
00
00
00
00
00
00
00

1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.'
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

Time
(min )

5.00
10.00
15.00
20.00
25.00
30.00
3s.00
40.00
45.00
50.00
55.00
59. 00
7 4.00
89. 00

1 04.00
119.00
1 34.00
1 49.00
1 64. 00
1 79.00
209.00
239.00
269.00
299 .00
359. 00
419.00
479.00
s39.00
599.00
6s9.00
71 9. 00
779.00
839. 00
899. 00
959. 00

1 01 t.0o
1 079. 00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379. 00
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Table A2: Change in moisture
with time for test
air velocitY=9.43

Time
(min)

0.00
s.00

10.00
15.00
20.00
2s.00
30.00
35.00
40.00
45.00
s0.00
55.00
s9.00
74.00
89.00

1 04.00
119.00
134.00
1 49.00
1 64.00
1 79.00
209.00
239.00
269.00
299. 00
3s9.00
41 9. 00
479.00
s39.00
599. 00
6s9. 00
71 9.00
779.00
839.00
899. 00
959. 00

1019;00
1 079.00
1 1 39.00
1199.00
1 259.00
1319.00
1 379.00

Moisture Ratio

ratio and moisture content
at TemP=3O.0 oC, RH=90% and

m/s. Replicate# 2.

1 .00
0.91
0.84
0. 78
0.71
0.65
0.61
0.57
0. s3
0.49
0,46
0.43
0 .41
0.34
0.28
0.23
0.19
0.16
0.12
0.11
0.09
0.07
0.06
0.05
0.03
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Moisture Content(dry mass basis)

7 .53
8.10
8. s3
8.91
9.3s
9,73
9.98

10.23
10.48
10.73
10.92
11.11
11 .24
1 1 .6'7
12.05
12.37
12.62
12.81
13.06
13.12
13.24
13 .37
13.43
13.50
13 .62
1 3,68
13.75
13.75
13.75
13.81
13.81
13.81
13.81
13.81
13.81
1 3.81
1 3.81
1 3.81
1 3.81
1 3.81
13.81
13.81
13.81
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Table À3: Change in moisture
with time for test
air velocitY=9.43

Time
(min )

0.00
5.00

10.00
15.00
20.00
2s. 00
30.00
35.00
40.00
45.00
s0.00
55.00
s9. 00
7 4.00
89.00

1 04.00
119.00
1 34.00
1 49. 00
1 64.00
1 79.00
209.00
239.00
269.00
299.00
3s9.00
41 9.00
479.00
s39.00
599. 00
659. 00
719.00
779.00
839. 00
899.00
9s9.00

1019:00
1 079.00
1 1 39.00
1 1 99.00
1 2s9.00
1 31 9.00
1 379.00

Moisture Ratio

ratio and moisture content
at TemP=30.0oC, RH=90% and

m/s. Replicate# 3.

1 .00
0.91
0.83
0.76
0.70
0.6s
0.60
0.56
0.51
0.49
0.45
0 .42
0.40
0.32
0.26
0.22
0. 18
0.15
0.12
0.09
0.07
0.05
0.04
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Moisture Content(dry mass basis)

7. s3
8.07
8.54
8.96
9.32
9 .62
9.92

10.16
1 0.45
10.57
10.81
10.99
11.11
11.59
11.95
12.19
12.43
12.60
12.78
12.96
13.08
13.20
13.26
13.32
13.44
13. 50
13.50
13.50
13.50
13.50
1 3.50
13.50
13.s0
1 3.50
13.50
1 3.50
13.50
13.50
13.50
13. s0
13.50
13.50
13.50
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Table À4: Change in moisture
with time for test
air velocitY=9.43

Time
(min )

0.00
5.00

10.00

I'fo i sture Rat i o

15.00
20.00

30.00
35.00
40.00
45.00
50.00
55.00
59.00
74.00
89.00

1 04.00
1 19.00
1 34 .00
1 49.00
1 64 .00
1 79.00
209.00
239.00
269.00
299.00
359.00
41 9. 00
479.00
539.00
s99.00
659.00
719 .00
779.00
839.00
899.00
959. 00

1 019:-00
1 079.00
1 1 39.00
1 1 99.00

25.00

ratio and moisture content
at Ternp=22.5oC, RH=90% and

m/s. Replicate# 1.

1 .00
0.93
0 .87
0.81
0.77
0.73
0.69
0.65
0 .62
0. s9
0.57
0.54
0.52
0.45
0.40
0.35
0.31
0.28
0.2s
0.22
0.20
0.15
0.12
0.11
0.09
0.07
0.04
0.04
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00

Moisture Content(dry mass basis)

7.53
8.21
8.80
9. 38
9.77

10.16
10.55
1 0.94
11 .23
1 1 .53
11.72
12.01
12.21
12.89
13.38
1 3.87
14.26
14.55
14.84
15.13
15.33
15.82
16.11
16 .21
1 6.40
1 6.60
1 6.89
1 6.89
16.99
17.08
17.08
17.08
17.08
17.18
17 .18
17.18
17.18
17.18
17 .28
17 .28
17.28
17.28
17.28

1 259 .00
1 31 9.00
1 379.00
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Table À5: Change in moisture ratio and moisture content
with time for test at Temp=22.5"C, RH=90% and
air velocity=0.43 m/s. Replicate# 2.

Time
(min )

0.00
5.00

1 0.00
15.00

Moisture Ratio

20.00
2s. 00
30.00
35.00
40.00
45.00

1 .00
0.93
0.88
0.83
0.78
0.74
0.70
0.67
0. 54
0. 60
0 .58
0.55
0. s3
0.46
0.41
0.36
0.31
0.27
0.24
0.21
0. 18
0. 14
0.11
0.09
0.07
0.04
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

50.00
55. 00

75. 00
90.00

1 05.00
1 20.00
1 3s.00
1 50.00
1 6s.00
1 80.00
210.00
240.00
270.00
300.00
360.00
420.00
480.00
540. 00
600.00
660.00
720.00
790.00
840.00
900.00
960.00

1020:40

60.00

Moisture Content(dry mass basis)

7 .53
8 .17
8.63
9.08
9. 54
9.91

10 .27
10.55
1 0.82
11.19
11.37
11 .64
11.83
12 .47
12.92
13.39
1 3.84
14 .20
14 .49
14.75
1 5.02
1s.39
15. 66
1 5.85
16.03
1 5.30
16 .49
16. s8
1 6.58
1 5.58
16.58
16.58
16.58
16.58
16 .67
16 .67
16.67
16.67
16 .67
16 .67
16.67
16.67
16.67

1 080. 00
1 1 40.00
1 200.00
1 250.00
1 320.00
1 380.00
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Table À6: Change in moisture ratio and moisture content
with time for test at Temp=22.5"C, RH=90% and
air velocity=9.43 m/s. Replicate# 3.

Time
(min )

0
5

10
15
20
25
30
3s
40
45
50
55
tro
74
89

104
119
134
149
164
179
209
239
269
299
3s9
419
479
539
599
659
719
779
839
899
959
019
079
139
199
2s9
319
379

00
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
:-0
.0
.0
.0
.0
.0
.0

Moisture Ratio Moisture Content(dry mass basis)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

00
93
87
82
77
74
69
66
62
60
57
54
53
45
40
35
30
27
23
20
17
13
10
08
07
05
03
03
02
02
01
01
01
00
00
00
00
00
00
00
00
00
00

7.53
I
I
9
9
9

10
10
11
11
11
11

19
75
22
69
98
45
73
11
29
s8
86
95
71
18
65
12
40
78
06
34
72
00
19
28
47
66
66
75
75
85
85
85
94
94
94
94
94
94
94
94
94
94

11
12
13
13
14
14
14
15

1

1

1

1

1

1

1

15
15
16.
16.
16.
16.
16.
16.
15.
16.
16.
16.
15.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
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Table A7 i Change in moisture
with time for test
air velocity=9.43

(min )
ne

s.00
10.00
15.00
20.00
25.00

Mo sture Ratio

ratio and moisture content
at Temp=16,0oC, RH=90% and

m/s. Replicate# 1.

30.00
35.00
40.00
45.00

1 .00
0.96
0.92
0. gg
0.85
0.82
0.79
0.76
0.74
0 .71
0.69
0 .67
0.65
0.59
0. 54
0. 50
0 .46
0 .42
0.38
0.35
0.33
0.30
0.28
0.26
0.24
0.20
0 .17
0. 15
0.12
0. 10
0. 08
0.07
0.06
0.05
0.04
0. 04
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00

50.00
55.00
s9.00

Moisture
(dry mass

74.00
89.00

1 04.00
119.00
134.00
1 49.00
1 64.00

Content
basis)

1 79. 00

7
I
I
I
9
9
9
0
0
0
0
0
1

2
2
2
3
3
3
4
4
4
4
4
5
5
5
6
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7

1 94.00

92
31
70
99
28
58
87
06
35
55
74
94
52
01
40
79
18
57
86
05
35
54
74
93
32
61
81
10
30
49
59
69
78
88
88
98
98
08
08
17
17
27
27
27
27

209. 00
224.00
239.00
269.00
299.00

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

329.00
389.00
419.00
479.00
539.00
s99.00
6s9. 00
71 9. 00
779.00
839:-00
899.00
959.00

1019.00
1 079.00
1 1 39.00
1199.00
1 2s9.00
1319.00
1 379.00
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ratio and moisture content
at Temp=16.0oC, RH=90% and

m/s. Replicate# 2.

oisture Content(dry mass basis)

94
36
67
08
39
70
91
22
43
53
94
05
67
18
70
91
53
84
15
46
66
87
08
39
70
01
22
63
84
94
15
25
35
46
56
66
66
77
77
77
87
87
87
87
87

Table À8: Change in moisture
with time for test
air velocíty=9.43

7
I
I
9
9
9
9

10
10
10
10
11
11

sture Rat

96
92
89
85
82
79
77
74
72
70
67
66
60
55
50
48
42
39
36
33
31
29
27
24
21
18
16
12
10
09
07
06
05
04
03
02
02
01
01
01
00
00
00
00
00

Mo

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Time
(min )

2
2
2
3
3
4
4
4
4
5
5
5
6
5
6
6
6
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

tr

10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
194
209
224
239
269
299
329
389
419
479
s39
599
6s9
719
779
839
899
959

1019
107 9
1139
1 199
1259
1319
137 9

.00

.00

.00

.00

.00
00
00
00
00
00
00
00
00
00
10
00
00
00
00
00
00
00
00
00

:
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ratio and moisture content
at Temp=16.0oC, RH=90% and

m/s. Replicate# 3.

Moisture Content
(dry mass basis)

7.53
05
35
67
08
39
70
01
22
53
73
04
15
77
28
80
21
62
93
24
55
76
07
28
48
79
10
31
72
83
14
24
34
45
55
65
65
65
76
76
75
86
86
86
85
86

Table À9: Change in moisture
with Èime for test
air velocitY=9.43

I
I
I
9
9
9

10
10
10
10
11
11
11
12
12
13
13
13
14
14
14
15
15
15
15
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

RatioMo i sture

1 .00
0.9s
0.92
0.89
0.85
0.82
0.79
0.76
0.74
0 .71
0.69
0.66
0.65
0.59
0. 54
0.49
0.45
0.41
0. 38
0.3s
0.32
0.30
0.27
0.25
4.23
0.20
0 .17
0. 15
0.11
0. 10
0.07
0.06
0. 05
0.04
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00

Time
(min )

0.00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
194
209
224
239
269
299
329
389
419
479
539
599
659
719
779
839
899
959

1019
1 079
1139
1 199
1259
1319
137 9

:
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TabIe a10: Change in moisture ratio and moisture contenÈ
with time for test at Temp=3o.0'C, RH=go% andair velocity=O.43 mfs. Replicate# 1.

Time
(min)

5
10
15

00
00
00
00
00
00
00
00
00
00
00
00
00
00

Moisture Ratio

20
25
30
3s
40
45
50
55
59
74

1 .00
0.89
0.82
0.76
0.70
0.66
0 .62
0. s8
0.56
0.52
0.50
0.47
0.46
0.40
0.34
0.28
0.26
0.22
0. 19
0. 18
0. 14
0.11
0.09
0.07
0.05
0.04
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Moisture ConÈent(dry mass basis)

89.00
1 04.00
1 19.00
134.00
1 49.00

7
7
I
I
I
I
I
9
9
9
9
9
9
9
9

10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

1 54.00
1 79. 00
209. 00
239. 00
259.00
299.00
3s9.00
4r9.00

53
92
17
38
59
73
88
02
09
23
30
41
44
65
87
08
15
29
40
43
57
68
75
82
89
93
96
96
00
00
00
00
00
00
03
03
07
07
07
07
07
07
07

479.00
539. 00
599.00
659.00
719.00
779.00
839.00
899. 00
9s9. 00

101 9:-00
1 079. 00
1 1 39.00
1 1 99.00
1 259. 00
1319.00
1 379.00
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Table A1 1: Change in moisture ratio and moisture content
with time for test at Temp=3o.0oC, RH=80% and
air velocity=g.43 m/s. Replicate# 2.

Time
(min )

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
359
419
479
s39
599
659
719
779
839
899
9s9

1019
1079
1 139
1199
1259
1319
1379

0.00
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
:0
.0
.0
.0
.0
.0
.0

Moisture Ratio

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

00
90
82
76
71
66
61
58
56
52
50
48
44
38
33
29
25
23
20
17
16
13
11
10
08
06
04
04
03
03
02
02
02
02
01
01
00
00
00
00
00
00
00

Moisture Content(dry mass basis)

7.53
7
I
I
I
I
I
9
9
9
9
9
9
9
0
0
0
0
0
0
0
0
0
0
0
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

90
20
43
61
80
98
10
17
32
40
47
52
84
03
18
33
40
51
63
66
78
85
89
96
04
11
11
15
15
19
19
19
19
22
22
26
26
26
26
26
26
26

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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ratio and moisture content
at Temp=30.0oC¡ RH=$g% and

m/s. Replicate# 3.

7 .53

Moisture Content(dry mass basis)

Table A12:. Change in moisture
with time for test
air velocitY=9.43

.90

.19

.41

.63

.81

.96

.07

.14

.¿¿

.29

.48

.55

.81

7
I
I
I
I
I
9
9
9
9
9
9
9

10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

Moisture Ratio

00
90
82
76
70
65
61
58
56
54
52
47
45
38
32
28
25
22
19
17
15
12
10
08
07
05
04
03
03
02
02
02
02
01
01
01
01
00
00
00
00
00
00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

03

Time
(min )

17
28
39
50
58
65
76
83
91
94
02
05
09
09
13
13
13
13
16
16
16
16
20
20
20
20
20
20

0.00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
3s9
419
479
539
s99
659
719
779
839
899
9s9

1019
1 079
1 139
1 199
1259
1319
137 9

:_
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Change in moisture ratio and moisture content
with Èime for test at Temp=22.soc, RH=80% and
air velocity=9.43 mfs. Replicate# 1.

7 .53

isture Content(dry mass basis)
Mo

7.79
8.01
8. 18
8.31
8.44
8.61
8.66
8.79
8.87
9.00
9.09
9. 1g
9.39
9.57
9.78

10.00
10.17
10.26
10.39
10 .47
10.69
1 0.96
10.99
11.09
11.30
11.38
11 .47
11.56
11.64
11.69
11.69
11.73
11 .73
11 .77
11.77
11 .82
11 .82
11 .82
11.96
11.96
11.96
11.86

sture Ratio

00
94
89
85
82
79
75
74
71
69
66
64
62
57
s3
48
43
39
37
34
32
27
23
20
18
13
11
09
07
05
04
04
03
03
02
02
01
01
01
00
00
00
00

Mo

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

À13:

Time
(min )

TabIe

0.00
5. 00

10.00
1 5.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
59.00
7 4.00
89. 00

1 04.00
1 1 9.00
1 34.00
1 49. 00
1 64.00
1 79.00
209.00
239.00
269.00
299.00
359.00
419. 00
479.00
539.00
s99.00
659.00
719.00
779.00
839. 00
899.00
959.00

1019:-bo
1 079.00
1 1 39.00
1 1 99.00
1 2s9.00
1319.00
1 379.00
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Table À14: Change in moisture ratio and moisture content
with time for test at Tenp=22.5oC¡ RH=$0% and
air velocity=0.43 m/s. Replicate# 2.

Time
(min )

5.00
10.00
1 5.00
20.00
25.00
30.00
3s.00
40.00
45.00
50.00
55.00
59. 00
74.00
89.00

1 04.00
1 19.00
1 34.00
1 49.00
1 64.00
1 79.00
209.00
239.00
259. 00
299.00
3s9.00
41 9.00
479.00
539.00
599.00
559.00
71 9. 00
779.00
839.00
899.00
959. 00

1019;¡0
1 079.00
1139.00
1 1 99.00
1 259.00
1 31 9.00
1 379.00

0.00

Moisture Ratio

1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

00
95
90
85
82
78
75
71
69
67
65
62
60
55
48
44
41
37
35
32
29
24
22
18
16
11
09
07
06
05
04
04
03
03
02
02
01
01
01
00
00
00
00

Moisture Content(dry mass basis)

7
7
7
I
I
I
I
I
I
9
9
9
9
9
9
0
0
0
0
0
0
1

1

1

1

1

1

1

1

1

1

1

1

1

2
2
2
2
2
2
2
2
2

53
76
99
22
35
54
67
86
95
04
13
27
36
59
91
09
23
41
50
64
77
00
09
28
37
60
69
78
83
87
92
92
96
96
01
01
05
05
05
10
10
10
10

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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Change in moisture ratio and moisture contentwith time for test at Temp=12.soc, RH=80% andair velocity=O.43 m/s. Replicate# 3.

content
basis)

Mo i sture(dry mass

88
14
32
49
62
80
93
06
15
28
37
37
63
85
06
20
37
46
59
76
89
07
20
29
46
59
68
73
77
77
81
81
86
86
90
90
90
90
90
90
90
90

7
I
I
I
I
I
I
9
9
9
9
9
9
9

10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

sture Ratio

00
92
86
82
78
75
71
68
65
63
60
58
58
52
47
42
39
35
33
30
26
23
19
16
14
10
07
05
04
03
03
02
02
01
01
00
00
00
00
00
00
00
00

Mo

1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

5:Table À1

me
(min )

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
¡0
00
00
00
00
00
00

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
3s9
419
479
s39
599
6s9
719
779
839
899
9s9

1019
1079
1 139
1 199
1259
1319
1379

I
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ratio and moisture content
at Temp=15.0oC, RH=$g% and

m/s. Replicate# 1.

Moisture Content(dry mass basis)

53
73
89
99
19
29
34
44
50
75
85
90
95
16
36
61
77
92
07
22
27
43
53
68
73
88
04
19
44
59
75
90
00
10
20
25
31
36
41
46
46
51
51
s6
61
61

Table ¡16: Change in moisture
with time for test
air velocitY=9.43

7
7

Moisture Ratio

7
7
I
I
8.
8.
8.
8.
8.
8.
8.
o
o

9.
o
o

00
96
93
91
87
85
84
82
79
76
74
73
72
58
64
59
56
53
50
47
46
43
41
38
37
34
31
28
23
20
17
14
12
10
08
07
06
05
04
03
03
02
02
01
00
00

1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Time
(min )

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
s9.00
74.00
89.00

104.00
1 19. 00
134.00
1 49.00
164.00
1 79.00
1 94.00
209. 00
224.00
239.00
269. 00
299. 00
329. 00
389.00
419.00
479.00
539.00
s99.00
659.00
719.00
772;_00
839.00
899.00
959. 00

1019.00
1 079. 00
1 1 39.00
1 1 99.00
1 2s9.00
1 31 9.00
1 379.00

10
10
10
10
10
10
10
10
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
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Table À17: Change in moisture ratio and moisture content
with time for test at Temp=15.ooc, RH=80% and
air velocity=0.43 m/s. Replicate# 2.

(min )
me

0.00
5.00

1 0.00
1 s.00
20.00
25.00
30.00
3s.00
40.00
45.00
50.00
55.00
s9.00
74.00
89.00

1 04.00
1 1 9.00
1 34.00
1 49.00
164.00
1 79.00
1 94.00
209.00
224.00
239.00
269.00
299.00
329.00
399.00
419.00
479.00
539.00
599.00
659.00
719.00
779.00
839:A0
899.00
9s9.00

1 01 9.00
1 079.00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379.00

Mo sture

1 .00
0.94
0.91
0 .88
0.83
0.81
0.79
0.76
0.73
0.72
0.70
0.68
0 .67
0. 63
0.59
0.54
0.51
0.48
0.45
0.42
0.40
0.37
0.35
0.33
0.31
0.28
0.25
0.22
0. 18
0. 16
0.13
0.10
0.08
0.07
0.06
0. 04
0.03
0.03
0. 02
0.01
0.01
0.01
0.00
0.00
0.00
0.00

Mo
(dry mass basis)

isture Content

7.53
7.84
7.gg
8.1s
8.40
8.51
8.61
8.7 6
8.92
8.97
9.07
9 .17
9.23
9.43
9.64
9.89

1 0.05
10.20
10.36
10.51
10.61
10.77
1 0.87
10.97
11.08
11 .23
11.39
11.54
11.74
11.85
12.00
12.16
12.26
12.31
12.36
12.46
12.52
12.52
12.57
12.62
12.62
12.62
12 .67
12 .67
12.67
12 .67
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Table e18: Change in moisture ratio and moisture content
with time for test at Temp=15.0oC, RH=80% and
air velocity=0.43 n/s. Replicate# 3.

Moisture Content
(dry mass basis)

7 .53
7.74
7 .90
8.06
I .17
8.33
8.60
8.70
8.7 6
8.92
9.02
9.13
g. 18
9.34
9.56
9.72
9.93

10.04
10 .25
10.35
10.51
10.62
1 0.78
1 0.89
10.99
11.26
11 .47
11.53
11.90
12.01
12.17
12.33
12.43
12.49
12.54
12.59
12.65
12,70
12.70
12.75
12.75
12.81
12.81
12.86
12.86
12.86

Moisture Ratio

1 .00
0.96
0.93
0.90
0.88
0.85
0.80
0.78
0.77
0.74
0.72
0.70
0.59
0.66
0.62
0. s9
0.55
0.53
0 .49
0.47
0 .44
0.42
0.39
0.37
0.35
0.30
0.26
0.23
0. 18
0. 16
0. 13
0.10
0.08
0.07
0.06
0.05
0.04
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00
0.00

Time
(min )

0.00
5.00

10.00
15.00
20.00
2s.00
30.00
35.00
40.00
45.00
s0.00
5s.00
59.00
74.00
89.00

1 04 .00
1 19.00
1 34.00
1 49.00
1 64.00
1 79.00
1 94.00
209.00
224.00
239.00
269.00
299.00
329.00
389.00
41 9.00
479.00
539.00
599.00
659.00
719.00
779.00
839:O0
899.00
959.00

1019.00
1 079.00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379.00
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ratio and moisÈure content
at Temp=7.5 9C, RH=8O2. andm/s. Replicate# 1.

Content(dry mass basis)

66
86
92
o5
12
31
38
44
51
64
70
77
96
22
3s
55
68
87
oo
13
20
39
52
59
78
98
18
31
57
89
o9
28
41
61
67
80
93
oo
o6
13
19
26
32
39
39
45
52
58
65
71
71
78
78
84
84
84
91
91
91
91
97
97
97
o4
o4
o4
o4

Table À19: C}-ange in moisture
with time for test
air velocity=9.43

7
7
7
I
I
I
I
8
I
I
I
I
I
9
9
9
9
9

10
10
10
10
10
10
10
10
11
11
11
11
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14

98
95
94
92
91
88
87
86
85
83
a2
81
78
74
72
69
67
64
62
60
Ëo
56
54
53
50
47
44
42
38
33
30
27
25
22
21
19
17
16
15
14
13
12
11
10
10
o9
o8
o7
o6
o5
o5
o4
o4
o3
o3
o3
o2
o2
o2
o2
o1
o1
o'1
o0
oo
oo
o0

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

(min)

5. OO
10. oo'15. oo
20. oo
2s. oo
30. oo
35. OO
40. oo
45.OO
50. oo
55. OO
s9.oo
74.OO
89. OO

1 04. OO
1 19. OO
1 34. OO
149. OO
164.O0
179. OO
194.00
209. OO
224 - OO
239. OO
269. OO
299 . OO
329. OO
359. OO
419.O0
479.OO
s39. OO
s99. OO
659. OO
719.OO
779.OO
839. OO
899. OO
959. OO

1019.OO
1079. OO
1139.OO
1 1 99. OO
1 2s9. OO
1 319. OO
1 379. OO
1 439. OO
1499-OO
1 559. OO
1619. OO
1679.OO
1 739. OO
1799.OO
1859..oO
1919. OO
1979.OO
2039. OO
2099. OO
2159.OO
2219.OO
2279.OO
2339. OO
2399. OO
2459.OO
2s1 9. OO
2579.OO
2639. OO
2759.OO

74



Table À2o: ctrange in moisture ratio and moistL¡re contentwith Èime for test at Temp=7.socr RH=80% andair welocity=9.43 m/s. Replicate# 2.
Moi sture Content(dry mass basis)

65
78
90
o2
o8
21
33
45
s8
64
70
76
o1
19
38
62
81
93
12
24
43
55
67
79
98
16
41
53
78
o3
21
40
52
70
B3
89
o1
o7
o7
14
20
26
32
38
38
44
44
51
51
57
57
57
57
57
63
63
63
63
63
63
69
69
69
69
69
69
69

7
7
7
I
I
I
I
I
I
I
I
I
9
9
9
9
9
9

10
10
10
10
10
10
10
11
11
-1 

1
11
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

MoisÈure Ratio

98
96
94
92
91
89
87
85
83
82
81
80
76
73
70
66
63
61
s8
56
53
51
49
47
44
41
37
35
31
27
24
21
19
16
14
13
11
10
10
o9
o8
o7
o6
o5
o5
o4
o4
o3
o3
o2
o2
o2
o2
o2
o1
o1
o1
01
o1
o1
oo
oo
oo
o0
o0
o0
oo

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o

'I'1me
(min )

.oo
- oo
. oo
. oo
. oo
. oo
. oo
.oo
. oo
. o0
. oo
. o0
. oo
. oo
. oo
. oo
. o0
. o0
.oo
. oo
. oo
. oo
. o0
. oo
.oo
. oo
. oo
. oo
. oo
.oo
.oo
.oo
.oo
. oo
. oo
. oo
.oo
.oo
.oo
. oo
. oo
. oo
.oo
.oo
.oo
. oo
. oo
.oo
.oo
.oo
.o0
.oo
-oo. o0
. oo
.oo
.oo
.oo
.oo
. oo
.oo
.oo
.oo
.oo
.o0
.o0
.oo

5
10
15
20
25
30
35
40
45
50
RC¡

74
89

104
119
134
149
164
179
194
209
224
239
269
299
329
3s9
4't 9
479
539
599
659
719
779
839
899
9s9

1019
1079
1139
1 199
1 259
1319
1 379
1 439
1 499
1 559
1 619
1 679
17 39
1 799
1859
1919
197 9
2039
2099
21 59
221 9
2279
2339
2399
2459
251 9
2579
2639
2759

75



Table A21 i ctrange in moisture raÈio and moisÈure contentwittr time for test at Temp=7.50Cr RH=BO% andair welocity=6.4a m/s. nêplicaté# 3.
ontent
basis)(dry mass

66
a6
92
o5
18
31
38
44
57
71
77
B4
10
23
42
68
82
o1
14
34
47
60
73
86
99
25
45
58
91
17
36
56
75
82
95
o2
o8
15
21
28
34
41
47
54
60
67
73
73
80
ao
80
86
86
86
86
93
93
93
93
93
99
99
99
o6
o6
o6
o6

7
7
7
I
I
I
I
I
I
I
I
I
9
9
9
9
9

10
10
10
10
10
10
10
10
11
11
11
11
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
'13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14

98
95
94
92
90
a8
87
86
84
82
81
80
76
74
71
67
65
62
60
57

53
51
49
47
43
40
38
33
29
26
23
20
19
17
16
15
14
13
12
11
10
o9
o8
o7
o6
o5
o5
o4
o4
o4
03
o3
o3
o3
o2
o2
o2
o2
o2
o1
o1
o1
o0
oo
oo
oo

1.
o.
o-
o.
o.
o.
o.
o.
o.
0.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o-
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o-
o.
o.
o.
o.
o.
o-
o.
o.
o.
o.
o.
o.
o.
o.
o.
o-
0.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.
o.

mtn

.oo

. oo

. oo

. oo

. oo

. oo

. oo
- oo
. oo
. oo
. oo
. oo
. oo
. oo
.00
. oo
. oo
.oo
. oo
. oo
. oo
. oo
.oo
. oo
. oo
. oo
.oo
.oo
.oo
.oo
. oo
. oo
. oo
.oo
.oo
.oo
. oo
. oo
. oo
.oo
.oo
. oo
. oo
.oo
. oo
. oo
. oo
-oo
.oo
.oo
. oo
.oo
.-oo
.oo
.oo
.oo
.oo
.00
. o0
.oo
.oo
.oo
.00
.oo
.oo
.oo
.oo

5'lo
15
20
25
30
35
40
45
50

59
74
89

104
119
134
149
164
179
194
209
224
239
269
299
329
359
419
479
s39
s99
6s9
719
779
839
899
9s9

1019
1 079
1 139
1 199
1 259
1319
1 379
1 439
1 499
1 559
1619
1 679
17 39
17 99
1 859
1919
197I
2039
2099
21 59
221 9
2279
2339
2399
2459
251 9
2579
2639
2759

76
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Fig. B1-Experimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture:30.0'C, relotive hum-
idity:9Oz ond oir velocity- O '43 m/ s.
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Fig. B2-lxperimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture:22.5"C, relotive hum-
idity- 902 ond oir velocity- 0.43 m/ s.
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Fig. B3-Experìmentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture:16.0"c, rerotive hum-
idity:9Oz ond oir velocity= 0.43 m/ s.
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Fig. Ba-Experimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture-3O.0'C, relotive hum-
idity:BOz ond oir velocity:0.43 m/s.
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Fig. B5-Experimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture:22.5"C, relotive hum-
idity=Boz ond oir velocity-0.43 m/s.
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Fig. B6-f xperimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture= 15.0"C, relotive hum-
idity-BOz ond oir velocity- 0.43 m/ s.
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Fig. B7-Experimentol wetting rote ond the wetting rote predicted
by Poge's equotion of temperoture=7.5'C, relotive hum-
idity-802 ond oir velocity=0.43 m/s.
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Table C1: Change in moisture
with time for test
air velocity=9.43

Time
(min )

s. 00
10.00
15.00

Moisture Rat

20.00
25. 00

ratio and moisture content
at Temp=30.0 oC, RH=90?á and

m/s. Replicate# 1.

30.00
35.00
40.00
45.00
50.00
55.00
59. 00
7 4.00
89. 00

1.0
0.9
0.8
0.7
0.7
0.6
0.5
0.5
0.5
0.5
0.4
0.4
0.4
0.3
0.3
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0

0
3
7
2
7
2
I
5
2
9
6
4
I
2
I
4
1

I
6
4
2
9
I
7
5
4
3
2
1

1

0
0
0
0
0
0
0
0
0
0
0
0

Mo i sture(dry mass

1 04.00
1 1 9.00
1 34.00
1 49. 00
1 64.00

Content
basis)

6
6
7
7
I
I
I
9
9
9
0
0
0
1

1

1

2
2
2
2
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4

1 79.00
209.00

15
76
30
74
18
62
98
24
51
77
04
22
75
28
63
99
25
52
69
87
05
31
40
49
67
76
84
93
02
02
11
11
11
11
11
11
11
11
11
11
11
11

239.00
269.00
299.00
3s9.00
419.00
479.00
539.00
599.00
659.00
71 g. 00
779.00
839.00
899.00
959,_00

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1 01 9.00
1 079.00
1 1 39.00
1199.00
1 259.00
1319.00
1 379.00

86



ratio and moisture content
at Temp=30.0'C, RH=90% and

m/s. Replicate# 2.

Moisture Content(dry mass basis)

6 .14

Table C2: Change in moisture
with time for test
air velociLy=9.43

6.8s
7.38

Moisture Ratio

7 .91
8.35
8.70
9.15
9.41
9.68
9.94

10.20
10.38
11.00
'! 1 .53
11.89
12.15
12.50
12.77
13.03
13.12
13.39
1 3.56
1 3.65
13.74
13.91
13.91
14.00
14.00
14.00
14.00
14.00
14 .09
14.09
14.09
14.09
14 .09
14.09
14 .09
14.09
14.09
14.09
14.09

90
82
76
70
65
61
56
53
50
47
44
42
35
29
25
22
18
15
12
11
08
06
05
04
02
02
01
01
01
01
01
00
00
00
00
00
00
00
00
00
00
00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Time
(min )

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,-0
.0
.0
.0
.0
.0
.0
.0

5
10
15
20
25
30
35
40
45
50
55
s9
74
89
04
19
34
49
64
79
09
39
69
99
59
19
79
39
99
59
19
79
39
99
s9
19
79
39
99
59
19
79

,-

1

1

1

1

1

1

2
2
2
2
3
4
4
5
5
6
7
7
I
I
9

10
10
11
11
12
13
13

87



raÈio and moisture content
at Temp=3O.0oC, RH=90% and

m/s. Replicate# 3.

Moisture Content(dry mass basis)

26
14
85
47
91
35
70
06
41
68
94
20
38
00
44
88
24
50
77
85
12
38
56
65
83
83
91
00
00
09
09
09
09
09
09
09
09
09
09
09
09
09
09

Table C3: Change in moisture
with time for test
air velocitY=9.43

5
6
6
7
7
I
I
9
9
9
9

10
10
11
11
11
12
12
12
12
13
13
13
13
13
13
13
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

Moisture Ratio

1 .00
0.90
0.82
0.75
0.70
0.6s
0.61
0.57
0.53
0. s0
0 .47
0.44
0 .42
0.35
0.30
0.25
0.21
0. 18
0. 15
0. 14
0.11
0. 08
0. 06
0.05
0.03
0.03
0.02
0.01
0.01
0. 00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0. 00
0. 00
0. 00
0. 00

Time
(min )

0.00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
o0
00
00
00
00
00
00

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
359
419
479
s39
s99
6s9
719
779
839
899
9s9

1019
1079
1 139
1199
1259
1 319
1379

:
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ratio and moisture contentat Temp=30.0"C, RH=90% andm/s. Replicate# 1.

Moisture Content(dry mass basis)

7.5
8. 16
8.72
9.21
9. s6
9.91

10. 1g
10.40
10.75
10.89
11 .17
11.31
11.45
1 1 .87
12.36
12.50
12.85
1 3.06
1 3,20
13.34
13.48
13.69
13.83
13 .97
14 .11
14.18
14.25
14 .25
14.32
14 .32
14.39
14.39
14 .39
14 .46
14 .46
14 .53
14.53
14.53
14 .53
14.53
14.53
14 .53
14.53

Table C4z Change in moisture
r¡ith time f or test
air velocity=9.43

oRatsture

0.91
0.83
0.76
0 .71
0.66
0.62
0.59
0.54
0. s2
0.48
0.46
0.44
0.38
0.31
0.29
0.24
0.21
0.19
0.17
0. 15
0.12
0. 10
0.08
0.06
0.05
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0 .00
0.00
0.00

MoTime
(min )

0.00
5.00

10.00
1 5.00
20.00
25.00
30.00
3s.00
40.00
45.00
50.00
55. 00
59.00
7 4.00
89.00

1 04.00
1 19.00
1 34.00
1 49.00
1 64.00
1 79.00
209. 00
239.00
269. 00
299.00
3s9.00
41 9. 00
479.00
539.00
599. 00
659.00
71 g. 00
779.00
839.00
899.00
9s9.00

1019:A0
1 079. 00
1139.00
1 1 99.00
1 259.00
1 31 9.00
1 379.00

89



Table c5: change in moisÈure ratio and moisture contentwith time for test at Temp=3g.OoC, RH=90% andair velocity=O.43 m/s. Rãplicate* 2.

ontent(dry mass basis)
sture

10
53
91
35
73
98
23
48
73
92
11

I
I
I
9.
9.

sture

9
10
10
10
10
11

0.91
0.84
0.78
0 .71
0.5s
0.61
0.57
0.53
0.49
0.46
0.43
0 .41
0.34
0.28
0.23
0. 19
0. 16
0.12
0.11
0.09
0.07
0.06
0.0s
0.03
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

11 .24
11 .67
12.0s
12.37
12.62
12.91
13.06
13.12
13.24
13.37
13.43
13.50
13.62
13.69
13.75
l3 .75
13.75
13.81
13.81
13.91
13.91
13.81
13.81
13.81
13.81
13.91
13.91
13.81
13.81
13.91
13.81

Time
(min )

5.00
10.00
1s.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
59.00
7 4.00
89.00

1 04.00
119.00
1 34.00
1 49.00
1 64.00
1 79.00
209.00
239.00
269.00
299.00
3s9.00
419.00
479.00
539.00
599.00
659.00
719.00
779.00
839.00
899.00
959,_00

1019.00
1 079.00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379.00

90



lable c6: change in moisture ratio and moisture contentwith time for test at Temp=3o.0oC, RH=90% andair velocity=0.43 n/s. Replicate* 3.

sture content(dry mass basis)
Mo

8.07
8.54
8.96
9.32
9.62
9.92

10. 16
10.45
10.57
10.81
10.99
11.11
11.59
11.95
12 .19
12 .43
12.60
12.78
12.96
13.08
13.20
13.26
13.32
13.44
13.50
13.50
13.50
13.50
13.50
13.50
13.50
13.50
13.50
13.50
13.50
13.50
1 3.50
13.50
13.50
13.50
13.50
13.50

7.

sture Ratio

1 .00
0.91
0 .83
0.76
0 .70
0.65
0 .60
0.56
0.51
0 .49
0 .45
0.42
0.40
0.32
0.26
0.22
0.18
0. 15
0.12
0 .09
0.07
0.05
0 .04
0.03
0.01
0.00
0.00
0 .00
0.00
0.00
0 .00
0 .00
0.00
0.00
0 .00
0.00
0.00
0.00
0 .00
0.00
0.00
0 .00
0 .00

MoTime
(min )

t0
t0
t0
r0
l0
r0
r0
r0
r0
r0
rQ

rQ

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.Qr

.0t

.0r

.01

.01

.01

.01

.0t

.01
,01
.01
.01
.01
.0(
.0(
.0(
,0(
a

0
5

10
15
20
25
30

.35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
359
419
479
539
599
659
719
779
839
899
959

1019
1079
1 139
1 199
1259,
1319
1379,

9L



Table C7: Change in moisture
with time for test
air velocity=9.43

Time
(min )

5. 00
10.00
1 5.00

Moi sture

20.00
25.00
30.00
35.00

ratio and moisture content
at Temp=3O.0oC, RH=90% andm/s. Replicate* 1.

40.00

Rat io

45.00
50. 00

0.97
0.89
0.83
0.76
0.72
0.66
0 .62
0.58
0.55
0.50
0.49
0 .47
0.38
0.33
0.27
0.23
0.21
0.19
0. 16
0. 15
0. 13
0 .12
0.08
0.07
0.06
0.04
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0 ¡ 00
0.00
0.00

55.00
s9.00
74.00

Mo

89.00

(dry mass basis)

1 04.00

sture Content

1 19.00
1 34.00
1 49.00
1 64. 00
1 79.00
209.00
239. 00
269.00
299.00
3s9. 00
419.00
479.00
539.00
599.00
659.00
719.00
779.00
839.00
899.00
959.00

1019:00
1 079.00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379.00

i1.11
11.19
1 1 .40
11.56
11.74
'l 1 .84
12.00
12 .11
12.21
12.29
12.42
12.45
12.50
12.73
12.87
13.02
13.13
13.18
13.23
13.31
13.34
13.39
13.42
13.52
13.55
13.57
1 3.63
13.63
13.55
13.65
13.65
13.69
13.69
13.69
13.70
13.70
13.73
13.73
13.73
13.73
13.73
13.73
13.73
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Tabre c8: change.in moisture raÈio and moisture contentwith time f or test at Temp=3o. O "C, nfr=éóZ-ånAair velocity=9.43 n/s. näplicate# 2.

Moisture Content(dry mass basis)

.11

.19

.40

.61
,77
,91
,06
,14
,28
,36
,51
,57
65
75
86
10
20
26
31
39
39
52
57
60
60
63
65
68
71
73
73
76
76
76
75
76
76
76
76
76
76
76
76

11
11
11
11
11
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13,
13,
13,
13,
13,
13,
13,
13.
13.
13.
13.
13.
13.
13.

sture Ratio

1 .00
0.97
0.89
0.81
0.75
0.70
0.64
0.61
0. s6
0. 53
0 .47
0.45
0 .42
0.38
0.34
0.25
0.21
0. 19
0 .17
0. 14
0. 14
0. 09
0.07
0. 06
0. 06
0.05
0. 04
0.03
0.02
0.01
0.01
0.00
0.00
0. 00
0.00
0. 00
0.00
0.00
0. 00
0.00
0. 00
0.00
0. 00

)

,

t

I

I

I

MoTime
(min )

c0
l0
l0
l0
)0
)0
)0
)0
)0
)0
)0
)0
)0
)0
)0
)0
¡0
t0
r0
r0
r0
r0
rQ

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.Qr

.0r

.0t
,0r
.0t
,0t
,0(
,0(
,0(
,0(
,0(
,0(
0(
0(
0(
0(
0(
0(
a(
0(
0(
0c
0c
0c
0c

0
5

10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179,
209,
239,
269,
299,
359.
419 ,

479.
539.
s99.
659.
'719 ,
779.
839.
899.
9s9.
019:
079.
139.
199.
259.
319.
379.

:_
1

1

1

1

1

1

1
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Table c9: change in moisture ratio and moisture contentwith Èime for test at Temp=3o.0.C, nH=áó%-andair velocity=O.43 m/s. Replicate# 3.

Content(dry mass basis)
sture

11.21
1 1 .39
11 .57
11 .75
11.90
12.05
12 .16
12.26
12.33
12 .46
12.54
12 .61
12.92
12.92
13.07
13.15
13.29
13.33
13.35
13.43
1 3.46
13.51
13.56
13.58
1 3.63
1 3.65
13.66
1 3.66
1 3.66
13.66
13.66
13.66
13.66
1 3.56
13.65
13.66
13.66
1 3.66
13.66
13.56
13.66
1 3.66

11

sture

0.96
0.89
0.82
0.75
0.69
0.63
0. 59
0.55
0.52
0 .47
0 .44
0.41
0.33
0.29
0.23
0.20
0. 1s
0.13
0.12
0.09
0. 08
0.06
0. 04
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0.00
0. 00
0.00
0. 00
0.00
0. 00
0.00

Time
(min )

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
,00
,00
,00
,00
,00
,00
,00
,00
,00
,00
00
00
00
00
00
00
00
00
00
00
00
00

_00
00
00
00
00
00
00

tr

10.
15.
20.
25.
10.
15.
r0.
r5.
i0.
t5.
t9.
14.
ì9.
',4.
r9.
t4.
Lq

;4.
ro

19.
t9.
;9.
19.
;9.
o
'9.
9.,
19.l
clr
9.1
9.1
9.1
9.1
9.1
9,_l
9.1
9.(
9.(
9.(
9.(
9.(

1

1

2
2
3
3
4
4
5
5
5
7
I

10
11
13
14
15
17'
20'
23'.
26,,
29,,
351
411
471
53!
s9l
65!
711
771
83f
89f
oE(
01f
07t
13f
19:
251
31!
379

1

1

1

1

1

1

1

94
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Table D1: change in moisture ratio and moisture contentwith time for test at Temp=30.0oC, RH=90% andair velocity=O.1 0 m/s. ReplicaÈe# 1 .

Content
basis)

Moi sture(dry mass

98
30
49
81
07
26
52
65
91
03
23
35
74
13
45
70
96
09
35
47
79
92
12
24
44
56
63
69
76
76
82
82
89
89
89
89
95
otr

95
9s
9s
95

7
I
I
I
9
9
9
9
9

10
10
10
10
11
11
11
11
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

isture Ratio

0.93
0 .88
0.85
0.80
0.76
0.73
0.69
0.67
0.63
0.61
0.58
0.56
0.50
0.44
0.39
0.3s
0.31
0.29
0.25
0.23
0. 18
0. 15
0.13
0.11
0.08
0.06
0.05
0.04
0.03
0.03
0.02
0.02
0. 01
0.01
0. 01
0.01
0.00
0.00
0.00
0.00
0.00
0.00

MoTime
(min )

5. 00
10.00
15. 00
20. 00
25. 00
30.00
35.00
40.00
45. 00
50. 00
5s. 00
s9. 00
74.00
89. 00

1 04.00
1 19. 00
1 34. 00
1 49. 00
1 64.00
1 79.00
209. 00
239. 00
269.00
299.00
3s9.00
419.00
479. 00
s39. 00
599.00
659. 00
719.00
779.00
839.00
899.00
959. 00

1019:10
1 079.00
1139.00
1 1 99.00
1 259. 00
1 31 9.00
1 379.00

96



Change in moisture ratio and moisture contentwith time for test at Temp=Jo.0oC, RH=90% andair velocity=O.10 m/s. Replicate# 2.

Content(dry mass basis)
sture

96
40
EO

83
14
39
52
77
95
08
26
39
76
13
44
69
00
13
25
50
68
93
05
18
43
43
49
49
49
49
55
55
55
55
62
62
68
68
68
74
74
74

7
7
I
I
I
9
9
9
9
9

10
10
10
10
11
11
11
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

sture

93
85
83
79
74

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

D22

70
68
64
51
59
56
54
48
42
37
33
28
26
24
20
17
13
11
09
05
05
04
04
04
04
03
03
03
03
02
02
01
01
01
00
00
00

me
(min )

Table

00
00
00
00
00
00
00
00

10
15
20
25
30
35
40
45
50
55
tro
74
89

104
119
134
149
164
179
209
239
269
299
359
419
479
s39
s99
659
719
779
839
899
959

1019
1079
1 139
1 199
1259
1319
1379

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
;00
.00
.00
.00
.00
.00
.00
:40
.00
.00
.00
.00
.00
.00

97



ratio and moisture content
at Temp=3O.0'C, RH=90% and

m/s. ReplicaÈe# 3.

isture Content(dry mass basis)

53
97
29
60
79
04
36
48
74
86
05
30
36
81
12
44
75
94
19
32
51
82
01
14
26
39
51
58
64
70
70
70
77
77
83
83
83
83
83
83
83
83
83

Mo

Table D3: Change in moisture
with time for test
air velocity=O.1 g

7
7
I
I
I
9
9
9
9
9
0
0
0
0
1

1

1

1

2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

sture Rat

00
93
88
83
80
76
71
69
65
63
60
56
55
48
43
38
33
30
26
24
21
16
13
11
09
o7
05
04
03
02
02
02
01
01
00
00
00
00
00
00
00
00
00

MO

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

me
(rnin)

0.00
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
:-0
.0
.0
.0
.0
.0
.0

5
10
15
20
25
30
35
40
45
50
55
59
74
89

104
119
134
149
164
179
209
239
269
299
3s9
419
479
s39
s99
559
719
779
839
899
959

1 019
1 079
1 139
1 199
1259
1319
1379

98



Tabre D4: change in moisture ratio and moisture contentwith time for test at Temp=3o.0'C, RH=90% andair velocity=O.25 m/s. Replicate* 1.

oisture Content(dry mass basis)

8.01
8.43
8.79
9.09
9. 39
9.57
9.87

10.05
10.29
1 0.41
10.59
10 .77
11.13
11 .49
11.73
12.03
12.27
12 .45
12.57
12 .63
12 .81
12.99
13.05
13.11
13.23
13.29
13.35
13.35
13.41
1 3.41
13.41
1 3.41
13 .47
13 .47
13.53
13.53
1 3.53
13.53
13.53
13.53
13.53
13.53

RatMoi sture

92
85
79
74
69
66
61
58
54
52
49
46
40
34
30
25
21
18
16
15
12
09
08
07
05
04
03
03
02
02
02
02
01
01
00
00
00
00
00
00
00
00

1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

me
(min )

5.00
10.00
15. 00
20.00
25.00
30.00
35.00
40.00
45. 00
50.00
55. 00
s9.00
74.00
89. 00

1 04.00
1 19.00
1 34.00
1 49. 00
1 64.00
1 79. 00
209.00
239. 00
269. 00
299.00
359.00
41 9. 00
479.00
539. 00
s99. 00
659. 00
71 g. 00
779.00
839.00
899.00
959-._00

1019.00
1 079. 00
1139.00
1 1 99.00
1 259. 00
1 31 9.00
1 379. 00

99



Tabre D5: change in moisture ratio and moisture contentwith time for test at Temp=3o.0oC, RH=90% andair velocity=O.25 n/s, Replicate# 2.

Content
basis)

Moi sture(dry mass

06
47
83
12
42
71

I
I
I
9
9
9
9

10
10
10
10
10
11
11
11
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

sture Ratio

.89

.13

.36

.54

.66

.83

.19

.54

.84

.07

.25

.37

.55

.66

.84

.96

.08

.14

.19

.¿5

.31

.37

.37

.37

.37

.37

.43

.43

.43

.43

.43

.43

.43

.43

.43

.43

0.91
0.84
0.78
0.73
0.68
0.63
0.60
0.56
0.52
0.49
0 .47
0.44
0.38
0.32
0.27
0.23
0.20
0. 18
0. 15
0. 13
0. 10
0. 08
0.06
0.05
0.04
0.03
0. 02
0.01
0.01
0.01
0.01
0.01
0. 00
0. 00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mo

1.

Time
(min )

0
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

:_

5
10
15
20
25
30
35
40
45
50
55
s9
74
89

104
119
134
149
164
179
209
239
269
299
3s9
419
479
539
599
659
719
779
839
899
9s9

1 019
1 079
1139
1 199
1259
1319
1379

L00



Tabre D6: change in moisture ratio and moisture contentwith time for test at Temp=3o.0oC, RH=90% andair velocity=O.25 m/s. Replicate* 3.

sture ContenÈ(dry mass basis)
Mo

7 .99
8.39
8.74
9 .14
9.43
9.54
9.83

10.00
10.23
10.46
10.64
10.81
11 .27
11.61
11.94
12 .07
12.30
12 .47
12.59
12.76
12.92
12.82
12.88
12.99
13. 16
13.22
13.22
13.22
1 3.28
13.29
13.28
13.28
13.28
13.28
13.29
13.28
13.28
13.28
1 3.29
13.28
13.28
13.29

sture Rat

t2
r5
,9

2
,7

5
0
7
3
9
6
3
5
9
5
1

7
4
2
9
I
I
7
5
2
1

1

1

0
0
0
0
0
0
0
0
0
0
0
0
0
0

Mo

,9
,8
,7
,7
6
6
6
5
5
4
4
4
3
2
2
2
1

1

1

0
0
0
0
0
0
0
0
0
0
0
Qr

Qr

0r
0r
0t
0t
0t
0r
0t
0t
0l
0t

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Time
(min )

5.00
1 0.00
15.00
20.00
25.00
30. 00
35.00
40.00
45.00
s0.00
55. 00
59. 00
74.00
89.00

1 04.00
119.00
1 34.00
1 49. 00
1 64.00
1 79.00
209.00
239.00
269.00
299. 00
3s9. 00
41 9. 00
479.00
s39.00
599.00
659.00
719.00
779.00
839. 00
899.00
9s9.00

1019:¡0
1 079. 00
1 1 39.00
1 1 99.00
1 259. 00
1319.00
1 379.00

101



Tab1e D7: Change in moisture
with time for test
air velocity=9.43

T
(

me
min )

s.00
10.00
15.00

Moisture

20.00
25.00

ratio and moisture content
at Temp=3O.0oC, RH=90% andm/s. Replicate* 1.

30.00
35.00
40.00

Rat

45.00
50.00

0.91
0.83
0.76
0 .71
0.56
0.62
0. s9
0.54
0.52
0 .48
0 .46
0.44
0.39
0.31
0.29
0.24
0.21
0.19
0 .17
0. 15
0.12
0.10
0.08
0.06
0.0s
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

55.00
59. 00
74.00

Moi sture

89.00
1 04.00
1 1 9.00

(dry mass basis)

1 34.00
1 49.00
1 64.00
1 79. 00

ontent

8.15

209.00

8.72

239.00

9.21

269.00

9. s6
9. 91

10.19
1 0.40

299.00
359.00
419.00
479.00
539.00
599.00
659.00
71 9.00
779.00
839.00
899.00
959.00

1 019: O0
1 079. 00
1 1 39.00
1 1 99.00
1 259.00
1319.00
1 379.00

1

1

1

1

1

0.75
0.89
1 .17
1.31
1 .45

1 1 .87
12.36
12.50
12.95
13.06
13.20
13.34
1 3.48
13. 69
13.93
13 .97
14 ,11
14. 1g
14.25
14 .25
14 .32
14 .32
14.39
14. 39
14 .39
14 .46
14 .46
14. 53
14.53
14.53
14. 53
14. 53
14. 53
14. 53
14. 53

LO2



Table D8: change in moisture ratio and moisture contentwith time for test at Temp=36.0oC, RH=90% andair velocity=9.43 m/s. Replicate# 2.

Time
(min)

s.00
10.00

Moisture Ratio Moistuiã Content(dry mass basis)

1 5.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55. 00
59. 00

0.91
0.84
0.78
0 .71
0.6s
0.61
0.57
0.53
0.49
0.46
0.43
0.41
0.34
0. 2g
0.23
0.19
0. 16
0 .12
0.11
0.09
0.07
0.06
0.05
0.03
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

74.00
89.00

104.00
1 1 9.00
1 34.00
1 49.00
1 64.00

8. 10
8.53
8.91
9.35
9.73
9. 98

10.23
1 0.49
1 0.73
10.92
11.11
11 .24
11.67
12.05
12.37
12 .62
12.81
13.06
13.12
13.24
13.37
13.43
13.50
13.62
13.68
13.75
13.75
13.75
13.81
1 3.91
13.81
13.81
13.81
13.81
13.91
13.81
13.81
13.81
13.81
13.81
1 3.91
13.81

1 79.00
209.00
239.00
269.00
299.00
3s9.00
41 9.00
479.00
539.00
599.00
659.00
71 g. 00
779.00
839.00
899.00
959. 00

1019"00
1 079.00
1139.00
1 1 99.00
1 259.00
1319.00
1 379.00

t_03



ratio and moisture contentat Temp=30.0 oC, RII=90% andm/s. Replicate# 3.

sture Content(dry mass basis)
l'1o

07
54
96
32
62
92
16
46
57
81
99
11
59
95
19
43
60
78
96
08
20
26
32
44
50
50
50
50
50
50
50
50
s0
50
50
50
50
50
s0
50
50
50

Table D9: Change in moisture
with time for test
air velocity=9.43

7.
8.
8.
8.
o
o
o

10.
10.
10.
10.
10.
11.
11.
11.
12.
12.
12.
12.
12.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.

Moisture Rat

,91
83

,76
70
55
60
56
51
49
45
42
40
32
26
22
18
15
12
09
07
05
04
03
0l
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

Time
(min )

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
oo
00
00
00
00
00
00

0
5
0
5

t0
,tr

0,
5,
0,
Ê

0,
5,
o

4,
o

4,
o

4.
o

4,
o
o
o
ô
o
o
o
o
o
o
o

9.
o

9.
o
o
ó-
o

9.
o
o

9.
o

a

1

1

2
2
3
3
4
4
5
5
5
7
I

10
11
13
14
16
17
20
23
26
29
35
41
47
53
59
65
71
'77'

831
891
951

1011
10'l t,

1131
1 191
1251
1311
137 |

9
9
9
9
9
9
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