
COMPUTER SIMULATION OF AERATED WHEAT STORED
IN TROPICAL AND SUBTROPICAL CLIMATES

ROBERTO SINICIO

A Thesis
Submitted to the Faculty of Graduate Studies

in Partial Fulfillment of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

Department of Agricultural Engineering
University of Manitoba

Winnipeg, Manitoba

BY

@ December,1994



l*I NationalLibrarY

Acquisitions and
Bibliographic Services Branch

395 Wellington Street
Ottawa, Ontario
K1A ON4

Bibliothèque nationale
du Canada

Direction des acquisitions et
des services bibliograPhiques

395, rue Wellington
Ottawa (Ontario)
K1A ON4

Yout lile Votrc élércnce

Oú lile Notre rélérence

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell cop¡es 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 copyr¡ght in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

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 Ia disposition des
person nes intéressées.

L'auteur conserve la propriété du
droit d'auteur qu¡ protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne

doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-13506-3

C,anadä



,'.^.ltura 0 1'YeQ ( t'Yl

t L 
-.No,"" {obertc Sinicto

Disse¡lolion Abstrocls lnÍernotionolis orronged by brood, generol subiecl cotegories. Pleose select the one subiect which most
neorly describes lhe content of your disserlotion. Enter the corresponding four-digit code in lhe spoces provided.

Subiecf Cotegories

rHE IIUMANIflES AND SOGTAT SGIENGES
COMMUNICATI0NS AND THE ARTS Psycholoqv .....0s25
Architecture..............................0729 Reíodinq11........... . ..........0535
Art Hìstory ......... .......................0377 Reliaìou's ........0527
Cinemo .......................... .........0900 Scie-nces ...................................0714
Donce......................................0378 Secondory................................0533
Fine Arls ........0357 Socìol Scíences .........................0534
lnformotion Science.............. .....0723 Socioloqv of .............................03¿0
Journolism ......0391 Specio|11...................................0529
libroryScience.........................0399 TèocherTroininq.......................0530
MossCommunicotions...............0708 Techno|oov.....I........................0710
Music .......................................041 3 Tesls ond&leosurements ............0288
Speech Communicotion ............. 0459
Theoter .................................... 0¿ó5

EDUCATION
Generol ...................................051 5
Administro1ion,......................... 05 ì 4
Adult ond Continuino ................ 05.l ó
Agriculturol ...........:.................. 0517
4rt...........................................0273
Bilinguol ond Multiculturol .........0282
Business ............-.....,.,.............. 0ó88
Communifv Colleoe .............. ..... 027 5
Curriculum ond lnstruclion .........0727
Eorlv Childhood ........................ 05 I 8
Eleóentory .....0524
Finonce ....................................0277
Guidonce ond Counselino ......... 051 9
Heohh ..........................:..........Oó80
Higher ..,............ ......................07 A5
History ol .......0520
Home Economics ...................... 0278
lndutriol ........052.|
Longuoge ond Literoture ............ 0279
Molhemolics ......... ................... 0280
Music .......................................0522
Philosoohv of ............................ 0998
Physicci| ..1................................. 0523

lHE SGIENGES AND
BIOI.OGICAT S(IENCES
Aoriculture" Generol .............................. 047 3

Aqronomy .......................... 0285
Añimol Cllture ond

Nulrition,........... .............. 0 47 5
Animol Potholoqv ................0A7 6
Food Scìence oñÍl

Techno1oqy ...................... 0359
Forestry onð Wildlile ........... 0¿78
Plont Cullure .......................0479
Plont Potho|oov ................... 0¿80
Plont Physiolffy .................. 08l 7
Ronoe Monoqemen¡ ............ 0777

-.,Woõd Technõ|ogy ...............07 46
Brology

Generol .............................. 030ó
Anolomy ............................ 0287
Biostotisiics ......................... 0308
Botony........
Cell ..'..........
Ecoloov .....
Entomiloqy.

Vocotionoì ......O7A7

I.ANGUAGE, IITTRATURE AND

TINGUISTICS
Lonouooe

öeñerol ............. ................. 067 9
Ancient ........................-...,.. 0289
Linguislics ........................... 0290
Modern ..............................0291

Literotu re
Generol .............................. 040 I
Clossicol ............ .................029Á
Comporotive ....................... 0295
Medíevol ............................ 0297
Modern .............................. 0298
Africon.............. . .....031ó
Americon ............................ 0591
Asion ................................. 0305
Conodion (Enqlish) .............. 0352
Conodion (Fre-nch) .............. 0355
Enqlish ........................,...... 0593
Ge-rmonic ........................... 03 I l
Lolin Americon .................... 031 2
Mìddle Eostern .................... 03.l 5
Romonce ....-....................... 03ì 3
Slovic ond Eost Europeon ..... 03 ì 4

ENGINEERING

HTAI.TH AND TNVIROIIMTNTAI.
scttN(Es
Environrentol Sciences ............. 07ó8
Heolth Sciences

Generol ................,............. 05óó
Audio|oqv........................... 0300
ChemotÊ'éropy ................... 0992

..0567

..0350

..0769

..0758

..0982

..o5ó4

..0347
Nursing .............................. 05ó9
Nutrition ............................. 0570

PHII.OSOPHY, RTI.IGION AND
THTOI.OGY
Philosophy .......... ...................... 0422
Kelroron

öenerol ..............................03ì 8
Bìblicol Studies .,.................. 032'|
Clergy ..-............................ 031 9
Hislory ol ............................ 0320
Philosâphv on ......................0322

Theology .1...:. ................. ........ 0469

s0ctAt sqrNCrs
Americon Stud¡es............... . ..0323
Anlhropology

Archoeoloqy ....................... O32A
Culturol ...1.......................... 032ó
Phvsicol ............. ................. 0327

Busineis Administrotion
Generol .............................. 0310
Accountinq ......................... O27 2
Bonkins ..L......... ................. 077O
Monogement ......................0454
Morketinq ........................... 0338

Conodion Stüdies ..................... 0385
Economics

Generol .............................. 050 l
Agricuhurol ......................... 0503
Commerce-Business ............. 0505
Finonce .............................. 0508
History ................................ 0509
Lobor'................................. 0510
Theory................................ 05I l

Folklore . 1.................................. 0358
Geoqrophy............................... 03óó
Gero'ntcilogy ............................. 035 ì
Hislorv

Gånerol .............................. 0578

øEHT TJMT
SUBJECf CODE

4ncien1........,.,-................... 0579
Medie"ol ............................ 058ì
Modern ......,...................-... 0582
81ock .................................. 0328
Africon .,............................. 033 ì
Asio, Austrolio ond Oceonio 0332
Conodion ...........................033¿
Europeon
Lotin Americon .............
Middle Eostern

.,.......0585

., , . .0398
Politicol Science

Generol ....................,......... 0ó'l 5
lnternotionol Low ond

Relotions -.,....................... 0ó ì ó
Public Adminiskotion .........,. 0ó1 7

Recreotion ......081 4
Sociol Work ......................-......0A52
Socioloov

Ge'iérol ............. ................. 0626
Criminoloqy ond Penoloov ...0ó27
Demoqroply........... ... 1.1... oç¡g
Ethnic-ônil Rociol Studies .....0ó31
lndividuol ond Fomìlv

Studies .............. .'............. 0628
lndustriol ond Lobor

Re1otions ........................,.0629
Public ond Sociol Welfore ....0ó30
Sociol Structure ond

Development ................... 0700
Theony ohd Methods ............ 0344

Tronsportôtion .......................... 07 09
Urbon ond Reqionol Plonninq ....0999
Women's Studìes ...............:..... 0453

Enoineerino
"G"nurof .............................. 0537
Aerospoce .......................... 0538
Agriculturol ......................... 0539-
Aulomolive ......................... 0540
Biomedicol ........................., 054'l
Chemico1 ............................0542
Civi| .....,................... ......... 0543
Electronics ond Electricol ......0544
Heol ond Thermodvnomics ... 0348
Hydroulic............i............... os¿s
lnduslriol ....,. ................ .... 054ó
Morine .... -......... ................. 0 5 47
Moteriols Science .-
Mechonicol .........

Speech Pothology
loxrcology .........

Home Economics ....

PHYSICAI. S(ITN(E5

Pure Sciences

..,......04ó0

......0383

.........038ó

......0335

......033ó

.....0333

... . 0337

.,.........079A

...........0548

...........07a3

Dentistrv ....,..-..,..-...........
Educotiån
Hosoitol Monooemenf ......
Humon Develoãment .......
lmmunolooy
Medicine ähd Suroerv ....,
Mentol Heolth ....:.. :

Chemistrv
Geneírol .............................. 0485
Aqriculturol ......................... 07 49
Añolvticol ........................... 048ó
8iocliemistry .......................0487
lnorgonic ................,........... 0488
Nuc|eor ..............................0738
Orgonic .........-.................... 0490
Phormoceulicol .................... 049ì
Physicol ............. .................049 4
Polymer .............................. 0495
Roóiotion ............................07 54

Mothemotics ............................. 0¿05
Phvsics

' Generol .............................. Oó05
Acouslics ............................ 098ó
Aslronomv ond

Astrooh!sics...........-.......
Atmospleiic Science..........
Atomic ..............

Pockoging .......................... 0549
Petroleum ........................... 0Zó5
Sonitory^ond Municipol ....... 0554
System Science .................... 0790

Geotéchnolooy ......................... 0428
Operolions Räeorch 0796
Plostics Technoloqv ................... 0795
Textile Technolog-y ..................... O99 4

PSYCHOl.OGY

.......,. . ..........0309

......,............... 0379

...................... 0329

..................... 0353

...0778

...0472

...0786

...0760

Genetics ............................. 03ó9
Limnoloqy ...........................0793
Microbiðfoov ...................... 0¿ì O
Mo|eculorI1................. O¡Oz
Neuroscience ...................... 0317
Oceonoqroohy.................... 04 I ó
Physiololy 1...1..................... O¿:¡
Rodiotion ............................ 082ì

Metollurgy .......-.
Minin9..............
Nuc1eor.............

...............0551

...............0552

Velerinorv Science..........
Zooloov .i...................-.-..

Bioohvsìcí'
'Gå:nerol ............
Medicol ...,......................

EARTH 5(IENCES
Biooeochemistrv ..
Geõchemistry .:............. ..........

Electronics ond Eleckicitv ,.
Elementorv Porticles ond

Hioh Enãrov.,................
FluiJond Plãímo ..............
Moleculor
Nucleor ............-
Ootics ...............
Rcidiotion
Solid srore

Stotistics -............

Aoolied Sciences
nþilied t'aechon;cs ................

0621
038¿
0622
0620
0623
0624
o625
0989
0349
0632
0¿5ì

@
0346
0984

0425
099ó

.0ó0ó

.0ó08

.o7a8

.0607

...0798

...0759

... 0ó09

...0ó t 0

...0752

...0756

...0órì

...0¿ó3

Generol .........
Behoviorol ......

Còmpuler Science ...................



Disserlolion Abslrocls lnlernolional esf orgonisé en colégor¡es de sujels. Veuillez s,v.p, choìsir le suiet qui décrit le mieux volre
lhèse et inscrivez le code numêrique opproprié dons l'espoce réservé ci-dessous.

|-|-l-n {JM.I
SUJET

Cotégories por suiets

H¡'!AñA¡{¡IÊS ET SGIEN€ES SOGIAIEs

CODE DE SUJII

SE¡EN€85 ET INGÉNIER¡F

1ecrure.....................................0535
Molhémorioues.................... 0280
Musioue .1.. os22
O¡¡eniorion êr conr!ho1ion....... .05ì9
Philosoohie de l'éducotion ......... 0998
Phvsio,ie 0523
P¡óq¿mme! d érudes êr

enseionemenr .. .. 0727
Psvcho!ãoie os25
5crences .................. ....... . .. . (J/ l4
Sciences so<ioìes....................... 0534
Sociolooie de l'èducorion........... 03¿0
Technofôsie............... ......... .. 07ì0

I.ÂNGUT, TIflÉRAfURT Tf
UNGUT5Í0Ut
to¡gles. ,. _trenerolrlê! .................... .. .uôly

Ancieññes.... .... .................0289
1inouis|ioue...................... ..0290
Mo?erne!.................. . 029t

Litlérolure
Gênêrolirés..................... ...0401
4nciennes........................... 029¿
ComDorée ..........................0295
Medíévo|e.... ......................02e2
Moderne.............................0298
Alricoine ............ .. .. . .......031ó
A¡éricoine ......................... 0591
Anolôise....................... .. . 0593
Asi¿lioue.-............. 0305
conoúenne lAnoloisel ........ 03s2
conodrenne lfronco,sel . ....0JJ5
Ge¡monioue 03ì ì
torìno om'áricoine................ 03l 2
Moyen.or;e.role......... .. 03r5
Romõne 0313
Slove êl €t.europænne .....0314

Çèolçie. . . 0372

Hvd;ol6oiå. ... o38sMi',¿¡olåoie or'ì ì
Ocèonosiophie physique . ... ....0415
P.lèôhôrõ¡idL,ê O3¿5
Poleðko|ooii........................ ..0¿2ó
P.lÉÒ¡r.ld:è or'l8
Polèozooloäie...........................0985
Polynolosie-........... .. .... ......... 0427

s(lt (ts Dt ta saNli It Dt
rrNvtR0 Ntft$Nr
Économie dome!rioue............. .. 038ó
5c ences de I envroñnement 0/óa
Sciences de lo sontê

Générolirés .........................05óó
A¿minislrorion des hìóitôux O7ó9
Alimenrôlionelnukilitn . ..0570
audiolø;e.... . o3oo
chimiôrÊ'érÒôie o99)
Dênriterie..:...... .. ........ .....05ó7
Déveloooementhrmoin 073A
Enseioååmenr................ .. . 0350
l.-,;"|""i. oga?
1or5rrs.................................(J5/5
Médecine du hovoilel

thérôó;e 035¿
Mede¿ile er ¡hnu¡oie 05ó¿
Obsréhioùe er ovñËcôlôôiê 0380
oohrolmhlôore:i........ .:...... 038ì
Ohhoohonie-.. .... .. . .... Oaóo
Porhofooie O57l
Phormocre .................... .....u5/2
Pho¡mocolooie . .... .. . .... . .0a19
Phv<iorhé¡oàie 0382
RôiliôlMiÞ o57À
Sonré mËnrol-" . .... .... .........0347

5orn5 nlrrmreß ...............U5óv
loxicologie . .... ..................0383

4ncienne...................-........ 0579
Mediévo|e...... .... ...............0581
Moderñe.......... .. ..........0582
H¡roire des ¡oir'.... .... . .0328

Conodi€iñe........................033¿
8rors.Unis ............... .......... 0337
Eurooèenne 0335
Movån-orienrole 0333
Loti'no ornéricoiñe.... ........... 033ó
Asie, Aurrolie et Océonie....0332

Hisroire des sciences... 0585
Loisìrs...................... . ........081¿
Plonilicorion urboine ei

- régionole ........... .. . ....A999

çenero rles ..... ........ . uô l5
Adrni¡irroiionÕuhlioùe 0617
Droil et relôrio;!

internorionoles .............. ..0ól ó
Sociolôo;e

Génirolites............... a626
Aidê er bien.òrre sociol........ 0ó30

élobli";menis
oénitenrioire3 O6t7

DémooroÞhie.......... .... ......0938
Erudeidd l' indi"id, er

- de lo fomi |e........... .. .. ...0ó28
ErL:des des relotions

inierethñ;ôùe3 er
des relorions rocioles 0ó31

Slruclure et develoooemenr
so<iol.............11........ ozoo

Théorie er mérhodes ...........03¿¿
TrovoileÌ relorions

industrie|jes......................0ó29
Tronloorls ... . ..... 0709
Tro'oìlsociol.................... 0¿52

Bioméd]co|e........... .. ..... .. 05al
Choleur ei ther

modvnomioue.......... . .. .03¿8
Condirìonne"i.*

{Embo |oqel .....................05¿9
Gèñie oèroiooriol ...... . 0s38

Génie civil .:................... ...05¿3
Génie élecìronioue et

elê(k;a!e . . .054a
Génie inJurriel..... .. 05¡ó
Gènie mèconioue................05a8
çenenucleorre........... u5ll
Meconroùe ¡ôvôlê l)5Á/
Mèro lurbie . .. .. o7Á3
Science ðes rnorériou^ .... ....079a
Technioue du oèlrole . a765
le.hnr.re mrnrÞrê (ì551
Ìê.hni;1,ê( (ô.ir^i,êr pt

muni¿iooles.. .... .... . oss¿
T€chnoloiie hvd¡oLJlioue.. . osa5

Mèconiouê ôåôliiuéê o:]r'¿,
Céorechnoìosii . .......... O¿28

fTê¿h""!"l,i.l a7e5
Recheiche ooé¡ãtiónnelle. . .. .. .079ó
Tenieserris!us (Tech¡olosie) ....079¿

PSY(H0t0GtI(Jenerolrles |J621
Pe¡sonnoliré............ .................0ó25
Psvchobiolooie.... o3¿9
Psicholøie-cl;nioue aó??
Psicholdie d! c¿moo¡remenr o3B¿
Pricholoãie du dev¿lÒóóéñênr 0ó20
P!;choloãieexoérime;iirle.. 0ó23
Psicholoðie in¿ur,ielle .. o62a
PsicholoËie ohvsiolooioue........ 0989
Psicholoãie lo.iole .: .:. . o¿51
Psichom5r,ie .... .. ............ oó32

@

...0422

...........03r 0
.........0454

...........0770

..........0272

..........0338

..........0578

o473
0285

S(IINCTS PHYSIOUTS

Sciences Pu¡es
Chìmie

Genê¡ol'rés....... .................0¿85
Biochimie . ............... .. ¿87
Chi¡nie ooricole..... ....... . 07a9
Chimie oñol¡io¡e 0Á86
Chimie min¿'rolå........... .. . O¿8e
(hrm e nucl-ÀoÍe ... . O/34
Chim;e o¡oonioue ............... 0490
Chimieohãrmoceurioue. 0491
Phvsiouå... : oÄ9a
PofvmCres ............. .... .. .0¿95
Rodrolron.. .. . O/54

Molhémo1ioues..................... .. 0¿05

' c¿nè,olirés .........................oóos
AcoulioLre.............. O98ó

orroohvlioue.-..... 0ó0ó
Elecrroniqire èr élecrricir€ ...... Oó07
rru des el Dlosmo......... . .. ..o/5y
Méréo¡olobie . ....... . ...qéaq
upnqu€,.,, -........................u/J2
Porlicules {Phy!iquenucleonel.... ........0798
Phvsioue orôñioùe 07 Ág
Phisiciue de l étår solide oól I
Phísiciue moleculoire ........ .. oó09
Pl,i¡iciuenuclæire.... 0ólo
Roijioi;on....... . .......025ó

Sloliliques ......................... .. . 04ó3
5ciences Appliqués Et

1nformorioJe........................ . .098¡
lnqè¡ie¡ie

(Jenerolrles.. l)t.l/
Asrico|e ................. .. .......0539
Aulomobile . . 05r'O



COHPIITER SI}ITII.ATION OF AERATED I{EEAT STORED IN

TROPICAL AND SIIBTROPICAI. CIIHAIES

BY

ROBERTO SINICIO

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba in partial

fulfillment of the requirements for the degree of

DOCTOR OF PEILOSOPHY

@ 1994

Pen¡rission has been granted to the LIBRARY OF THE LMI/ERSITY OF IVÍANTIOBA to lend or

sell copies of this thesis, to the NATIONAL LIBRÄRY OF CA¡IADA b mic¡ofitm this thesis and

to lend or sell copies of the film, and IJNTÌÆRSITY ÀÆCROFILMS to publish an abstract of this

thesis.

The author resenres other publications tights, and neither the thesis nor exte¡rsive extracts from it
may be printed o¡ otherwise reproduced without the authols perrríssion.



I1

ABSTRACT

The main research objective was to determine the airflow rates, increases in air

temperature, and fan control methods required to preserve the quality of aerated wheat stored in

large horizontal storages under tropical and subtropical climatic conditions. The best airflow rates

and increases in air temperature for a geographical region depend on the initial moisture content

of the grain, airflow distribution, climate, and storage period. To reach this objective a reliable

computer program was required to simulate heat and mass transfer in stored wheat with and

without ventilation.

No reliable mathematical model had been developed to simulate forced convection in

wheat stored under tropical and subtropical conditions. Accurate thin-layer drying and wetting

equations were developed for use in a non-equilibrium model of forced convection in stored

wheat. Thin-layer drying (43 data sets) and wetting (88 data sets) rates were obtained in 15

experimental tests by exposing simultaneously nine thin-layers of wheat kernels to constant

airflows, temperatures, and relative humidities. The semi-empirical equation of Page was a more

accurate model of the data than the theoretical diffusion equation with the diffusion coefficient

dependent on temperature only.

The modified non-equilibrium model was validated by comparing it with an existing

validated equilibrium model and by conducting sensitivity analyses of the proposed model for

simulating aeration of wheat stored in Brazil and Winnipeg. A new approach was used in the

comparisons and sensitivity analyses of the mathematical models for simulating aeration of stored

wheaL deviations in predicted grain deterioration instead of deviations in grain moisture contents

and temperatures were compared. The results produced by the equilibrium and non-equilibrium



iii
models were significantly different for most conditions analyzed when simulating for Brazilian

locations because the deviations in grain deterioration predicted by the models were equal to or

higher than the uncertainty in predicting grain deterioration (x30vo). For Winnipeg, however, the

results were not significantly different when using the airflow rate and ventilation time

recommended for the Canadian Prairies. The uncertainties in predicted grain deterioration

generated in the computer program by several parameters for Brazilian locations and by all

parameters for Winnipeg were much lower than t30Vo suggesting that the deterioration model for

wheat should be improved.

A computer model was developed to simulate intermittent aeration of wheat stored in

large horizontal grain storages with linear and non-linear airflow distributions. The computer

model simulated one-dimensional forced convection using the non-equilibrium model, heat

conduction in the direction of the airflow for periods without ventilation, and grain deterioration.

The best fan-control method to aerate wheat stored in eight Brazilian locations was a differential-

thermostat which operated the fan according to the difference between the dry bulb temperature

of the outside ambient air and the average grain temperature. The maximum allowed storage time

for aerated wheat in the Brazilian locations correlated well with the annual average-time that the

ambient air temperature was below 15'C.
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I. INTRODUCTION

1.1. Scope of the Problem

1.1.1. Recommended airflow rates and fan control methods to aerate wheat stored in

tropical and subtropical regions

It is more difficult to preserve the quality of stored grain aerated in tropical and

subtropical climates than in temperate climates because the higher temperatures increase the rate

of biological activity in the grain bulk. Grain preservability is yet much more difficult in a warm

and humid climate because the higher relative humidities of the ambient air increase the water

activity of the grain.

Grain storage ecosystems in the tropics are more difficult to analyze than those in the

temperate climatic conditions because of the greater variety of type and size of storage structures;

greater complexity of the marketing system; higher temperatures and in some regions higher

relative humidities of the ambient air; and greater biological complexity and diversity (Haines

1994).

Large horizontal grain storages with capacities varying from l0 to 100 kt of grain are

common in warm climates such as in Brazil and Australia. Grain aeration has become an essential

method for the preservation of grain quality in these warm climates. In all these large grain

storages the ventilating air is distributed by aeration ducts which produce a non-linear airflow in

the grain mass.

A common problem during grain aeration in humid climates is grain wetting around the

aeration ducts (Sutherland 1968, Navarro et al. 1973a and 7973b, Nash 1978, Sutherland et al.

1983, Ghaly 1984). This occurs when the relative humidity of the air coming from the ducts is

consistently higher than the equilibrium relative humidity of the stored grain. Deterioration of the
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grain in this region depends mainly on its moisture content (i.e., water activity) and temperature

during the storage period (Nash 1978, Ghaly 1984). Grain deterioration underthese conditions is

observed in both cold and warm regions (Sutherland 1968, Navarro et al. 1973a and I973b, Ghaly

1984) but the problem is worse in warm-humid regions because the grain deterioration rate is

accelerated by the higher grain temperatures. Therefore, control of grain aeration is more complex

in tropical and subtropical regions than in temperate regions.

Commercial losses caused by incorrectly controlling grain aeration which can over dry the

stored grain are common in countries like Brazil. These losses occur because grain storage

managers do not understand the effect of fan control strategies and, thus, turn the aeration fans

on or off during the wrong periods of the day. The main hindrance for the conect practice of grain

aeration in Brazil is the lack of knowledge about the dynamic equilibrium between the

psychrometric properties of the ambient air and the hygroscopic properties of the grain (Sartori

et al. 1976). Information related to recommended airflow rates and fan control strategies for

tropical and subtropical regions is lacking (Calderon 1972, Calderon 19J4, Navarro 1974, Chung

et al. 1986, Nour/Jantan et al. 1988, Covanich 1988). The recommended airflow rates for cooling

grain during the storage period depend on the type of grain, size and type of storage structure, and

climatic conditions (Foster and Tuite 1982).

A computer model is needed to determine the best airflow rates, increases in air

temperature, and fan and heater control strategies during intermittent aeration of wheat stored in

ûopical and subtropical climates. The computer model must accurately predict temperature,

moisture content, and deterioration of the grain caused by fungi as a function of time, weather

conditions, and type and shape of storage structure (Metzger and Muir 1983a). In particular, it is
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necessary to predict accurately temperature, moisture content, and deterioration of the grain close

to the aeration ducts where the grain undergoes multiple drying and wetting cycles.

1.1.2. Mathematical models for simulating forced convection in stored wheat

Metzger and Muir (1983b) validated the equilibrium model of Thompson (1972) for

simulating forced-convection in stored wheat with a linear airflow distribution. Little is known,

however, about the performance of equilibrium and non-equilibrium mathematical models for

simulating aeration of wheat stored in tropical and subtropical climates using linear and non-linear

airflow distributions.

1.1.3. Thin-layer drying and wetting equations for wheat

Non-equilibrium mathematical models use thin-layer drying and wetting equations to

describe the rate of change in the grain moisture content for a single layer of grain kemels

exposed to a constant temperature, relative humidity, and airflow. In a comprehensive review of

studies on thin-layer drying of grains Jayas et al. (1991) indicated that little work has been done

on thin-layer wetting of grains, particularly wheat. In fact, no thin-layer wetting equation was

available for wheat and thin-layer drying equations for wheat were not available for near-ambient

temperatures except for the equation ofJayas and Sokhansanj (1986). The standard error for the

equation of Jayas and Sokhansanj (1986), however, was not reported.

1.1.4. Relative importance of the variables in the mathematical models

Many research projects have been conducted to determine empirical data such as

equilibrium moisture content, thin-layer drying and wetting rates, bulk density, specific heat, Iatent
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heat of vaporization, and resistance to airfiow of grains. These data are needed in non-equilibrium

heat and mass balance models to simulate aeration of stored grain. Little is known, however, about

the ¡elative importance or effect of such variables on the ¡esults of the simulations.

Sensitivity analysis, which is the study of changes in the parameters of mathematical

models and the effects that these changes will have on the problem solution (Lee et al. 1985), can

be used to determine the relative importance of one variable or interaction of many variables

during the simulation of aeration of stored grains. The sensitivity of a computer model to one

variable can be determined by changing that variable within its range of expected uncertainty and

by calculating the effect of this change on the predicted grain deterioration over the storage period.

The effects of changing variables on the predicted grain moisture contents and temperatures are

not needed in the sensitivity analysis because grain deterioration, unlike grain moisture content

and temperature, is a continuously increasing, cumulative variable.

Computer models used to simulate aeration of stored grain can be simplified based on the

results of sensitivity analyses. Simplification of computer models is needed to simulate repeated

processes that require long computer times especially when the resea¡ch objective is system

optimization. Research effort can be reduced by directing future work towards the measurement

of the most important variables identified in the sensitivity analysis.

1.2. Hypotheses

The following hypotheses were formulated for testing:

l. Accurate thin-layer drying and wetting equations for wheat can be

experimental data obtained by exposing thin-layers of wheat kemels

temperatures, and relative humidities;

determined based on

to constant airflows,
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2. Non-equilibrium heat and mass balance models, when compared with equilibrium models,

are better to predict changes in grain moisture contents and temperatures during aeration of stored

wheat in warm and humid climates with uniform and non-uniform airflow distributions;

3. The knowledge of the relative importance of variables such as airflow rate, thermal and

physical properties of wheat, equilibrium moisture content, and thin-layer equations can be used

to simplify computer models for simulating aeration of stored wheat and to direct future research

towards the most important variables; and

4. The airflow rates and fan control methods required to preserve the quality of aerated wheat

stored in large horizontal grain storages under tropical and subtropical climates can be determined

using a simulation model to predict moisture contents, temperatures, and deterioration based on

historical weather data for several storage years.

1.3. Assumptions

The following assumptions correspond to each of the formulated hypotheses, respectively:

L The major variables that affect the thin-layer drying and wetting of wheat are related to

the initial moisture content of the grain, air temperature and relative humidity, and air velocity;

2. Heat and mass balance models used for grain aeration normally over estimate wetting and

drying for the bottom layers of grain close to the air inlet. The problem of over prediction is

accelerated when the airflow rate is increased in regions close to aerations ducts;

3. The sensitivity of a computer model to simulate grain aeration relative to one variable can

be determined by changing that variable within its range of uncefainty and by calculating the

effect of this change on the predicted grain deterio¡ation over the storage period; and
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4. A computer model which predicts one-dimensional forced convection using a non-

equilibrium mathematical model, heat conduction in the direction of the aiflow, and grain

deteriorioration based on seed germination as a function of grain moisture content, temperature,

and time can be used to determine various design parameters of aeration systems such as the best

airflow rates and fan-control methods. This assumption applies to large grain storage units where

linea¡ or non-linear airflow distribution exists and where the heat conduction in the horizontal

direction can be neglected. Historical weather data containing hourly dry-bulb temperature, relative

humidity, and barometric pressure for several harvest years are necessary for the simulations.

1.4. Layout of the Thesis

The major problem identified in this research was the lack of knowledge about the best

airfiow rates, air-temperature increments, and fan-control methods required to preserve the quality

of aerated wheat stored in tropical and subtropical regions with linear and non-linear airflow

distributions. To solve this problem a reliable computer program was required to simulate heat and

mass transfer in stored wheat with and without ventilation.

The mathematical model of Metzger and Muir (1983b) can be used to predict heat transfer

during periods without ventilation. No reliable mathematical model, however, had been developed

to simulate forced convection in wheat stored under fopical and subtopical conditions. Therefore,

I proposed to use the non-equilibrium mathematical model of Thompson et al. (1968) to simulate

the forced convection in stored wheat. Accurate thin-layer drying and wetting equations, which

were not available for wheat, were developed to be used in the non-equilibrium mathematical

model (objective l).
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The non-equilibrium model, however, should normally be validated against experimental

data. The validation was questioned because: long duration tests and great economical resources

would be necessary for constructing equipment and conducting the experiments and analyses; the

validation would be applicable only for a specific range of experimental conditions and grain

cultivar; and in an actual case simulation, the uncertainty in predicting grain deterioration could

be higher than the errors introduced in the mathematical model of forced convection by random

errors related to thermal and physical properties of the grain and grain cultivar, weather data, fan

temperature rise, and airflow. Consequently, research was conducted to compare the non-

equilibrium model with an existing equilibrium model which had been validated for Canadian

conditions (objective 2).

The knowledge gained through the sensitivity analysis of the non-equilibrium

mathematical model (objective 3) was used to simplify the mathematical model for simulating

forced convection in stored wheat.

The comparison of equilibrium and non-equilibrium models and the sensitivity analyses

of the non-equilibrium model were conducted using weather data from Brazilian locations and

Winnipeg for linear and non-linear airflow distributions.

Finally, after finding evidence that the non-equilibrium model was reliable, it was used

in a computer program for determining the best ai¡flow rates and fan-control methods for

intermittent aeration of wheat stored in selected tropical and subtropical locations (objective 4).



2. OBJECTIVES

The specific objectives of this research were:

1. To determine accurate thin-layer drying and wetting equations for wheat;

2. To compare equilibrium and non-equilibrium heat and mass balance models to simulate

aeration of stored wheat with linear and non-linear airflow distributions;

3. To determine the relative importance of several variables for simulating aeration of stored

wheat with linear and non-linear airflow distributions; and

4- To determine the best airflow rates, air-temperature increments, and fan control methods

required to preserve the quality of aerated wheat slored in tropical and subtropical locations with

linear and non-linear airf'low distributions.



3. REVIEW OF THE LITERATURE

3.1. Grain Aeration in Tropical and Subtropical Regions

Forced ventilation of ambient air through stored grain (aeration) is necessary to maintain

product quality (Foster and Tuite 1982, Sinha and Watters 1985, Sutherland 1986, Lasseran 1988,

Noyes 1990, Sinha et al. t99l). The main purposes of grain aeration are to maintain a uniform

temperature in the grain bulk and to keep that temperature as low as is practical (USDA 1960,

Trisvyatskii 1969,Hall 1970, Nash 1978, Christensen and Sauer 1982, Foster and Tuite 1982,

Chung et al. 1986, Thorpe 1986, Lasseran 1988, Noyes 1990). Grain cooling decreases biological

activity in the grain ecosystem and prevents moisture migration (Christensen and Sauer 1982,

Foster and Tuite 1982, Sutherland 1986, Armitage 1986, Covanich 1988, Muir et al. 1989).

Moisture migration is prevented by maintaining a uniform temperature in the grain mass

(Christensen and Sauer 1982, Foster and Tuite 1982, Sutherland 1986, Armitage 1986, Covanich

1988, Muir et al. 1989). Moisture migration is caused mainly by free convection of the interstitial

air in the grain bulk (Muir 1973, Griffiths 1981, Smith and Sokhansanj 1990a) although moisture

transfer by diffusion may occur over extended storage periods. The free convection currents of

air inside the grain bulk are caused by temperature gradients in the grain mass. Temperature

gradients may be caused by changes in external variables such as ambient air temperature, solar

radiation, and wind interacting with the storage structure and grain. Also intemal variables like

heat generation by respiration of the grain, moulds, and insects (Calderwood et al. 1983) may

produce temperature gradients in the grain bulk.

Aeration can kill insects in cold climates, e.g. by maintaining the grain tempemture at

-5oC for 8 wk kills Cryptolestes ferrugineus (Stephens), which is the stored-product insect species
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most resistant to low temperatures (Mills 1990). Most common insect species of stored grain in

tropical and subtropical regions do not multiply at temperatures below 17'C (Navano 1974,

Cotton and Wilbur 1982, Sinha and Watters i985). Aeration fan controllers for farm-stored wheat

in Kansas successfully controlled insects by cooling the grain before significant deterioration

occurred (Reed et al. 1993). It is not known, however, whether aeration can maintain the grain

temperature below l7'C in tropical and subtropical regions.

It is a common practice in tropical countries such as Brazil to spray contact pesticides on

the grain before storage to prevent insect infestations. Grain aeration can decrease the rate of

pesticide decay by decreasing the grain temperature (Thorpe and Elder 1982, Sutherland 1986).

Grain aeration can be used to eliminate hot spots inside the grain bulk. A hot spot can be

eliminated if a slight drying effect reduces the grain moisture content. Hot spots in the grain bulk

may be caused by excessive grain moisture content or an insect infestation confined to a specific

location in the grain bulk. Sometimes it is difficult to detect a hot spot using a thermometric

system when the hot spot is between two measurement points. The thermal diffusivity of the grain

is low and the grain may deteriorate before the hot spot is detected (Muir 1973, Bournas 1988,

Muir et al. 1989). In some situations, hot spots can be eliminated by inserting into the grain bulk

an aeration spear consisting of a perforated duct with a fan at its upper end. Then, ambient air is

drawn through the warm areas of grain by suction (Armitage and Burrell l97S).

The average grain temperature was closely correlated with seasonal ambient air variations

during aeration experiments conducted in tropical and subnopical climates (Bhatnagar and Bakshi

1975,Lu and Chen 1985, Sutherland 1986, Nour/Jantan et al. 1988). Grain aeration associated

with head space ventilation has been beneficial to control the grain temperature and maintain the

grain moisture content in subropical climates (Ward and Calverley 1972, Navarro 1974, Griffiths
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al.1981, Ghaly 1978, 1984, Halderson 1985, chung et al. 1986, cuperus et al. 1986, Gough et

1987a, 1987b).

The management of an aeration system is complex considering the many possible

interactions among the physical and biological variables in the grain ecosystem. Aeration systems

need to be well designed and operated. A centralized quality control system, consisting of

computers, programmable controllers, software, and various transducers interacting in a network

may solve or at least minimize the problem of providing efficient maintenance of grain quality

through proper aeration (Pym and Adamczak i986, Armitage and Llewellin 1987, Persson and

Churchill 1983, Persson and Churchill 1987).

Bailey (1968) suggested that the relative potential forgrain aeration in Australian regions

could be roughly indicated by determining the time that the ambient air temperature was below

26.7,21.1, and 15.6'C. The best airflow rates and fan-control methods, however, cannot be

determined using this procedure. Atmospheric relative humidity reaches a maximum when the

minimum temperatures occur and it is difficult to decide when to operate aeration fans. There are

general guidelines to be followed in these situations for humid climates (Gough and McFarlene

1984, Driscoll 1986) but it is necessary to establish optimum fan-control strategies to optimize the

use of aeration fans. Explanations about the use of psychrometric equations, grain hygroscopicity,

rates of dry matter loss and insect increase, resistance of grain to airflow, economics of grades,

handling costs, and probability analysis of percentage loss data for designing storage systems in

the humid tropics are given in the literature (Teter 1986).

In subtropical regions it is usually possible to have adequately low temperatures for grain

aeration in highland (upland) climates. For example, in a typical upland-savannah climate (near
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São Paulo, Brazil) at about 800 m altitude, temperatures of l0-12'C prevail during several months

of the year (Calderon 1974).

Aeration has been used as an effective method to control stored grain insects for several

locations around the world (Sutherland 1968, Calderon 7972, Calderon 1974, Ghaly 1978, Nash

1978, Calderwood et al. 1983, Bloome and Cuppperus 1984, Ghaly 1984, Halderson 1985,

Armitage 1986, Cuperus et al. 1986, Sutherland 1986, Armitage and Llewellin 1987, Epperly et

al. 1987, Calderon et al. 1989, Noyes 1990, Reed et al. 1993, Willian et al. 1993) but for the

warm regions or for the warm seasons occasional chemical treatment (spot fumigation) may be

needed for insect control (Calderwood et al. 1983, Calderon et al, 1989). In the humid tropics,

aeration cannot control insect growth and development in the internal environment of the aerated

bulk storage, therefore, a supplementary system to control insects is needed (Chung et al. 1986,

Nour/Jantan et al. 1988). Reducing grain temperatures by aeration, however, decreases biological

activity in the grain bulk and decreases the rate of pesticide decay (Thorpe and Elder 1982,

Sutherland 1986).

Other possibilities for grain aeration in warm climates are either to use refrigerated air to

cool the grain and kill the grain insects during the normal storage period (Calderon 1972, Navarro

etal.l973a,l973b, Donahaye etal.1974, Calderon 1974, Navarro 1974, Hunter and Taylor 1980,

Driscoll 1986, Sutherland 1986, Maier et al. 1989, Abe et al. 1993). To be economic the grain

storage has to be thermally insulated and the cooled air recirculated (Hunter and Taylor 1980).

In Brazil, grain storage managers have found that grain aeration using refrigerated air is not

profitable because the grain storages are not thermally-insulated. However, there have been some

cases of using this system for seed storage.
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The use of heated air aeration systems has been also investigated for tropical climates to

prevent wetting of stored grain (Pfost et al. 1976a). This method is feasible to control insects by

maintaining the grain temperature above 44'C but seed will lose viability and grain quality will

decrease.

Ferreira et al. (1979) evaluated the technical feasibility of continuous aeration of corn

stored in six Brazilian locations using the model of Thompson (1972) modified by Fraser and

Muir (1977) and adapted for the study of Ferreira et a\. (1979). It was shown rhat the southern

climate of Brazil is adequate for aeration of corn stored at I3Vo wb (wet mass basis). A loC rise

in air temperature through the fan obtained by blowing the air was impoÍant for increasing the

safe storage life of the stored corn compared with sucking the air through the grain. Feneira et

al. (1979) discouraged the storage of com at the norlhem seaport, Belém, near the mouth of the

Amazon River which is the warmest of the six locations considered. Only average monthly air

temperatures and relative humidities were used and the heat and mass transfer in the grain bulk

without ventilation was not included in the simulations.

Ferreira and Muir (198i) conducted simulations of continuous aeration of corn stored in

five locations in São Paulo State, Brazil using the same procedure of Ferreira etal. (1979). The

locations were selected so that all climate types of this State could be considered. Average daily

air temperatures and relative humidities for 10 ye¿ì.rs were used for the simulations. Upward

aeration of corn stored at L37o wb was feasible for at least one year storage period only for three

locations. The best results were for locations which had a hot climate with a dry winter white the

worst results were for locations which had fopical-wet or temperate wet climates.

The computer simulations conducted by Fereira et al. (1979) and Ferreira and Muir

(1981), however, did not investigate options for the fan confol because only monthly and daily
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average weather data were available. Although the continuous ventilation method is not used by

grain storage managers in BraziT, the results of this research showed that aerating corn in Brazil

is technically feasible and that the fan temperature rise is an important variable affecting the safe

storage life of stored corn.

Sinicio et al. (1991) simulated conductive heat transfer in the radial and vertical directions

along with intermittent forced ventilation through corn and wheat stored in Sorocaba, Brazil using

the mathematical model developed by Metzger and Muir (1983b). The best aidlow rates and fan-

control strategies were determined based on weather data for 3 years. Hourly weather data were

generated based on daily records containing five air temperatures, three relative humidities, and

daily averages. These researchers determined that controlling the fan with a differential-thermostat

or time-clock resulted in decreased deterioration compared with either no ventilation or continuous

ventilation. They determined also that to store corn ancl wheat safely for l0 and 6 mo,

respectively, minimum airflow rates of 0.5 and 1.0 L.s-'.m-3 were required. Differential-thermostat

control caused the least grain deterioration for wheat and the least energy consumption by the fan

for both wheat and corn.

The research of Sinicio et al. (1991), however, was not conducted using actual hourly

weather data and only 3 years of data were used in the simulations. The differential-thermostat

method was based on the difference between the grain temperature 0.68 m below the top surface

and the dry bulb temperature of the ambient air. This procedure, however, has some practical

inconveniences because the grain depth is not fixed during the storage period and the

thermocouple junctions for measuring the grain temperature might not be located at the required

depth used as reference in the simulations.
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Gonçalves (1992) developed an algorithm to control automatically the aeration fan based

on the equilibrium relationship between the psychrometdc properties of the ambient air and the

moisture content and temperature of com stored in a metalic bin with a futly perforated floor

located in Botucatu , Brazil. The traditional fan-control methods were compared with a method

where the fan operation was controlled by the difference between the maximum allowable dry-

bulb temperature, determined by the simulation model or experimentally, and the grain

temperature. Simulations were conducted to obtain information to formulate an algorithm for

automatic control through software. The number of hours available for fan operation was the main

factor in determining the fan control method. In the case of the automatic control, it was shown

that the maximum allowable dry-bulb temperature should be set equal to the dew point

temperature plus a correction factor, determined for the specific local climatic conditions. All fan

control methods caused a maximum of l%o wb moisture reduction, similar cooling patterns, ancl

moderate grain deterioration.

The fan control method proposed by Gonçalves (1992) also presents the same practical

inconvenience as the differential-thermostat method used by Sinicio et al. (1991) because the

grain temperature sensor is fixed at 0.5 m below the grain surface. Gonçalves (1992) conducted

the simulations for the worst year only which was determined based on historical records of dry

bulb ambient-air temperatures. The selection of the worst year based on the ambient-air

temperatures was chosen because the main objective of the ventilation was to cool the grain. This

procedure, however, may not be adequate for wet and warm regions. Grain may deteriorate in

the bottom layers because excessive wetting is not compensated by the decrease in the grain

temperature.
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The common problems for the existing fan control methods are: i) actual weather

conditions are not considered (e.g. thermostat control based on the grain temperature only);

ii) actual weather and grain conditions are not taken into account (e.g. time-clock control);

iii) changes from year to year in weather pattems and grain conditions are not considered (e.g.

thermostat, humidistat, thermostat combined with humidistat); iv) grain moisture content and air

relative humidity are not considered (e.g. differential-thermostat); and v) grain depth might change

over the storage period (differential-thermostat control based on the temperature of the top layer).

The method normally used by grain storage managers in Brazil (Bronzatti et al. 1992,

Cordeiro 1993) is thermostat control based on the grain temperature. The thermostat is set to turn

the fan on when the grain temperature is above 25"C in the cold season (May to October) or

above 30'C in the warm season (November to April). No research has been conducted, however,

to determine the best thermostat settings for this traditional method.

The differential-thermostat method based on the average grain temperature, however, is

the only method which takes into account the actual overall temperature of the grain bulk and

ambient air temperature. This method presents a greatpotential for application in warm and humid

climates because it guarantees that the average grain moisture content will not increase excessively

by keeping a minimum differential temperature between the grain bulk and the ambient air.

Excessive grain wetting will be prevented because a minimum differential temperature, to be

determined by computer simulation for each geographical location, will create a vapor pressure

for the water in the grain higher than that for the water in the ventilation ai¡. Also, the differential-

thermostat method provides grain cooling using the minimum daily temperatures of the ambient

air.
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Correct design and operation of aeration systems should result in high grain-quality and

minimum capital and operational costs. The choice of an optimum aeration design and operation

is not obvious because the actual grain spoilage costs are difficult to estimate and the capital costs

are not readily available. On the other side, there is no standard size and shape for grain storages

or aeration systems and each design will generate special airflow pattems making it difficult to

generalize practical recommendations for different climates and initial grain conditions. It is

imporlant, however, to develop technology which is inexpensive, easy to operate manually or

automatically, and safe for maintaining the grain quality.

3.2. Mathematical Models to Predict Heat and Mass Transfer During Forced Convection

Through Stored Grain

3.2.1. Linear airflow distribution

Linear airflow distribution is characteri zed by parallel streamlines and constant air velocity

along the streamlines. This is an ideal situation which actually does not occur even though bins

with fully perforated floors are used because the resistance to airflow of grains depends on size

and shape of the grain kernels and their distribution; grain levels; rate of grain packing; amount,

size, and distribution of foreign material, fine material and broken grains.

The mathematical models used to predict grain drying are either partial-differential-

equation models (Brooker et a7. 1974,Ingram 1976, Sharp 1982, Bakker-Arkema et al. 1974,

Bakker-Arkema 1986, Wilson 1987, 1988, Lu et al. 1987, Jiang and Rajapakse 1991) or heat and

mass balance models (Boyce 1965, Boyce 1966, Thompson et al. 1968, Bloome and Shove 1971,

O'Callaghan etaL.l97l, Thompson ef al.l97l, Bloome and Shove 1972,Thompson 1972, Morey

et al. 7979, Sokhansanj et al. 1983). Each of them can be further divided into non-equilibrium and
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equilibrium models (Bakker-Arkema 1986). Equilibrium models assume total equilibrium of

temperarure and vapor pressure between air and grain in each layer, during each time interval.

Non-equilibrium models assume only temperature equilibrium between air and grain. Simplified

equilibrium and non-equilibrium models have also been presented to describe heat and mass

transfer between air and grain (Sutherland et a7. lgTI,Ingram 1979, Sutherland et al. 1983,

Bowden et al. 1983, Smith 1984a,1984b).

Equilibrium models use desorption and adsorption equilibrium moisture content equations

to calculate the changes in the grain moisture content during each time interval. Non-equilibrium

models use thin-layer drying and wetting equations to describe the rate of change in the grain

moisture content for a single layer of grain kemels exposed to a constant temperature, relative

humidity, and airflow.

The partialdifferential equation models are fundamental models based on laws of heat and

mass transfer and thermodynamics. Several of these models, solved numerically using the finite

difference method, have been derived to predict near-ambient grain drying and aeration and most

of them have been validated (Banett et al. 1981, Thorpe and Elder 1982, Smith and Bailey 1983,

Parry 1985, Beard and Arthur 1985, Wilson 1988, Bakker-Arkema 1986, Sinicio etal.1986/lg17).

These models provide good accuracy and flexibility, but they require considerable computer time

to simulate near-ambient grain drying and aeration. Therefore, they are not recommended for

optimization studies (Sharp 1982,Parry 1985, Bakker-Arkema 1986).

Logarithmic models (Sabbah et al. 1979) can be obtained by simplifying the partial

differential equation models. These models are used for near-ambient drying, provide a good

prediction for the average grain moisture content of the bin; are computationally efficient, but they
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cannot be used for grain aeration because they are inadequate to predict grain wetting (Sharp

1982).

Several simulation studies for near-ambient grain drying and aeration have been conducted

using validated heat and mass balance models assuming either an equilibrium or a non-equilibrium

condition. These models are recommended for optimization studies because most of them are

reasonably accurate and require low computer time (Sharp 1982, Sharp 1984, Bowden et al. 1983).

In these models, different combinations of equilibrium moisture content equations for desorption

and adsorption and thin-layer drying and wetting equations have been used for the mass balance

(Sharma and Muir 1974, Morey et al. 1979, Mittal and Otten 1980, 1982, Morey et al. 1981,

Bailey and Smith 1982, Mühlbaueret aL.1982, Metzgerand Muir 1983a, Sharp 1984, Schultz et

al. 1984, Anderson and Kline 1986, Sinicio et al. 198611987, Biondi et al. 1988, Lynch and Morey

1989, Bunn and DeWitt 1990, Bunn and Krueger Wishert t99l).

Most of the heat and mass balance models (Mittal and Otten 1982, Schultz et at. 1984,

Sanderson et al. 1989) used for grain aeration predict reasonably well the average grain moisture

content of the bin. These models, however, do not accurately simulate moisture contents for the

bottom layers of grain close to the air inlet where the grain is exposed to multiple drying and

wetting cycles as the weather conditions change.

Morey et al. (1979) simulated near-ambient corn drying and determined that the

equilibrium model of Thompson (1972) over predicts the rates of both drying and wetting near

the air entrance. Therefore, they modified the model of Thompson (1972) to improve the

predictions of moisture content as follows: a thin-layer drying equation was included to check for

over prediction of drying for each grain layer and time step; an equation for the equilibrium

relative humidity under adsorption conditions was added to decrease the over prediction of wetting
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and to provide a hysteresis effect in their model; and airflow rates 20-30Vo lower than those

calculated from fan performance curves were used to compensate for non-uniform airflow in the

bin.

Minal and Otten (1980, 1982) simulated near-ambient corn drying and they found that the

equilibrium model over predicted the rate of drying and wetting especially in the bottom layers,

which also agrees with results obtained by Van Ee and Kline (1979a,1979b). A combination of

equilibrium model with thin-layer drying and wetting equations was used to predict grain moisture

conrent within +170 moisture content (Mitral and otten 1990, 1gg2).

Mefzger and Muir (1983b) developed and validated a computer model to predict two-

dimensional heat conduction and one-dimensional forced-convection in stored grain. The model

can be used to simulate grain temperature and moisture changes in cylindrical granaries aerated

intermittently using hourly weather data. The heat transfer model is based on heat conduction and

was developed by Muir et al. (1980). Metzger and Muir (19S3b) found that equilibrium was nor

a good assumption for airflow rates as high as 9.0 L.s-r.m-3 while this assumption gave relatively

accurate moisture content predictions for airflow rates of 1.9 L.sr.m-3.Later,Metzger and Muir

(1983a) used their model to determine the best airflow rates and fan-control strategies for four

Canadian Prairie locations using historical weather data for 15 or more harvest years. In this

research they found that the choice of control methods was independent of climate within the

range of climates studied.

Sanderson et al. (1989) evaluated the mathematical model developed by Metzger and Muir

(1983b) to simulate near-ambient drying of wheat using airflow rates from 0.8 to 23 L.s-r .m-3. The

original model of Thompson (1972) used for the simulation had been modified to include an offset

of 5Vo in the equilibrium relative humidity during moisture adsorption. The measured maximum
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moisture contents were lower than those simulated and the simulated drying front speeds were

normally slower than those measured for almost all tests. The weather data used for the

simulations were obtained from Environment Canada at a site which is 20 km from the

experimental location. Sanderson et al. (1989) concluded'that the model of Metzger and Muir

(1983b) is sufficiently accurate to predict airflow rates required to cool and dry stored wheat.

Schultz et al. (1984) obtained the best correlations to predict grain aeration using the

equilibrium model of Thompson (1972) in drying and the non-equilibrium model of Thompson

et al. (1968) in wetting. This indicates that adsorption should be considered separately and

hysteresis must be included if the model is to accurately predict wetting. They found that the

equilibrium model over predicted wetting while the non-equilibrium model over predicted drying.

Thorpe and Whitaker (1992a,1992b) developed an explanatory model to predict heat and

mass transfer in ventilated grain bulks based on the laws of continuum mechanics expressed by

a set of differential equations that govem the transport phenomena in each phase. These

researchers showed that thermal equilibrium is likely to exist in aerated bulks of grain. The

thermal equilibrium is one of the assumptions in the mathematical models of Thompson (1972)

and rhompson et al. (1968) for simulating forced convection in grain bulks.

3.2.2. Non-linear airflow distribution

Non-linear airflow distribution, which occurs when aeration ducts are used to distribute

air inside the grain bulk, is charactenzed by curved streamlines and variable air velocities along

the streamlines.
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Traverse times in relation to bulk seed fumigation, drying, or cooling indicate the position

of temperature and moisture fronts since the speed of these fronts are directly proportional to the

speed of the fluid (Saul and Lind 1958, Hunter 1986).

Smith (1982) obtained experimental and theoretical results indicating that anisotropic

resistances are required to predict non-uniform airflow through a grain bed and that the

streamlines are not perpendicular to the lines of constant pressure. In fact, experimental data for

different types of grain have shown that air travels more easily horizontally than vertically

(Lamond and Smith 1982, Kumarand Muir 1986, Jayas et al. 1987, Kay et al. 1989, Sinicìo et

al. 1992).

Smith et al. (1992a , 1992b) developed and validated a computer model to simulate near-

ambient grain drying. The computer model simulated three-dimensional heat and mass transfer

along the streamlines in a grain bulk with non-linear airflow distribution. Smith et al. (1992b)

concluded that the drying front and isotraverse lines have a similar shape when the air and grain

are approaching thermal and mass equilibrium. Also, they concluded that the streamlines are not

perperdicular to the lines of constant pressure because of the anisotropic resistance of grain to

airflow and that the isobars are not adequate to describe the airflow distribution and drying

pattem. The following procedures were used by Smith et al. (l99zb) to predict heat and mass

tansfer in near-ambient drying: (i) a finite element method was used to determine the pressure

gradients in the grain bulk; (ii) the velocity components were calculated using the pressure

gradients; (iii) the streamlines and isotraverse lines were determined based on the velocity

components; and (iv) the heat and mass transfer were simulated along the streamlines assuming

that the isotraverse lines were similar to the lines of constant grain moisture content.
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3.3. Thin-layer Drying and Wetting Equations and Equilibrium Moisture Content Equations

for Desorption and Adsorption

Thin-layer equations describe the rate of mass transfer in a single grain layer assuming

that the kernel temperature reaches the butk air temperature immediately at the beginning of the

process @arti 1993). Thin-layer equations can be classified as empirical, semi-empirical, or

theoretical equations (Parti 1993). Thin-layer drying and wetting equations for different types of

grain have been developed for use in near-ambient grain drying and aeration (Flood et al. 1972,

Roa et al. 1977, Krueger and Bunn 1985, Duggal et al. 1982, Sinicio et al. lg84/1985, Haghighi

and Segerlind 1988, Pafii 1990, Banaszek and Siebenmorgen 1990, Haghighi et al. 1990, Jayas

et al. 1991, Liu a¡d Cheng 1991, Osborn et al. 1991, Irudayaraj et al. 1992). The empirical

equations are preferred because they provide good accuracy and are more efficient computationally

althoughthetheoreticalequationsarefrequentlyused(Sharp l98Z,Parry l985,Jayasetal. l99l).

A common semi-empirical equation to describe thin-layer drying and wetting of grains is

the equation of Page (1949):

MR= (M-EMC) =exDl-Klrul(Mo EMC) r \ /

where: MR : moisture ratio (decimal),

M = moisture content (decimal, dry mass basis-db),

EMC : equilibrium moisture contenr (decimal, db),

Mo : initial moisture content (decimal, db),

t : time (min),

K, N : grain dependent coefficients.

(3.r)
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The major variables that affect thin-layer drying and wetting rates of grain are the initial

moisture content, air temperature, relative humidity, and air velocity (Misra and Brooker 1980).

Most thin-layer models do not include air velocity as an independent variable, however, air

velocity affects thin-layer drying of corn (Misra and Brooker 1980) and wheat (Henderson and

Pabis 1962).

A theoretical thin-layer equation used by many investigators (Jayas et al. l99l) for

simulating grain drying is the diffusion equation and its analytical solution is:

MR- exp(-z 2rr2D * t¡ (3.2)

where: DR : D/R2 : modified diffusivity coefficient (minr),

D : diffusivity coefficient (m2.min'r),

R : equivalent radius of the grain kernels (m),

n : identifying number of the term in the infinite series.

The diffusion equation takes into account the resistance to internal mass transfer, neglects the

external resistance, and assumes temperature equilibrium between the kernel and its surroundings

@arti 1993). The modified diffusivity coefficient as a function of temperature in an Arrhenius type

equation (Pabis and Henderson 196i) may be expressed as:

+Ë+
Ti- n=l ll -

Dn = at 
".p 

(+)

where: T : temperature (K),

(3.3)

àt, Lz : product dependent parameters.
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Detailed explanations of the thin-layer equations and their use in mathematical models to

simulate heat and mass transfer in deep-bed grain drying are given elsewhere (Bakker-Arkema et

al.1974, Brooker etal.1974, Parry 1985, Jayas et al.1991, parti 1993).

Several theoretical and empirical equations and experimental data have been obtained for

equilibrium moisture content for desorption and adsorption by grains for modeling near-ambient

grain drying and aeration (Chung and Pfost 1967, Strohman and Yoerger 1967, Young and Nelson

1967, Pixton and Warburton 1973, Brooker et al.1974, Pfost et at. 1976b, Sinicio and Roa 1979,

Pixton and Henderson 198l,Iglesias and Chirife 1982,Labuza1984,Henderson 1987, Chen and

Morey 1989a, 1989b). Empirical equations for equilibrium moisture contents are normally used

because they provide good accuracy and are computationally efficient (Sharp 1982,Parry 1985,

Jayas et al. I991). Jayas et al. (1991) recommended that a standard format for the equilibrium

moisture content equation should not be created until more is known about the nature of moisture

sorption and the variables affecting hygroscopicity.

Sun and Woods (1993) reviewed 33 sets of hygroscopic data for wheat and found that the

modified Oswin, modified Chung-Pfost, modified Henderson, Strohman-Yoerger, and Chen-

Clayton equations are the most suitable for wheat amongst the many isotherm equations available

in the literature.

3.4. Mathematical Models to Predict Temperature and Moisture Changes of Stored Grain

for Periods Without Aeration

Temperature gradients in grain bulks caused by seasonal changes in weather conditions

and solar radiation have been reported for different climates around the world (Holman and Carter

1952, Bakshi and Bhatnagar 7972, Ward and Calverly L972,Foster and Tuite 1982, Buschermohle
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et al. 1988, Uiso et al. 1990). Free-convection generated by these temperature gradients carries

the grain moisture from the w¿rrmer to the cooler parts of the grain bulk and grain deterioration

may occur depending on grain conditions and time (Sutherland 1968, Bakshi and Bhatna gar 1972,

Ward and Calverley 1972,Muír 1973, Ghaly 1978, Griffiths 1981, Gough etal. l987aand 19g7b,

Foster and ruite 1982, covanich 1988, Muir et al. 19g9, Gough et al. 1990).

Significant increases in grain moisture content in the top of the grain bulk and head space

condensation have occurred in metal bins due to free-convection currents in tropical field trials

(Gough et al. 1987b, Uiso et al. 1990). Similar cases have been reported by grain storage

managers in Brazil for different types of storage structures without grain ventilation (Bronzatti et

al. 1992, Cordeiro 1993, Pascoali 1993) and for other humid tropical regions (Griffiths 1981,

Covanich 1988). In addition, there have been reports in North and South hemispheres about the

formation of thermal gradients along the north-south axis that are great enough to drive moisture

horizontally along this axis (Gough et al. 1987b, Buschermohle et al. l9g9).

An approximate analysis of heat transfer by convection and conduction showed that for

small cereal grains such as wheat, heat transfer is dominated by conduction, but for larger particles

the effect of convection is more important (Smith and Sokhansanj 1990b). Khankari er al. (1993)

also showed that heat üansfer in wheat and com is mainly govemed by conduction.

Analytical and numerical models have been derived to predict one-dimensional (Muir

1970, Converse et al. 1973, Yaciuk etaL.7975, Lo et al. 1975, White 1988, Bala et al. 1990),

two-dimensional (Muir et al. 1980, Chang et al. 1993, Abbouda et al. t992a), and three-

dimensional (Bell 1978, Alagusundaram et al. 1991) heat transfer in grain bulks based on heat

conduction only.
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Muir et al. (1980) included heat transfer by free-convection in their model but it did not

improve the temperature prediction for stored wheat. The inclusion of free convection and heat

generation in the model of Muir et al. (1980) used for predicting temperatures of stored milo,

however, improved the accuracy of predictions for I year of storage without ventilation (Abbouda

et al- 1992a). Unlike the model of Muir et al. (1980), the model developed by Chang et al. (1993)

can be used to predict grain temperatures with and without aeration and the predicted and

experimental results are in close agreement for a test period of 32 mo (standard error of estimate

between 0.9 and t.8'C).

The results of a computer model to predict two-dimensional heat transfer based on free-

convection were similar to previouly published experimental results for wheat and soybeans

(Dona and Stewart 1988).

Finite difference has been the main numerical method used to solve the partial differential

equations but recently the finite element method has been used more frequently (Alagusunduram

et al. 1990). Most of these models have been validated with experimental data. The model of

Alagusundaram et al. (1990), which was solved using the finite element method, provided good

accuracy for predicting temperature distributions in a grain storage bin without ventilation. The

model can be used for any shape of storage structure and at any location for which hourly weather

data including ambient air temperature, wind velocity, and solar radiation are known.

There are several mathematical models to predict two-dimensional (Nguyen 1986, Smith

and Sokhansanj I 990a, Freer et al. 1990) and th¡ee-dimensional (Singh and Thorpe I 993) heat and

mass transfer in grain bulks assuming free convection. Other numerical models have been

presented to predict one-dimensional (Pixton and Griffiths 1971, Thorpe 1981) and rwo-

dimensional (Thorpe etal. 7991a and 1991b, Obaldo et al. 1991) moisture rransfer in grain bulks
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assuming moisture movement by vapor diffusion. Also, models have been developed to predict

two-dimensional (Khankari et aL.1993) and th¡ee-dimensional (Singh et al.1993) heat and mass

transfer including both free convection and vapor diffusion phenomena.

Most researchers agree that moisture migration in unventilated bulks is transferred mainly

by free-convection caused by temperature gradients in non-ventilated grain bulks (Muir 1973,

Stewart 1975, Griffiths 1981, Smith and Sokhansanj 1990a). It has been shown analytically thar

moisture flows much slower by diffusion than by free convection, convective transport of moisture

is always present, and convective heat transfer is important if the resistance to airflow is low

enough and if the radius of the storage bin is approximately equal to rhe height of the bin (Smith

and Sokhansanj 1990a). It has also been determined, both experimentally and theoretically, that

moisture migration in wheat is mainly by diffusion whereas the effect of free convection is more

important in corn (Khankari et al. 1993).

The mathematical model of S ingh and Thorpe (1993), which can be used to predict free

convective flow in grain storage systems of any shape, was applied to predict moisture content,

temperature, movement of the intergranular air, dry matter loss, and pesticide decay for com

stored in a bunker-type store. The highest dry matter loss due to microorganism activity over a

90-d storage period predicted by their model occurred in the peak region and this was in

agreement with practical observations in commercial grain storages.

There are also several works which present water vapor diffusion as the mechanism

driving the moisture migration through non-isothermal grain bulks @ixton and Griffiths 1971,

Thorpe 1981, Thorpe 1982, Thorpe et al. 1991a, 1991b, Obaldo et al. 1991, Abbouda et al.

1992b).
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Longstaff and Banks (1987) presented a mathematical model to predict the temperature

fluctuations in the region within 40 cm of the upper surface of grain bulks. This model, based on

one-dimensional convective and conductive heat transfer, was solved using the finite difference

method. This model together with the one given by Bell (1973) can be used to predict the mean

temperature in the head space of any type of grain storage structure, type of grain, and ambient

conditions.

3.5. Grain Deterioration Models

Grain deterioration depends on many variables such as moisture content, temperature,

time, mechanical damage, grain type and variety, grain history, species and amount of initial

contamination by microflora. Grain deterioration is the most important variable to be predicted

because all recommendations of airflow rates and fan control methods are based on its maximum

value. At present it is not possible to calculate the exact quality parameters such as milling and

baking quality, germination, and fat acidity values as a function of grain storage conditions.

Deterioration predicted by empirical mathematical models give, however, an indication of quality

changes and trends of spoilage of stored wheat under aeration (Sanderson et al. 1989).

To determine the best airflow rates and fan-control strategies to aerate grain stored in a

specific geographical location it is necessary to predict the allowable safe storage time of the grain

as a function of grain moisture content, temperature, and time using hourly weather data collected

for several years.

Lissik and Latif (1986) developed a model to predict two-dimensional heat and mass

movement within a grain bulk without aeration as a result of mould respiraúon. The model was

solved using the finite difference method. The results indicated that although the grain temperature
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and moisture changes were relatively slow, the effects of temperature due to localized spoilage

were considered important for the whole bin, but the amount of moisture produced during spoilage

could be neglected. The heat removal by aeration is 103 to lOs times greater than heat generation

due to respiration of grain and associated storage fungi under airflow rates of about 1 L.s-' .m-3

(Lissik 1986). Heat and moisture generation in dry bulks of intermittently aerated grain may be

neglected considering the slowness of the process and the rate of heat removal by aeration using

normal aeration rates.

Mathematical models to quantify grain deterioration based on the appearance of visible

mould (Fraser and Muir 1981, Bowden et al. 1983, Sanderson et al. 1989) tend to underestimate

the allowed storage time (Brook 1987, Sanderson et al. 1989) while the models based on dry

matter decomposition and CO, production (Saul and Lind 1958, Steele etal. 1969, Saul 1970,

Brooker and Duggal 1982) tend to over estimate the allowed storage time (Brook 1987). The

deterioration model of Fraser and Muir (1981) predicts deterioration trends which compare

favourably with trends in seed germination and fat acidity values (Sanderson et al. 1989).

Models based on visible mould provide a safety margin in the design of near-ambient

ventilation systems (Brook 1987, Nellist 1988, Sanderson et al. 1989). The models based on dry

matter decomposition, however, can be generalized for other types of grain and might provide

a more quantitative means of defining storage life (Brook 1987). The generalization of the dry

matter decomposition models is based on the fact that all cereal grains appeil to be subject to the

growth of the same storage mould species (Ì.[ash 1978, Busta et al. 1980).

3.6. Summary

The literature review identified the following major problems:
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1. A lack of knowledge about the airflow rates, air-temperature increments, and fan control

methods required to preserve the quality of aerated wheat stored in nopical and subtropical

regions;

2. No accurate thin-layer drying and wetting equations were available for wheat;

3. No reliable mathematical model had been presented to simulate forced convection in wheat

stored under the warm, humid tropical and subtropical climates; and

4. Information about the relative importance of several variables in non-equilibrium

mathematical models for simulating aeration of stored wheat was not available.

Consequently, research reported in the next sections was devoted to solving these

problems.
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4. MATERIALS AND METHODS

4.1. Thin-layer Drying and Wetting Equations

4.1.1. Grain conditionÍng and experimental design

Experimental tests were conducted to obtain basic data needed for determining thin-layer

drying and wetting equations to be used in a non-equilibrium mathematical model to simulate

forced convection through deep beds of wheat. The experimental data of thin-layer drying and

wetting were obtained by exposing thin-layers of wheat kemels to constant airflows, temperatures,

and relative humidities.

The ranges of moisture content and air conditions were selected to generate basic data for

determining thin-layer drying and wetting equations that could be used to develop mathematical

models to simulate aeration of stored wheat in tropical and sub-tropical climates. The experiment

was designed to have wetting for two-thirds of the tests.

Canada Hard Red Spring Wheat (Triticum aestivum L., cv 'Katepwa') harvested in August

1991 was used in this research.

The initial moisture content ranged from 12.2 to 73.6Eo (all reported moisture content are

on a wet mass basis except where specified otherwise). The samples were conditioned to three

moisture contents (9.2, 13.0, and 16.7Vo). The average air temperature and relative humidity used

for conditioning the moisture of the samples were 35oC and 20Vo for drying and 27"C and 90Vo

for wetting and the average airflow was 0.17 m3.s-r.m-2. The grain samples at9.2 and 73.07o were

stored at 4"C and the sample af 16.7%o was stored at 0"C during the 4-mo test period. Four

temperatures and three relative humidities were used (Table 4.1). Minimum average temperatures

below 7.6oC were not used due to limitations of the air conditioning unit. The average air

velocities were 0.04, 0.I2, and 0.25 m.s-'.



33

Table 4.1. Average temperatures and relative humidities of the inlet air during the thin-layer
drying and wetting tests

Temperature
("c)

Relative Humidity
(7o)

7.6

15.1

25.0

35.1

69

52

38

28

80

75

70

66

87

90

92

85

4.1.2. Experimental equipment and procedure

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

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

The chamber was connected to a Climate-Lab-AA (C-L-AA) unit @arameter Generation and

Control, Inc., Black Mountain, NC) which provided constant air temperature, relative humidity,

and airfiow. A retum-air duct recirculated the exhaust air to the C-L-AA unit. The conditioning

chamber and transitions from the chamber to the ducts were constructed from wooden-particle

boards 12.7-mm thick and surfaced with non-absorbing melamine. .The chamber and transitions

were thermally insulated with extruded polystyrene 50.8-mm thick. All joints were calked to

prevent leaking. The ducts were thermally insulated with fibre-glass, 76.2-mm thick.

Valves located in each fay section controlled air velocities. The air velocities were

measured between the air valves and the trays at nine points for each tay section using a hot-wire

anemometer CIA400 Airflow Developments Ltd, Mississauga, Ontario) with a precision of

*0.01 m's-r. For each test, the air velocity was measured twice. The total airflow exhausted from
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Thermocouple grid

Calibrated orifice meter
Air Conditioning

Thermometer

Point Sensor
Dew Point lndicator

à*-----valve

Fig. 4.1. Experimental equipment for thin-layer drying and wetting tests
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the chamber was calculated based on measurements of the differential pressure drop across a

calibrated orifice meter (ISO 1983). The measurements of pressure drop were done twice per test.

A micromanometer (Autozero MP6KSR Air Instrument Resources Ltd, Chalgrove, Oxford,

England) with a precision of +l Pa was used to measure the differential pressure across the orif,ice

meter. The air velocities at different conditions of temperature and relative humidity in each tray

section, were corected by multiplying them by the total airflow determined using the calibrated

orifice method and dividing them by the total airflow determined using the hot-wire anemometer

method.

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

thermocouples arranged in parallel (Benedict 1984). The thermocouples were installed 25-mm

below the grain trays. The air temperatures were read by a digital thermometer (pronto plus

Thermo-Electric Instruments, Saddle Brook, NJ) with a precision of +6.1"ç connected to a manual

switch box. The thermocouples were calibrated with precision thermometers to + 0.loC in an ice

bath placed in a vacuum-bottle and in boiling water. Dew point temperature was measured at the

air inlet section using a Hygro-Ml dew-point humidity sensor (General Eastern Instruments Inc.,

Watertown, MA) with a precision of 10.1'C. An aquarium type airpump sucked the airfrom five

collecting points in the air inlet section through the dew point sensor. The air temperature and dew

point temperature were measured at least 10 times per test. The air relative humidity for each thin

layer was calculated based on the average temperature measured below the Íay and the dew point

temperature at the air enfance.

The sample holders were made of square, extruded-aluminum frames with aluminum

screens 2I2 x 212 mm to hold the grains. The aluminum screens were held in place by

compressing them with plastic splinters. Thin-layers of grain one kemel deep were prepared by
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distributing uniformly the grain over the aluminum screens. The grain and tray masses were

measured using an electronic balance (Mettler PE1600 Mettler Instruments Corporation,

Greifensee, Zürich, Switzerland) with a precision of +0.01 g. The initial grain mass was measured

before placing the sample trays in the chamber. The equipment was tumed on at least 20 h before

placing the sample trays in the chamber. During the tests the trays were weighed outside the

chamber. The tests at temperatures and relative humidities of 35.1'C md2BVo andT.6Candgj%o

were repeated three and four times, respectively. The other tests were not repeated. In one test at

7.6oC and 877o and in another at 35.1'C and 287o relative humidity the grain samples were

weighed only twice during the entire test period to determine the effect of the weighing time on

the thin-layer drying and wetting rates. The tests at temperatures and relative humidities of 35.I "C

and 28o/o andT .6"C and 87o/o were replicated to determine the repeatibility of the experiments. The

dry mass of the wheat samples was determined by oven (Thermolyne Mechanical Oven,

Thermolyne Corporation, Dubuque,IA) drying the wheat at 130 oC for 19 h (ASAE 1993a) at the

end of each experiment using triplicate samples.

The air temperature and relative humidity for each test were randomly selected from the

values showed in Table 4.1. Three grain samples having the same initial moisture content were

randomly placed in the sample trays at three air velocities.

4.1.3. Equilibrium moisture content for desorption and adsorption

Values of equilibrium moisture content (EMC) for desorption and adsorption by wheat

were obtained by fitting Page's equation (Eq. 3.1,Sec. 3.3) using non-linear regression (SAS

1985) to each of the experimental data sets (43 for drying and 88 for wetting) obtained in 15

experimental tests (Appendix l) and letting EMC be a third parameter. Jayas et al. (1988, 1991)



37

suggested this method to determine the values of EMC . On average, 1 1 experimental points were

used for each regression. The EMC values determined using this procedure are not true EMC but

asymptotic values which give the best fit of the semi-empirical equations to the drying and wetting

experimental data. These values of EMC have been named "dynamic EMC" (Simmonds et al.

1953, Westerman et al. 1973, Watson and Bhargavalg74). The concept of a dynamic EMC has

been proven wrong at least for alfalfa wafers and the definition of such a quantity during the

drying of other biological products is doubtful (Bakker-Arkema and Hall 1965). The asymptotic

values of EMC, however, are impoftant to improve the accuracy of the predictions of moisture

content because they simulate the actual condition of equilibrium between air and grain that occurs

during grain aeration.

A two step procedure was used to select EMC equations for desorption and adsorption.

First, the best equations among four commonly used EMC equations (modified Henderson

(Thompson et al. 1968), modified Chung-Pfost (Pfost etat.1976b), modified Halsey (Iglesias and

Chirife 1976), and modified Oswin (Chen and Morey 19S9a)) were selected. The choice of the

best equation was based on the average and maximum absolute and relative errors and on the

standard error of moisture content. Then, the best EMC equations were further modified to obtain

the final EMC equations. In addition, the best three-parameter equation which could be used for

both desorption and adsorption by wheat was selected. The parameters of the EMC equations were

determined by nonJinear regression (SAS 1985). The average relative percent error @E) and

standard error of moisture content (SM) were defined as:

PE-rw $ lv,-vc,l
N? Y.t

(4.1)
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(4.2)

where: Y, measured moisture content (Vo, wb),

YCi : estimated moisture content (Vo, wb),

N number of experimental points,

DF : degrees of freedom of the regression model (N minus number of parameters in

the model).

4.1.4. Mathematical modeling

Page's equation (Eq.3.1, Sec.3.3) and the diffusion equation (Eqs.3.2 and 3.3, Sec.3.3)

were used to predict thin-layer drying and wetting of wheat. For Page's equation the parameters

K and N for drying and K' and N' for wetting were determined by linear regression (euattro pro

4.0 Borland Intemational, Inc.) and non-linear regression (SAS 1985) using the EMC predicted

by the best EMC equations. The regressions were run using experimental data for each of the

experimental data sets (42 for drying and 87 for wetting). These parameters were then conelated

to the measured temperatures, relative humidities, initial moisture contents, and air velocities.

Linear mathematical models were tested to determine this dependency but the correlation

coefficients were not good even when using equations with more t}rut 26 coefficients. Thus, I

proposed new, non-linear, semi-empirical models to describe the parameters K and N for drying

and K'and N'for wetting in Page's equation (Eq. 3.1, Sec. 3.3) because they showed small errors

and used less coefficients. In addition, one attempt was made to find a simple mathematical model

that could be used for both thin-layer drying and wetting of wheat.
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For the diffusion equation @q. 3.2, Sec. 3.3) the parameters a, and a, of the modified

diffusivity coefficient (Eq. 3.3, Sec. 3.3) were also determined by non-linear regression (SAS

198s).

4.2. Selection of Geographical Locations for the Simulations

The selection of tropical and subtropical locations for this study was based mainly on the

availability of weather data from Brazil, and on the grain production level, and bulk storage

capacities in each of the Brazilian states. A weather database for 1961 to 1970 for eight Brazilian

state capitals (Belo Horizonte, Minas Gerais State; Campo Grande, Mato Grosso do Sul State;

Cuiabá, Mato Grosso State; Curitiba, Paraná State; Florianópolis, Santa Catarina State; Goiânia,

Goiás State; Porto Alegre, Rio Grande do Sul State; and São Paulo, São paulo State ) consisting

of hourly dry-bulb and wet-bulb air temperatures and barometric pressures was used for the

simulations (T able 4.2).

Campo Grande, Cuiabá, and Goiânia are classified as tropical climates because the average

for every month is above 18"C. Belo Horizonte, Curitiba, Florianópolis, porto Alegre, and São

Paulo are classified as subtropical climates because they have at least I mo with average

temperatures below 18'C and at least 8 mo averaging above l0'C (I-ydolph 1985). The average

temperature and relative humidity for 10 years of weather data indicate that Curitiba was the

coldest and wettest location and Cuiabá was the warmest and dryest location among the eight

Brazilian locations (Table 4.2).

The eight states selected for this research have together about 97Vo of the total Brazilian

bulk storage capacity (Table 4.3). Paraná, and Rio Grande do Sul States have 52.5 and 37.SVo of

the total Brazilian wheat production and, 22.9 and 27.67o of the total Brazilian bulk storage
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toTable 4.2. Average weather conditions calculated for selected Brazilian locations from l96l
tg70l

Location Temperature Relative Barometric South V/. Gr. Altitude
("c) Humidity Pressure Latitude Latitude2 (m)

(Vo) (kPa)

Belo Horizonte

Campo Grande3

Cuiabáa

Curitiba

Florianópolis

uotanra"

Porto Alegre

São Paulo

75.5 92.7

94.8

99.0

91.4

r 01.5

r0r.5

92.6

19"56', 43"56' 950

20028' 54"4' 56023.0 76.4

26.5 69.4

16.5 85.8

20.5 82.7

21.0

15033' 5607'

25026' 49o16,

27035', 4934'

151

924

l8

22.4

19.4 80.4

18.7 80.4

3000 l' 5 I ol 3' 41

23"30', 4637' 192

75.4 93.0 16041' 49o17, 729

roriginal weather data was obtained from Instituo de Aeronáutica e Espaço
'W. Gr. : West of Greenwich
3Year period: 1961 - t969.
aYear period: 1963 - tg7\.
sYear period: 1961 - 1967.

capacity, respectively (Table 4.3). Weather data from Curitiba were used for most of the

simulations in the comparison of models and sensitivity analyses because based on 1gg3lg4

statistics Paranâ State has the highest wheatproduction, and the second highest grain production

and bulk storage capacity among all Brazilian States.

Cuiabá, Goiânia, and Porto Alegre were included in the comparison of mathematical

models and Campo Grande and Cuiabá were included in the sensitivity analysis to determine the

effects of climatic conditions. In addition, a weather database from 1953 to L992 for Winnipeg,

Manitoba consisting of hourly dry-bulb temperatures and relative humidities, obtained from the
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Environment Canada, was used in simulations to analyse the effects of a temperate climate on

comparison of models and sensitivity analyses.

Table 4.3. Production of rice, corn, soybean, and wheat in 1993194 and bulk storage capacity for
Brazilian states

State Grain Productionr (kt) Total Bulk Storage
Production Capacity2

(kÐ (kÐRice Com Soybean Wheat

Goiás

Mato Grosso

Mato Grosso do Sul

Minas Gerais

Paraná

Rio Grande do Sul

Santa Catarina

São Paulo

Others

510

916

254

6s9

236

4560

714

259

3530

2835

t027

1 105

39s4

836 1

4390

3435

4185

2672

2381

5079

2444

126t

527 5

5597

562

1265

1222

8

0

74

15

lzt4

867

84

50

0

5734

7022

3873

5889

r 5086

15414

4795

5759

7424

7138

4699

3619

2055

r 0780

t2999

r590

2815

1455

Total r0780 32822 25082 2312 70996 47150

'source: CONAB (1994a) 
- estimate based on seeded area and grain productivity.

'source: CONAB (1994b) - only for the storage units registered at the Brazilian Companhia
Nacional de Abastecimento (Nacional Supply Company of Brazil) - CONAB which corresponds
to about 90Vo of Brazilian bulk storage capacity. Storage at farm level (about 5Vo of total Brazilian
stomge capacity) is not included.

4.3. Grain Deterioration Model

The mathematical model of grain deterioration presented by Fraser and Muir (1981) and

used by Metzger and Muir (1983b) was used to predict the allowable safe storage times for wheat
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as a function of grain moisture content, temperature, and time. This model predicts maximum

stomge times for wheat before germination drops by 
.SVo 

or visible mould appeats. A numerical

procedure to calculate the allowable storage time elapsed (ASTE) for each time interval was used

by Sanderson et al. (1989). In that procedure, the deterioration model *u, ur"d to calculate the

allowable storage time at each time interval based on the predicted temperature and moisture

content of each spatial element. The proportion of allowable storage time elapsed during the time

interval is the length of the time interval divided by the allowable srorage time. These decimal

fractions for all preceding time increments were added to obtain an estimate of the total proportion

of allowable srorage time elapsed (ASTE).

Sanderson et al. (1989) speculate that the deterioration model of Fraser and Muir (l9gl)

has a high factor of safety because it predicts spoilage (ASTE : 1.0) before measured seed-quality

decreases excessively. Therefore, these researchers advise the use of an ASTE of 1.5 to indicate

unacceptable deterioration. Also, according to these authors, the deterioration model predicts

deterioration trends which compare favourably with trends in seed germination and fat acidity

values.

4.4. Year of Simulation and Total Grain Depth Used in the Comparison of Models and

Sensitivity Analysis

4.4.1. Brazilian locations

The median year (1966) and the worst year (1969) from 1961 to 1970 for Curitiba were

selected on the basis of the maximum ASTE simulated for any grain layer when ventilating the

stored wheat from 6:00 to 12:00 each day. The maximum ASTE for each year was determined

by simulating aeration of stored wheat for l0 years of weather data using the equilibrium model
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of Metzger and Muir (1983b), I3vo initial grain moisture content, 30'C initial grain temperarure,

I L's-r'm-3 airflow rate, 1oC fan temperature rise, and 5.6 m grain depth. The aeration period from

6:00 to 12:00 was chosen because it gave less grain deterioration compared with l2:@-ig:00,

18:00-24:00, or 0:00-6:00. This agrees with results presenred by Sinicio et al. (1991) for the

Brazilian city of Sorocaba, São Paulo State. The same ventilation period and initial moisture

content and temperature of the grain were used in the comparison of models and sensitivity

analyses for other Brazilian locations.

The grain depth was divided into 20 layers: the first grain layers from the bottom were

5, 10, 15, 20, and 25 cm thick and the remaining 15 layers were 32 cm thick. Variable grain

layer thicknesses were used in an attempt to detect accurately grain deterioration in the first layers

from the bottom, where the ventilation air enters the grain, without need to increase excessively

the total number of layers. The grain layer thicknesses were determined according to the minimum

amount of spoiled grain required to be detected in the grain bulk. It was important, however, ro

keep the total number of grain layers as small as possible because the computer execution time

increased proportionally to this number.

In all the simulations to determine the median and the worst years the maximum grain

deterioration occurred in the first layer from the bottom. Also the deterioration in the bottom I m

was always greater than the average grain deterioration for the whole bulk. Therefore, the grain

depth for the comparison of models was reduced to I m for the linear airflow distribution. The

equilibrium model of Metzger and Muir (1983b) was used for determining the median and the

worst years.
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4.4.2. Winnipeg

The median yeu (1979) and the worst year (1963) from 1953 to lggTfor Winnipeg were

selected on the basis of the maximum ASTE simulated for any grain layer when ventilating the

stored wheat from 0:00 to 6:00 during I Sept. to 30 Nov. The maximum ASTE for each year was

determined by simulating aeration of stored wheat for 4O years (1953 - 1992) of weather dara

using the equilibrium model of Metzger and Muir (1983b), l57o initial moisture content, 30oC

initial grain temperature, I L.s-r.m-3 airflow rate, 1oC fan temperature rise, and 5.7 m grain depth.

The grain depth was divided into 20layers: the first grain layers from the bottom were 5, 10, 15,

20, and 25 cm thick and the remaining 15 layers were 33 cm thick. In all the simulations to

determine the median and the worst years the maximum grain deterioration occurred in the top

layers. Therefore, the grain depth selected for the comparison of models and the sensitivity

analysis was 5.7 m for the linear airflow distribution.

Metzger and Muir (1983a) recommended an airflow rate of 1.0 L.s-r.m-3 and ventilation

time of 0:00 to 6:00 for four Canadian Prairie locations including Winnipeg. They also compared

this ventilation time with 6:00 - 12:00, 12:00 -18:00, or l8:00 -24:00, and concluded that this

ventilation time provided effective grain quality control, reduced energy use, and minimized over

drying.

The grain deterioration was highest during the worst year comp¿ued with the median year

because 1963 was warner than 1979 (Table 4.4) and most deterioration occurred primarily due

to the grain temperature. Normally for the first layer from the bottom, where the ventilation air

enters the grain, the predicted grain moisture content was the highest and the temperature was the

lowest. Therefore, the effect of grain temperature was more important than that of grain moisture

content for aeration of stored wheat under winnipeg weather conditions.



Table 4.4. Average weather conditions during the worst (1963)
1953 to 1992 for aerating stored wheat in Winnipeg, Canada from
from 1953 to 19921

and median (1979) years
1 Sept. to 30 Nov. in each

45

from
year

Year Month Temperature ("C) Relative Humidity (7o)

Mean2 Minimum3 Maximum3 Minimum3 Maximum3

1963 9 15 7 22 51 86

10

11

13620 50 78
a -746880

r979 I
10

l1

t9

r0

-l

49

51

70

l3

4

-5

90

90

90

7

-l
-9

rWeather data obtained from Environment Canada

'Daily mean temperature for 24h.
'Daily minimum and maximum temperatures and relative humidities.

4.5. Comparison of Equilibrium and Non-Equilibrium Mathematical Models

4.5.1. Heat and mass transfer during forced convection

The equilibrium model of Metzger and Muir (1983b) was compared with the non-

equilibrium model developed by Thompson et al. (1968). The non-equilibrium model was

modified to include the thin-layer drying and wetting equations and EMC desorption and

adsorption equations for wheat developed for this resea¡ch (Sinicìo et al. 1994). Equilibrium

temperature (T.) of the wheat and air was calculated by a heat balance between air and grain

before calculating the moisture exchange using the equations presented by Thompson et al. (1963).

Equilibrium relative humidity of the air @RH) was calculated using the moisture content of the

air and T". Equilibrium moisture contents for desorption and adsorption by wheat were calculated

using T" and ERH. Drying was assumed when desorption EMC was lower than the grain moisture
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content. Wetting was assumed when adsorption EMC was higher than the grain moisture content.

No moisture exchange, i.e. hysteresis, was assumed when neither drying or \iletting was possible.

The equilibrium model of Metzger and Muir (1983b), however, was used when ERH was

equal to or higher fhan 95Vo due to the limitations of the EMC equations to predict above this

limit and to predict vapor condensation although this event normally does not occur during

aeration.

The net heat of desorption and adsorption, i.e. the amount by which the latent heat of

vaporization or condensation, respectively, differs from that of free water, were calculated using

the latent heat of vaporization equation (Eq. a.3) and latent heat of condensation equations (Eqs.

4'4 and 4.5) which were based on the EMC desorption and adsorption equations presented by

Sinicio et al. (1994):

h = t t 3'23 exp (-zo'?sM ) (4.3)

(4.4)

(4.s)

39.34exp( 43.63M) M <0.2048

M > 0.2049

where: L : latent heat of vaporization or condensation of water in wheat (kJ.kg-,),

L' : latent heat of vaporization or condensation of free water (kJ.kg-,),

¡4 : grain moisture content (decimal, db).

The latent heat of vaporization and condensation equations were determined using the method

presented by Cenkowski et al. (1992).

L_=l -l

¡r

L_=l
L/
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For both equilibrium and non-equilibrium models the bulk density was calculated as a

function of grain moisture content (Nelson 1980) for each grain layer during the ventilation

period. Therefore, grain shrinkage was calculated and a constant dry mass was used in each grain

layer throughout the simulation.

4.5.2. Uncertainties in predicting grain moisture content, temperature, and deterioration

The uncertainty in the measurement of grain moisture content was assumed to be fl.zg

percentage points (ASAE 1993a) and the uncertainty in the measurement of intergranular air

temperatures using thermocouples was assumed to be +O.5'C (Benedict 1984, Omega 19g6) at

95Vo confidence level. The uncertainty to predict ASTE was determined by conducting an error

analysis (Kline and McClintock 1953, Huggins 1991) of the deteriorarion model (Appendix 2)

developed by Fraserand Muir (1981). The uncertainties in measuring grain moisture content and

temperature were used to determine the uncertainty in predicting ASTE. The uncertainties in

determining the coefficients of the deterioration model were calculated based on the standard

deviations for the coefficients calculated by the linear regression of the deterioration data. A 95Vo

confidence level was used for all variables and coefficients.

The uncertainty in predicting ASTE using the deterioration model of Fraser and Muir

(1981) as a function of the uncertainties in measuring grain moisture content and temperature was

+l2%o. The uncefainty in predicting ASTE when the uncertainties in estimating the model's

coefficients were included was much higher and depended on the grain moisture content and

temperature (Table 4.5). Therefore, the uncefainty in predicting ASTE when comparing the

equilibrium and non-equilibrium models was assumed to be +30Vo which was less than the

estimated minimum (Table 4.5). Thus, any absolute deviations in predicted ASTE that were less
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ofthan 30Vo was not considered significant at the 957o confidence level in the comparison

mathematical models and sensitivity analyses.

Table 4.5. Uncertainties (Vo) in the prediction of allowable storage time elapsed (ASTE) for wheat
determined at the 95Vo confidence level based on an error analysis of the deterioration model of
Frazer and Muir (1981)

Moisture Content,

Vo, wb

Temperature, oC

l5

I I L1a t.^r r rJ¿ +33 +35

25

l3

15

t7

+34

l.36

138

+35

+37

+39

+36

+38

+41

A high uncertainty in predicting ASTE can be expected because the dependance of wheat

deterioration on variables such as mechanical damage, grain variety and history, and type and

amount of initial contamination by microflora. The deterioration model of Fraser and Muir (l93l)

however, is the only one developed for wheat.

4.5.3. Comparison of equilibrium and non-equilibrium models for Brazilian locations

The grain deterioration (ASTE), calculated as a function of moisture contents and

temperatures predicted by the equilibrium and non-equilibrium mathematical models for each grain

Iayer, was compared at the end of each month for 12 mo of storage starting on I Dec. for various

sets of input conditions. Most simulations with linear airflow were run using a total grain depth

of I m to simulate the grain conditions in the bottom of a bin with a fully perforated floor. The
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grain depth for the non-linear airflow case was set at 6 m (actual grain depths vary from 15 to

30 m) because the main concem was to simulate the grain deterioration in the region close to the

aeration ducts of largehonzontal grain storages. The airflow rates used for linear airflow (5.6 and

27.8L's-t 'm-3¡, however, were approximately the same as those used fornon-linearairflow (5.5

and 27.3 L's-'.m-3;. The grain layer thickness used for both linear and non-linear airflow

distribution was determined by dividing the total grain depth (1 m for linear airflow and 6 m for

non-linear airflow distributions) into 20 layers of equal thicknesses.

Comparisons of grain moisture contents and temperatures were not necessary in the

comparison of models because ASTE is a function of these variables and storage time, Grain

deterioration is the major variable used when making decisions on selecting and optimizing

aeration systems. The grain moisture content normally is kept as constant as possible during the

storage period and the grain temperature is reduced as much as the weather conditions permit by

using intermittent aeration. The moisture content and temperature of grain layers at the top surface

and near the air entrance, however, can vary much more than the average conditions of the grain

bulk. The variations of grain moisture content and temperature in these grain layers depend on

variables such as ventilation schedule, weather conditions, amount of head space ventilation, and

storage design. Grain deterioration calculated as a function of grain moisture contents and

temperatures, which are predicted by the heat and mass transfer mathematical models, accumulates

the effects of all these variations over the storage period. Therefore, the comparison of predicted

allowable storage time elapsed is a practical method of comparing the performance of equilibrium

and non-equilibrium mathematical models to simulate aeration of stored grain.

The deviation in ASTE between equilibrium and non-equilibrium models for each grain

layer at any time was calculated as:



ASTE
DCnrro = (1 - 

^*%) 
70oo/o

50

(4.6)

where: DCnr* : deviation between allowable storage times elapsed (ASTE) predicted by

equilibrium and non-equilibrium models in the comparison of models (Zo),

ASTEn"q: ASTE predicted by the non-equilibrium model (decimal),

ASTE"q : ASTE predicted by rhe equilibrium model (decimal).

4.5.4. comparison of equilibrium and non-equilibrium models for winnipeg

Grain deterioration (ASTE), calculated as a function of moisture contents and temperatures

predicted by the equilibrium and non-equilibrium mathematical models, was compared for 3 mo

of storage starting on I Sept. The same ventilation time, aeration period, total grain depth, and

initial moisture content and temperature of the grain used to determine the median and the worst

year for Winnipeg (Sec. 4.4.2) were used in the comparison of models and sensitivity analyses.

The grain layer thickness was also determined by dividing the total grain depth (5.7 m for both

linear and non-linear airflow distributions) into 20 layers of equal thicknesses.

4.6. sensitivity Analyses of the Non-Equilibrium Mathematical Model

4.6.1. Variables and uncertainty in the measurement or calculation of the variables for

Brazilian locations

The uncertainties of the variables associated with ¡andom errors (fable 4.6) were

estimated at the 95Vo confidence level based on the standard deviations to measure or calculate

these variables at the average grain moisture content (l4.5%o) and temperature (18.7oC) during the

aeration period (l Dec. 1965 - 30 Nov. 1966) in Curitiba. Therefore, the uncertainties of the
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variables (Table 4.6) were estimated by multiplying 1.96 (t:1.96 in the Studenr's rest at cx,:0.05)

times the estimated standard deviations to measure or calculate these variables and assuming a

normal distribution of errors.

Table 4.6. Uncertainties (957o confidence level) in the measurement or calculation of the variables
used in the sensitivity analysis for aerating wheat at an average moisture content of 74.5Vo and,
temperature of 18.7'c during I Dec. 1965 to 30 Nov. 1966in curitiba, Brazil

Variable Uncertainty References

Estimated Used

Fan temperature rise 10.5'c t0.5.c Benedict (19g4), omega (t9g6)

Wheat bulk density +2.57o +6Vo Browne (tg6T), Muir and Sinha (l9gg),

Nelson (1980), Jayas et al. (1992)

Wheat specific heat t5.3o/o +6Vo Mohsenin (19g0), Muir and

Viravanichai (1972), Singh (1988)

EMC desorption equation *7.OVo +6Vo ASAE (1993b)

EMC adsorption equation +7.0Vo +6Vo ASAE (1993b)

Thin-layer drying equation

. parameter K !56Vo t50%o Sinicio et al. (1994), Jayas and

. parameter N +3l%o ßj%o Sokhansanj (t9g6)

Thin-layer wetting equation

. parameter K' +1387o ÐOVo Sinicio et al. (1994), Misra and Brooker

. parameter N' +ljvo +tjvo (19g0)

Airflow +ISVo úVo Metzger et al. (19g1)

The uncertainty in measuring temperature using thermocouples can be 10.5.C or higher

(Benedict 1984, Omega 1986). The uncertainties estimated for bulk density (xL.Svo) and specific
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heat(+5.3Eo) were increased to*.6Vo in an attempt to represent all wheat varieties. The standard

enor given by the Chung equation (ASAE 1993b) was used to determine the uncertainty in the

EMC equations for desorption and adsorption by wheat. The uncerrainties estimated for the EMC

equations were decreased from tTVo to úVo because other EMC equations such as that developed

by Sinicio et al. (1994) for wheat have much less uncertainty (between t3 and +5Vo at moisture

content of l4.5Vo).

Thin-layer drying equations of Sinicio et aL. (1994) and Jayas and Sokhansanj (1986) were

used to determine the uncefiainty in the parameters K and N of the thin-layer drying equation

(Eq. 3.1, Sec. 3.3). Thin-layer wetting equations for wheat (Sinicio et al. lgg4) and for com

(Misra and Brooker 1980) were used to determine the uncertainty in the parameters K' and N'

of Eq. 3.1. The thin-layer wetting equation for shelled corn developed by Misra and Brooker

(1980) was used because this equation has been used in simulations of ambient air drying of

wheat (Morey et al. 1981) and because no other equation is available for wheat. All uncertainties

estimated for the thin-layer equations were rounded except that for the thin-layer wetting equation

(parameter K') which was decreased from +l38%o to Ðj%o because one of the thin-layer wetting

equations was developed for corn.

Metzger et al. (1981) determined that the static pressures of axial-flow fans published by

manufacturers are 15 to 45Vo higher than the test data. Also, the uncertainties introduced by the

air resistance data may add errors to the calculated airflow. Therefore, an aeration fan may present

much less airflow than that required by the system. The uncertainty for airflow was assumed to

be t67o to compare with bulk density, specific heat, and EMC desorption and adsorption equations

although a deviation of l57o in static prcssure would genemte a deviation of about 75Vo in

airflow depending on the fan type and performance.
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for4.6.2, Yariables and uncertainty in the measurement or calculation of the variables

Winnipeg

The uncertainties of the variables for Winnipeg (Table 4.7) were also estimat ed atthe 95Vo

Table 4.7 . Uncertaintie s (95Vo confidence level) in the measurement or calculation of the variables
used in the sensitivity analysis for aerating wheat at an average moisture content of l4.47o and
temperature of 10.5'c during I Sept. to 30 Nov. 1979 in winnipeg, canada

Variable Uncertainty References

Estimated Used

Thin-layer drying equation

. parameter K

. parameter N

Thin-layer wetting equation

. parameter K'

. parameter N'

+2l%o t20%o Sinicio et al. (1994); Jayas and
+32Vo +30Vo Sokhansani (1986)

+l39%o Ð07o Sinicio et al. (1994); Misra and Brooker
tl2.97o +10Vo (1980)

confidence level based on the standard errors to measure or calculate the variables used in the

sensitivity analysis. The same procedure used for determining the uncertainties of the variables

for Brazilian conditions (Table 4.6) was used for Winnipeg except that the uncertainties for the

thin-layer drying and wetting equations were estimated at the average moisture content (l4.4To)

and temperature (10.5oC) of the grain during the aerarion period (l Sept. to 30 Nov. 1979) in

Winnipeg. The uncertainties for the parameters K and N of the thin-layer drying equation and K'

and N' of the thinJayer wetting equation were estimated using the same method as used for

Brazilian locations (Sec. 4.6.1).
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4.6.3. Sensitivity analysis for Brazilian locations

The relative importance of each variable in the non-equilibrium model for simulating

aeration of stored wheat was determined by adding or subt¡acting fixed uncertainties from that

variable and by calculating the effect of these changes on the predicted grain deterioration. These

fixed uncertainties correspond to the uncertainties in the measurement or calculation of each

variable (Sec. 4.6.1).

The sensitivity of the non-equilibrium mathematical model relative to different variables

was determined by the maximum deviations in ASTE for all grain layers for I year of storage.

The percent deviation in ASTE for a given change in a variable was calculated as:

ASTE
DS.orro = (1 - ffil 700%, (4.7)

where: DSnr'r,, : deviation of ASTE caused by adding or subtracting uncertainties from one or

more variables in the mathematical model (Zo),

ASTE" : ASTE predicted by the mathematical model after adding or subtractlng an

uncertainty from one or more variables (decimal),

ASTE : ASTE predicted by the mathematical model with standard values of variables

(decimal).

The sensitivity analysis relative to the grain bulk density was conducted at constant grain

mass for two cases: first, assuming that the airflow did not change in proportion to the changes

in grain volume; and second, calculating the new airflow for a change in grain volume.

The effect of reducing the air velocity to one-half by doubling the bin area for a constant

grain volume and constant airflow per unit volume of grain was also investigated.
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The effect of neglecting the net heat of sorption during drying and wetting was

investigated in an attempt to simplify the mathematical model because the main objective of grain

aeration is to cool the grain bulk at almost constant moisture content. Normally, only small

variations in grain moisture content occur because low airflow rates are used in grain aeration

(between I and 2 L's-r.m-3, Manitoba Agriculture 1987). The net heat of sorption is the amount

by which the latent heat of vaporization or condensation of the water in the grain differs from that

of free water.

The grain moisture content, temperature, and deterioration were predicted for each grain

layer, for I year of storage, for various input conditions of airflow, fan temperature rise, initial

moisture content and temperature of the grain, and location. The same grain depth and grain layer

thicknesses used for comparison of models for Brazilian locations (Sec. 4.5.3) were used in the

sensitivity analyses. The effects of year of simulatìon (median and worst years), geographical

location, grain depth, grain layer thickness, initial moisture content and temperature of the grain

on the model's sensitivity were investigated.

Sensitivity analyses were also conducted with several variables changed simultaneously

with ¡andom variation in the increments added to the variables. These increments were varied

randomly within the range of uncertainties in the measurement or calculation of each variable

(Sec. 4.6.1). The sensitivity analysis with random variations probably simulated a more realistic

situation because all thermal and physical properties of the grain are empirical data with associated

random elrors. Therefore, each time a certain variable X was calculated, with random variation

for the increments, the uncertainty associated with that variable was added to it as (Sokhansanj

and Jayas 1990):

Xr=X(1 +zo*) (4.8)
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where: X" : variable after adding the uncertainty in the sensitivity analysis,

X : variable before any change in the sensitivity analysis,

z : random increment with a standard normal-distribution of errors about a zero mean,

ox : standard error of the variable X (decimal).

The subroutine GASDEV (Press et al. 1989) was called from the aeration simulation program to

generate 100 random standard deviates (z), from which one was chosen randomly to calculate X..

The random effors associated with fan temperature rise and airflow were added for each

time interval used during the simulations when conducting sensitivity analysis for the interaction

of variables with random variation for the increments. The random errors associated with the

remaining variables (bulk density, specific heat, EMC and thin-layer equations), however, were

added to these variables for each grain layer and time interval.

4.6.4. Sensitivity analysis for Winnipeg

The procedure used in the sensitivity analysis for Brazilian locations (Sec. 4.6.3) was used

for Winnipeg except that the maximum deviations in ASTE were determined for 3 mo of storage

starting on I Sept. Further, the fixed uncertainties added or subtracted from each variable

correspond to the uncertainties determined for Winnipeg conditions (Sec. 4.6.2). The same grain

depth and grain layer thicknesses used in the comparison of models for Winnipeg (Sec. 4.5.4)

were used in the sensitivity analyses.
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4.7. Input Data Used in the Comparison of Mathematical Models and Sensitivity Analyses

4.7.l.lnput data for Brazilian locations

The recommended moisture content for storing wheat in Brazil is l37o Quzzi 1986). The

standard starting date for storage was set at I Dec. because the wheat harvest in Brazil normally

occurs during November, December, and January (Canada Grains Council 1994). A l-h time

interval was used to simulate forced convection in the comparison of models and sensitivity

analyses for Brazilian locations and Winnipeg.

Standard conditions with linear airflow distribution were selected to be 1 L.s-r.m-3 for

5.6 m -erain depth and 5.5 m bin diameter (100 t of wheat at l37o moisture content) resulting in

an airflow of 0.0056 mt.s-'.m-2. The standard conditions included a 1oC fan temperature rise and

the other aeration conditions were as follows: weather data from Curitiba; fan temperature rise of

IoC; ventilationtimeof6:00tol2:00; airflowof0.0056m3.s'r.m-2'totalgraindepthof I m; grain

layer thickness of 5 cm; initial grain moisture content of l37o: initial grain temperature of 30.C;

storage period from I Dec. 1965 to 30 Nov. 1966; and an offset forhysteresis in the equilibrium

relative humidity was not simulated in the equilibrium model.

The air velocity gradient for the non-linear airflow case was determined assuming that the

air velocity was inversely proportional to the distance from the bottom of the horizontal storage

with a V-shaped bottom (Fig. a.Ð. Two air velocities leaving the duct (0.2 and 1.0 m.s-') were

tested. The temperature rise of the air as it passed through the fan and ducting was set at 1, 3, or

5oC because axial fans add about I to 3'C and centrifugal fans (static pressures of 1.243.73 kJ:a)

add about 3 to 5"C due to heat of compression (Noyes 1990). Static pressures from 1500 to 3500

Pa in the aeration duct a¡e normally used in Brazil (Bronzatti et al. 1992, Cordeiro 1993, pascoali

1993). The static pressures against which fans have to deliver the required airflow correspond to

the sum of all resistances caused by the grain, aeration ducts, and fansitions.
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Fig. 4.2. Schema of storage used to simulate grain aeration using non-linear airflow
distribution in the comparison of models and sensitivity analyses
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4.7.2.lnput data for Winnipeg

The initial moisture content of the grain (líVo) and starting date (1 Sept.) for Winnipeg

were the same as used by Metzger and Muir (1983a) for aeration of wheat stored in the Canadian

Prairies.

The standard conditions with linear airflow were selected to be I L.s-r.m-3 for 5.i m grain

depth and 5.5 m bin diameter (100 t of wheat at 15o/o moisture content) resulting in an airflow of

0.0057 m''s-''m-'. The standard conditions included: fan temperature rise of loC, initial moisture

content of 15vo; initial grain temperature of 30'C; ventilation time of 0:00 - 6:00 h; storage period

from 1 Sept. to 30 Nov. 1979; grain layer thickness of 28.4 cm; and an offset for hysteresis in the

equilibrium relative humidity was not simulated in the equilibrium model.

The grain depth for the non-linear airflow case was also set at 5.7 m. The air velocity

gradients for non-linear airflow were determined for a bin 5.5 m diameter at two airflow rates

(1 and 5 L's-''m-3) assuming that the air velocity varied inversely proportional to the grain height

above the perforated floor. A minimum of 15 and 40Vo pertorated floor area was assumed for the

airflow rates of 1 and 5 L's-r.m-3, respectively (Manitoba Agriculture 1987).Thus, the air velocities

leaving the perforated area were 0.0379 and 0.0711 m.s-r at I and 5 L.s-r.m-3, respectively, while

the air velocities at the top were 0.0057 and 0.02g4 m.s-,, respectively.

4.8. Airflow Rates and Fan Control Methods for Selected Brazilian Locations

4.8.1. Granary shape and size

The studies for determining the best airflow rates and fan-control methods were conducted

for two granary types in an attempt to simulate linear and non-linear airflow distributions in large

horizontal grain storages.
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Linear airflow distribution was simulated assuming a bin with a fully perforated floor, 5-m

diameter, and 20-m grain depth containing 300 t of wheat. The bin diameter was not an important

variable since the simulations were conducted for onÞ-dimensional heat conduction and airflow

in the vertical direction.

Non-linear aidlow distribution was simulated using a Brazlliut type of horizontal grain

storage which is a large single storage bin dug into the ground in a V-shape (Fig. 4.3). The

dimensions for the horizontal grain storage (width of 32 m) were chosen based on information

provided by grain storage managers from Brazil (Bronzatti etal. 1992, Cordeiro 1993, Pascoali

1993). A duct with a width of 0.5 m located along the V-bottom provided non-linear airflow

distribution in two dimensions. The ratio between the longest and the shortest airflow paths was

less than 1.5 to ensure that there was minimum airflow through grain farthest from the aeration

ducts (Navarro 1982, Noyes 1990).

4.8.2. Heat and mass transfer during forced convection

The non-equilibrium mathematical model developed here, which predicts grain moisture

content and temperature for grain layers during forced convection, was simplified based on the

results of the sensitivity analyses. Therefore, a constant wheat bulk density was assumed and the

net heat of sorption was neglected for determining the best airflow rates and fan-control methods.

The mathematical model developed to simulate heat and mass úansfer during forced

convection in one-dimension ca¡ be used for two- or-three-dimensional problems provided that

the air velocity gradient along the sfteamlines are calculated using the method developed by Smith

et al. (1992a, 1992b).
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I

Fig. 4.3. Schema of the horizontal storage used to simulate aeration of wheat stored in
Brazilian locations with non-linear airflow distribution

Ground level
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4.8.3. Heat and mass transfer for periods without aeration

A mathematical model computationally fast and relatively accurate was needed to simulate

intermittent aeration of wheat stored in many locations, using historical weather data for a series

of years, various test conditions, and using linear and non-linear airflow disûibutions. Because of

this, the complex problem of heat and mass transfer in stored grain during periods without forced

ventilation was simplified to a one-dimensional heat conduction problem (vertical direction) to

decrease the computer execution time.

A complete mathematical model that predicts all heat and mass transfer phenomena

occurring in periods of no ventilation was not developed because of the excessive computer-

execution-time that would have been required to determine the best airflow rates and fan-control

methods' Therefore, the heat transfer in the horizontal direction was neglected considering that the

major interest was to simulate heat and mass transfer in the vertical direction for a central grain

column (under the peak) in a large horizontal grain store with a V-shape bottom. Thus, the heat

transferred by convection from the head space air to the grain at the top sudace and by conduction

into the grain bulk became the major factors affecting the grain temperature in periods of no

ventilation. It was assumed that the heat transfer through the walls would affect only a small

portion of the total grain bulk because of its large size and low thermal diffusivity of grain. In

addition, heat generation, moisture transfer by vapor diffusion, and free convection within the

grain bulk were assumed negligible considering that the grain bulk was being intermittently

aerated to keep a uniform temperature distribution.

The method presented by Metzger and Muir (1983b) was used to predict heat transfer

during periods without ventilation except that the heat transfer was simulated in one-dimension

only (vertical direction). Convective heat transfer from the exterior surface of the elements to the
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surrounding air was included in the model for the bottom and top surface elements (Muir et al.

1980, Metzger and Muir 1983b). The heat transfer by convection for the top layer of grain was

calculated assuming that the bin attic temperature was equal to the ambient air temperature plus

a constant temperature increment (5'C). For the bottom layer of grain, the heat transferred by

convection was calculated assuming that the plenum temperature was equal to the ambient air

temperature. The finite difference method was used to solve the differential-equation of transient

heat transfer (Fourier equation) (Incropera and De\Min 1990, Kreith and Bohn 1993).

4.8.4. Simulation procedure

The best airflow rates and fan-control methods for Brazilian locations were selected based

on the costs of over drying, spoilage, and electrical energy to operate the fan during aeration of

wheat stored in eight Brazilian locations using 10 years (1961-1970) of weather dara for most

locations with linear and non-linear airflow distributions. The air was always forced from the

bottom to the top layers and it was assumed that grain spoilage occurred in a grain layer when

its ASTE was equal to or greater than 1.5.

The air heating costs were not included because in many situations the heat from the fan

and motor would be sufficient to provide the simulated temperature rise. Centrifugal fans normally

used to aerate grain in Brazll add about 3 to 5'C due to heat of compression (Noyes 1990). The

costs of direct heating depend on the type of heating system and the source of energy. Heat

sources such as oil, wood, and straw are used in Brazil. Capital, labour, interest, and other costs

were not included. It was assumed that the grain storage and aeration system were already

constructed.
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Simulations of aerated wheat stored for I year in Curitiba (subtropical climate) and

Goiânia (tropical climate) with linear airflow distribution were conducted to compare several fan

control methods (Table 4.8).

To decide when to operate the fan, the vapor pressure of the water in the wheat was

calculated using psychromet¡ic equations (ASAE 1993c) and the Chung equation (ASAE lgg3b)

for the equilibrium moisture content of wheat based on the initial grain moisture content and on

Table 4.8. Fan control methods simulated to aerate wheat stored in Curitiba and Goiânia

F"" C""t-t M.th"d Fan Operation

No ventilation

Continuous ventilation Continuous fan operation

Time-clock ventilation at predetermined times of the day

Humidistat Fan was operated when the ambient relative humidity was below a
maximum setting of relative humidity

Thermostat Fan was operated when the maximum grain temperature was
greater than a preset limit

Differential-thermostat Fan was operated when the difference between the dry bulb
temperature of the outside ambient air and the average grain
temperature was greater than the differential-temperature setting

Combinations Differential-thermostat control combined with either a humidistat
or a time-clock

Vapor-pressure-deficit Fan was turned on when the vapor pressure of the water in wheat
was equal to or higher than the the vapor pressure of the water in
the ambient air

the average grain temperature for the bulk during each time interval used in the simulation of

forced convection.
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The results of simulations for the various fan cont¡ol methods indicated that the

differential-thermostat was the best method for Brazilian climatic conditions. Because of this, most

simulations were run using the differential-thermostat method for all locations and series of years

with linear and non-linear airflow distributions. It was not known, however, which were the best

control parameters, i.e. the thermostat settings, airflow rates, and air-temperature increments above

the ambient air temperature (fan temperature rise plus supplemental air heating).

Simulations using the differential-thermostat method were conducted for three airflow rates

(7,2, and 3 L.s'r.m 3¡ with linear airflow distribution and th¡ee static pressures (1500,2500, and

3500 Pa) with non-linear airflow distribution, five differential-thermostat settings (-4, -5, -6, -7,

and -8oC), and three air-temperature increments (1, 3, and 5'C) above the ambient air temperature.

Initially, the simulations with linear airflow distribution were conducted for I or 2 years

taken randomly from each of the eight Brazilian locations to have a rough indication of the best

ranges of variation of the control variables. Later the simulations were conducted for all years for

the selected ranges of variation. This procedure was followed because it would require excessive

computer time to simulate all combinations of test conditions, regions, and years.

Absolute differential temperature in the range of 4 to 8oC was used for the differential-

thermostat setting because a differential greater than 8'C caused excessive grain spoilage in the

top grain layers due to a lack of ventilation and increased the over drying costs. A setting of less

than 4oC caused excessive grain spoilage in the bottom layers due to grain wetting and caused

increased electricity costs because of the long ventilation time.

The effects of harvest date, grain depth, initial temperature of the grain, number of grain

layers, and difference between the bin attic temperature and the ambient air temperature on the

differential-thermostat method were investigated for Curitiba and Goiânia with linear airflow
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distribution. These effects were measured by the maximum and average allowable storage time

elapsed, fan ventilation time, and costs of over drying, spoilage, and electricity to simulate

aeration of wheat. The standard conditions used in these simulations included an aeration period

from I Jan. to 3l Dec. 1961, -5"C differential-thermostat setting, 2 L.s-r.m3 airflow rate, 3"C air-

temperature increment above the ambient temperature, 30oC initial grain temperature, 5oC

difference between the bin attic temperature and the ambient air temperature,20-m grain depth,

l0 grain layers, and linear airflow distribution.

Simulations for all locations and series of years with linear airflow distribution were also

conducted for the second best fan-control method, which was based on the vapor-pressure-deficit,

for three airflow rates (1 ,2, and 3 L.s r.m-3) and two air-temperature increments (l and 3"C) above

the ambient air temperature.

4.8.5. Input data

The starting date for storage was set at I Jan. and the grain was at an initial moisture

content of 13Vo and a temperature of 30'C. The effect of initial moisture content was investigated

with 72Vo initial moisture content for Campo Grande and Goiânia and with 11 and l2%o for

Cuiabá. A 1-h time interval was used to simulate heat and mass transfer when determining the

best airflow rates and fan-control methods.

The difference between the temperature of the head space air and the ambient air

temperature was set at 5oC although information provided by Brazilian grain storage managers

(Bronzatti et al. 1992, Cordeiro 1993, Pascoali 1993) indicated that this difference might be

smaller than that because most Brazilian grain storages are equipped with fans to move ambient,

outside air through the head space.
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Over drying and spoilage costs were calculated based on a price of wheat of $ 150.00 per

tonne. The electricity cost was calculated using a price of $ 0.15 / kW.h which is the minimum

electricity cost for Brazilian industries and grain storage companies (Oliveira 1994).

Fan power was calculated using the equations of airflow resistance for a loose fill (not

packed) of clean, relatively. dry wheat given by ASAE (1993d). The calculated airflow resistance

was then increased by 60Vo to account for grain packing and fines. A combined electrical and

mechanical efficiency of 50Vo was assumed for the electric motor and fan.

The total grain depth (20 m) was divided into 20 layers of variable thicknesses

(Table 4.9). The use of variable thicknesses was important because normally the grain

deterioration was higher in the bottom and top layers. Therefore, it was possible to increase the

accuracy on detecting grain spoilage in these critical locations without increasing excessively the

total number of grain layers. For instance, with linear ai¡flow distribution the first and last grain

layers correspond fo zEo of the total grain bulk rather than 5Vo for 20 equal layers. The predicted

moisture contents, temperatures, grain deterioration, and costs of aeration for non-linear airflow

distributions correspond to the central column of grain only. Because of this, the aeration costs

for the non-linear airfiow distribution may be over estimated.

The air velocity gradient for the cental column of grain in the horizontal granary

(Table 4.9) was determined using the methodology described by Smith et al. (1992a) for static

pressures of 1500, 2500, and 35@ Pa in the aeration duct, which correspond to the static pressures

normally used in Brazil (Bronzatti et al. 1992, Cordeiro 1993, Pascoali 1993). The finite element

program of Smith et al. (1992a) was used to determine the pressure gradient in the grain bulk. A

half section of the horizontal storage was discretized into 200 linear elements as input for the

finite element program. The equations of airfiow resistance for wheat in the horizontal and vertical



Table 4.9. Grain layer thicknesses and air velocities for the grain layers
in the horizontal granary for static pressures of 1500, 2500, and 3500 Pa

6B

located under the peak

in the aeration duct

Grain Grain Layer
Layer' Thickness

# (m)

Air Velocity (m.s') for Different Static Pressures

1500 Pa 2500 Pa 3500 Pa

1

2

J

4

5

6

7

8

9

10

ll
t2
r3

t4
l5
16

17

l8
19

20

0.40

0.60

0.80

1.17

t.l7
t.t7
l.t7
1.17

1.17

t.t7
1.17

1.t7

1.t7

1.17

t.t7
1.17

1.17

0.80

0.60

0.40

0.1 9258

0.11809

0.06083

0.036r 8

0.02446

0.01905

0.01562

0.01321

0.01141

0.01001

0.00886

0.00790

0.00707

0.00632

0.00s60

0.00488

0.00413

0.00329

0.00237

0.00153

0.29716

0.18270

0.09426

0.05608

0.03794

0.029s4

0.0242r

0.02046

0.01766

0.01547

0.01370

0.01221

0.01092

0.00975

0.00864

0.007s3

0.00637

0.00s06

0.00366

o.00236

0.39543

0.24350

0.12572

0.07479

0.05061

o.03942

0.03230

0.02731

0.02359

0.02066

0.01829

0.01630

o.01457

0.01301

0.01r53

0.0r004

0.00849

0.00675

0.00487

0.00314

IGrain layers were numbered from the bottom to the top.

directions were determined by Kumar and Mui¡ (1986) and the velocity components were

calculated using the pressure gradient as described by Smith et al. (1992a).

Predicted isopressures lines for half section of the horizontal granary with a static pressure

of 1500 Pa in the aeration duct (Fig. 4.4) indicated that the central column of grain (under the

peak) has a smaller airflow rate than that predicted for other locations in the grain bulk. The air
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Fig- 4.4. Isopressure li'nes for the horizontar storaoeused in the simulation of aeration of wheat storeð-in Bnazil ian locations with non-l inear airflow dis-tribution
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thevelocities calculated for the top surface elements increased as the horizontal distance from

centre of the storage was increased (Table 4.10). Therefore, it was assumed that the central

Table 4.10. Air velocity for the elements at the grain surface in the horizontal granary as a
function of the horizontal distance from the centre of the storage calculated by the füite element
method for different static pressures in the aeration duct

Horizontal
Distance

(m)

0.13

0.5

1.25

2.75

4.77

6.81

8.8s

10.9

12.94

14.98

Air Velocity (m.s-')

2500 Pa 3500 Pa1500 Pa

0.00153

0.00164

0.00177

0.00250

0.00373

0.00479

0.00s60

0.00588

0.00567

0.02529

o.00236

0.0025

0.00272

0.00385

0.00576

0.00740

0.00863

0.00905

0.00871

0.03849

0.00314

0.00337

0.0036

0.00514

0.00768

0.00986

0.01149

0.01205

0.0r i59

0.05083

column of grain was the most critical part of the grain bulk to be aerated. Measurements of air

velocity over the grain surface in horizontal granaries in Brazil confirmed that the surface air

velocity is lowest in the peak compared with other locations over the grain surface (Bronzatti et

al. 1992).
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The aeration costs for non-linear airfiow distribution were relative to the total grain bulk

for airflow rates of 0.6, 0.9, and 1.3 L.s-r.m-3 (which correspond to the static pressures in the

aeration duct of 1500, 2500, and 3500 Pa) although the simulations had been conducted only for

the central column of grain. These airflow rates were calculated based on the air velocity through

the elements at the top grain surface. The air velocities for the elements close to the wall (at

14.98 m, Table 4.10) increased sharply and agreaternumberof elements would be necessary to

increase accuracy of prediction in this region. An increase in the accuracy of these predictions,

however, was not needed because the simulations were conducted only for the central column of

grains. In addition, the total airflow rates based on the air velocities at the grain surface were

used only for calculating the electricity costs of the fan.
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5. RESULTS AND DISCUSSION

5.1. Thin-Layer Drying and Wetting Equations foi Wheat

5.1.1. Equipment performance

The average standard deviations for all tests for individual thin-layers for the air

temperature, relative humidity, and air velocity were 0.1oC, 0.3Vo, and 0.006 m.s-r, respectively.

The small differences of temperature, relative humidity, and air velocity among the tray positions

were taken into account during the modeling of the EMC equations and thin-layer equations.

Repetition of the tests at temperatures and relative humidities of 7.6oC and 87Vo and

35.1'C and 287o produced standard deviations in grain moisture content lower than the standard

enor (0.2Vo) accepted for the oven method of determining grain moisture content (ASAE 1993a).

In addition, these tests showed no effect of the weighing time (a maximum of 0.3Vo of the total

time) on the thinlayer drying and wetting results.

Grain moisture contents during drying reached equilibrium only when the difference

between the initial moisture content and the equilibrium moisture content was less than one

percentage point (wet basis). For example, equilibrium was reached within 30 h when drying

from 9.0 to8.47o at35.2'Cand26.97o relative humidity (Trays 1,2,and,7, Test l, Appendix l).

Conversely, during the wetting tests, equilibrium was aimost reached for most tests. For example,

equilibrium was reached within 100 h at 25"C and 92Vo rclative humidity (Trays 1 to 9, Test 8,

Appendix l). The time for the grain to approach equilibrium conditions (from 30 to 143 h)

increased as the air temperature decreased.



73

5.1.2. Equilibrium moisture content equations

The EMC equations that best fit the data in the preliminary selection were the modified

Chung-Pfost equation for desorption and the modified Halsey equation for adsorption. The initial

moisture content was a significant variable only for the desorption data. The proposed EMC

equations for desorption (Eq. 5.1) and adsorption (Eq. 5.2) are as follows:

EMC=i_1 rn rW (s.r)
Qt

where: ç = Qt + eu ln (llío) ,

RH : air relative humidity (decimal),

9t : 2O.25; q, : 239.9; Q¡ : I 134; qo: 307.6; and

EMC =t--A l'i'
'ln (RH)'

(s.2)

where: A = pt eprr ,

B=prT',,

pr:0.4209xi0'e; p, :0.05434; ps:0.8254x10'0; p¿ : -3.g56.
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For the desorption equation the standard error was lower than the standard error for the moisture

content measurements while for the adsorption equation it was about 2 times greater than the

standard error for the moisture content measurements (Table 5.1). The effect of temperature on

Table 5.1. Errors forthe EMC equations fordesorption and adsorption by wheat

Process Equation Average Errors Maximum Errors Standard

Error

(Vo, wb)

0.19

0.59

0.39

0.80

Absolute Relative

(Vo, wb) (vo)

Absolute Relative

(7o, wb) (Vo)

5.1 0.14 1.5 -0.48Desorption

Desorption

Adsorption

Adsorption

5.3 0.45

5.2 0.31

s.3 0.62

5.0 -1.43

1.8 t.02

3.6 1.88

-7.3

-21.6

5.1

9.4

adsorption EMC decreased as the relative humidities increased. The EMC increased as the

temperature increased for relative humidities higher than about 857o. young and Nelson (1967)

showed this behaviour both theoretically and experimentally. Air velocity had no measurable effect

on the EMC's for desorption and adsorption. Desorption EMC increased with an increased initial

moisture content.

The best three-parameter equation suitable for both desorption and adsorption by wheat

was the modified Chung-Pfost equation:

_1EMC={jlnI
D1

(r - br) ln (RI1 ),-------------;--
-D3

(s.3)
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where: b, : 16.88; br:216.9; b: : 518.2 for desorption and

bt : 14.19; bz: lÙM; b3 : 5140 for adsorption.

The errors for the three-parameter, modified Chung-Pfost equation were higher than those

for Eqs. (5.1) and (5.2) for the desorption and adsorption tiy wheat (Table 5.1) but Eq. (5.3) has

only three parameters and can be used for both phenomena. Therefore, the three-parameter,

modified Chung-Pfost equation (Eq. 5.3) is suitable for many practical applications.

The ranges of application for the desorption and adsorption EMC equations are given in

Table 5.2.

Table 5.2. Ranges of application for the EMC and thinJayer equations for wheat

Process Equation Temperature Relative Air Initial
('C) Humidiry Velocity Moisture

(vo) (m.s') Content
(Vo, wb)

Desorption EMC

Desorption EMC

Adsorption EMC

Thin-layer wetting

Thin-layer wetting

5.1

5.3

5.1 and 5.3

5.6 and 5.7

5.8 and 5.9

Thin-layer drying 5.4, 5.5,5.8, 5.9 7.5-35.3

7.5-35.3

7.s-35.3

7.4-35.2

27-75

27-75

37-92

27-75

NA 9.0-16.8

NA NA

NA NA

NA 9.0-16.8

7.+35.2 37-92 0.0r-0.28 8.9_17.0

7.+35.2 37-92 NA 8.9-i7.0

5.1.3. Thin-layer drying and wetting equations

The EMC equations @qs. 5.1 and 5.2) for desorption and adsorption by wheat were used

for determining, respectively, the thinJayer wetting and drying equations. The best equation of
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two equations considered to predict thin-layer drying and wetting of wheat was page's equation

(Eq. 3.1, Sec. 3.3). The parameters K and N of Page's equation for drying and K'and N'for

wetting were obtained by non-linear regression. The most accurate prediction of thin-layer drying

and wetting of wheat was obtained with Eqs. (5.a) and (5.5) for drying and Eqs. (5.6) and (5.7)

for wetting:

K = ,, exp (r,T) O, QtNt'' ) (s.4)

t = ,',, (Mo)k

where: DM : Mo - EMC (decimal, db),

r, :0.6348x10-ó; r, :0.03733; r: :0.1824; ro: -0.6724

r,s : 1.13; rt,:0.3225

K/ = .sr exp (s., 7) V vt cxp (s, Mo)l

N/ = ss (ffÐ%

(s.s)

(s.6)

(s.7)

where: V : air velocity (m.s-'),

sr : 0.8072x10-e; s, : 0.05516; s¡ : 0.1944; so:2.g49;

ss : 0.8599i so : 0.2806

The errors obtained from the non-linear regression (Iable 5.3) for the thinJayer drying

and wetting equations for all the experimental data indicate a good fit to the experimental points

(452 points for <Írying and 951 for wetting). The errors obtained for the wetting equation were a

little higher than those obtained for the drying equation. The higher errors for the EMC adsorption

equation compared with the desorption equation (Table 5.1) may be the cause for these
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Table 5.3. Errors for the thin-layer drying and wetting equations for wheat

Process Equation Average Errors Maximum Errors Standard
Error

Absolute Relative Absolute Relative (Vo, wb)
(Vo, wb) (Vo) (Vo, wb) (Vo)

Drying 5.4 and 5.5 0.09 0.8

Drying 5.8 and 5.9 0.09 0.8

Drying 3.2 and 3.3 0.56 4.8

0.40 4.3

0.4t 4.8

2.94

r.06

0.t2

0.13

17.5 0.77

-6.4 0.24

-12.9 0.37

-59.8 1.33

Wening 5.6 and 5.7 0.t7

Wetting 5.8 and 5.9 0.27

1.2

1.8 r.94

Wetting 3.2 and 3.3 0.89 7.2 s.59

differences. The parameters K and N for the thin-layer drying equation (Eq. 5.a and 5.5) showed

no dependence on the air velocity while the parameter K' for wetting (Eq. 5.6) was slightly

affected by air velocity. The wetting rate decreased slightly when the air velocity was decreased

(Fig. 5.1). The parameter N for drying depended only on the initial moisture content while the

parameter N' (Eq. 5.7) depended only on the relative humidity.

Good ¡esults were also obtained with Page's equation using the same variables to define

the coefficients K, and N" @qs. 5.8 and 5.9) for both thin-layer drying and wetting of wheat:

Ktl = ct 
"*p 

(+)

N// = c, (Mo)". EMC's

(s.8)

(s.e)
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whefe: cr:509.11cr: -3g3ti cz:1.87: c¿:0.53221 cs:0.0683 fordrying and

ct:20252; cz: -4438: c¡ : 0.859; c¿ : -0.04589; cr: 1143 for wetting

The Eqs. (5.8) and (5.9) gave errors (Table 5.3) slightly higher than Eqs. (5.a) to (5.7) for borh

thin-layer drying and wetting of wheat. These are simpler equations, however, and have less

parameters than Eqs. (5.4) to (5.7). The accuracy of Eqs. (5.8) and (5.9) may be sufficient for

many practical applications such as simulation of wheat aeration using non-equilibrium

mathematical models.

The diffusion equation (Eqs. 3.2 and 3.3, Sec. 3.3), with the modified diffusivity

coefficient dependent on temperature only, gave much higher errors than Page's equation

(Table 5.3) and should not be used as a thin-layer equation for wheat within the experimental

range used in this research. The results were not affected when the number of terms (n) was

increased above one. Indeed, the terms of the infinite series decrease very rapidly and for values

of Dot less than 0.1 only the first term is needed (Parti 1993). The modified diffusivity coefficient

may depend on moisture content as well as temperature. In addition, the moisture ratio does not

converge to I when time approaches zero, i.e. during the first stages of drying or wetting. The

modified diffusivity coefficients (Eq. 3.3, Sec. 3.3) obtained by non-linear regression were:

at :0.7646; a":2677 for drying; and

at : 13759; a": 5590 for wetting.

The ranges of application for the thin-layer drying and wetting equations are given in

Table 5.2.
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5.1.4. Comparison with published data

The equations obtained for EMC and for thin-layer drying and wetting of wheat were

graphically compared with some available equations. The EMC equations used in the comparisons

(Appendix 3) were determined for static conditions. The comparisons were done using air

conditions within the applicable range of conditions for all equations. The equations for thin-layer

drying and wetting of shelled com presented by Misra and Brooker (1980) were included in these

comparisons because these equations have been used in simulations of ambient air drying of wheat

(Morey et al. 1981).

The proposed EMC equation for desorption (Eq.5.l) was compared with the EMC

equations given by Pfost et aL. (1976b) and Sinicio et al. (1991) (Fig. 5.2). The equation of Pfost

et al. (1976b) presented the closer agreement with the proposed equation at25oC and 167o initial

moisture content. The proposed equation presented less differences in EMC compared with the

two equations at lower temperatures and at relative humidities above 65Vo and at an initial

moisture content of 167o. The EMC calculated with the proposed equation decreased with

decreased initial moisture content.

The proposed EMC equation for adsorption @q. 5.2) was compared af 25"C with the

EMC equations given by Morey et al. (1981), Iglesias and Chirife (1982), and Chung (ASAE

1993b) (Fig. 5.3). The differences among the EMC adsorption equations increased at relative

humidities above 757o. The equation of Iglesias and Chirife (19S2) showed the closest agreement

with the proposed equation. The differences in EMC among the proposed equation and the

equations of Morey et al. (1981) and Chung (ASAE 1993b) increased at higher temperatures.

The proposed thin-layer drying equation @qs. 3.1, 5.4, and 5.5) was compared with the

thin-layer drying equations given by Jayas and Sokhansanj (1986) for wheat and Mis¡a and
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Brooker (1980) for corn (Fig. 5.a). The thin-layer drying and wetting equations used in these

comparisons are given in the Appendix 4. Thin-layer drying of wheat was much faster than that

for com. The equation of Jayas and Sokhansanj (1986) presented the closer agreement with the

proposed equation while the equation of Misra and Brooker (1980) deviated greatly from the other

equations. The differences between the proposed equation and the equation of Jayas and

Sokhansanj (i986) increased with decreased temperatures and decreased initial moisture contents.

The differences between these equations did not not change as the relative humidity changed. The

main factors that may explain the differences between the proposed equation and the equation of

Jayas and Sokhansanj (1986) are the initial moisture content and grain cultivar. The equation of

Jayas and Sokhansanj (1986) was based on one initial moisture content (l8.5Eo) while the

proposed equation is based on a range of initial moisture contents from 9.0 to 16.80/o.

Thin-layer wetting predicted by the proposed equation for wheat (Eq. 3.1,5.6, and 5.7)

was faster than that predicted by the equation of Misra and Brooker (1980) for com (Fig. 5.5).

Differences between predicted thin-layer wetting of wheat and corn were about the same at other

temperatures. The differences decreased as relative humidity or air velocity decreased or initial

moisture content increased.

5.2. Comparison of Equilibrium and Non-Equilibrium Models for Brazilian Locations

5.2.1. Summary

The comparison of equilibrium and non-equilibrium mathematical models using linear and

nonlinear airflow distributions showed that the results produced by these models were

significantly different (c=0.05) when simulating aeration of wheat stored for I year in Curitiba

because the deviations in grain deterioration were equal to or greater than the uncertainty in
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predicting deterioration (X307o) for most test conditions. The differences in predicted grain

deterioration were due to over prediction of drying and wetting rates by the equilibrium model

especially in the bottom layers of grain near the air entrance.

The differences between the equilibrium and non-equilibrium models were affected by

airflow rate, fan temperature rise, airflow distribution, grain layer thickness, grain depth,

geographical location, ventilation period, and assumin g a SVo offset in the equilibrium relative

humidity in moisrure adsorption calculated by the equilibrium model. The initial grain moisture

content and temperature, year of simulation, or grain tayer thicknesses less than 20 cm only

slightly affected the differences between the models.

5.2.2. Execution time

The average execution time for the equilibrium model, using a IBM 370, model 3090

mainframe computer at the University of Manitoba, was about 0.14 s for the simulation of one

grain layer for 100 h using a I h time interval. The non-equilibrium mathematical model was

about 27Vo faster than the equilibrium model. Heat and mass balance models such as the non-

equilibrium model are recommended for operational research studies because they are reasonably

accurate and computationally efficient (Sharp 1982)-

5.2.3. Changes of moisture content, temperature, and ASTE

The moisture content, temperature, and allowable storage time elapsed (ASTE) predicted

by the non-equilibrium model for I year of storage at standard conditions and using linear airflow

(Fig. 5.6) were similar to those obtained for non-linear airflow. The basic differences between the

two airflow conditions, besides the airflow distribution, were the grain depth and airflow range.
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The ASTE at 12 mo for the top and bottom layers and for the average of all layers were I .6,5.2,

and 2.4 for linear airflow disúibution compared with 1.7, 9.1, and 3.6 for nonlinear airflow. The

deterioration was higher for the non-linear airflow because the higher air velocity in the bottom

layers brought in more moisture to these layers.

For the selected standard aeration conditions forBrazil the simulation results indicated that

the climate should be considered humid because wetting, drying, and hysteresis conditions were

predicted for 70, 20, and l07o of the time, respectively. Also, the percentage of times that the

equilibrium relative humidity of the air entering any grain layer was equal to or greater than957o

was 0.8Vo. In other words, the search technique to find the final grain moisture content given by

Thompson (1972) was used in only 0.\Vo of the moisture content calculations for all grain layers.

In that search technique, three equations and three unknowns (final grain moisture content, air

temperature, and humidity) are solved simultaneously. Therefore, for wetting conditions, the

assumption of equilibrium used in the non-equilibrium model when the equilibrium relative

humidity of the air entering any grain layer was equal to or greater than 957o (Sec. 4.5.1) did not

affect the predictions of moisture content by the non-equilibrium model.

The deterioration (ASTE) for 12 mo of storage predicted by the equilibrium model was

greater than that predicted by the non-equilibrium model for various air conditions and for both

linear and non-linear airflow distributions (Figs. 5.7 and 5.8). Because of the humid climate that

was used for the simulations, the over prediction of wetting was not balanced out by an over

prediction of drying and therefore resulted in an over prediction of spoilage. Several other

resea¡chers have also found that equilibrium models over predict the drying and wetting rates

especially in the bottom layers (Morey et at. 1979, Van Ee and Kline1979a, Mittal and Otten

1982).
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The use of equilibrium models to determine the best airflow rates and fan-control methods

would increase the factor of safety on the results because it over predicts grain deterioration, but

on the other side, this could result in increased capital and operating costs because of the over

sizing of the aeration fan.

The levels of grain deterioration (ASTE) determined in comparison of models and in the

sensitivity analysis were above 1.5 for several cases indicating unacceptable deterioration. These

high levels of grain deterioration indicated that ventilation from 6:00 to 12:00 for I year is not

a good fan-control method. These high levels of grain deterioration, however, do not invalidate

the results of the comparison of models because only the relative deviations between ASTE

predicted by the models \ilere compared. Also, in the sensitivity analysis, only the relative

deviations of ASTE caused by adding or subtracting uncertainties from the variables were

calculated.

5.2.4, Comparison of predictions of ASTE

The comparison of equilibrium and non-equilibrium mathematical models (Tables 5.4 and

5.5) showed that the results produced by these models were significantly different when simulating

aeration of stored wheat because the maximum absolute deviations of ASTE between the models

were equal orhigher than307o for all tests except forTests 20 (Table 5.4),29, and 30 (Table 5.5)

where the maximum deviations of ASTE were 26,29, and 227o, respectively. The comparison of

mathematical models using non-linear airflow (Table 5.5) showed almost the same trend as shown

for the linear airflow case. The deviations of ASTE, however, were less for the nonlinea¡ airflow

because the air velocity range was much higher than that used for linear airflow. The deviations

of ASTE between the equilibrium and non-equilibrium models changed over the year (Figs. 5.9

and 5.10, and Tests 33 and 34, Table 5.5).
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Table 5.4. Comparison of equilibrium and non-equilibrium mathematical models using linear
airflow distribution, determined by the maximum and average absolute deviations of ASTE, to
simulate aeration of stored wheat in Brazil after I year of storage

Variable Deviation of ASTE
(7o)

Maximum Average

I Standard conditions¡ 51 43

Test
#

2 airfTow: 0.01 1l m3.s-r.m-2

3 airflow: 0.0278 m3.s-r.m-2

4 fan temperature rise: OoC

5 fan temperature rise: 3oC

6 ventilation time: 4:00 - 10:00

7 ventilation time: 0:00 - 6:00
8 ventilation time: 12:00 - 18:00

9 ventilation time: l8:00 - 24:00
10 grain layer thickness: 2.5 cm
1 I grain layer thickness: 10 cm
l2 grain layer thickness: 20 cm
13 grain layer thickness: 100 cm
14 grain depth: 4 m; grain layer thickness: 20 cm; and

airflow: 0.0040 m3.s-r.m-2

15 grain depth: 8 m; grain layer thickness: 20 cm; and
airflow: 0.0080 m3.s-r.m-2

initial grain moisture content: 12Vo

initial grain moisture content: I4Vo

initial grain temperature: 40"C
Offset in the equilibrium relative humidity in the
equilibrium model: 5Vo

20 same as Test 19 and ventilation time: 12:00 - 18:00
21 location: Porto Alegre
22 location: Cuiabá
23 location: Goiânia
24 worst yean 1969

25 storage period: 1 Nov. 1965 - 3t Oct. 1966

16

17

18

19

51

44

s9

49

6t
64

38

57

53

49

47

38

45

46

6t
40

52

37

26

47

43

49

52

52

44

35

45

35

48

50

23

47

44

42

40

38

15

l4
53

33

45

29

t3
4A

27

42

45

43

'standard conditions were used as follow unless the variable specifies otherwise - location:
Curitiba; ventilation time: 6:00 - 12:00; airflow: 0.0056 m3.s-r.m-2' fan temperature rise: 1"C; total
grain depth: 1 m; grain layer thickness: 5 cm; initial grain moisture content: l3To; nittal grain
temperature: 30oC; storage period: I Dec. 1965 - 30 Nov. 1966; and offset in the equilibrium
relative humidity was not simulated in the equilibrium model.
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Table 5.5. Comparison of equilibrium and non-equilibrium mathematical models using non-linear
airflow distribution, determined by the maximum and average absolute deviations of ASTE, to
simulate aeration of stored wheat in curitiba, Brazil after I year of storage

Test
#

Variable Deviation of ASTE
(7o)

Maximum Average

rd conditions

27 airflow: 0.091 - 0.796 m3.s-r.m-2

28 fan temperature rise: 3"C

29 fan temperature rise: 5"C

30 ventilation time: 12:00 - 18:00

3l grain layer thickness: 60 cm

32 Offset in the equilibrium relative humidity in rhe
equilibrium model: 57o

33 same as Test 32 and storage period: I - 3l Dec. 1965

34 same as Test 32 and srorage period: I Dec. 1965 - 31 Oct.
r966

34

32

29

22

JJ

JJ

24

29

24

t9

29

20

16

20

-30

61

30

'Standard conditions as given in Table 5.4 except - airflow: 0.018 - 0.159 m3.sr.m-2; total grain
depth: 6 m; grain layer thickness: 30 cm.

5.2.5. Effects of simulation conditions

5.2.5.1. Airflow and fan temperature rise

The maximum deviations of ASTE decreased when the airflow or fan temperature rise

were increased for both linear Gig. 5.9) and non-linear airflows (Fig. 5.10). These deviations

decreased as the air velocity increased (Tests l, 2, and 3, Table 5.4 or 26 nd 27, Table 5.5)

because, as the air velocity increases, the grain moisture contents predicted by the non-equilibrium

model approach the same equilibrium moisture contents that are calculated in the equilibrium

model. The results produced by the equilibrium and non-equitibrium models were not significantly

different for 5"C fan temperature rise and ventilation time of l2:@ to 18:00 because the
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differences in ASTE decreased as the airflow and the fan temperature rise were increased (Tests

29 and 30, Table 5.5).

The maximum deviations of ASTE at 3oC fan temperature rise were much lower than the

deviations at loC for the first 5 mo of stomge at 0.0056 m3.s-' .m-2, for linear airflow (Fig. 5.9).

A similar pattern of changes for the maximum deviations of ASTE over the year was obtained for

non-linear airflow when the fan temperature rise was increased from 1 to 5.C (Fig. 5.10). These

deviations, however, were greater for linear airflow compared with non-linear airflow at 3oC fan

temperature rise. The grain under non-linear airfiow showed a quicker response to climate changes

because the airflow was much higher.

The percentages of calculations predicting drying, wetting, and hysteresis with non-linear

airflow at standard conditions (l'C temperature rise) were about 25,66, and 9o/o, respectively,

while for a 5oC fan temperature rise they were 34, 48, and 18Vo, respectively. Therefore,

deviations in ASTE predicted by the models decreased significantly for test conditions where

drying predominated (Tests 8, 20,22,29, and 30, Tables 5.4 and 5.5). Other sets of conditions

that promote drying had a similar effect as increased fan temperature rise.

5,2.5.2. Ventilation period

Of the five 6-h ventilation periods throughout the day that were compared (Tests I and

6 to 9, Table 5.4) for linear airflow the deviations in ASTE between the two models were all high

except for the driest, warmest period of 12:00 to 18:00 (Test 8, Table 5.4). For example, the

average absolute deviation in ASTE after 1 year of storage was237o for l2:@ to 18:00 while for

the other four time periods it varied between 43 and 5OVo. The maximum deviations of ASTE,



97

however, were significant (greater than 307o) for all ventilation periods for linear airflow but not

for non-linear airflow during the period l2:00 to l8:00 (Test 30, Table 5.5).

5.2.5.3. Grain layer thickness and grain depth

For linear airflow, the deviations in ASTE decreased when the grain layer thickness was

increased from 20 to 100 cm (Tests 12 and 13, Table 5.4) and while they decreased only slightly

when the thickness was increased from 2.5 ro 20 cm (Tests 1, 10, and 11, Table 5.4). For non-

linear airflow, the deviations decreased slightly when the grain layer thickness was increased from

30 to 60 cm (Tests 26 and 31, Table 5.5). When the grain layer thickness was doubled the

changes in the deviations of ASTE for linear airflow (Tests I and I l, Table 5.4) were smaller than

those for non-linear air{1ow (Tests 26 and 31, Table 5.5). The average absolute deviations of

ASTE decreased significantly when the grain depth was increased to 4or 8 m (Tests l4 and 15,

Table 5.4). These deviations decreased when the grain depth was increased because the number

of times that wetting was calculated was significantly decreased. The changes in the deviations,

however, were not significant between 4 and 8 m. The maximum and average deviations in-ASTE

decreased for Tests 14 and 15 compared with Test 1 because the grain layer thickness was

increased and because these deviations were calculated only in the bottom I m for Test 1 while

they were calculated in the whole bin for Tests 14 and 15 although a same airflow rate was used

for all three tests (l L.s-r.m-3).

5.2.5.4.Initial moisture content and temperature of the grain

The deviations of ASTE decreased slightly when the initial grain moisture content was increased

from 13 to 7470 (Tests I and 17, Table 5.4). The average ASTE predicted by the equilibrium
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model for 13 and l4%o initial moisture contents were 4.3 and 4.6, respectively, while they were

2.4 and 3.0 when using the non-equilibrium model. The increased initial moisture content caused

an increase in the drying calculations and a decrease in the wetting calculations which led to a

decrease in the deviations of ASTE. For the same reason, the deviations of ASTE decreased when

the initial moisture content was increased from 12to l3vo. Changing the initial grain temperature

from 30 to 40oC did not affect the deviations of ASTE.

5.2.5.5. Offset in the equilibrium relative humidity

A 5o/o offset in the equilibrium relative humidity in moisture adsorption in the equilibrium

model decreased significantly the deviations of ASTE (Tests 19, Table 5.4 and 32,Table 5.5) after

1 year of storage for linear and non-linear airfiow. Sanderson et al. (1989) found that a SVo offset

in the equilibrium relative humidity was adequate for simulating the readsorption of water by

wheat up to moisture contents of l5Vo. For readsorption to 17o/o,however, other modifications to

the equilibrium model were needed. Therefore, it is reasonable that the non-equilibrium model has

more accuracy when predicting aeration of stored wheat than the equilibrium model. The models

presented no significant differences for the ventilation period 12:00 - i8:00 when the offset in the

equilibrium relative humidty was included. Considering the results obtained by Schultz et al.

(1984) and also considering the impofance of accurately predicting wetting in the bottom of large

horizontal grain storages in warm and humid climates, it is reasonable that the non-equilibrium

model is preferable to the equilibrium model in such conditions.

The deviations of ASTE between the equilibrium model with and without a 5Vo offset in

the equilibrium relative humidity were not significant for airflows of 0.0056 and 0.0278 m3.s-r.m-2

and fan temperature rises of I and 3oC (Table 5.6). These results show that a simple inclusion of
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Table 5.6. Effect of SVo offset in the equilibrium relative humidity in rhe equilibrium mathematical
model using linear airflow distribution, determined by the maximurn and average absolute
deviations of ASTE, to simulate aeration of stored wheat in Curitiba, Brazll after I year of
storager

Test
#

Deviation of ASTE (7o)

Maximum Average

3s 0.0056 I

Airflow
(m3.s-t.m-2)

0.0056

0.0278

0.0278

Fan Temperature
Rise

cc)

27

20

27

22

36

37

38

20

16

25

l9

rstandard conditions as given in Table 5.4.

an offset in the equilibrium relative humidity is not sufficient to generate a significant change in

the equilibrium model. The over prediction in ASTE, however, was greatly decreased when the

offset in the equilibrium relative humidity was assumed. These results agree with those of Schultz

et al. (1984) who stated that adsorption should be considered separately and hysteresis must be

included if the model is to accurately predict wetting. Schultz et al. (1984) also found that the

equilibrium model over predicted wetting while the non-equilibrium model over predicted drying.
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5.2.5.6. Geographical location, year of simulation, and storage period

The average absolute deviation of ASTE for Cuiabá, which has the highest average

temperature and lowest relative humidity (Table 4.2), were. much lower than those for the other

geographical locations (Tests 1 and 21 to 23, Table 5.4). There were no significant differences

among the maximum deviations of ASTE for the Brazilian locations. There was no significant

difference in the deviations of ASTE simulated when comparing the median year and the worst

year (Tests I and 24, Table 5.4) or when the storage date was advanced one month (Test 25,

Table 5.4).

5.3. comparison of Equilibrium and Non-Equilibrium Models for winnipeg

5.3.1. Summary

The results produced by the equilibrium and non-equilibrium models were not significantly

different (cr:0.05) for simulating the aeration of wheat stored in Winnipeg from September to

November for most test conditions including the aeration conditions recommended for the

canadian Prairies (airflow rate of I L.s-r.m-3 and ventilation time of 0:00 to 6:00) although it was

observed that the equilibrium model had a tendency to over predict drying and wetting rates.

The differences between the equilibrium and non-equilibrium models were affected by

airflow rate, fan temperature rise, airflow distribution, grain layer thickness, year of simulation,

initial moisture content and temperature of the grain, ventilation period, and assumin g a Svo offset

in the equilibrium relative humidity in moisture adsorption calculated by the equilibrium model.
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5.3.2. Changes of moisture content, temperature, and ASTE

The moisture content, temperature, and ASTE simulated using the non-equilibrium model

at standard conditions with linear airflow (Fig. 5. t 1) were similar to those obtained for non-linear

airflow. The ASTE at 3 mo of storage for the top and bottom layers, and for the average of all

layers were 0.6, 0.2, utd 0.4, respectively, for linear airfiow compared with 0.4, 0.2, and 0.2 for

non-linear airflow. The deterioration was lower for the non-linear airflow because the higher air

velocity increased the speed of the cooling front although the average grain moisture content was

slightly higher for non-linear aidlow. An increased air velocity may increase the speed of the

drying or wetting front depending on the air conditions during the ventilation period but the speed

of the cooling front rvas the main factor affecting the rate of grain spoilage for Winnipeg weather

conditions.

The climate in Winnipeg during September to November was relatively dry because the

percentages of calculations predicting drying, wetting, and hysteresis were 71, 16, and 73Vo,

respectively, when simulating standard conditions. Also, the percentage of times that the

equilibrium relative humidity of the air entering any grain layer was equal to or greater than 95Vo

was only 0.67o. Thus, the especial search technique given by Thompson (1972) for this wetting

condition was used in only O.67o of the moisture content calculations for all grain layers.

Therefore, for drying conditions, the assumption of equilibrium used in the non-equilibrium model

when the equilibrium relative humidity of the air entering any grain layer was equal to or greater

than95Vo (Sec. 4.5.1) did not affect the predictions of moisture content by the non-equilibrium

model.

The deterioration (ASTE) after 3 mo of storage predicted by the equilibrium model was

slightly lower than that predicted by the non-equilibrium model for most grain layers and air
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conditions for both linear and non-linear airflow disfibutions figs. 5.12 and 5.13). Because of

the dry climate in Winnipeg, the over prediction of drying was not balanced out by an over

prediction of wetting and therefore resulted in an underprediction of spoilage. Several other

researchers have also found that equilibrium models over predict the drying and wetting rates

especially in the bottom layers (Morey etal. 1979, Van Ee and Kline 1979a, Mittal a¡d Otten

1982). For example, the equilibrium model over predicted the grain deterioration for the first grain

layer where wetting conditions prevailed during the ventilation period and underpredicted it for

most of the remaining layers where drying conditions prevailed (Figs.5.l2 and 5.13).

5.3.3. Comparison of predictions of ASTE

The results produced by the equilibrium and non-equilibrium mathematical models were

not different when using a ventilation time of 0:00 to 6:00, initial moisture content of l5vo, and

grain layer thickness 28.4 cm (Tables 5.7 and 5.8) because the maximum absolute deviations in

ASTE were equal to or lower than 307o for almost all tests. The results produced by the models,

however, were different for Tests 60 and 73 because the maximum absolute deviations in-ASTE

for these tests were 37 and -34Vo, respectively (Table 5.8). The equilibrium model over predicted

drying and wetting rates depending on the air conditions during the ventilation period, particularly

in the bottom layers. For example, the ASTE was over predicted for Tests 39, N, 43,55, utd 57

(Table 5-7) and Tests 59 to 61, 67, and 71 (Table 5.8) because there was an over prediction of

wetting. conversely, the ASTE was under predicted for Tests 39,42,44,53, s4, s6, and 5g

(Table 5.7) and Tests 62 to 64, 69, 70, 72, and 73 (Table 5.8) because there was an over

prediction of drying.

The comparison of mathematical models using non-linear airflow (Table 5.8) showed



104

0.7

(Ú

E'õ 0.6
a)
d
15
o)m 0.5
P.
(o

tT]

q)

E o.4
Fr
q)
Þ¡
d
ã o.B

-+J
U)

0)

g 0.2
É
o

0.1
434

Grain Height Above the Floor (m)

Fig. 5-12' Allowable storage time elapsed predicted by the equilibrium and non-equilibrium
mathematical models for wheat stored at Winnipeg, Canada and aerated for 3 mo with
linear airflow distribution and l"C fan temperature rise

0 6

v Equilibrium at 0.0052 m3s-lm-z airflow
v Non-equilibrium at 0.005? -t"-t*-' airflow ./v
tr Equilibrium at 0.0284 m3s-1m-2 airflow /:,'
r Non-equilibrium at 0.Opg4 -t.-t*-' airflow ,.{r'//Vr

*/,
,/'

,/

,'/-
,'þ'

,,iY
,-ir"

q -,';/"
"t .tyar'
", .Y ,/v\. / __-a

D- ,l -zv

h#%-1-,---r'-r---',



105

d
,{¡r.Å
C)
c)

€
q)
U)

O.
d

E-l

q)

L{
lr.È

F{

c)
Þ0
d
H
o

+J
(n

q)

.o
d
F

0.40

0.35

0.30

0.25

0.20

0.15
¿345

Grain Height Above the Floor (-)

Fig. 5.13. Allowable storage time elapsed predicted by the equilibrium and non-equilibrium
mathematical models for wheat stored at Winnipeg, Canada and aerated for 3 mo with air
velocities varying from 0.0059 m3.s-r.m-2 at the top to 0.0351 m3.s-r.m-2 at the bottom

60

s7

Y

tr

T

Equilibrium at 1oC fan

Non-equilibrium at 1"C

Equilibrium at 3oC fan
Non-equilibrÍum at 3"C

temperature rise

fan temperature rise

temperature rise
fan temperature rise



106

Table 5.7. Comparison of equilibrium and non-equilibrium mathematical models using linear
airflow distribution, determined by the maximum and average absolute deviations in ASTE, to
simulate aeration of stored wheat in winnipeg, canada after 3 mo of storage

Test
#

Variable Deviation in ASTE
(7o)

Maximum Average

39 Standardconditions'
40 airflow: 0.0284 m3.s-r.m-2

4l fan temperature rise: OoC
42 fan temperature rise: 3oC
43 fan temperature rise: 0"C; airflow:0.0284 m3.s-r.m-2
44 fan temperature rise: 3oC; airflow: 0.0284 m3.s-r.m-2
45 ventilation time: 12:00 - 18:00
46 grain layer thickness: 94.7 cm
47 grain layer thickness: 14.2 cm
48 grain depth: 4 m; grain layer thickness: 20 cm; and

airflow: 0.0040 m3.s-r.m-2

49 grain depth: 6 m; grain layer thickness: 20 cm; and
airflow: 0.0060 m3.s-r.m-2

50 initial moisture content: 12Vo

5l initial grain temperature: l5"C
52 offset in the equilibrium relarive humidity in the equilibrium

-9
26
12

-t I
28

-t9
-34
33
17

-9

-13
42
l1

-10
-6

-12
7
-5

l5
-22

4
14
4
4
15

13

5
13

5

4

5

8

J

4
3

7
J

J

8

9

53
54
55
56
57

58

model: 5Vo

worst year: 1963
worst year: 1963; airflow: 0.0284 m3.s-r.m-2
worst year: 1963; fan temperature rise: OoC
worst year: 1963; fan temperature rise: 3oC
same as Test 54 and fan temperature rise: OoC
same as Test 54 and fan temperature rise: 3oC

'standard conditions were used as follows unless a variable is specified otherwise - initial
moisture content: líVo: nittal grain temperature: 30"C; ventilation time: 0:00 - 6:00; storage
period: 1 Sept. - 30 Nov. 1979; airflow: 0.@57 m'.s-'.m-'; fan temperature rise: loC; total grain
depth: 5.7 m; grain layer thickness: ZB.4 cm; and offset in the equilibrium relative humidity was
not simulated in the equilibrium model.
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Table 5.8. Comparison of equilibrium and non-equilibrium mathematical models using non-linear
airflow distribution, determined by the maximum and average absolute deviations ù ASTE, to
simulate aeration of stored wheat in winnipeg, canada afterl mo of storage

Test
#

Variable

60 airflow: 0.0290 - 0.0690 m3.s'r.m-2

6l fan temperature rise: OoC

62 fan temperature rise: 3oC

63 fan temperature rise: 3oC; airflow: 0.0290 - 0.0690 m3.s-r.m-2

64 ventilarion time: l2:00 - l8:00

65 grain layer thickness: 56.8 cm

66 offset in the equilibrium relative humidity in the equilibrium

model: SVo

67 initial moisture content: l3olo

68 initial grain temperature: l5oC

69 worst year: 1963

70 worst year: 1963; airflow: 0.0290 - 0.0690 m3.s-r.m-2

7l worst year: 1963; fan temperature rise: OoC

72 worst year: 1963; fan temperature rise: 3oC

73 same as Test 70 and fan temperature rise: 3oC

Deviation in ASTE
(vo)

Maximum Average

59 Standard conditions' Zg l0
37

28

_19

-t8

-76

l8

-19

60

¿t

-8

-15

15

-23

-34

l5

1t

9

14

17

7

9

r6

4

5

8

6

7

t3

'standard conditions as given in Table 5.7 and airflow: 0.0059 - 0.0351 mr.s-,.m-r.

almost the same trend as shown for the linear airflow case. The deviations in ASTE, however,

were different for the non-linea¡ airflow because the air velocity range was higher than that used

for linear airflow. The increased air velocity increased the drying or wetting rates according to the

air conditions thus resulting in under or over prediction in ASTE especially in the bottom layers.

The deviations in ASTE between the equilibrium and non-equüibrium models increased or
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decreased over the storage period depending on the conditions used for the simulations such as

airflow, fan temperature rise, year of simulation, and initial grain conditions but the average

absolute deviations in ASTE normally decreased over the storage period.

5.3.4. Effects of simulation conditions

5.3.4.7. Airflow and fan temperature rise

The maximum absolute deviations in ASTE normally increased and the average absolute

deviations in ASTE always increased when the airflow was increased either for linear or non-

linear airflows (Tables 5.7 and 5.8). The differences in grain moisture content and ASTE predicted

by both models increased when the air velocity was increased. For example, the deviations in

grain moisture content nearly doubled and the absolute deviations in ASTE almost tripled when

the airflow was increased from 0.0057 fo 0.0284 m3.s-r.m'2 for linear airflow distribution (Tests

39 and 40, Table 5.7). The differences in the grain temperatures predicted by the models decreased

slightly for most cases when the airflow was increased. The differences in ASTE predicted by

the models, consequentlY, ate caused by over drying or over wetting depending on the air

conditions during the aeration period.

Decreasing the fan temperature rise from I to OoC resulted in an over prediction of the

maximum ASTE by the equilibrium model in comparison with the non-equilibrium model

particularly when the airflow was increased (Tests 39 and 41, 40 utd 43,53 and 55, or 54 and

57' Table 5.7 and Tests 59 and 61 or 69 and 71, Table 5.8). Conversely, increasing the fan

temperature rise from I to 3oC, resulted in an under prediction of the maximum ASTE by the

equilibrium model (Tests 39 and 42, 40 and 44,53 and 56, or 54 and 58, Table 5.7 and Tests 59

and 62,60 and 63, 69 and 72, or 70 and 73, Table 5.8). The over prediction in ASTE was caused
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by an over prediction of wetting by the equilibrium model and the under prediction in ASTE was

caused by an over prediction of drying. The average absolute deviations in ASTE for the same

airflow, however, did not change when the fan temperature rise was changed (e.g.Tests 39,41,

and 42 oÍ 40, 43, and 44, Table 5.7).

5.3.4.2. Ventilation period

The maximum deviations in ASTE between the two models were high for ventilation from

12:00 to 18:00 (Test 45, Table 5.7) indicating the trend of the equilibrium model in over

predicting drying. The over prediction of drying increased for non-linear airflow because of the

increased air velocity (Test 64, Table 5.8). Because of this, equilibrium mathematical models

should not be used for grain drying simulations when the aifflow rates for unheated drying are

higher than 5 L's-r'm-3. These results agree with the results of Metzger and Muir (19g3b) for

simulating ventilation of stored wheat. They observed that equilibrium was not a good assumption

for airflow rates of 9.0 L's ' 'm 3 while relatively accurate moisture contents were predicted for

airflow rates of 1.9 L.s-'.m3.

5.3.4.3. Grain layer thickness and grain depth

The absolute deviations in ASTE increased when the grain layer thickness was increased

for both linear and non-linear airflows (Tests 39 and 46, Table 5.7 and Tests 59 and 65, Table

5.8). The absolute deviations in ASTE also increased when the grain layer thickness was decreased

for linear airflow distribution and no apparent ftend was observed for these deviations (Tests 39

and 47, Table 5.7). The average absolute deviations in ASTE, however, increased when the grain

layer thickness was increased. The absolute deviations in ASTE increased slightly when the grain
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depth was increased from 4 to 6 m (Tests 4g and 49,Table 5.7).

5.3.4.4.Initial moisture content and temperature of the grain

The deviations in ASTE increased when the initial moisture content was decreased from

15 to 12Vo (Tests 39 and 50, Table 5.7) or from t5 to l3Vo (Tests 59 and 67,Table 5.g). The

deviations in ASTE increased because as the initial moisture content decreased the amount of

wetting increased. Under prediction of ASTE (maximum deviation) was changed to over

prediction when the initial grain temperature was decreased from 30 to l5.C for linear airflow but

the average deviation in ASTE was not changed (Tests 39 and 51, Table 5.7). A change in the

initial grain temperature affected only the average deviation in ASTE for nonlinear aidjow (Tests

59 and 68, Table 5.8).

5.3.4.5. Offset in the equilibrium relative humidity

A 5vo offset in relative humidity in moisture adsorption did not change the deviations in

ASTE for linear airflow (Test 52, Table 5.7) but the maximum absolute deviation in ASTE was

reduced for non-linear airflow (Test 66, Table 5.8). Over prediction of wetting, however, changed

to over prediction of drying when the offset in relative humidity was included.

The deviations in ASTE between the equilibrium model with and without a 5Zo offset in

the equilibrium relative humidity were not important for airflows of 0.0057 and 0.02g4 m3.s-r .m-2

and fan temperature rises of 1 and 3oC. The maximum deviations in ASTE after 3 mo of storage

were between 15 and 16%o af 0.0284 m3.s-r.m-2 and l"C fan temperature rise. This shows that a

simple inclusion of an offset in the equilibrium relative humidity is not sufficient ro generate

differences between the equilibrium model with and without the offset. The over prediction in
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ASTE, however, was decreased for Test 66 when the offset in the equilibrium relative humidity

was assumed, indicating that the offset improved the equilibrium model compared with the non-

equilibrium model, especially at high airflow rates.

5.3.4.6. Year of simulation

The equilibrium model over predicted drying in the worst year,1963, and over predicted

wetting in the median year, 1979,because 1963 was drier and warmer than 1979 (Tests 53 to 5g,

Table 5.7 and Tests 69 to 73, Table 5.8). For example, the maximum deviation in ASTE changed

from 26 to -127o for linear airflow when simulating at 0.0284 m3.s-r.rn-2 and l"C fan temperature

rise. The over prediction of drying by the equilibrium model, however, was observed only for

airflows higher than 0.0057 m'.s-'.m',.

5.4. Sensitivity Analysis of the Non-equilibrium Model for Brazilian Locations

5.4.1. Summary

The most important variables when simulating aeration of wheat stored in Curitiba for

1 year using linear airflow distribution, in decreasing order, were the fan temperature rise, thin-

layer wetting equation, and thin-layer drying equation.

The accuracy of the equations used to calculate airflow rate, specific heat, and equilibrium

moisture content for adsorption and desorption by wheat was not important to simulate aeration

of wheat stored in Curitiba because the errors introduced by these equations were lower than the

uncertainty in predicting allowable storage time elapsed.
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The wheat bulk density can be a constant, the net heat of sorption can be neglected, and

the ratio of bin diameter to bin height was not important in the mathematical model to simulate

aeration of wheat stored in Curitiba.

The model's sensitivity was affected by the airflów distribution, fan temperature rise,

airfiow rate, geographical location, grain depth, grain layer thickness, and initial moisture content

of the grain.

5.4.2. Sensitivity analysis using fixed uncertainties

Among all variables a change in fan temperature rise caused the highest maximum

deviations of ASTE (Tables 5.9 to 5.1 I ) when adding a fixed uncertainty and using linear airflow.

Other variables which also caused high maximum deviations of ASTE were the thin-layer wetting

equation (parameter K') and thin-layer drying equation (parameter K). The maximum deviations

of ASTE caused by incremental changes in the EMC desorption and adsorption equations, specific

heat of wheat, airflow, thin-layer drying equation (parameter N), thin-layer wetting equation

(parameter N'), net heat of sorption, air velocity, and wheat bulk density were lower than the

uncertainty in predicting ASTE and can be considered insignificant.

Subtracting 0.5"C from the fan temperature rise (Tr-) produced higher maximum

deviations of ASTE than adding the same amount (Table 5.10). Adding 0.5.C caused a decrease

in the grain moisture content and ASTE and an increase in the grain temperature across the grain

bulk ffig. 5.14). The deviations in moisture content and ASTE decreased from the bottom to the

top while the deviations in temperature were almost constant. The results obtained for the fan

temperature rise showed that the amount of heat delivered by the aeration fan may be decisive in



Table 5.9. Sensitivity of the non-equilibrium mathematical
equations using a linear airflow distribution, as determined
stored in Curitiba, Brazil for 1 yearr

Airflow
(m3's-r'¡-z¡

Fan
Temperature

Rise
("c)

0.0056

Va¡iable
Change

(vo)

0.0278

1

1

J

J

model to airflow, bulk density and specific
by the maximum deviations in ASTE, when

IAeration conditions - ventilation time: 6:00 - 12:00; rocation: curitiba, Brazir; totar grain depth: l m; grain layer thickness: 5 cm;
initial grain moisture contenl l3%o;inifialgrain temperature: 30.C; storage period: I Dec. 1965 _ 30 Nov. 1966.

+6

-6

+6

-6

Maximum Deviations in

1

I

3

J

Aidlow

-5

6

_)

2

+6

-6

+6

-6

Grain Bulk
Density

ASTE (7o) Caused by Changes in Variables

0

0

0

0

heat of the grain, and EMC
simulating aeration of wheat

-9

l2

J

3

Grain
Specific

Heat

-J

3

a-L

2

0

0

2

a-L

Desorption

EMC Equations

-20

l9

-12

l5

8

9

-4

3

Adsorption

-t4

l1

-12

l0

-27

20

-16

l8

-22

22

-t7

l4

1i3



Table 5'10' sensitivity of the non-equilibrium mathematical model to fan temperature rise and thin-layer equations using a linearairflow disfibution' as determined by the maximum deviations in ASTE, when sìmulating aeration of wheat stored in curitiba, Brazilfor I yeart

Airflow

(m3.s-r.m-2)

Fan
Tempera-
ture Rise

('c)

0.0056

Fan Temperature Rise

0.0278

I

I

3

-1

Change
("c)

Maximum Deviations in ASTE Caused by Chan-ges in Variables

+0.5

-0.5

+0.5

-0.5

Deviation
(7o)

tsee Table 5.9 for aeration conditions.

I

I

J

-1

Thin-Layer Drying Equation

32

-61

l0

-t]

Parameter K

Change Deviation
(7o) (7")

+0.5

-0.5

+0.5

-0.5

+50 t3

-50 -28

+50 7

-50 -l 3

48

-150

13

-21

Parametel'N

Change
(cò

+50 l9

-50 -45

+50 ll
-50 -20

Deviation
(vo)

+30

-30

+30

-30

Thin-Layer Wetting Equation

Parameter K' Parameter N'

9

-l I

6

-7

Change Deviation Change Deviation
(7o) (Vo) (Vo) (Vo)

+30

-30

+30

-30

+90 -23 +10 -t t
-90 34 - 10 10

+90 -22 +10 -7

-90 3l _10 7

l5

-15

9

-9

+90 -27 +10 -19

-90 47 _10 19

+90 -26 +10 -8

-90 4t _10 8

TL4
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Table 5.1 l. Sensitivity of the non-equilibrium mathematical model to net heat of sorption and bin
area using a linear airflow distribution, as determined by the maximum deviations in}STE, when
simulating aeration of wheat stored in curitiba, Brazil for I yearr

Fan Tempe-
rature Rise

("c)
Net Heat of Sorption (NHS) Bin Area (A)

Change Deviation Change Deviation
(vo) (7o)

0.0056 I NHS:O _s 2A 8

Airflow
(m3's-l'¡¡-z;

Maximum Deviations in ASTE Caused by Changes in
Variables

0.00s6

0.0278

0.0278

3 NHS:O

I NHS:O

3 NHS:O

2A 5

2A l5

2 2A 8

-1

-t2

rSee Table 5.9 for aeration conditions.

dictating the allowable storage time because the grain deterioration in the bottom layers (up to

30 cm above the perforated floor) was affected significantly by a variation of t0.5oC in the fan

temperature rise (Fig. 5.14).

As the storage time increased the maximum deviations of ASTE increased for all variables

and the relative importance of some variables changed (Fig. 5.15). Except for the first month of

storage the non-equilibrium model was more sensitive to the temperature rise over the fan than

any other variable when simulating at standard conditions (Fig. 5.15).

Van Ee and Kline (1979a) determined that a slight change (+0.5Vo) in the EMC of shelled

com had an important effect on the calculated final grain moisture content and on the rate of

movement of the drying front. Because of this, Sharp (1982) recommended caution on the

selection of an accurate EMC equation when simulating drying of corn at near ambient
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temperatures. The uncertainty used in the EMC (+6Vo which corresponded to tO.g percentage

points in the EMC at r3vo) did not generate significant deviations in ASTE.

Neglecting the net heat of sorption caused no significant maximum deviations of ASTE

(Table 5.1 1)' Therefore, the net latent heat of vapo rization eiuations for desorption and adsorption

by wheat, which were used to calculate net heat of sorption are not necessary in the computer

model.

Reducing the air velocity to one-half by doubling the bin area for a constant airflow per

unit grain volume (l and 5 L's-r'm 3) caused no significant maximum deviations of ASTE

(Table 5.11). Consequently, the ratio of bin diameter to bin height is not important when

simulating the aeration of stored wheat.

Wheat bulk density caused the lowest maximum deviations of ASTE among all variables.

The results for wheat bulk density were obtained assuming no change in the air velocity due to

a variation in the bulk density. The maximum deviations of ASTE for wheat bulk density, when

the air velocity was changed in proportion to the changes in grain volume, were practically the

same as those obtained when the airflow was changed +6Vo (Table 5.9). Therefore, these

deviations were caused by a change in the airflow and not by a change in the bulk density.

Consequently, a constant bulk density can be used in simulations of aeration of stored wheat

without any significant error. The grain bulk density has a greater importance in drying processes

compared with grain aeration because during drying bulk density varies across a greater range and

also because the variation of bulk density affects the airflow due to a variation in the air resistance

to airflow.



r19

5.4.3. Effects of simulation conditions

5.4.3.1. Airflow distribution

The maximum deviations of ASTE for all variables were greater for non-linear airflow

than for linear airflow. The maximum deviations of ASTE, when using non-linear airflow and 3.C

fan temperature rise (Table 5.12), are only shown for the variables which caused the maximum

deviations in ASTE. The deterioration was higher for the non-linear airflow because the higher

air velocity in the bottom layers brought in more moisture to these layers (see Sec. 5.2.2). For

example, with linear airflow distribution increasing the air velocity from 0.0056 to 0.4336 m.s-l

caused an increase in the maximum deviations of ASTE from 60 to i00Vo for a loC fan

temperatureriseandfrom l7to38o/ofora3oCfantemperaturerise.Therefore,itisimportantto

simulate accurately the air velocity gradient in the bottom layers of large horizontal grain storages

for determining the best airflow rates and fan-control methods for Brazilian locations.

5.4.3.2. Fan temperature rise and airflow

The mathematical model was less sensitive to the changes in all variables when the fan

temperaturerisewasincreasedortheai¡flowwasdecreased(Tables5.9to5.ll).Inaddition, 
the

relative impoÍance of the variables was changed when the fan temperature rise was increased. For

example, the fan temperature rise was more important than the parameter K' of the thin-layer

wetting equation at loC but not at 3oC (Table 5.10). The relative importance of all variables did

not change when the airflow was changed. Increasing the uncertainty in the measurement of

airflow ftom úVo to +lsEo as determined by Metzger et al. (1981) would practically double the

maximum absolute deviations in ASTE. The relative importance of the variables, however, would

not be changed if the uncertainty in the measurement of airflow was increased from *6Vo fo

+I57o.



Table 5.12. sensitivity of the non-equilibrium mathematicar
using a non-linear airflow disftibution, as determined by the
in Curitiba, Brazil for 1 year'

Airflow
(m3.s-t.m-2)

Fan Temperature
Rise

0.018 - 0.1s9

0.09t - 0.796

Change Deviation
('c) (7o)

rAeration conditions - fan temperature rise: 3oC;

grain layer thickness: 30 cm; initial grain moisture

Nov. 1966.

-0.5 - 18

-0.5 -24

Maximum Deviations in ASTE Caused

model to fan temperature rise, thin-rayer equations, and EMC equations
maximum deviations of ASTE, when simulating aeration of wheaì stored

Drying-Parameter K

Thin-Layer Equations

Change Deviation
(fo) (Vo)

-50 -2t

-50 -26

Wetting-Parameter K'

Change Deviation
(7o) (Vo)

by Changes in Variables

ventilation time: 6:00 - l2:00; location: curitiba, Brazil; total grain depth: 6 m;

content: l3vo;initial grain temperature: 30oc; storage period: 1 Dec. 1965 _ 30

-90 48

-90 56

Change Deviation
(vo) (1o)

Desorption

EMC Equations

+6 l7

+6 19

Change Deviation
(7o) (7o)

Adsorption

-6 -18

-6 -21

r20
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5.4.3.3. Grain depth and grain layer thickness

The maximum deviations in ASTE for fan temperature rise were affected by both grain

depth and grain layer thickness in the sensitivity analysis (Table 5.13). Grain depth and grain layer

thick¡ess had little effect on the maximum deviations for the EMC adsorption equation and

parameter K' of the thin-layer wetting equation (Table 5.13). The maximum deviations in ASTE

for the fan temperature rise increased when the grain layer thickness was decreased from 20 to

2.5 cm but no trend was observed when the grain depth was increased from I to g m. These

results indicate that care should be taken to select the grain layer thickness when simulating grain

aeration in warm and humid climates. Probably, the best choice for these climatic conditions is

to use variable grain layer thicknesses, i.e. increase the grain layer thickness from the bottom to

the top' The minimum grain layer thickness will depend on the maximum amount of spoiled grain

that is acceptable.

5.4.3.4. Year of simulation and geographical location

The differences between the maximum deviations of ASTE for the median and worst years

were not important when the results of the sensitivity analysis were compared for each variable

at the standard conditions and using a linear aiflow distribution. Therefore, the year used for the

simulations did not affect the model's sensitivity for Curitiba. The geographical location used

for the simulations affected the model's sensitivity for the following variables: fan temperature

rise, airflow, specific heat, EMC adsorption equation, thinJayer drying equation þarameter N),

and thin-layer wetting equation (parameter N'). For standard conditions, the maximum deviations

of ASTE for the fan temperature rise for Curitiba, Campo Grande, and Cuiabá were -61, -lg, and

-73Vo, respectively, during the year 1966. The maximum deviations of ASTE for Cuiabá, which



Table 5'13' Effect of grain depth and grain layer thickness on the sensitivity of the non-equilibrium mathematical model to fantemperature rise, EMC adsorption equation, and thin-layer wetting equation using a linear airflow distribution and at standardconditions' determined by the maximum deviation of ASTE, when simuiating aeratiJn of wheat stored in curitiba, Brazilfor I yearl

Grain Grain Layer
Depth Thickness
(m) (cm)

1

1

4
4
8

8

1

1

1

1

1

1

20
20
20
20
20
20
10

10

5

5

2.5
2.5

Fan Temperature Rise

Change
("c)

+0.5
-0.5
+0.5
-0.5
+0.5
-0.5
+0.5
-0.5
+0.5
-0.5
+0.5
-0.5

Maximum Deviations in ASTE caused by changes in Variables

Deviation
(7o)

rstandard conditions - location: curitiba; ventilation time: 6:00 - l2:00; airflow: 0.0056 m,.s-,.m-r; fan temperature rise: l"c; totalgrain depth: I m; grain layer thickness: 5 cm; initial grain moisture content: l3vo; initial grain temperature: 30oC; storage period:1 Dec. 1965 - 30 Nov. 1966.

t9
-24
i6

-17
2t

-32
25

-40
32

-6t
40

-92

EMC Adsorption Equation

Change
(7o)

+6
-6

+6
-6

+6
-6

+6
-6
+6
-6
+6
-6

Deviation
(7o)

-t2
10

-11

9
-12
l0

-t2
12

-14
t1

-14
t6

Parameter K' - Wetting Equation

Change
(7o)

+90
-90
+90
-90
+90
-90
+90
-90
+90
-90
+90
-90

Deviation
(vo)

-23
32

-26
32

-22
32

-24
28

-23
34

-29
36

t22
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has the highest average temperature and lowest relative humidity, were lower than those for the

other geographical locations for the fan temperature rise, airflow, specific heat, and thin-layer

wetting equation (parameter N'). These deviations were lower for Cuiabá compared with the other

geographical locations because the average relative humidity was the lowest for that location.

5.4.3.5. Initial moisture content and temperature of the grain

The effects of initial moisture content and temperature of the grain on the maximum

deviations of ASTE were simulated at the standard conditions and using linear aiflow for the fan

temperature rise, thin-layer wetting equation (parameter K'), and EMC adsorption equation.

Decreasing the initial temperature from 30 to 15oC caused no significant effect while changing

the initial moisture content from 13 to 157o affected only the thin-layer wetting equation

(parameterK'). The maximum deviations of ASTE reduced from -34 to -2Ovo forthe thin-layer

wetting equation (parameter K') when the wheat initial moisture content was increased from l3

to 157o, respectively.

5.4.4. Yariable interaction using fixed uncertainties in the variables

Interaction among the variables may cause a change in the maximum deviations of ASTE.

Fo¡ instance, the maximum deviations of ASTE for the interaction of fan temperature rise

(Tr- -0.5oC) and the thin-layer wetting equation (parameter R' - 90Vo) were -243 and, -64Vo, at

I and 3oC, respectively, at the standard conditions and using linear airflow. The maximum

deviations of ASTE, however, were -237 and -42Vo, at I and 3oC, respectively, when the EMC

adsorption (EMC + 6Vo) equation was added to that interaction. Therefore, one e,,or intoduced

by one variable may balance the error introduced by another variable. The sensitivity analysis,
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when using fixed uncertainties in the variables, gave a good estimate of the maximum errors that

could be introduced into the mathematical model by each variable and gave the relative

importance of the variables.

5.4.5. variable interaction using random variation in the increments

The maximum deviations of ASTE for all variables interacting with random variation in

the increments varied from -7 to 47o for three repetitions of the simulations at standard conditions

and using linear aifflow. The wheat bulk density was not included in these simulations because

it was not considered an important variable when simulating wheat aeration. Maximum deviations

in ASTE between -7 and 37o were obtained when using a linear airflow of 0.0056 m..s''.m-2, initial

moisture content of 13 or 15o/o,fan temperature rise of I or 3oC, and initial grain temperature of

15 or 30"C.

The sensitivity analysis, with random variation in the increments, indicated that in

computer simulations the errors introduced in the mathematical model by the uncertainties in the

thermal and physical properties of the grain and weather data will be much less than expected

because the error introduced by one variable may balance the error of another variable.

5.5. sensitivity Analysis of the Non-Equiribrium Model for winnipeg

5.5.1. Summary

The most important va¡iables for simulatong aeration of wheat stored in Winnipeg for

3 mo were the thin-layer drying equation followed by the EMC desorption equation, fan

temperature rise, and thin-layer wetting equation, which were equally important.
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The uncertainty in the calculation of allowable storage time elapsed was much higher than

the uncertainties generated by all parameters tested in the computer program for simulating

aeration of stored wheat.

The wheat bulk density can be a constant, the net heat of sorption can be neglected, and

the ratio of bin diameter to bin height was not important in the mathematical model to simulate

aeration of stored wheat.

The model's sensitivity was affected by the airflow distribution, fan temperature rise,

airflow, year of simulation, grain layer thicknesses greater than 30 cm, and initial moisture content

and temperature of the grain.

5.5.2. Sensitivity analysis using fixed uncertainties

Thin-layer drying equation (parameter N) was the variable which presented the highest

maximum deviations in ASTE among all variables (Tables 5.14 to 5.16) when adding a fixed

uncertainty. The maximum deviations in ASTE for all variables and tests were much lower than

the uncertainty in predicting ASTE. Therefore, the mathematical model used to simulate aeration

of stored grain can be simplified based on the results of sensitivity analyses.

The thin-layer drying equation (parameter N) caused a large variation in moisture content

and ASTE when comparing adding and subtracting a ñxed uncertainty @ig. 5.16). Subtracting an

uncertainty was more important than adding it because decreasing the drying front speed increased

the grain deterioration.

The maximum deviations of ASTE were approximately constant over the storage period

and the maximum difference among the maximum deviations of ASTE over the 3 mo storage

period for each variable was less than 57o. The relative importance of most variables changed



Table 5'14' sensitivity of the non-equilibrium mathematical model to airflow, grain specific heat, and EMC equations using linearairfiow distribution, as determined by the maximum deviations i" Àsîe iørl,îrìrrlu,. aeration of stored wheat in winnipeg,Canada for 3 mol

Airflow
(m3's-l'¡¡-z;

0.0057

Fan
Temperature

Rise
("c)

0.0284

Variable
Change

(vo)

Maximum Deviations in ASTE (7o) caused by changes in variabres

+6

rAeration 
conditions - ventilation time: 0:00 - 6:00; total grain depth: 5.7 m:grain layer thickness: 2g.4 cm:initial moisture content:r57o;inittal grain temperature: 30oc; storage period: t se t. - 30 Nov. 1979.

-6

Aidlow Grain Specific EMC Equations

+6

-6

+6

-5

-6

Heat

+6

-4

-6

-4

Desorption Adsorption

-4

-8 -z

a

-9

a

10

-8

-1

-8

-3

-2

t26



Table 5' 15' sensitivity of the non-equilibrium mathematical model to fan temperature rise and thin-layer equations using linear airflowdistribution' as determined by the maximum deviations in ASTE, when simúlating aeration of wheat stor;d in winnipeg, canada for3 mor

Airflow

(m3.s'r.m'2)

Fan
Tempera-
ture Rise

("c)

0.00s7

Fan Temperature
Rise

I

1

3

3

Change Deviation
("C) (Vo)

Maximum Deviarions in ASTE (zo) caused by changes in variabres

0.0284

+0.5

-0.5

+0.5

-0.5

Thin-Layer Drying Equation Thin_Layer Wetting Equation

1

I

J

J

Parameter K

a

1

-3

3

'See Table 5.14 for aeration conditions.

Change Deviation
(V") (Vo)

+0.5

-0.5

+0.5

-0.5

+20 4

-20 -5

+20 4

-20 -5

7

-9

-3

4

Parameter N

Change Deviation
(7o) (V")

+20 4

-20 -5

+20 5

-20 -s

+30 l0

-30 -18

+30 ll
-30 -18

Parameter K'

Change Deviation
(Vo) (Vo)

+30 l0

-30 -16

+30 l0

-30 -16

+90 -4

-90 4

+90 -z

-90 2

Parameter N'

Change Deviation
(Vo) (7o)

+90 -8

-90 8

+90 -3

-90 4

+10 -1

-10 I

+10 -l

-10 0

+10 -3

-10 3

+10 -t

-10 -l

127



Table 5'16' Sensitivity of the non-equilibrium mathematical model to fan temperature rise, thin-layer equations, and EMC equationsusing non-linear airflow distribution, as determined by the maximum deviations in ASTE, when simulating aeration of wheat storedin V/innipeg, Canada for 3 mor

Airflow
(m3.s-r.6 2 

¡
Fan Temperature

Rise

0.0059-0.0351

0.0059-0.0351

0.0290-0.0690

0.0290-0.0690

Change Deviation
("C) (Vo)

+0.5 7

-0.5 -l I

+0.5 6

-0.5 -12

Maximum Deviations in ASTE (7c) Caused by Changes in Variables

rAeration conditions -
moisture conten:t: l5%o;

Drying - Parameter N Wetting - parameter K'

Change
(vo)

Thin-Layer Equations

+30

-30

+30

-30

Deviation
(vo)

fan temperature rise: 1'C; ventilation time: 0:00 - 6:00; total grain depth: 5.7 m; grain layer thickness: 2g.4 cm; initial
initial grain temperature: 30oC; storage period: I Sept. _ 30 Nov. 1979.

ll
-18

ll
-15

Change Deviation
(Vo) (7")

+90 -8

-q0 o

+90 -13

-90 13

Change Deviation
(7") (vo)

Desorption

EMC Equations

+6 -8

-68

+6 -8

-69

Change Deviation
(Vo) (Vo)

Adsorption

+6 -4

-63
+o -5

-64

t28
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adding or subtractin g 30vo from the thin-layer drying equation lparameter N) to simulate
aeration of stored wheat in Winnipeg , Canadaafter amo of storage at standard conditions
with linear airflow distribution
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when the airflow or the fan temperature rise was changed. The relative importance of the thin-

layer drying equation (parameter N), however, was not changed.

The uncertainty generated by equations which describe the resistance to airflow was not

impofant for simulating aeration of stored wheat because the maximum deviations in ASTE

resulting from changes in airflow were much lower than the uncertainty in predicting ASTE

(Table 5.14). The relative importance of airflow, however, would be the same as of the EMC

desorption equation if the uncertainty in the measurement of airflow was increased from *6Vo to

+lSVo as determined by Metzger et al. (19g1).

Changes in wheat bulk density caused no deviations in ASTE (maximum deviations in

ASTE:0olo). The results for wheat bulk density were obtained assuming no change in the air

velocity due to a variation in the bulk density. The maximum deviations in ASTE for wheat bulk

density, when the air velocity was changed in proportion to the changes in grain volume, were

practically the same as those obtained for the airflow (Table 5.14). Therefore, these deviations

were caused by a change in the airflow and not by a change in the bulk density. Consequently,

a constant bulk density can be used in simulations of aerated wheat without any significant effor.

Neglecting the net heat of sorption caused a maximum deviation in ASTE of -4Vo for

airflows of 0.0057 and 0.0284 m3.s-r.m-2 and fan temperature rises of 1 and 3oC with linear airflow

distribution. Therefore, the latent heat of vaporization equations for desorption and adsorption by

wheat, which were used to calculate net heat of sorption, are not necessary in the computer model.

Reducing the air velocity to one-half by doubling the bin area for a constant air{low per

grain volume (1 and 5 L's-r'm-3) for fan temperature rises of I and 3"C with linear airflow

distribution caused a maximum deviation in ASTE of 3To.Consequently, the ratio of bin diameter
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to bin height is not important to simulate aeration of stored wheat when only forced convection

is simulated.

5.5.3. Effects of simulation conditions

5.5.3.1. Airflow, fan temperature rise, and airflow distribution

Changing the airflow from 0.0057 to 0.0284 m3.s-r.m-2 or the fan temperature rise from

1 to 3oC (Tables 5.14 and 5.15) varied the deviations in ASTE for several variables. These

variations depended on the variable being analyzed and on the airflow and fan temperature rise

used in the simulation. These variations, however, were not significant when analyzed for the thin-

layer drying equation and EMC desorption equation.

The maximum deviations in ASTE varied when non-linear airflow was used. There was

no apparent trend in these variations. For most tests increasing the air velocity increased the over

prediction of drying or wetting depending on the airflow and fan temperature rise. The maximum

deviations in ASTE, when using non-linear airflow and loC fan temperature rise (Table 5.16), are

only shown for the variables which caused the maximum deviations in ASTE.

5.5.3.2. Grain depth and grain layer thickness

The effect of grain depth and grain layer thickness on the model's sensitivity for the thin-

layer drying equation (parameter N), thin-layer wetting equation (parameter K'), EMC desorption

equation, and airflow were investigated for the median year at standard conditions with linear

ai¡flow disfibution. Grain depths of 4 and 6 m and grain layer thickness less than 30 cm

(thickness of 14.2 cm) did not affect the model's sensitivity. The maximum deviations in ASTE

were 24Vo for the EMC desorption equation and i 77o for the thinJayer equation (parameter N)
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when using 56.8 cm grain layer thickness. Therefore, excessively increasing the grain layer

thickness increases the possibility of errors due to uncertainty in variables such as the EMC

equation.

5.5.3.3. Year of simulation

The maximum deviations in ASTE for the median and the worst years were slightly

changed when the results of the sensitivity analysis were compared for each variable. The

maximum change in the deviation of ASTE, however, was SVo which occurred for both the EMC

desorption equation and fan temperature rise. The relative importance of several variables changed

when simulating for the worst year and median year. The relative importance of the thin-layer

drying equation (parameter N) was not changed when using linear aifflow distribution. The fan

temperature rise, however, was as important as the thin-layer drying equation (parameter N) for

the worst year when simulating with non-linear airflow distribution.

5.5.3.4. Initial moisture content and temperature of the grain

The effects of initial moisture content and temperature of the grain on the maximum

deviations in ASTE were simulated for the median year at the standard conditions with linear

airflow for all variables. The deviations in ASTE were increased 47 fo ll7%o when the initial

moisture content was decreased from 15 to I37o for the thin-layer wetting equation, EMC

adsorption equation, and fan temperature rise. The deviations in ASTE decreased 49 to 6SVo when

the initial temperature was decreased from 30 to 15'C for the thinJayer drying equation, airflow,

and specific heat. The deviations in ASTE fo¡ the EMC desorption equation were not affected

by the initial moisture content or temperature of the grain.
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5.5.4. variable interaction using fixed uncertainties in the variables

Different variables interacting may cause a significant change in the maximum deviations

in ASTE' For instance, the maximum deviation in ASTE for the interaction of thin-layer drying

equation (parameter N - 307o) and EMC desorption equation (EMC - 6Vo) was -l l7o aï the

standard conditions with linear airflow. Therefore, one error introduced by one variable may

balance the error introduced by another variable. The maximum deviation in ASTE, however, was

-147o when the airflow (airflow - 6vo) was added to that interaction. The results of sensitivity

analysis, with fixed uncertainties in the variables, give a good estimate of the maximum errors that

could be introduced in the mathematical model by each variable and also about the relative

importance of all variables.

5.5.5. variable interaction using random variation in the increments

The maximum deviations in ASTE for all variables interacting with random variation in

the increments varied from 4 to 5Eo for three repetitions of the simulations at standard conditions

with linear airflow distribution. The wheat bulk density was not included in these simulations

because it was not considered an impoÍant variable when simulating wheat aeration. Maximum

deviations in ASTE between -3 and 7vo were obtained when using linear airflow rates of I or

5 L's-r'm-3, initial moisture content of 13 or l|vo, fan temperature rise of I or 3oC, and initial

grain temperature of 15 or 30.C temperature.

The results of sensitivity analysis, with random variation in the increments, indicated that

in computer simulation the errors introduced in the mathematical model by the variations in the

thermal and physical properties of the grain and fan temperature rise will be much lower than
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normally expected because the error introduced by one variable may balance the er¡or of another

variable.

5.6. validation of the Mathematical Model of f,'orced convection

The comparison of equilibrium and non-equilibrium mathematical models showed that the

equilibrium model over predicts drying and wetting rates especially in the bottom layers and that

the non-equilibrium model is more accurate because it is based on empirical thin-layer drying and

wetting equations and equilibrium moisture -content 
equations for adsorption and desorption.

The results of the sensitivity analyses suggest that validation of the non-equilibrium

mathematical model developed here is not needed. For Winnipeg, for example, the uncertainty in

predicting grain deterioration is much higher than the maximum deviations in ASTE for all

variables within their expected range of uncertainty. Such a validation would be applicable only

for a specific product and within the specific range of experimental conditions and the errors

introduced in the mathematical model by several variables will be much less than expected.

Validation of computer models to simulate aeration of stored grain would require long duration

tests and demand great economical resources. The tests would have to be repeated for different

grain varieties and experimental conditions due to the random nature of the errors associated with

the determination of thermal and physical properties of the grain, making such efforts

economically unfeasible.



135

5.7. Airflow Rates and Fan contror Methods for Brazilian Locations

5.7.1. Summary

The best fan-control method to aerate wheat stored in eight Brazilian locations was a

differential-thermostat. The best differential-thermostat settings, airflow rates, and air-temperature

increments with linear and non-linear airflow dist¡ibutions were determined for all locations.

Simulated results using the best aeration conditions for the Brazilian locations indicated

that the best locations for grain storage in Brazil, in descending order, were Curitiba (i2 mo),

Porto Aìegre (11 mo), São Paulo (10 mo), Belo Horizonte (9 mo), Florianópolis (g mo), Goiânia

(8 mo), Campo Grande (7 mo), and Cuiabá (4 mo).

The maximum allowed storage time for aerated wheat in Brazilian locations correlated

well with the annual average-time that the ambient air temperature was below 15.C.

5.7.2. Comparison of fan control methods

Simulations comparing costs to aerate, with linear airflow distribution, wheat stored in

Curitiba and Goiânia for I year indicated that the best fan-control method was a differential-

thermostat (Tests 88 and 89, Table 5.17 and Tests 104 and 105, Table 5.lg). The second best

method was based on the vapor-pressure-deficit (Test 86, Table 5.17 and Test 102, Table 5.1g).

The first and second best fan control methods are the only methods which take into account the

actual temperature of the grain bulk and ambient air conditions to operate the fan. The differential-

thermostat method resulted in acceptable costs of over drying, spoilage, and electricity for both

Curitiba and Goiânia but it was not possible to store wheat in Goiânia for I year without some

spoilage (maximum allowed storage time was 8 mo). Spoitage cost was the major cost dictating

the feasibility of storage in these two locations followed by electricity and over drying costs.
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no
Therefore, the maximum allowed storage time depended first on the spoilage costs and if

spoilage occurred then electricity and over drying costs became the major costs.

The differences of storability between Curitiba and Goiânia were due to the differences

in ambient air temperatures between these locations since the average relative humidity for

Curitiba was much higher than that for Goiânia (Table 4.2, Sec. 4.2). The method based on the

vapor-pressure-deficit compared with the differential-thermostat method, however, did not succeed

for Goiânia (Table 5.18) because the total costs of aeration using that method (Test 102) were

about ten times higher than those for the differential-thermostat method (Tests l04 and 105) with

a 3oC air-temperature increment.

Other fan control methods (Tests 74 to 85 and 87, Table 5.17 and Tests 90 to l0l and

103, Table 5.18), including the fan control method used traditionally in Brazil (Tests g4and g5,

Table 5.17 and Tests 100 and 101, Table 5.18), resulted in spoilage of all or almost all of the

grain bulk and therefore they should not be recommended for the Brazilian climatic conditions

considered. The differential-thermostat combined with a humidistat to turn the fan on only when

the relative humidity was less than or equal to 907o (Test 87, Table 5.17 and Test 103, Table

5.18) indicated that preventing grain ventilation during periods of high relative humidity reduced

the grain cooling because low ambient air temperatures were combined with high relative

humidities.

The differential-thermostat method combined with a time-clock (Tesrs gg and 104)

resulted in practically the same aeration costs as the differential-thermostat alone (Tests g9 and

105) indicating that the fan was turned on mostly at night when the ambient air temperature was

low. Therefore, grain storage managers in B¡azil could decrease electricity costs for aeration

because the costs of electrical energy are lower for night periods compared with daylight periods.
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Combining the time-clock with the differential-thermostat method decreased the fan ventilation

time by 8 and 67o for Curitiba and for Goiânia, respectively.

The method based on the vapor-pressure-deficit allowed fan operation at any time of the

day resulting in higher over drying costs and higher average grain temperatures compared with

the differential-thermostat method. Therefore, the grain bulk was not cooled properly and it would

be difficult to change the fan control system from automatic to manual when using the method

based on the vapor-pressure-deficit. The problem of over drying and reduced cooling was worse

for Goiânia because the fan was turned on during periods of low relative humidities and high

ambient air temperatures. For example, the method based on the vapor-pressure-deficit compared

with the differential-thennostat method (Tests 102 and 105, respectively, Table 5.lg), after 12 mo

of storage in Goiânia with 3'C air-temperature increment, resulted in a decreas e of L9Vo in the

final average moisture content of the grain and an increase of 9.2'C in the final average grain

temperature.

5.7.3. Differential-thermostat method

The simulated results using the differential-thermostat control of wheat aeration are the

average of 10 years for eight Brazilian locations (Tables 5.19 to 5.30). The best differential-

thermostat settings, airflow rates, and airtemperature increments for each geographical location

we¡e those which resulted in the longest maximum allowed storage times, no spoilage costs for

any year, and lowest over drying and electricity costs. For Campo Grande, Curitiba, Goiânia,

Florianópolis, and São Paulo, the best aeration conditions with linear airflow distribution at l3To

initial grain moisture content (Table 5.31) were -5'C differential-thermostat setting, 3 L.s-r.m-3

airflow rate, and 3"c air-temperafure increment (Tests 133,264,302,3r0, and 394) but for Belo



Table 5.19. Differential-thermostat control of wheat aeration in Belo Horizontel

Test TDIFF
(c)

#

106
107

108

109
110
111

r12
113

tt4
115
rt6
t17
118
r19
120
l2l
122

xl23

Airflow
Rate

(L.s'.m-')

-4
-4
-4
-4
-4

Temperature
Increment

(c")

1_l
13
l5
2t
23
2S
3t
3l
35
1t
13
1S
2t
2Z
25
3r
3Z
35

-4
-4
-4
-4
-5
-5
-5
-5
-5
-5
-5
-5
-5

Maximum
AST
(mo)

Maximum
M. C.

Linear Airflow Distribution

(7o, wb) (decimal)

4
7

8

4

7
8

5

7

8

6

8

8

7
8

9

8

8

I

Average
ASTE

14.9

14.5

t3.7
14.8

14.4
13.7

14.9

14.4
t3.7
14.6
14.1

13.7

14.5

14.0
13.6
t4.4
13.9

r3.5

Fan
Time
(h)

0.67
0.98
1.13

0.62
0.91
1.11

0.67
0.87
r. t0
0.85
1.01

1.07

0.84
0.93
1.07
0.85
0.89
0.97

Over
Drying

585

1274
r 819
350
827
1523
3r8
621

r 368
601

841
rr08
368
s05
788
263
362
629

Costs ($.t-r)

Fan
Electricity

0.02
0

0.13

0
0

0.01
0

0
0

0.r4
0.15
0.24
0.04
0.05
0.12
0.01
0.03
0.07

Total

0.47
1.03
1.46

0.28
0.66
t.z2
0.26
0.50
1.10
0.48
0.68
0.89
0.30
0.41
0.63
0.2t
0.29
0.51

0.49
1.03
1.59

0.28
0.66
1.23
0.26
0.50
1.10
0.62
0.83
1.13

0.34
0.46
0.75
0.22
0.32
0.s8

r40



Table 5.19. Differential-thermostat control of wheat aeration

Test

#

TDIFF
(c')

124
125

*126
127

128
t29

Airflow
Rate

(L.s-'.m¡)

-5
-5
-5
-6
-6
-6

Temperature
Increment

(c")

fAeration conditions - values are the average of l0 years starting on I Jan. 1961; initial moisture content: l3vo; initial graintemperature: 30'c; and final average moisture content: 12.8 - 13.2vo. TDIFF is the difference between the average grain temperatureand the ambient air temperature set for the differential-thermostat method. AST is the maximum allowed storage time. M. c. is thegrain moisture content.- ASTE is the average allowable storage time elapsed.-Asterisks 
indicate the best combination oi differential-thermãstat setting, airflow rate, and air-temperature increment.

0.6
0.9
1.3

0.6
0.9
1.3

Maximum
AST
(mo)

in Belo Horizonter (cont'd)

5

5

5

5

5

5

Non-Linear A irflow Distribution

Maximum Average
M. C. ASTE

(7o, wb) (decimal)

6

7
7
5

6

6

13.7

r 3.8
13.8
13.6

13.6

t3.6

Fan
Time
(h)

1.03

1.07
1.04
0.92
0.96
0.93

Over
Drying

Costs (S.f')

r34l
1272
n2t
682
665
s67

Fan
Electricity

0.24

0.12
0.08
0.30
0.26
0.23

Total

1.08
1.02

0.90
0.55
0.54
0.46

r.32
1.14

0.98
0.85
0.80
0.69

I4l



Table 5.20. Differential-thermostat control of wheat aeration

Test TDIFF
(c')

#

130
131

132
*133

Airflow
Rate

G.s-r.m-:¡

-5

-5
-5
-5

Temperature
Increment

(c')

ï34
135

136
137
138
139

,t140

141

2
)
J
J

-5
-5
-5

-5
-6
-6
-6
-6

Maximum Maximum
AST M. C.

in Campo Grander

1

3

1

3

(mo)

0.9

0.9
1.3

1.3

0.9
0.9
1.3

1.3

rAeration conditions are given in

Linear Airfiow Distribution

(7o, wb)

4
'7

5

7

3

5

J

5

J

5

3

5

Average
ASTE

(decimal)

Non-Linear Airfl ow Di stribution

14.5

14.1

t4.6
r4.0

3

4

3

4
4
4
4
4

Fan
Time

the foot note to Table 5.19 except that the final average moisture content was 12.g - I3.lvo.

0.75
1.03
0.81
0.98

(h)

14.8

13.7

14.7
13.7

14.3

13.6
14.3

t 3.s

Over
Drying

Costs ($.r')

204
420
186

313

0.70 290
0.95 690
0.68 24Ð
0.93 605
0.88 2t5
0.91 323
0.86 179
0.88 279

Fan
Electricity

0.07
0.11
0.04
0.07

Total

0.16
0.34
0. r5
0.25

0

0.08
0

0.07
0.0s
0.18
0.05
0.17

o.23
0.45
0.19
0.32

0.23
0.56
0.19
0.49
0.17
0.26
0.15
o.22

0.23
0.64
0.19
0.s6
0.22
0.44
0.20
0.39

t42



Table 5.21. Differential-thermostat control of wheat aeration in Campo Grande (lZVo initial moisture content)r

Test

#

TDIFF
(c")

142
r43
IM
r45
r46
r47
148
149
150
151

\52
153

r54
155
156
157
158
t59
160
161

*162

163

Airflow
Rate

(L.s-'.mt)

-5
-5
-5
-5
-6
-6
-6
-6
-6
-6
-6
-6
-6
-7
-7
-7
-7
-7
-7
-7
-7
-7

Temperature
Increment

(c")

2
2
J

3

1

1

1

2
')

2
J
J
J

1

I
I
2
2
)
J
J

3

Maximum
AST
(mo)

I
J
1

J
I
3

5
i
J

5

1

J

5

1

3

5

1

3

5

I
3

5

Maximum
M. C.

(7o, wb)

Linear A irflow Distribution

4

8

5

9
8

9
l0
9
10

l0
8

t0
r0
9

9
9

9
9
10

9

i0
10

Average
ASTE

(decimal)

t4.3
t3.9
4.3

3.7
4.0
3.4
3.1

4.0
3.2
2.9

3.9
3.1

2.8

3.5
3.0
2.7

3.5
2.9
2.6

3.4
2.8
2.5

Fan
Time
(h)

0.52
0.78
0.55
0.77
0.8 r

0.89
0.99
0.77
0.84
0.90
0.69
0.79
0.85
0.89
0.91
0.94
0.81
0.83
0.90
0.77
0.83
0.86

Over

270
579
226
416
501

615
782
298
377
518
216
274
398
373
430
514
))o
270
338
168

204
26t

Costs ($.t'')

I

Fan
Electrici

0
0
0
0

0.05
0.06
0.08
0.01
0.02
0.04

0
0.01
0.02
0.18

0.21
0.24
0.07
0.10
0.13
0.03
0.05
0.08

0.2r
0.46
0.18
0.33
0.39
0.48
0.61
0.23
0.29
0.40
0.17
0.22
0.31

0.29
0.34
0.40
0.18
0.21
0.26
0.13
0.16
0.21

Total

0.21
0.46
0.18
0.33
0.44
0.54
0.69
0.24
0.31
0.M
0.17
0.23
0.33
0.47
0.55
0.64
0.25
0.31
0.39
0.16
0.21
0.29

t43



Table 5'21' Differential-thermostat control of wheat aeration in Campo Grande (l\vo initial moisture content) (cont,d)

Test TDIFF
(c')

#

164
165
166
r67
168

169

170
171
172

t73
174
175
176
t77

x 178

Airflow
Rate

G's-r'm-r¡

-6
-6

-6
-6
-6
-6
-7
-7
-7
-7
-7
-7
-7
-7
-7

Temperature
Increment

(c')

0.9
0.9

0.9
1.3

1.3

1.3

0.6
0.6

0.6
0.9
0.9
0.9
1.3

1.3

1.3

Maximum Maximum
AST M. C.

1

J

5
I

J

5

1

3

5

I
J

5
I
J
5

(mo)

Non-Linear Airflow Distribution

tAerationconditionsaregiveninthefootnotetoTable5.lgexceptthatfinal 
averagemoisturecontentwas ll.9 -l2.3Lo.overdrying

was calculated for moisture contents below l2To.

(Vo, wb)

z
6
8

2

7

8

3

8

8

J

I
8

3

8

9

Average
ASTE

(decimal)

15.5
14.5

r 3.5
15.z
14.4
13.5

14.7
14.0
13.2

14.5

13.9

13.I
14.5

13.8

13.1

Fan

Time
(h)

0.33
0.77
0.9s
0.32
0.79
0.91

0.5 r

0.93
0.96
0.49
0.88
0.91
0.48
0.85
0.92

Over
Drying

Costs ($.rr)

t24
439

808
102
403

69s
119

446
593
90

344
474
76

288
405

Fan
Electricity

0
0

0.0r
0

0
0
0

0.02
0.09

0
0.01
0.06

0
0.01
0.05

Total

0.10
0.35
0.64
0.08
0.32
0.55
0.10
0.35
0.47
0.07
0.27
0.38
0.06
0.23
0.32

0.10
0.35
0.65
0.08
0.32
0.55
0.10
0.37
0.56
0.07
0.28
0.44
0.06
0.24
0.37
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Table 5.22. Differential-thermostat confol of wheat aeration in cuiabál

Test TDIFF
(c")

#

179
180
181

t82
* 183

184

Airflow
Rate

(L's-'.m-:¡

-5
-5
-5
-5

-5
-5

Temperature
Increment

(c')

I
1

2
2
J

J

185

186

187
188
189
190
191

t92
*193

194
195
196

Maximum
AST
(mo)

-5
-5
-5
-5
-5
-5
-6
-6

-7
-7
-8
-8

I
3

I
J

I
J

Maximum
M. C.

(Vo, wb)

0.6
0.6
0.9
0.9
1.3

t.3
0.6
0.6
0.6
0.6
0.6
0.6

Linear Airflow Distribution

3

J
4
4
4
4

Average
ASTE

(decimal)

rAeration conditions are given

I
3

I
J

I
J

I
J
1

J

1

3

14.1

r 3.8
14.3

13.8

t4.3
13.8

Non-Linear Airflow Distribution

Fan

Time
(h)

2

J
2
J
2

3

3

3

3

J

3

J

0.88
0.90
1.06
1.10
1.03

1.07

Over
Drying

15.5

14.7
15.4

14.6
15.2

14.6

14.7

13.9
14.0
13.4

r3.6
13.2

Costs ($.r')

178

219
t44
t96
109

151

in the foot note to Table 5.19 except that the final average moisture content was 13.0 - l3.lvo.

Fan

Electricity

0.02
0.02
0.02
0.02
0.01
0.01

0.63
0.95
0.6r
0.93
0.60
0.91
0.9s
0.96
1.00
t.0l
1.05

1.05

Total

0.14
0.18
0.1 I
0. i6
0.09
0.12

123
249
94
202
76
t73
77
r06
40
47

2l
23

0
0
0
0
0
0
0

0.01
0

0.03

0.02
0.04

0.16
0.20
0.13
0.r8
0.10
0.13

0.r0
0.20
0.08
0.16
0.06
0.14
0.06
0.09
0.03
0.04
0.02
0.02

0.10
0.20
0.08
0.16
0.06
0.14
0.06
0.10
0.03
0.07
0.04
0.06

t45



Table 5'23' Differential-thermostat control of wheat aeration in cuiabá (12vo ini1ial moisture content)r

# (C') . Rate Incremenr AST M. C. ASTE Time,,(L.s-l'm.3)(C.)(mo)(ch.wb)(decimal)^ö"

I

r98
199
200
201

*202

-6
-6
-6

-6
-6
-6

I
I
2

2
3

3

204
20s
206
207
208
209
210
2tt
212
213
214
215
2t6

*217

-6
-6
-6
-6
-6
-6
-6
-6
-6
-7
-1

-7
-7

1

3

1

3

I

3

0.6
0.6
0.9
0.9
0.9
1.3

1.3

t.3
0.6
0.6
0.9
0.9
1.3

1.3

6

6

6

7

6
7

near Airflow Distr.ibution

I

3

5

I

3

5

I
J
5

3

5

J

5

3

5

rAeration conditions are given in the foot note to Table 5.19 except that the final average moisture content wascalculated moisture contents below 127o.

Non-Linear Airflow Distri

13.2

13.6

r3.l
t3.6
r3.0

4
5

5

4
6

6

4
6

6

5

5

5

5

5

6

1.04

0.95
r.06
0.9 r

l.0r

t4.l
I3.3
t4.7
t4.2
13.4

14.7

t4.l
13.4

t3. I

t2.7
13. I

12.7

r3.I
t2.8

36s
r93
27t
t43
203

ution

0.91
r.04
0.71
r.05
1. l3
0.16
]I02
Llt
0.97
0.99
0.95
0.97
0.93
1.06

0.01

0
0
0
0

r38
290
411

r06
252
497

9l
241
437
149

196
126
164
r10
t97

0.24
0.29
0.r5
0.2t
0.11

0.r6

0
0
0
0
0
0
0
0
0

0.03
0

0.02
0

0.02

0.25
0.30
0.15
0.21

0.1 I
0.r6

.11

0.23
0.38
0.08
0.23
0.39
0.07
0.20
0.35
0.12
0.16
0. r0
0. r3
0.09
0.15

0.11
0.23
0.38
0.08
0.23
0.39
0.07
0.20
0.35
0.t2
0. r9
0.10
0. r5
0.09
0.t]

12.0 - 12.2Vo. Over drying was
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Table 5.24. Differential-thermostat control of wheat aeration in Cuiabá (llTo initial moisture content)l

Test

#

TDIFF
(c')

2t8
2t9
220
221
222
223
224
225
226
227
228
229
230
231
232
233

*234

235

Airflow
Rate

(L.s-r.mr)

-5
-5
-5
-5
-5

-5
-6

-6
-6

-6
-6
-6
-7
-7
-7
-7
-7
n

Temperature
Increment

(c')

I
1

2
2

J
J
I
I
2
2

3

I
1

2
z
3

3

Maximum
AST
(mo)

1

J

I
J

I
3

I
3

I
J

I
J

I

I
3

I

3

Maximum
M. C.

(7o, wb)

Linear Airflow Distribution

4
4
4
4

5

6
8

8

8

9
9
9
l0
10

l0
t0
10

9

Average
ASTE

(decimal)

t4.7
14.t
14.4
t3.9
14.3
13.6
13.7

13.2
13.6
13.0

13.4
12.8

12.6
t2.2
12.7

t2.l
12.5

t2.l

Fan
Time
(h)

0.s8
0.6s
0.s3
0.62
0.58
0.75
0.82
0.87
0.75
0.85
o.75
0.80
0.9r
0.94
0.84
0.87
0.81

0.83

Over
Drying

Costs ($.rr)

581

879
324
558
264
482
491

643
298
399
205
287
309
364
190
231
139
173

Fan
Electricity

0
0

0
0

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

Total

0.47
0.71

0.26
0.45
0.2r
0.39
0.40
0.52
0.23
o.32
0.17
0.23
0.24
0.28
0.15
0.18
0.11
0.13

0.47
0.71
0.26
0.45
0.21
0.39
0.q
0.52
0.23
0.32
0.17
0.23
0.24
0.28
0.15
0.18
0.1r
0.13
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Table 5.24. Differential-thermostat control of wheat aeration in cuiabá, (llvo

Test TDIFF
(c')

#

Airflow
Rate

(L's-''m')

236
237
238
239
2¿û
24r

-8
-8
-8
-8
-8
-8

Temperature
Increment

(c")

I
I
2
2

J

242
243
244
245
246

*247

Maximum
AST
(mo)

-7
-7
-7
-8
-8
-8

I
J

1

J
1

3

rAerationconditionsaregiveninthefootnotetoTable5.lgexceptthatthefinal 
averagemoisturecontentwas 11.0 -ll.gvo.overdrying was calculated for moisture contents below llTo.

Maximum
M. C.

(7o, wb)

0.6
0.9
1.3

0.6
0.9
1.3

Linear Airflow Distribution

9

9
9
9
9
9

initial moisture content)t (cont'd)

Average
ASTE

(decimal)

12.1

I 1.8

12.2
tt.7
l2.t
It.7

Non-Linear Airfl ow Distribution

Fan
Time
(h)

7 14.6
7 14.5
7 14.3

8 13.9

8 13.6

8 13.6

0.88
0.89
0.83
0.84
0.80
0.81

Over
Drying

Costs ($.rr)

216
242
r36
156

99
118

Fan
Electricity

0.07
0.08

0
0.0r

0
0

0.77
0.74
0.72
0.85
0.82
0.80

Total

o.t7
0.r8
0.11
0.12
0.08
0.09

245

190
r58
188

t45
123

o.24
0.26
0.11
0.13
0.08
0.09

0
0
0
0
0
0

0.19
0.15
0.12
0.15
0.11
0.10

0.19
0.15
0.12
0.15
0.11
0.10
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Table 5.25. Differential-thermostat control of wheat aeration in curitibal

Test

#

TDIFF
(c")

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263

*264

265

Airflow
Rate

(L's-r.¡¡-:¡

-4
-4
-4
-4
-4
-4
-4
-4
-4
-5
-5
-5
-5
-5
-5
-5

-5
-5

Temperature
Increment

(c')

I
1

1

2
2
2
3

3

J
I
I
I
2
aL

)
3

3

J

Maximum
AST
(mo)

I
J

5

I
J

5

I
3

5

I
3

5

I
J
5
1

J

5

Maximum
M. C.

(7o, wb)

Linear Air{low

4

9

l0
5

10

l1
5

1t
12
"|

1l
lz
9
t2
l2
9

t2
12

Average Fan
ASTE Time

(decimal) (h)

Distribution

15.7
r 5.0
14.2
15.8

14.7
14.1

15.7
14.5

14.1

r 5.3
14.4
13.9
15.4
l4.l
13.7

15.2
14.0
13.6

0.46
0.73
0.88
0.46
o.67
0.87
0.43
0.64
0.88
0.59
0.76
0.87
0.57
0.69
0.76
0.s3
0.64
0.71

Over
Drying

664
t375
2074
462
814
l56l
325
s90
1302
687
909
1254
406
529
799
289
382
613

Costs ($.r')

Fan
Electricity

0.03
0.01
0.03

0.01
0
0

0.01
0
0

0.19
o.20
0.26
0.08
0.11
0.17
0.04
0.07
0.12

0.54
l.i I
1.67

0.37
0.65
t.26
o.26
0.48
1.05

0.55
0.73
1.01

0.33
0.43
0.64
0.23
0.31
0.49

Total

0.57
r.12
1.70

0.38
0.65
1.26
0.27
0.48
1.05
0.74
0.93
1.27
t.4I
0.54
0.81
0.27
0.38
0.61
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Table 5.25. Differential-thermostat control of wheat aeration

Test

#

TDIFF
(c')

Airflow
Rate

0-.s-'.mt)

266
267
268
269
270
271

272
273
274
275
276
277
278
279
280
281
282
283

-6
-6
-6
-6
-6

-6
-6
-6
-6
-7
-7
-7
-7
-7
-7
-7

-7
-7

Temperature
Increment

(c')

1

I
I
2

2
2

3

J
J
I
1

I
a
L

2
2
J
J

Maximum
AST
(mo)

in Curitibar (cont'd)

1

3

5

I
J

5

1

5

5

I
J

5

1

J

5

I
3

5

Maximum
M. C.

(7o, wb)

Linear Airflow Distribution

1l
t2
t2
1l
t2
12

ll
12

t2
12

t2
12

t2
l2
t2
t2
t2
12

Average
ASTE

(decimal)

14.8
14.0
13.6
14.8

13.8
13.5
14.8

t3.7
13.4
t4.4
13.8

13.4

14.4
13.6
13.3

14.4
13.6
13.3

Fan
Time
(h)

0.74
0.80
0.84
0.65
0.70
0.74
0.61
0.65
0.70
0.81
0.83
0.86
0.73
0.74
0.77
0.68
0.69
0.72

Over
Drying

Costs ($.t'')

548
6s8
828
318
390
5t5
229
284
39t
435

500
596
2s6
302
377
188

223
283

Fan
Electricity

0.36
0.39
0.44
0.23
0.27
0.34
0.16
0.21
0.28
0.48
0.52
0.56
0.35
0.39
0.45

0.27
0.32
0.38

Total

0.44
0.53
0.67
0.25
0.31
0.41
0.18
0.23
0.32
0.35
0.40
0.48
0.21
0.24
0.30
0.15
0.18
0.23

0.80
0.92
1.1 I
0.48
0.58
0.75
0.34
0.44
0.60
0.83
0.92
t.o4
0.56
0.63
0.75
0.42
0.50
0.61
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Table 5.25. Differential-thermostat control of wheat aeration in curitibar (cont,d)

Test

#

TDIFF
(c")

284
285
286
287

288
289
290

*29t

Airflow
Rate

(L.s-'.mt)

-5
-5
-5
-5
-6
-6
-6
-6

Temperature
Increment

(c')

0.9
0.9
1.3

1.3

0.9
0.9
1.3

t.3

rAeration conditions are given

Maximum
AST
(mo)

3

5

3

5

3

5
3

5

Non-Linear Airflow Distribution

Maximum
M. C.

(Vo, wb)

7
t1
8

l2
10

12

10

l2

in the foot note to Table 5.19 except that the final average moisture content was 72.7 - 13.37o.

Average
ASTE

(decimal)

15.5

14.2

15.4
14.1

15.1

13.9

14.9
13.9

Fan
Time

(h)

0.67
0.91
0.67
0.91

0.77
0.88
0.73
0.84

Over
Drying

791
14o7

666
I 190

567
840
463

69s

Costs (g.rr)

Fan
Electricity

0
0.02

0
0.01

0.03
0.21

0.02
0.18

0.64
1.13

0.54
0.96
0.46
0.68
0.37
0.56

Total

0.64
1. l5
0.54
0.97
0.49
0.89
0.39
0.74
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Table 5.26. Differential-thermostat control of wheat aeration

Test TDIFF
(c")

#

292
293
294
29s
296
297

298
299
300
301

*302

303

Airflow
Rate

(I-.s-'.mt)

-4
-4
-4
-4
-4
-4
-5
-5
-5

-5
-5
-5

Temperature
Increment

(c')

2

2
2
J
J
J

2
.,

2
J
J
5

Maximum
AST
(mo)

in Florianópolisl

I
3

5
I
J

5

I
3

5

I
J
5

304 -5
305 -5
306 -5

*307 -5

Maximum
M. C.

(Vo, wb)

Linear Airflow Distribution

4

6

7
4

7
7

7
8

8

6
8

8

rAeration conditions are given in the

Average
ASTE

(decimal)

0.9
0.9
1.3

1.3

14.5

14.0
13.3
14.4
14.0
13.3

14.4
13.8

13.2
14.3

13.7

13.2

Fan

Time
(h)

5

5
J

5

0.66
0.88
r.05
0.63
0.89
1.03
0.90
0.98
1.04

0.82
0.93
0.99

Non-Linear Airfl ow Distribution

Over
Drying

Costs ($.f')

256

542
t032
184
441

915
293
388
551

203
29t
446

foot note to Table 5.19 except that the final average moisture content was l2.g - I3.0vo.

5

6

5

6

Fan
Electricity

0.06
0.10
0.25
0.05
0.06
0.17
0.17
0.23
0.38
0.11
0.17
0.33

14.5

r 3.3
14.5

13.3

Total

0.2r
0.43
0.83
0.15
0.36
0.74
0.24
0.31
0.44
0.16
0.23
0.36

0.9r
1.04

0.88
1.01

0.27
0.53
1.08
0.20
o.42
0.91
0.41
0.54
0.82
0.27
0.40
0.69

473

824
354
714

0.07
0.39
0.07
0.36

0.34
0.66
0.28
0.57

0.41
1.05

0.35
0.93
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Table 5.27. Differential-thermostat control of wheat aeration in Goiâniar

Test

#

TDIFF
(c')

308
309

*3 l0
311

312
313

314
3ls

Airflow
Rate

(L.s-'.¡1-s¡

-5
-5
-5
-5
-6
-6
-6
-6

Temperaturc
Increment

(c")

2
2

3

3

I
I
2
2

3t6
317
318
319
320
32t
322
323
324
325

+326

327

Maximum
AST
(mo)

-5

-5
-5
-5
-5
-5
-6
-6
-6
-6
-6
-6

3

5

3

5

J

5

3

5

Maximum
M. C.

(7o, wb)

Linear Airflow

0.6
0.6
0.9
0.9
1.3

t.3
0.6
0.6
0.9
0.9
1.3

1.3

8

7

8

8

1

7

8

8

rAeration conditions are given in the foot note to Table 5.19 except that the final average moisture content was l2.g - l3.3vo.

Avelage Fan
ASTE Tine

(decimal) (h)

Distribution

14.4

14.0

14.2

t3.9
t4.1

t3.7
14.0

r3.6

3

5

3

5

J

5

3

5

3

5

3

5

Non-Linear Airflow

1.05

l. l0
1.00

l.r3
1.07

1.t2
r.06
t.t I

3

4
3

5

4
5

5

5

5

6

6
6

Over Drying

6t6
991
438

824
645
812
397

553

15.5

14.2

15.3

t4.3
I5.5
14.3

15.2

I4.t
15.0

t4.0
15.0

t4.0

Distribution

Costs (g.t'')

0
0
0
0

0.20
0.25
0.08
0.13

0.68
0.93
0.6s
t.07
0.81

r.06
0.99
t.04
0.9s
r.09
l.0r
1.06

Fan

554
l l18
4t9
t235
429

t149
s23
193
411

772
405

662

0.50
0.80
0.35
0.66
0.52
0.66
0.32
0.45

Total

0.s0
0.80
0.3s
0.66
0.12
0.9r
0.40
0.s8

0
0
0
0
0
0
0

0.08
0

0.05
0

0.03

0.45
0.90
0.34
0.99
0.34
0.92
0.42
0.64
0.33
0.62
0.33
0.53

0.45
0.90
0.34
0.99
0.34
0.92
0.42
0.72
0.33
0.61
0.33
0.s6
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Table 5.28. Differential-thermostat control of wheat aeration

Test

#

TDIFF
(c')

328
329
330
33t
332
333
334
335
336
337
338
339
34

*34r
342
343
344
345
346
347
348
349

Airflow
Rate

(I-.s'.m-')

-5

-5
-5
-5

-5
-5

-6
-6
-6

-6
-6
-6
-6
-6
-6
-7
-7
-7
-7
-7
-7
-7

Temperature
Increment

(c")

2

2
2

3

3

I
1

I
2
)
2
J

3

J

1

1

2
2
J
J

Maximum
AST
(mo)

1

J

5

1

J
5

I
J
5

1

J

5
I
3

5
I
J

I
3

I
3

5

in Goiânia (127o initial moisture content)r

Maximum
M. C.

(Vo, wb)

Linear Airflow Distribution

6

8

8

9
9

8

10

l0
9
1l
12

9
12

t2
ll
1l
t1
l1
t1

u
ll

Average Fan
ASTE Time

(decimal) (h)

15.1

14.3

13.9
14.9

14.0
13.8

t4.4
13.8

13.5

14.2
13.6

13.2

14.2
13.4
13.0
13.7

13.3

13.7

l3.l
13.6

r 3.0
12.7

0.6r
0.77
0.94
0.62
0.77
0.99
0.76
0.90
0.97
0.74
0.86
0.99
0.70
0.86
0.94
0.93
0.96
0.86
0.88
0.83

0.84
0.87

o
Dr

496
790
lt43
358
560
l 193

683
844
lI44
372
490
735
257

341
548
486
583
274
338
189

239

326

ver

iing

Costs ($.t'')

Fan Total
Electricity

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

0.01
0.01

0
0
0
0

0

0.39
0.62
1.r3
0.28
0.44
0.94
0.54
0.66
0.90
0.29
0.39
0.58
0.20
0.27
0.43
0.38
0.46
0.22
0.27
0.15
0.19
0.26

0.39
0.62
1.13
0.28
0.44
0.94
0.54
0.66
0.90
0.29
0.39
0.58
0.20
o.27
0.43
0.39
0.47
0.22
0.27
0.15
0.19
0.26
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Table 5'28' Differential-thermostat control of wheat aeration in Goiânia (lzvo inifial moisture content)r (cont,d)

Test

#

TDIFF
(c')

350
351

352
353
354
355
3s6

*357

Airflow
Rate

(L.s-'.mt)

-6
-6
-6
-6
-7
-7
-7
-7

Temperature
Increment

(c')

0.9
0.9
1.3

1.3

0.9
0.9
1.3

1.3

'AerationconditionsaregiveninthefootnotetoTable5.lgexceptthatthefinal averagemoisturecontentwas 12.0 -l\.gvo.overdrying was calculated for moisture contents below l2Vo.

Maximum
AST
(mo)

3

5

3

5
3

5

3

5

Non-Linear Airflow Distribution

Maximum
M. C.

(7o, wb)

6
8

7
9
9
r0
9
l0

Average Fan
ASTE Time

(decimal) (h)

15.2
13.9
15.1

13.9
14.5

13.5

r4.3
13.4

0.74
0.95
0.77
0.97
0.89
0.98
0.86
0.94

Over
Drying

638
1252
576
1051

456
699
372
582

Costs ($'r')

Fan
Electricity

0
0
0
0
0
0
0
0

Total

0.51
0.99
0.46
0.83
0.36
0.55
0.30
0.46

0.51
0.99
0.46
0.83
0.36
0.s5
0.30
0.46
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Table 5.29. Differential-thermostat control of wheat aeration in porto Alegrel

Test TDIFF
(c')

#

358
3s9
360
361

362
363
364
365
366
367
368
369

*370

371
372

Airflow
Rate

(L.s-r.¡¡-r¡

-4
-4
-4

Temperature
Increment

(c')

-4
-4
-4
-4
-4
-4
-5
-5
-5
-5
-5

-5

I
1

I
2

2
2
J
J

)
.,

2
J

3

J

Maximum
AST
(mo)

I
J

5

I
J

5

1

3

5

I
J

5

I
3

5

Maximum
M. C.

(Vo, wb)

Linear Airflow Distribution

8

10

10

9
ll
ll
9
1l
ll
l0
r0
10

ll
il
ll

Average
ASTE

(decimal)

r 5.3
14.3

13.5

15.z

14.1

13.5

15.I
14.0
13.5

t4.7
r 3.8
r 3.3

Fan
Time
(h)

0.80
0.93
r.00
0.72
0.86
0.9s
0.67
0.79
0.9r
o.77
0.8r
0.87
0.75
0.79
0.8s

Over
Drying

Costs ($.t-')

792
l0l8
1363
473

643
1006

345
485

849
359
456
627
260
344
503

Fan
Electricity

0.11
0.17
0.36
0.01
0.05
0.21

0
0.01
0.12
0.13
0.20
0.33
0.06
0.r2
0.26

4.6
3.8

-). -1

Total

0.64
0.82
1.10

0.38
0.52
0.81
0.28
0.39
0.68
o.29
o.37
0.s0
0.2r
0.28
0.40

0.75
0.99
r.46
0.39
0.57
1.02

0.28
0.40
0.80
0.42
0.57
0.83
0.27
0.40
0.66
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Table 5.29. Differential-thermostat control of wheat aeration in

Test

#

TDIFF
(c")

373
374
375

*376

377
378
379
380
38r
382

Airflow
Rate

(L's-''mt)

-4
-4
-4
-4
-5
-5
-5
-5
-5

-5

Temperature
Increment

(c')

0.9
0.9
1.3

1.3

0.9
0.9
0.9
1.3

1.3

1.3

tAeration conditions are given in the foot note to Table 5.19 except that the final average moisture content was l2.g - r3.2vo.

Maximum
AST
(mo)

Porto Alegre' (cont'd)

3

5
J

5
1

J
5

1

3

5

Non-Linear Airflow Distribution

Maximum
M. C.

(7o, wb)

5

9
6

10

J

8

8

3

8

9

Average
ASTE

(decimal)

15.1

13.7
15.2
13.7
15.6
r5.0
13.6
15.4
14.9
13.6

Fan
Time

(h)

0.76 714
1.03 1581

0.78 7Zl
l.r0 t420
0.53 195

0.87 652
0.92 974
0.5 r 164
0.83 550
0.93 84s

Over
Drying

Costs ($.rr)

Fan
Electricity

0
0.19

0
0.10
0.01
0.01
0.31
0.01

0
0.25

Total

0.57
1.27

0.58
t.t4
0.16
0.52
0.78
0.13
0.44
0.68

0.57
r.46
0.58
r.24
0.17
0.53
r.09
0.14
0.44
0.93
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Table 5.30. Differential-thermostat control of wheat aeration in são paulor

Test TDIFF
(c')

#

383
384
38s
386
387
388

389
390
39r
392
393

*394

Airflow
Rate

(L.s-'.m-3)

-4
-4
-4
-4
-4
-4
-5
-5
-5

-5
-5
-5

Temperature
Increment

(c")

I
1

2
2
5

3

1

1

2

2
J

-t

Maximum
AST
(mo)

I
J

I
J
I
3

I
aJ

I
J
I
J

Maximum
M. C.

(Vo, wb)

Linear Airflow Distribution

6
8

7

9

8

10

9
10

9

10

9
t0

Average
ASTE

(decimal)

14.9
14.3

14.7

14.1

14.6
13.9
14.4

13.9
14.3
12.9

14.2

t3.7

Fan
Time
(h)

0.71
0.89
0.69
0.86
0.70
0.86
0.89
0.99
0.82
0.90
0.78
0.86

Over
Drying

Costs ($.r')

707
11 46
424
689
312
499

560
724
320
427
229

313

Fan
Electricity

0.08
0.06
0.04
0.05
0.02
0.03
o.25

0.27
0. r5
0.18

0.09
0.13

Total

0.57
o.92
0.34
0.s5
0.25
0.40
o.45
0.58
0.26
0.34
0.18
0.25

0.6s
0.98
0.38
0.60
0.27
0.43
0.70
0.85
0.41
0.52
0.27
0.38

r58



Table 5.30. Differential-thermostat contror of wheat aeration

Test

#

TDIFF
(c')

39s
396
397
398
399
400
401
402
403
404
405

*406

Airflow
Rate

0-.s-'.mt)

-4
-4
-4
-4
-4
-4
-5
-5
-5
-5
-5

-5

Temperature
Increment

(c')

0.9
0.9
0.9
1.3

1.3

r.3
0.6
0.6
0.9
0.9
1.3

1.3

Maximum
AST

rAeration conditions are given in

in São Paulor (cont'd)

1

3

5
1

J

5

J

5
J

5

J

5

(mo) (7o, wb) (decimal)

Non-Linear Airflow Distribution

Maximum
M. C.

2

5
8

2
5

8

6
8

7

9

7

9

Average
ASTE

15.7

15.1

13.5
r 5.5
1-5.0

13.6

14.7

r 3.5
14.7
13.6
t4.6
13.6

the foot note to Table 5.19 except that the final average moisture content was 12.g - 13.27o.

Fan
Time
(h)

0.33
0.75
1.r0
0.31
0.72
1.09
0.83
1.04

0.85
1.06

0.82
t.0z

Over
Drying

278

929
2503
228
768

2318
783
t593
640
1295
524
1096

Costs ($.t-')

Fan
Electricity

0
0

0.07
0
0

0.02
0.0s
0.27
0.03
0.20
0.03
0.18

Total

0.22
0.75
2.0t
0.18
0.62
1.87
0.63
1.28

0.51
1.04

0.42
0.88

0.22
0.75
2.08
0.r8
0.62
1.89

0.68
1.55

0.54
1.24

0.45
1.06
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Table 5.31' The best differential-thermostat settings (TDIFF), airf'low ratesr, and air-temperarure
increments to aerate wheat stored at eight Brazilian locations with linear airflow distribution,

Location Initial TDIFF Temperature Maximum TotalMoisture (.C) Increment AST OperatingContent (C.) (mo) Costs

Test
#

Belo Horizonte 123

Campo Grande 133

Campo Grande 162

Cuiabá

Cuiabá

Cuiabá

Curitiba

r83

Florianópolis 302

-55
-53
-^-t J

-5 I

9 0.58

7 0.32

l0 0.21

4 0.10

7 0.16

t3

13

12

l3

202 12 _6 3

234 1l -7 I

-53
-53
-53

264 13

10

l2

12

t1

10

0.1 I

0.38

0.27

0.27

0.38

13

13

8 0.40

8 0.35
Goiânia

Goiânia

3r0

341

Porto Alegre 370 13

São Paulo 394 13

12-63
-5 I

-53

¡The best airflow rate for all locations was 3 L.s-r.m-3.2Aeration conditions - values are the average of 10 years starting on I Jan. 196l; initial grain
temperature: 30'C; AST is the maximum allowed storage time.

Horizonte, Cuiabá, and Porto Alegre the best air-temperature increments were 5, l, and loC,

respectively (Tests l23,l83,and 370). The best absolute differential-thermostat settings, however,

were increased at all locations for lower initial moisture contents of the grain, but the air-

temperature increment did not change except ar. Cuiabâ. with an initial moisture content of lTvo.
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Increasing the absolute difference between the ambient air temperature and the average

grain temperature (TDIFF) reduced the ventilation time fo¡ the same airflow rate, temperature

increment, and storage period (e.g. Tests 256,265,274, and 283, Table 5.25). Because of this,

grain wetting was dec¡eased especially in the bottom layers of grain. For the same reason, an

increased absolute TDIFF increased the allowed storage time when ventilating grain at initial

moisture contents lower than 13vo (e.g. Tests 222, 228, and 234, Table 5.24 at l17o initiat

moisture content). Increasing the absolute TDIFF deireased the ventilation time for the same

storage period because the average time that the ambient air temperature was below a selected

temperature level decreased as that temperature level was lowered. Conversely, a low absolute

TDIFF caused, for many cases, a reduced storage time and a high deterioration in the bottom

layers due to excessive wetting, especially at 1"C air-temperature incremenf (e.g. Tests 24g, 251,

and 254, Table 5.25). Therefore, increasing the absolute TDIFF increased the probability of grain

deterioration in the top layers due to lack of ventilation and decreasing the absolute TDIFF

increased the probability of grain deterioration in the bottom layers due to excessive wetting.

Consequently, when the temperature rise through the fans and ducts is low in a specific grain

storage the first choice would be to select a high absolute TDIFF to prevent grain deterioration

in the bottom layers. This choice is explained by the difficulty in monitoring grain deterioration

in the bottom layers during the storage period. Increasing the absolute TDIFF excessively for the

same airflow rate, temperature increment, and storage period (e.g. compare Tests 264 and ZgZ,

Table 5'25), however, increased the over drying costs although the electricity costs were reduced

due to a reduction in the ventilation time. Therefore, the higher TDIfn' would be the lower cost

option if grain were marketed on a dry mass basis (which is not the case for Brazil).
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The best aeration conditions as given in Table 5.31, however, might not be the optimum

condition for a specific grain storage. For example, at Belo Horizonte, total costs of 0.75 and

0'58 $'r' were obtained for airflow rates of 2 and 3 L.s-¡.m-3, respectively, using the same

differential-thermostat setting and air-temperature increment but the maximum allowed storage

time did not change (Tests 120 and 123, respectively, Table 5.19). Therefore, it would be

necessary to compare the increased capital costs to buy a higher capacity fan against the increased

over drying and electricity costs when using a smaller aeration fan. Because of this, the results

obtained for the various test conditions (Tables 5.19 to 5.30) are useful for engineers to find the

optimum differential-thermostat settings, airflow rates, and air-temperature increments after the

capital and operational costs for the fans and air heaters are known. In addition, if the expected

storage time is known ahead of time then a less expensive combination of aeration conditions can

be selected. For example, at Belo Horizonte, if the storage period is 7 mo then the aeration

conditions of Test 118 (Table 5.19) would be preferred rather than rhose for Test 123 for 9 mo.

Thus, there would be less fan electricity and heating costs a¡d less capital costs to buy a lower

capacity fan.

For most geographical locatìons, the best combinations of differential-thermostat settings

and air-temperature increments were affected by the airflow distribution (Tables 5.31 and 5.32).

The maximum allowed storage time was reduced by 0 to 3 mo when a non-linear airflow

distribution was used instead of a linear distribution. The reduction in the maximum allowed

storage time, however, varied from I to 8 mo and from 7 to 4 mo when using airflow rates of

0.9 and 1.3 L's-t'm-3, respectivelY, and the best combinations of differential-thermostat settings and

air-temperature increments determined for linear airflow distribution. Therefo¡e, it is important that

the airflow distribution in horizontal grain storages be as close as possible to a linear airflow

distribution when designing aeration systems.
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Table 5.32' The best differential-thermostat settings (TDIFF), airflow ratesr, and air-temperature
increments to aerate wheat stored at eight Brazilian locations with non-linear airflow distrìbution2

Location Test Initial
# Moisture

Content

TDIFF Temperature Maximum Total
("C) Increment AST Operating

13 -55 7 0.98

4 0.20

9 0.37

3 0.03

6 0.r7

8 0.10

13-65

13-63

(c') (mo) Cosrs

Belo Horizonte 126

Campo Grande 140

Campo Grande 178 -t 5

-7 I

-75
-8 I

193

217

247

291

326

357

12

13

t2

ll
13-65 12 0.74

Florianópolis 307 r3 -55 6 0.93

6 0.33

t2 -75
Porto Alegre 376 13-45
São Paulo 406 13 -55 9 1.06

t The best airflow rate for all locations was 1.3 L.s-r.m-3 except for cuiabá at l3vo initial moisture
content where the best airflow rate was 0.6 L.s-'.m-3.
2Aeration conditions and variable definition as given in Table 5.31.

The aeration costs for the same storage period were much higher when changing from

linear to non-linear distribution. For example, at Curitiba, the aeration costs with linear airflow

distribution were 0.38 $.t-r while with non-linear aidlow they were 0.74 g.t-r plus additional

heating costs (Tests 264 and 291, Table 5.25). Modifying storages to have near linear airflow

distribution may be quickly paid by the lower aeration costs and higher grain quality.

Cuiabá

Cuiabá

Cuiabá

Curitiba

Goiânia

Goiânia 10

l0

0.46

1.24
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The reduction in the maximum allowed storage time when changing from linear to non-

linear airflow distributions was caused by increased wetting in the bottom layers of grain and

decreased cooling in the top layers. The increased wetting was caused by the high air velocities

in the grain layers close to the air entrance and the decreased cooling was caused by the low air

velocities in the top layers. An increase of I 'C in the absolute TDIFF and an increase of 2.C in

the air-temperature increment were the most common changes to the aeration conditions required

to maintain the allowed storage time as high as possible when changing from linear to non-linear

airflow distribution. An increase in the absolute TDIFF and temperature increment when changing

from linear to non-linear airflow was helpful because it reduced the ventilation time and the

average relative humidity of the incoming air so that the bottom layers were not wetted as much.

The reduced ventilation time and increased air temperature, however, caused an increase in the

grain deterioration of the top layers which were aerated with much-smaller air-velocities compared

with the linear airflow distribution.

When ventilating with non-linear airflow distribution the best airflow rate for all locations

was 1.3 L's-r'm'3 except for Cuiabá (Table 5.32). Cuiabá is the warmest location among the studied

locations (Table 4.2) and an increased airflow rate for Cuiabá increased the wetting in the bottom

layers of grain, therefore, accelerating the grain deterioration

The maximum grain deterioration for the best aeration conditions always occurred in the

top layer for both linear and non-linear airflow disributions and the main cause of deterioration

was the heat tansfened by convection from the head space air to the top grain layer since the

grain moisture contents in this layer were always below l3Vo. Therefore, these results reinforce

the use of head space ventilation and other sfategies to decrease the net heat transfer between the
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theroof and its surroundings. On the positive side, it is easier to monitor grain deterioration at

grain surface than within the bulk during the storage period.

An increased airflow rate resulted in a decreased fan energy input even though an

increased airflow rate requires increased energy per unit volume of air passed through the grain

(e.g. Tests 261 and 264, Table 5.25).In addition, increasing the airflow rate decreased the average

grain deterioration and resulted in lower aeration costs when comparing the same storage period

for both linear (e.g. Tests 267, 270, and 273, Table 5.25) and non-linear airflow distributions

(Tests 171, 174, and 177, Table 5.21) because the average grain temperature was lowered.

Conversely, the average grain deterioration and aeration costs were increased due to an increase

in the air-temperature increment for both linear (e.g. Tests 275 fo277, Table 5.25) and non-linear

airflow distributions (Tests 155 to 157, Table 5.21) and these increased costs do not include any

additional heating costs required for increasing the air temperature. The maximum allowed storage

time for many test conditions was increased when the air-temperature increment was increased

because it decreased the wetting in the bottom layer (e.g. Tests 109 to I I 1, Table 5.19). Increasing

the air-temperature increment from 1 to 3oC was more effective in reducing the allowable storage

time elapsed for the bottom layer than increasing the increment from 3 to 5.C (grain depth of

0.4 m in Fig. 5.17). The allowable storage times elapsed for the other layers, however, were

increased due to an increase in the air-temperature increment, therefore increasing the average

grain deterioration (Fig. 5.17).

The effect of initial grain moisture content on the maximum allowed storage time was

tested for Campo Grande, Cuiabá, and Goiânia (Tabtes 5.21,5.23,5.24, S.2B). Over drying costs

were based on any decrease in final average moisture content below the initial moisture content.

Therefore, extra over drying costs should be added to the costs for locations where trade
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regulations set the maximum moisture content without penalty at a moisture content higher than

the initial moisture contents used in these simulations. The added over drying costs when the final

average moisture contents are 12 and llLo instead of l3äo ue 1.70 and 3.37 $.t-,, respectively.

For example, the total aeration costs for 10 mo at Campo Grande when adding the over drying

costs for a final average moisture content of IZVo is 1.91 $.t-' (Test 162,Table 5.21) while the

total aeration costs for 12 mo at Curitibais 0.38 $.t't, i.e. five times less than atCampo Grande.

In addition, if a final average moisture content of l2%o is not over dry then the total aeration costs

at Campo Grande are less than at Curitiba and more dry matter can be stored in the same storage

volume. By storing the grain at an initial moisture content of l2Vo the maximum allowed storage

time was increased 43 to 75Eo and 67 to 725Vo, for linear and non-linear aidlow distributions,

respectively. For an initial moisture content of 11Vo the maximum allowed storage times were

increased 43 and 33Vo, for linear and non-linear airflow distributions, respectively. The effect of

initial moisture content was very important to extend the maximum allowed storage time but the

increased over drying costs should be taken into account for a final decision. A change in the

Brazilian marketing system that takes into account the dry mass instead of the wet mass for

calculating the selling price, would eliminate the over drying costs and would encourage the use

of storage conditions that improve the stored grain quality.

The average allowable storage time elapsed and total aeration costs for a differential-

thermostat setting of -5oC, airflow rate of 3 L.s-r.m-3, and air-temperature increment of 3oC with

linear airflow disfibution indicated that the best geographical locations for grain storage in Brazil,

in descending order, were Curitiba, Porto Alegre, São Paulo, Belo Horizonte, Florianópolis,

Goiânia, campo Grande, and cuiabá (Tests 264, 371, 3g4, lzz, 302, 3lo, 133, and lg4,

respectively, Tables 5.19 to 5.30 and Fig. 5.18). Curitiba was the only location where whear at
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13Vo initial moisture content could be stored for 12 mo without spoilage. The total aeration costs

were practically the same up to 4 mo of storage although the average allowable storage time

elapsed was much higher for cuiabá compared with the other locations.

The differences in grain deterioration and aeration costs among the Brazilian locations

could not be completely explained by the differences in annual average ambient temperature and

relative humidity (Table 4.2, Sec. 4.2). For example, Porto Alegre and São paulo had annual

average ambient temperatures of 19.4 and l8.7oC and the same average relative humidity (BO. Vo)

but Porto Alegre was better for grain storage than São Paulo. The annual average ambient

temperature, however, was a practical indicator of the grain aeration potential. The maximum

allowed storage time (AST) when using the differential-thermostat method (linear airflow

distribution; -5'C differential-thermostat setting, 3 L.s-r.m-3 airflow rate, and 3oC air-temperarure

increment), was approximately a linear function of the annual average ambient air temperature

(Eq.5.10):

AST = 25 - 0.8 To,,n (s.10)

where: Tou" : annual average ambient air temperature (.C).

The standard error of AST (Eq. 5.10) is 0.7 mo and the coefficient of determination is 0.93.

The lower grain deterioration and total aeration costs at Belo Horizonte than at

Florianópolis are probably caused by the lower average relative humidity at Belo Horizonte

although Florianópolis had a slightly lower average ambient temperature Clable 4.2, Sec. 4.2). The

prediction of AST, however, was not improved when the average relative humidity was included

in Eq. 5.10. The differences in storability between Belo Horizonte and Florianópolis may also be

explained by differences in the disfibution of ambient temperature and relative humidity over the
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day during the ventilation period.

The maximum allowed storage time and the maximum allowable storage time elapsed

plotted against the annual average-time (averaged over 10 years and given as percentage) that the

ambient air temperature is below 15'C (Fig. 5.19) was related to the grain aeration potential for

the eight Brazilian locations when using the differential-thermostat method (linear airflow

distribution; -5'C differential-thermostat setting, 3 L.s-r.m-3 airflow rate, and 3"C air-temperature

increment). The proposed equarion (Eq. 5.1l) ro predict AST is:

AST = 3.9 0ß032 (s.rl)

where: 0,5 : âIìnuâl average-time that the ambient air temperature is below l5"C (Vo).

The standard error of AST (Eq. 5.11) is 0.3 mo and the coefficienr of determination is 0.99. The

annual average-times that the ambient air temperature was below other levels of ambient air

temperature (5, 10, 20, and 25"C) (Fig. 5.20) were not useful to indicate the grain aeration

potential because some Brazilian locations had only a few hours below 10.C. Ambient air

temperatures above 15oC are not adequate for cooling the grain unless it is at the beginning of

the storage period when the grain storage is loaded with warm grain from heated-air dryers.

5-7.4. Effects of simulation conditions on the differential-thermostat method

The effects of harvest date, grain depth, initial temperature of the grain, number of grain

layers, and the difference between the bin attic temperature and the ambient air temperature were

simulated for Curitiba and Goiânia (Tables 5.33 and 5.34).

A lO"C temperature rise of the bin attic above the ambient air temperature (Test 413,

Table 5.33 and Test 420,Table 5.34) instead of 5"C used in all other simulations was the variable

which caused the greatest effect on the predicted grain deterioration (ASTE) compared with the
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other test conditions. The maximum and average ASTE for Curitiba and Goiânia were increased

by 28 and 3Vo, and 22 æd 2Vo, respectively. The increase in the maximum and average ASTE

were not significant because they were lower than the uncertainty in predicting the grain

deterioration (!307o). These values reinforce the need for head space ventilation to decrease heat

transfer by convection from the head space air to the grain surface. The computer model used for

the simulation of heat transfer for periods of no ventilation, however, could be improved by

including the prediction of the bin attic temperatures as a function of the physical and thermal

properties of the head space ventilation, roof, solar radiation, and wind speed.

The grain depth and selected number of grain layers slightly affected the spoilage costs

indicating that these variables must be specified according to each particular situation, i.e., using

grain depths as close as possible to actual depths and using grain layer thicknesses small enough

to detect spoilage of a selected maximum amount of grain. The grain layer thicknesses usecl for

determining the best airflow rates and fan-control methods (Table 4.8) varied from 2 to 5.gvo of

the total grain depth. Grain layers of smaller thicknesses were used for strategic locations in the

grain bulk (first three bottom layers and the last three top layers) where deterioration normally

occurred first (Fig. 5.17). The average ASTE increased slightly as the grain depth decreased (Tests

89,408, and 409, Table 5.33 and Tests 105,415, and 416, Table 5.34), because the accuracy in

predicting grain deterioration increases as the grain layer thicknesses are decreased. For example,

the predicted wetting in the bottom layer normally increases when the grain layer thickness is

decreased because the proportion of dry mass of air per dry mass of grain for each time interval

increases as the grain layer thickness is decreased. The same logic applies to the heat conduction

when predicting the grain temperatures especially for the top layer which is susceptible to

deterioration due to heat tansfered by convection from the bin attic. The grain deterioration,



Table 5'33' Effect of harvest date, grain depth, initial temperature of the grain, number of grain layers, and the difference betweenthe bin attic temperature and the ambient air temperature 1T,""r¡ on the ru*irr* and average allowable storage time elapsed (ASTE),

lru'åii'||,|;i,ï-ffijj|ult :ï:j"ing, 
spoilag.,'unä'.r..,ricitv to simurate 

".;,;iä "i;.;i ,å,å in curitiba ror I year

Test

#

89

4A7 Harvest date: 1 Feb./61 - 3l Jan.l62

408 Grain depth: 10 m

409 Grain depth: 30 m

410 Initial temperature of the grain: 20oC

4Il Number of grain layers: l0

412 Number of grain layers: 30

413 T,*r: lo"c

Variable Changed

Standard conditionst

ASTE (decimal)

Maximum

tstandard conditions 
- differential-thermostat setting: -5oc; T,oor: 5oc; grain depth: 20 m; number of grain layers: l0; linear airflowdistribution, and same aeration conditions given in faole s.rz'. 

"'

1.24

L33

1.28

t.29

1.26

1.16

1.28

l.-s9

Average ft)

Fan
Time

0.78

0.73 542

0.80 548

0.78 535

014 329

0.80 536

0.78 532

534

Over
Drying

0

0

0.02

0

0

0

0

0

Costs ($.t-r)

Spoilage Fan Total
Elecficity

0.80

0.43 0.43

0.44 0.44

0.11 0.13

1.06 1.06

0.26 0.26

0.43 0.43

0.43 0.43

s56

0

0

0

0

3.00 o.45 3.45
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Table 5'34' Effect of harvest date, grain depth, initial temperature of the grain, number of grain layers, and the difference betweenthe bin attic temperature and the ambient air temperature (T,on) on the maximum and average allowable storage time elapsed (ASTE),

ffi äå:'31Ï1,:lä#J,î:,f#* 
drying, spoilage, an¿ eïãctriciry ro simulate aerarion of wheat srored in-Goiânia foi 1 year using

Test

#

105

414 Harvest date: 1 Feb./61 - 3l Jan.t6T

415 Grain depth: 10 m

416 Grain depth: 30 m

417 Initial temperature of the grain: 20.C

418 Number of grain layers: l0

419 Number of grain layers: 30

420 T,oor: lOoC

Variable Changed

Standard conditionsl

ASTE (decimal)

Maximum Average ft)

'Standard conditions as given in Table 5.33.

2.18

2.17 1.24 564

2.18 1.37 615

2.20 1.33 558

2.14 1.07 248

2.00 1.35 56r

2.33 1..33 562

2.66 t.37 604

Fan
Time

L34 571

Over
Drying

Costs ($.r')

Spoilage Fan
Electricity

15.00

r 5.00

27.00

15.00

7.50

2t.00

18.00

21.00

0.46 15.46

0.45 15.45

0.t2 27.12

1.10 16.10

0.20 7.70

0.45 2t.45

0.45 18.45

Total

0.49 2r.49

t75
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consequently, increases as the grain moisture content and temperature are increased. The grain

layer thicknesses for grain depths different than20 m were calculated proportionally to the grain

layer thicknesses used in the standard conditions (Tabte 4.8). The fan electricity costs were

increased when the grain depth was increased because the fan power increases almost by the

square of the grain depth. For example, when the grain depth was increased by three times (from

l0 to 30 m) the fan electricity costs increased 9.6 times although the fan ventilation times were

similar (Tests 408 and 409, Table 5.33).

Decreasing the initial temperature of the grain from 30 to 20.c decreased the aeration

costs to nearly one-half (Tests 89 and 410, Table 5.33 and Tests 105 and 417, Table 5.34). Several

factors might affect the initial grain temperature such as the ambient air temperature during harvest

and first day of storage, effectiveness of grain cooling after drying operations, and grain shipments

from other countries or regions. The aeration costs calculated for the best aifflow rates and fan-

control methods might be over predicted if the actual grain temperature is below 30"C. Delaying

harvest by I mo did not affect the simulated results.

5.7.5. Method based on the vapor-pressure-deficit

The simulated results using the control method based on the vapor-pressure-deficit are the

average of l0 years to aerate wheat stored in eight Brazilian locations with linea¡ airflow

distribution (Table 5'35). when using a control method based on the vapor pressure-deficit the

maximum allowed storage times were I to 2 mo shorter for the four warmest locations and the



Table 5.35. Method based on the

Test

#

Airflow
Rate

(L.s-r.m 3)

421

422
423
424

*425

426

Temperature
Increment

(c")

vapor-pressure-deficit to control wheat aeration in Brazilian locationsr

Belo Horizonte (initial

I
I
2
2
J
5

427
428
429

430
*431

432

Maximum
AST
(mo)

I
J

1

J

1

3

Campo Grande (initial moisture .ont.r,t,
1

I
2

2
?

J

moisture content:

Maximum
M. C.

(7o, wb)

433
434
435
436
437

*439

8

8

8

8

8

8

I
J

1

5

I
3

l3%o; final

Campo Gra¡de (initial

1

I
a

2
aJ
J

Average
ASTE

t3.2
12.8

13.2
12.8

13.2

12.8

(decimal) (h)

average moisture content:

4

5

5

5

5

5

Fan
Time

1

3

I
J

I
J

1.04
1.07

0.99
l.0l
0.96
0.98

l37o: final

moisture content:

13.1

12.9

13.1

12.9

t3.l
t2.8

Over
Drying

559
738
346
516
262
446

average moisture

Costs ($.t-')

8

8

8

9
8

9

tz.6

0.8s
0.99
0.92
0.95
0.89
0.93

0.53
0.62
0.44
0.59
0.4r
0.60

Fan
Electricity

127o;

12.87o)

final average moisture content:

12.3

12.0

12.3

12.0
12.3

t2.0

content:

285
449
266

382
229

369

0.45
0.s9
0.28
0.42
0.21

0.36

Total

12.6 - l2.7Vo)

0.90
0.92
0.85
0.90
0.82
0.88

0.43
0.61
0.51
0.69
0.52
0.75

0.98
t.2t
0.72
l.0t
0.62
0.96

358
425
236
311

r86
26t

0.23
0.36
0.21
0.31
0.19
0.30

lI.7 - l1.8%o)

0.46
0.51
0.38
0.47
0.34
0.45

0.66
0.97
0.72
1.00

0.71
1.05

0.28
0.34
0.18
0.25
0.15
0.21

0.74
0.85
0.s6
0.72
0.49
0.66
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Table 5.35. Method based on the vapor-pressure-deficit to control wheat aeration

Test

#

Airflow
Rate

(L.s-'.¡¡-:¡

*439

440
441

442
443
444

Temperature
Increment

(c')

1

I
2

2
J
J

Cuiabá (initial moisrure

445
446

x447

448
449
450

Maximum
AST
(mo)

I
3

I
J

I
3

1

I
2
2
J
J

Cuiabá (initial moisture

Maximum Average
M. C. ASTE

(7o, wb) (decimal)

content:

451
452

*453

454
455
456

3

3

J
J
5

J

l37o; final average

I
J
I
J
I
3

I
I
2
2

3

in Brazilian locations (cont'd)

Cuiabá (initial

12.9

12.9
12.9

12.9
13.0

12.8

content:

6

6
6
6
6
6

moisture content:

Fan
Time

I27o; final

I
J
1

3

I
3

0.88

0.90
0.85

0.89
0.84
0.87

moisture content:

(h)

11.9

I 1.8

12.0

I1.8
12.0
r 1.8

average moisture content:

Over
Drying

r99
245
180
289
184
340

12.6 - 12.97o)

Costs ($.r')

10

l0
ll
11

1i
ll

l17o; final average

0.26
0.31
0.32
0.49
0.39
0.68

1.05

1.07
1.02
1.05

1.00
1.02

Fan
Electricity

10.9

10.8

10.8

10.7
t0.7
10.5

288

357
240
344
))1
346

11.6 - ll.8Vo)

0.16
0.20
0.i5
0.24
0.15
0.27

Total

moisture content:

1.01

r.03
1.04
1.09

1.03

1.08

0.38
0.45
0.40
0.s6
0.43
0.63

0.42
0.51

0.47
0.73
0.54
0.9s

446
593
479
796
532
907

10.5 - l0.9%o)

0.23
0.28
0.19
0.27
0.l8
0.27

0.50
0.64
0.68
r.03
0.81
1.22

0.61

0.73
0.59
0.83
0.61
0.90

0.34
0.46
0.37
0.61
0.41
0.70

0.84
1.10
1.05
t.64
r.22
1.92
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Table 5'35' Method based on the vapor-pressure-deficit to control wheat aeration in Brazilian locations (cont'd)

Test

#

Airflow
Rate

G's-'.m')

457
458
459
460

*46t
462

Temperature
Increment

(c')

1

1

2

2
J
3

Curitiba (initial

463
464
46s
466
467

*469

Maximum
AST
(mo)

1

J

I
3

1

3

moisture content:

I
1

2
2
J

3

Florianópolis (initial

Maximum
M. C.

(7o, wb)

469
470
471
472

x473

474

l2
12

t2
l2
t2
t2

l37o; final

1

3

1

J
I
3

1

I
2
2

3

3

moisture content:

Average
ASTE

(decimal)

Goiânia (initial moisture content:

13.5

13.0

13.5

13.0

13.6
12.9

average moisture content:

6

7
7

7
7

8

Fan
Time
(h)

1

I
J
1

3

0.82
0.85
0.7 4
0.77
0.7t
0.73

137o: final average moisture content:

r3.l
12.7
13.0
12.7

13.0
12.7

Over
Drying

502
599
316
390
237
302

12.6 - l2.7Vo)

Costs ($.t-')

6
6
6

7
6
7

l37o: final

0.91
1.00
0.89
0.93
0.85
0.95

Fan
Elecricity

0.63

0.70
0.s1
0.59
0.44
0.54

13.2
12.9
t3.2
12.9
13.2
12.9

average moisture content:

419

s69
315
412
251
381

0.40
0.48
0.25
0.31
0.19
0.24

Total

12.6 - 12.77o)

1.07
1.09
1.02
1.t2
1.00
1.09

0.58
0.69
0.54
0.65
0.49
0.66

1.03
1.18

0.76
0.90
0.63
0.78

474
582
303
478
238
419

12.6 - 12.8Vo)

0.34
0.46
0.25
0.33
0.20
0.31

0.s0
0.57
0.43
0.s9
0.4
0.63

0.92
1.15
0.79
0.98
0.69
0.97

0.38
0.47
0.25
0.38
0.r9
0.34

0.88
1.04
0.68
0.97
0.59
0.97
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Table 5.35. Method based on the vapor-pressure-deficit to control wheat aeration

Test

#

Airflow
Rate

(L.s-t.mr)

*475

476
477
478
479
480

Temperature
Increment

(c")

I
I
2

2

J

3

Goiânia (initial moisture conrenr:

481

482
483
484

*485

486

Maximum
AST
(mo)

I
3

I
J

I
3

I
I
2
2
J
J

Porto Alegre (initial moisture content:

481

488
x4gg

490
491
492

Maximum
M. C.

l0
t0
r0
10

t0
r0

(7c, wb) (decimat) (h)

I
J

I
J

I
.,

l2%c; final average moisture content:

I
I
2

2
J

3

rAeration conditions - values are the average_of 10 years starting on I Jan. 196 l; initial grain temperature of 30"c;distribution' AST = allowed storage time. M. c. = gruin moisrure ion,.n,. ASTE = allowabie srorage rime elapsed.-Asterisks 
indicate the best combiiation of airflow iate and air-temperature increment.

in Brazilian locations (cont'd)

Average Fan
ASTE Time

São Paulo (initial moisture content:

t2.0
I r.9
12.0

r0
l0
l0
t0
ll
tl

t.7
r.9
t.6

110
310
110
310
1 r0
310

l3Vo; final average moisture content:

r.08
t.l0
1.04

1.06

r.03
t.05

13. r

12.7

13. I

12.7

13.0

t2.l

rt.3-

Over
Drying

624
835

597

8r3
573
808

Costs ($.r')

I1.77o)

137o: final âverage moisture content:

0.87
0.91

0.80
0.83
0.8 r

0.84

0.56
0.74
0.77
r.08
0.88
l.3 t

Fan

Electricity

t2.8 1.03 69s
12.6 t.06 914
12.1 0.98 540
tz.6 l.0l 194
t2.7 0.95 49s
tz.s 0.99 780

514
72s
369
510
292
436

12.5 - I2.7Vo)

0.49
0.66
0.47
0.64
0.45
0.64

Total

0.64
0.15
0.54
0.72
0.50
0.72

r.05
t.û
1.24
1.72

r.33
1.95

12.3 - 12.67o)

0.46
0.s8
0.30
0.41

0.24
0.3s

0.69
0.84
0.76
1.04

0.85
1.21

l. r0
1.33

0.84
r.l3
0.t4
1.07

0.56
0.74
0.43
0.64
0.40
0.63

t.25
1.s8

1.19

1.68

t.25
1.84

and with linear airflow
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aeration costs were higher (all locations) than when using a control based on differential

temperatures. The maximum allowed storage time at Cuiabá with an initial moisture content of

llvo (Test 453), however, was increased by I mo compared with the differential-thermostat

method (Test234,Table 5.24) but that extra I mo storage increased the total aeration costs by

about ten times.

The method based on the vapor-pressure-deficit is not advantageous for locations where

regulations allow wheat to be traded at with moisture contents equal to orhigher than l3To.The

method based on the vapor-pressure-deficit, however, might be an altemative to the differential-

thermostat method if the over drying costs are not important. For example, aerating wheat in Belo

Horizonte for 8 mo, resulted in the same fan elect¡icity costs forboth control methods (Tests l2l,

Table 5. l9 and 425,Table 5.35). The grain quality when using the differential-thermostat method,

however, was higher than when using the method based on the vapor-pressure-deficit (average

ASTE were 0.85 and 0.96, respectively).

The method based on the vapor-pressure-deficit allowed fan operation at any time of the

day resulting in higher over drying costs and higher average grain temperatures compared with

the differential-thermostat method. Therefore, the grain bulk was not cooled properly and this

increased the average grain deterioration when comparing with the differential thermostat method.

The problem of over drying and reduced cooling was worse for tropical locations because the fan

was turned on during periods of low relative humidities and high ambient air temperatures.

Increasing the absolute TDIFF when using the differential-thermostat method resulted in

simila¡ aeration costs to using the method based on the vapor-pressure-deficit (e.g. compare Tests

278 and 279, Table 5.25 with Tests 459 and 460, Table 5.35). The increased absolute TDIFF

caused a reduction in the ventilation time and increased the average vapor pressure difference
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between the grain and the aeration air causing over drying. Grain cooling, however, was more

effective for the differential-thermostat method because the fan operated mainly at night and

caused less over drying compared with the method based on the vapor-pressure-deficit.

The maximum allowed storage times were not' affected by airflow rates and ai¡-

temperature increments when using the method based on the vapor-pressure-deficit (Table 5.35).

The average ASTE, however, increased when the air-temperature increment was increased or when

the airflow rate was decreased. Also, the aeration costs increased for increased air-temperature

increments due to increased over drying but they decreased with increased airflow rates due to

reduced ventilation time.

5.8. Evaluation of Hypotheses

5.8.1. Thin-layer drying and wetting equations for wheat

Assumption I (Sec. 1.3) was entirely true only for the thin-layer wetting equation (Eqs.

3.1, 5'6 and 5.7) because the effect of air velocity on the thin-layer drying equation was not

significant' The major variables that affected the thin-layer drying of wheat were the difference

between the initial moisture content and the desorption equilibrium moisture content, and air

temperature and relative humidity (Eqs.3.1,5.4 and 5.5). The desorption equilibrium moisture

content, however, was a function of the initial moisture content and air temperature and relative

humidity. Taking into account the low standard errors determined for the thin-layer drying and

wetting equations (Iable 5.3) it can be inferred that Hypothesis I (Sec. 1.2) is true although

Assumption I has not been entirely confirmed fo¡ the thin-layer drying equation.
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5.8.2. Comparison of equilibrium and non-equilibrium mathematical models

The simulated results for the comparison of mathematical models to simulate aeration of

wheat stored under tropical, subtropical, and temperate climates confirmed only partially

Assumption 2 (Sec. 1.3). The equilibrium and non-equilibrium models were not considered

different when using airflow rates and ventilation times recommended for the Canadian prairies

although it was observed that the equilibrium model had a tendency to over predict drying and

wetting rates especially in the bottom layers of grain near the air entrance.

For Brazilian locations the equilibrium model over predicted wetting rates and grain

deterioration in the bottom layers of grain causing significant errors in the prediction of allowable

storage time elapsed. The over prediction of grain deterioration by the equilibrium model,

however, was decreased when air velocities were increased for both linear and non-linear airflow

distributions. Assumption 2 was partially contradicted because, as the air velocity increased, the

grain moisture contents predicted by the non-equilibrium model approached the same equilibrium

moisture contents that were calculated by the equilibrium model. Therefore, it can be inferred that

Hypothesis 2 (Sec. 1.2) is true although Assumption 2 was not entirely confirmed.

5.8.3. sensitivity analysis of the non-equilibrium mathematicar model

The mathematical model used to determine the best airflow rates and fan-control methods

for Brazilian locations was simplified based on the results of the sensitivity analyses for the non-

equilibrium model to simulate aeration of wheat stored under tropical and subtropical climatic

conditions.

The results of the sensitivity analyses for Winnipeg permitted to conclude that the

deterioration model needs to be improved before more research is conducted for improving

equations which describe physical and thermal propefies of wheat. In addition, the knowledge
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about the most important variables to simulate aeration of wheat stored in Curitiba (fan

temperature rise, thin-layer wetting equation, and thin-layer drying equation) is important to direct

future research towards the measurement of those variables. Therefore, it can be infened that

Hypothesis 3 (Sec. 1.2) is true.

5.8.4. Airflow rates and fan control methods for tropical and subtropical climates

The computer model developed to simulate intermittent aeration of stored wheat was

sucessfully used to determine the best airflow rates and fan-control methods for eight Brazilian

Iocations based on l0 years of weather data confirming Assumption 4 (Sec. L3). The knowledge

obtained in this research can be extended to other grain types and geographical regions. Therefore,

it can be inferred that Hypothesis 4 (Sec. 1.2) is true.
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6. SUMMARY OF RESULTS

6.1. Thin-Layer Drying and Wetting Equations

The equilibrium moisture content equations with four parameters that best fit the data

were the modified chung-Pfost equation for desorption and the modified Halsey equation for

adsorption (standard errors of 0.19 and 0.397o moisture content, respectively). The modified

chung-Pfost equation with th¡ee parameters predicted reasonably well the equilibrium moisture

content for both desorption and adsorption (standard errors of 0.59 and 0.g0To moisture conrent,

respectively)' Thin-layer drying of wheat was affected by air temperature, relative humidity, and

initial moisture content while thin-layer wetting also depended slightly on air velocity. The thin-

layer equation for drying and wetting of wheat that best fit the data was the semi-empirical

equation of Page with six parameters (standard errors of 0.12 and 0.24vo moisture content,

respectively)' The equation of Page with five parameters and using the same variables to define

the coefficients K" and N" predicted well for both drying and wetting (standard errors of 0.13 and

0'37vo moisture content, respectively). The diffusion equation, with the diffusion coefficient

dependent on temperature only, had the highest errors for both drying and wetting (standard enors

of 0.77 and 1.33Vo moisture content).

6.2. comparison of EquilÍbrium and Non-equilibrium Moders

The results produced by the equilibrium and non-equilibrium models were significantly

different (G:0.05) when simulating aeration of wheat stored in Curitiba, Brazil for I year for most

test conditions' The differences in predicted grain deterioratíon were due to over prediction of

wetting rates by the equilibrium model especially in the bottom layers of grain near the air
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enÛance. For Winnipeg, Canada, however, the results were not different (a:0.05) when

simulating aeration of wheat stored from September to November for most test conditions

including the aeration conditions recommended for the Canadian prairies (1 L.s-,.m-: airflow rate

and 0:00-6:00 ventilation time) although it was observed that the equilibrium model had a

tendency to over predict drying and wetting rates.

The differences between the equilibrium and non-equilibrium models, when simulating

for Curitiba, were affected by airflow rate, fan temperature rise, airflow distribution, grain layer

thick¡ess, grain depth, geographical location, ventilation time, and assuming a 5ûlo offset in the

equilibrium relative humidity in moisture adsorption calculated by the equilibrium model. The

initial grain moisture content and temperature, year of simulation, or grain layer thickness less

than 20 cm slightly affected the differences between the models. The differences between both

models for winnipeg, however, were also affected by the initial moisture content and temperature

of the grain, and year of simulation but they were not affected by the grain depth.

The non-equilibrium model developed here is recommended to simulate aeration of stored

wheat because it is based on empirical thin-layer drying and wetting equations and equilibrium

moisture content equations for adsorption and desorption and because the equilibrium model over

predicts drying and wetting rates especially in the bottom layers.

6.3. Sensitivity Analyses

The most important variables to simulate aeration of wheat stored in Curitiba for 1 year

using linear airflow distribution, in decreasing order, were the fan temperature rise, thin-layer

wetting equation, and thinlayer drying equation, at airfiows of 0.0056 and 0.027gm3 s-r m-2 and

fan temperature rises of I and 3.C.
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The most important variables to simulate aeration of wheat stored in Winnipeg for 3 mo

were the thin-layer drying equation followed by the EMC desorption equation, fan temperature

rise, and thin-layer wetting equation, which were equally important.

The accuracy of equations to describe specific heat and equilibrium moisture content for

adsorption and desorption by wheat was not important to simulate aeration of wheat stored in

Curitiba because the errors introduced by these equations were lower than the uncertainty in

predicting allowable storage time elapsed. This conclusion can also be extrapolated for the

equation which describes the air resistance to airflow because the uncefainties in airflow did not

introduce significant errors in the allowable storage time elapsed. Therefore, the deterioration

model must be improved before any of these equations are improved. The deterioration model

must be improved especially for Winnipeg because the uncertainty in the calculation of wheat

deterioration was much higher than the uncertainty generated by all equations tested in the

computer program for simulating aeration of stored wheat.

The wheat bulk density can be a constant, the net heat of sorption can be neglected, and

the ratio of bin diameter to bin height was not important in the mathematical model to simulate

aeration of wheat stored in Curitiba or Winnipeg.

The model's sensitivity was affected by the airflow distribution, fan temperature rise,

airflow rate' geographical location, grain depth, grain layer thickness, and initial moisture content

of the grain but it was not affected by the year used for the simulation and initial temperature of

the grain. The model's sensitivity for V/innipeg, however, was also affected by the year of

simulation and initial temperature of the grain but it was not affected by the grain depth.
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6.4. Airflow Rates and Fan contror Methods for Brazilian Locations

The best fan-control method to aerate wheat stored in Brazilian locations was a

differential-thermostat and the second best method was based on the vapor-pressure-deficit. The

best aeration conditions for all geographical locations with liilear airflow distribution at I3Vo nitial

grain moisture content were -5oC differential-thermostat setting, 3 L.s-r.m-3 airflow rate, and 3oC

air-temperature increment but for Belo Horizonte, Cuiabá, and porto Alegre the best air-

temperature increments were 5, l, and loC, respectively.

For non-linear airflow distribution, when using the differential-thermostat setting and air-

temperature increment determined to be the best for linear airflow distribution, the maximum

allowed storage time was reduced by I to 4 mo (airflow rate of 1.3 L.sr.m-3 and static pressure

of 3500 Pa in the aeration duct). When changing from linear to non-linear airflow distribution,

an increase of l'C in the differential thermostat setting and an increase of 2C in the air-

temperature increment were the most common changes to the aeration conditions required to

maintain the maximum allowed storage time as high as possible.

The simulation results indicated that the best locations for grain storage in Brazil, in

descending order, were curitiba (12 mo), porto Alegre (11 mo), são paulo (10 mo), Belo

Horizonte (9 mo), Florianópolis (8 mo), Goiânia (g mo), campo Grande (7 mo), and cuiabá

(4 mo).

The maximum allowed storage time for aerated wheat in Brazilian locations correlated

well with the annual average-time (averaged over 10 years) that the ambient air temperature was

below l5'C.



189

7. CONCLUSIONS

l. The semi-empirical equation of Page was a more accurate model of the data than the

theoretical diffusion equation with the diffusion coefficient dependent on temperature only.

2. The results produced by the equilibrium and non-equilibrium models were significantly

different (a:0.05) when simulating aeration of wheat stored in Curitiba, Brazil. For Winnipeg,

Canada, however, the results were not different (s:0.05) for most test conditions including the

aeration conditions recommended for the Canadian prairies.

3. The deterioratíon model must be improved because the uncertainty in the calculation of

wheat deterioration was much higher than the uncertainty generated by many of the other variables

for the Brazilian climate and by all the other variables for the Winnipeg climate when simulating

aeration of stored wheat.

4. The best fan-control method to aerate wheat stored in the Brazilian locations \ryas a

d i ffe¡e n t i al - therm o s tat.

5. The maximum allowed storage time for aerated wheat stored at the Brazilian locations

conelated well with the annual average-time that the ambient air temperafure was below 15"C.



190

8. SUGGESTIONS FOR FUTURE RESEARCH

I ' The design of the experimental equipment used for the thinJayer drying and wetting tests

should be improved to facilitate the measurement of air velocity and to distribute the air

uniformly through each tray section. In addition, automatic weighing of the sample holders

should be used when testing at air temperatures higher than 35'C to prevent exposing the grain

samples to the external environment.

2' The diffusion equations used for thin-layer drying and wetting of wheat (Eqs. 3.2 and 3.3)

might be improved by determining the dependence of the diffusion coefficient on the

temperature and moisture content of the grain.

3' The mathematical model used for predicting wheat deterioration needs to be improved to

decrease its high uncertainty (+30To).

4' The best airflow rates and fan-control methods to aerate grain stored in tropical and

subtropical climates should be determined for other grain types. Also, experiments should be

conducted to determine under practical conditions the reduction in aeration costs (due to

decrease in grain spoilage, over drying, and electricity costs) when changing from the

traditional fan-cont¡ol method used in Brazil to the differential-thermostat method.

5' The finite element program used to calculate the pressure gradients inside the grain bulk

should be validated against actual pressure data measured in large horizontal grain storages of
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different shapes and aeration designs. In addition, measured and predicted air velocities at the

grain surface should be compared.

6. The heat transfer model should be improved to simulate the bin attic temperatures as a function

of roof design, thermal and physical properties of the roof, solar radiation, and wind speed. In

addition, this model should be able to predict the effects of head space ventilation.

7. The air-temperature increments existing in aeration ducts should be measured and compared

with predicted values for different static pressures and duct designs.
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l. Experimental Data of rhin-layer Drying and wetting of wheat

Test I
Time
(min)

Grain Moisture Content for nifferen@
i 2345678s

0
20
57
119
218
368
547
797
r 386
t57 5
I 815

0.099 0.100 0.148 0.149 0.201 o.zot o.t@ at4g a202
0.098 0.098 0.142 0.142 0.186 0.184 0.098 0.142 0.186
0.098 0.098 0.136 0.136 0.170 0.169 0.097 0.137 0.170
0.097 0.097 0.130 0.130 0.154 0.153 0.097 0.130 0.154
0.097 0.097 0.124 0.t24 0.140 0.139 o.Og7 0.t24 o.tilo
0.096 0.096 0.117 0.118 0.128 0.127 0.095 0.117 0.128
0.096 0.095 0.112 0.112 0.120 0.il9 0.095 0.113 0.r20
0.094 0.094 0.107 0.108 0.112 0.112 o.og4 0.107 0.113
0.094 0.093 0.101 0.101 0.104 0.103 0.093 0.101 0.104
0.093 0.093 0.100 0.100 0.102 0.101 0.092 0.100 0.102
0.093 0.092 0.098 0.098 0.100 0.099 0.091 0.098 0.101

35.2 34.9
26.9 27.3
0.20 0.24

35.2 35.2 35.2 35.2
26.8 26.9 26.9 26.9
0. r 8 0.05 0.22 0.19

35.1

27.0
0.04

T. ("C)
RH (7o)

V (m.s'')

35.2 35.2
26.8 26.8
0.10 0.07

Test 2
Time
(min)

Grain Moisture Content for Differen@
234s6789

0
20
57
1t9
218
368
547
797
1386
1575
1815

0.099 0.099 0.146 0.149 0.2@ 0.200 0.100 0.148 0.200
0.098 0.098 0.141 0.142 0.185 0.184 0.099 0.142 0.185
0.098 0.098 0.135 0.136 0.169 0.168 0.098 0.136 0.169
0.098 0.097 0.129 0.131 0.154 0.153 0.098 0.130 0.154
0.097 0.097 0.123 0.124 0.14A oßg o.og7 0.123 0.140
0.097 0.096 0.1t7 0.118 0.128 0.t27 0.097 0.117 0.t28
0.096 0.095 0.112 0.113 0.120 0.119 0.096 o.trz 0.120
0.095 0.094 0.107 0.108 0.113 0.112 0.095 0.108 0.113
0.094 0.093 0.101 0.102 0.104 0.104 0.094 0.101 0.104
0.094 0.093 0.100 0.101 0.r03 0.102 0.094 0.100 0.103
0.094 0.092 0.098 0.099 0.101 0.101 0.093 0.099 0.101

T" ("C)
RH (7o)

V (m.s-r)

35.1 35.3
28.4 28.2
0.05 0.10

35.2 34.9
28.4 28.7
0.22 0.22

35.2 35.2
28.3 28.4
0.06 0.19

35.3
28.2
0.07

35.2
28.2
0.18

35. l
28.4
0.21
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Test 3

Time
. (min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0.102 0.151 0.103 0.152 0.203 0.204 0.103 0.151 0.203
0.109 0.155 0.107 0.154 0.203 0.206 0.lll 0.156 0.206
0.114 0.160 0.111 0.157 0.204 0.208 0.116 0]60 0.207
0.125 0.168 0.119 0.i63 0.206 0.2t1 0.127 0.t67 0.210
0.139 0.176 0.130 0.t69 0.207 0.213 0.1N 0.175 0.2t3
0.153 0.185 0.142 0.175 0.209 0.216 0.155 0.183 0.214
0.165 0.191 0.151 0.180 0.209 0.217 0.166 0.189 0.215
0.190 0.20s 0.175 0.191 0.211 0.219 0.192 0.203 0.217
0.202 0.212 0.185 0.196 0.212 0220 0.203 0.209 0.218
0.218 0.223 0.203 0.206 0.213 0.222 0.219 0.218 0.219
0.229 0.23t 0.216 0.213 0.214 0.225 0.229 0.226 0.221
0.232 0.234 0.220 0.2t6 0.214 0.226 0.232 0.228 0.22r
0.234 0.235 0222 0.218 0.215 0.227 0.234 0.230 0.222
0.235 0.236 0.224 0.220 0.2t6 0.228 0.235 0.231 0.223

r23456789
0
25

59
r69
358
598
807
1437
1856
2876
4555
596s
7464
8729

T. ("C)
RH (o/o)

V (m.sr)

7.4 7.4 7.4 7.5
87.s 87.5 87.3 86.7
0.10 0.r I 0.05 0.05

7.6 7.6 7.6 7.8
86.4 86.2 86.3 85.3
0.10 0.22 0.27 0.23

7.6
86. r

0.04

Test 4

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
25
59
169
358
598
807
t437
1856
2876
4555
s96s
7464
8729

0.101 0.r50
0.i08 0.r55
0.114 0.160
0.125 0.r68
0.138 0.177
0.i53 0.185
0.164 0.192
0.190 0.206
0.202 0.2t3
0.218 0.223
0.228 0.232
0.232 0.235
0.235 0.238
0.236 0.239

0.103 0.151
0.r06 0.153
0.110 0.155
0.119 0.162
0.130 0.168
0.142 0.175
0.151 0.179
0.175 0.191
0.186 0.196
0.203 0.206
o.2t5 0.213
0.220 0.216
0.222 0.219
0.223 0.220

0.201 0.202
0.202 0.204
0.203 0.206
0.205 0.209
0.207 0.2t3
0.208 0.215
0.209 0.216
0.212 0.219
0.212 0.220
0.213 0.221
0.213 0.224
0.214 0.226
0.214 0.227
0.2t4 0.228

0.r03 0.150 0.204
0.11r 0.155 0.206
0.116 0.159 0.207
0.127 0.167 0.210
0.t40 0.175 0.212
0.155 0.r83 0.2r4
0.167 0.189 0.215
0.192 0.202 0.217
0.204 0.208 0.218
0.219 0.218 0.219
0.229 0.226 0.220
0.233 0.229 0.221
0.236 0.231 0.222
0.236 0.232 0.223

T" ('C)
RH (7o)

V (m.s-')

7.4 7.4 7.4 7.5
87.5 87.5 87.3 86.7
0.09 0.11 0.05 0.05

7.6 7.6 7.6
86.1 86.4 86.2
0.05 0.10 0.27

7.6
86.3
0.23

7.8
85.3
0.2t
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Test 5

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
20
49

99
208
307
427

776
1437
l 8s5
2884
4504
5663

0.100 0.147
0.100 0.144
0.100 0.142
0.i01 0.140
0.101 0.136
0.101 0.i33
0.102 0.131
0.102 0.126
0.103 0.121
0.104 0.119
0.105 0.1 l7
0.106 0.1l5
0.106 0.r r3

0.099 0.149
0.099 0.146
0.099 0.144
0.099 0.141
0.100 0.137
0.100 0.135
0.100 0.132
0.101 0.127
0.102 0.t23
0.r03 0.12r
0.104 0.1 l8
0.104 0.116
0.105 0.1 15

0.200 0.200
0.192 0.t91
0.185 0.184
0.177 0.175
0.t64 0.t62
0.157 0.1s5
0.150 0.148
0.138 0.137
0.t28 0.127
0.124 0.123
0.120 0.1l9
0.1 16 0.1 l6
0.1 15 0.1 l5

0.100 0.150 0.201
0.100 0.146 0.192
0.100 0.144 0.184
0.100 0.142 0.175
0.100 0.138 0.162
0.101 0.135 0.155
0.101 0.132 0.148
0.102 0.127 0.137
0.r03 0.122 0.127
0.103 0.120 0.123
0.105 0.118 0.119
0.105 0.1r6 0.116
0.105 0.il5 0.115

T. ('C)
RH (7o)

V (m.sr)

25.1 25.r 25.0 25.0
37 .4 37.4 37.5 37.5

0.12 0.11 0.03 0.03

25.0 25.0 25.0 25.0 25.0
37 .6 37.5 37 .5 37 .5 37.6
0.03 0.1 1 0.28 0.28 0.30

Test 6

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
159
299
468
778
1437
1797
2926
4616

0.098 0.145
0.099 0.145
0.101 0.145
0.103 0.145
0.105 0.144
0.107 0.143
0.112 0.t42
0.114 0.142
o.t20 0.142
o.t24 0.t42

0.098 0.147
0.099 0.147
0.10t 0.146
0.102 0.145
0.104 0.144
0.106 0.143
0.1i 1 0.142
0.113 0.142
0.1 18 0.142
0.t23 0.142

0.200 0.199
0.195 0.194
0.185 0.184
0.178 0.177
0.172 0.t71
0.165 0.165
0.158 0.157
0.155 0.155
0.151 0.152
0.148 0.149

0.098 0.147 0.200
0.099 0.147 0.194
0.10i 0.145 0.183
0.102 0.145 0.176
0.104 0.144 0.17r
0.107 0.143 0.164
0.t12 0.142 0.157
0.114 0.142 0.t54
0.119 0.142 0.t51
0.123 0.141 0.148

T" ('C)
RH (7o)

V (m.sr)

15.1

51.8
0.27

15.0 15.1

52.0 5r.8
0.04 0.04

r5.0
52.2
0.10

15.0
52.t
0.11

15.1 15.1

51.8 51.8
0.04 0.11

15.1 15.1

5t.7 51.7

0.27 0.30
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Test 7

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
25
59
169

358
598
807
1437
I 856
2876
4533
5971
7464
8729

0.201 0.151

0.203 0.155
0.205 0.160
0.209 0.167
0.213 0.176
0.215 0.185
0.2t6 0.191
0.220 0.206
0.221 0.213
0.223 0.224
0.226 0.233
0.228 0.236
0.230 0.239
0.231 0.239

0.202 0.150
0.203 0.152
0.204 0.155
0.206 0.161
0.209 0.168
o.zlt 0.175

0.212 0.180
0.214 0.192
0.215 0.197
0.2t7 0.207
0.218 0.21s
0.2t8 0.218
0.219 0.220
0.220 0.221

0.104 0.104 0.202
0.107 0.110 0.205
0.n0 0.115 0.207
0.119 0.r26 0.211
0.129 0.1ß 0.2t4
0.141 0.154 0.216
0.150 0.165 0.217
0.173 0.19r 0.220
0.184 0.202 0.221

0.20t 0.2t9 0.224
0.213 0.229 0.226
0.217 0.232 0.228
0.219 0.236 0.230
0.220 0.236 0.230

0.149 0.103
0.154 0.110
0.158 0.115
0.166 0.126
0.r75 0.139
0.183 0.153
0.189 0.r63
0.203 0.188
0.209 0.199
0.220 0.214
0.227 0.223
0.230 0.226
0.232 0.228
0.233 0.229

T. ('C)
RH (7o)

V (m.s-r)

7.4 7.4
87.3 87.3
0.10 0.r I

7.5 7.5 7.7
87.0 86.6 85.8
0.06 0.05 0.0s

7.6 7.6
86.2 86.1

0.11 0.23

7.6
86.1

o.25

7.8
85.0
0.24

Test 8

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
20
59
149

308
478
818
1437
L9t7
2876
4522
6008

0.105 0.r99
0.120 0.208
0.136 0.218
0.163 0.23r
0.201 0.247
0.228 0.258
0.258 0.271

0.280 0.283
0.287 0.287
0.288 0.287
0.292 0.290
0.292 0.291

0.r05 0.201
o.114 0.206
0.126 0.212
0.147 0.222
0.177 0.234
0.200 0.244
0.233 0.258
0.263 0.273
0.274 0.279
0.282 0.283
0.290 0.289
0.291 0.289

0.15r 0.151
0.157 0.164
0.167 0.177
0.181 0.t97
0.202 0.223
0.218 0.242
0.242 0.264
0.264 0.28r
0.273 0.286
0.281 0.288
0.290 0.292
0.288 0.292

0.103 0.203 0.151
0.120 0.212 0.165
0.139 0.221 0.178
0.167 0.234 0.199
0.205 0.250 0.226
0.232 0.261 0.244
0.262 0.273 0.265
0.282 0.284 0.282
0.288 0.287 0.286
0.289 0.287 0.288
0.293 0.292 0.294
0.293 0.291 0.291

T" ("C)
RH (7o)

V (m.s-')

25.1 25.1 25.0
91.5 91.5 91.5
0.10 0.12 0.03

25.0 25.0 25.O 25.0 25.0 25.0
91.5 91.5 91.5 9r.6 91.5 91.5
0.03 0.03 0.11 0.26 0.26 0.23
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Test 9

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
89
239
478
758
1451
1897
2876
4316
5927
7697
8575

0.147 0.201 0.149
0.148 0.200 0.149
0.150 0.199 0.150
0.152 0.t96 0.152
0.155 0.193 0.1s4
0.156 0.191 0.156
0.158 0.188 0.157
0.159 0.188 0.158
0.160 0.r87 0.159
0.16r 0.187 0.160
0.161 0.186 0.161

0.162 0.186 0.r61
0.162 0.186 0.161

0.201 0.102 0.102
0.r99 0.103 0.104
0.198 0.105 0.r07
0.195 0.109 0.111

0.192 0.114 0.117
0.i90 0.119 0.122
0.187 0.128 0.133
0.185 0.133 0.139
0.185 0.143 0.149
0.r84 0.153 0.158
0.184 0.158 0.162
0.184 0.160 0.165
0.183 0.161 0.16s

0.149 0.201 0.102
0.150 0.200 0.104
0.151 0.199 0.106
0.153 0.196 0.111

0.156 0.193 0.116
0.157 0.191 0.t22
0.159 0.188 0.132
0.160 0.187 0.138
0.161 0.186 0.148
0.162 0.186 0.156
0.162 0.185 0.161

0.163 0.185 0.163
0.163 0.185 0.164

T. ('C)
RH (7o)

V (m.sr)

7.5 7.5 7.6

69.7 69.7 69.4

0)2 0.r3 0.05

7.7 7.7 7.7 7.7

68.7 68.9 68.8 68.8
0.05 O.tz 0.23 0.24

7.8
68.2
0.26

7.6
69.1

0.05

Test 10

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
89
239
448
725
1437
)o))
4401
s969
7557
8571

0.199 0.104
0.200 0.r08
0.201 0.113
0.202 0.rzz
0.203 0.13r
0.203 0.143
0.204 0.t66
0.204 0.189
0.204 0.198

0.204 0.202
0.205 0.203
0.205 0.204

0.199 0.103
0.199 0.106
0.200 0.110
0.201 0.1 18

0.201 0.125
0.201 0.136
0.202 0.156
0.201 0.180
0.202 0.t90
0.202 0.194
0.202 0.196
0.203 0.197

0.150 0.150
0.152 0.153
0.154 0.156
0.1s9 0.161

0)62 0.166
0.167 0.170
0.173 0.r78
0.181 0.187
0.184 0.192
0.187 0.195
0.189 0.196
0.189 0.197

0.201 0.r02 0.150
0.202 0.107 0.153
0.203 0.112 0.156
0.204 0.121 0.161

0.204 0.130 0.166
0.204 0.142 0.170
0.205 0.164 0.177
0.205 0.188 0.185
0.205 0.196 0.189
0.205 0.199 0.t92
0.205 0.201 o.t94
0.205 0.201 0.194

T" ('C)
Rrt (Vo)

V (m.s')

7.6 7.6 7.6

80.9 81.0 80.7

0.10 0.r2 0.04

7.8 7.7 7.8
79.7 80.1 79.8
0.04 0.i l 0.26

7.8 7.9
79.8 79.2
o.24 0.23

7.7
80.2
0.04
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Test 1l

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
89
240
448
714
1437
l 930
3058
4426
5942
7498
8580

0.148 0.102
0.150 0.106
0.i53 0.1i2
0.157 0.12t
0.160 0.13r
0.163 0.142
0.168 0.162
0.169 0.169
0.172 0.176
0.t74 0.178
0.175 0.180
0.175 0.180
0.176 0.181

0.149 0.102
0.151 0.106
0.153 0.r 10

0.157 0.118
0.160 0.127
0.t62 0.137
0.166 0.156
0.168 0.163
0.170 0.172
0.172 0.175
0.173 0.176
0.r74 0.177
0.174 0.177

0.200 0.201

0.r98 0.200
0.19ó 0.r98
0.193 0.196
0.191 0.194
0.189 0.192
0.187 0.191

0.187 0.191

0.r87 0.r90
0.r86 0.190
0.186 0.190
0.186 0.190
0.186 0.189

0.150 0.102 0.20r
0.152 0.107 0.200
0.155 0.112 0.198
0.1s9 0.121 0.i95
0.162 0.r31 0.192
0.t64 0.142 0.19t
0.168 0.161 0.r90
0.170 0.168 0.r89
0.172 0.175 0.189
0.174 0.178 0.r88
0.17s 0.179 0.188
0.176 0.179 0.188
0.176 0.180 0.188

T. ("C)
RH (ø/o)

V (m.sr)

14.9 14.9 15.0

75.7 75.9 75.5
0.1r 0.13 0.05

15.1 15.1 15.1 15.1 15.1 15.2

75.0 74.8 75.0 74.9 74.9 74.4
0.04 0.04 0.11 0.23 0.24 0.23

Test 12

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
90
239
479
726
t438
t823
2905
4339
s9s9
7408
8544

0.1s0 0.106 0.t99
0.160 0.119 0.202
0.170 0.132 0.206
0.185 0.155 0.213
0.203 0. r83 0.219
0.216 0.205 0.224
0.240 0.240 0.235
0.246 0.249 0.238
0.255 0.262 0.245
0.259 0.267 0.250
0.261 0.268 0.25r
0.26t 0.269 0.252
0.262 0.269 0.252

0.150 0.104
0.156 0.1 1r
0.r63 0.120
0.r76 0.r38
0.189 0.160
0.201 0.178
0.224 0.213
0.23t 0.223
0.242 0.238
0.249 0.246
0.249 0.247
0.251 0.249
0.25r 0.249

0.20t 0.152 0.103 0.20t
0.206 0.162 0.117 0.207
0.212 0.172 0.130 0.212
0.220 0.181 0.153 0.219
0.228 0.205 0.181 0.225
0.234 0.218 0.202 0.230
0.245 0.240 0.236 0.240
0.249 0.247 0.245 0.243
0.254 0.255 0.256 0.248
0.257 0.258 0.259 0.250
0.258 0.259 0.261 0.251
0.259 0.260 0.26t 0.252
0.259 0.260 0.262 0.252

T" ('C)
RH (7o)

V (m.s-')

14.9 14.9

90.7 90.8
0.11 0.13

15.0

90.6
0.04

15.0 15.1 15.1 r5.1 15.1 15.2

90.2 89.s 89.9 89.8 89.8 89.2
0.04 0.04 0.10 0.24 0.23 0.23
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Test 13

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0.196 0.r01 0.147 0.197 0.10t 0.147 0.198 0.100 0.147
0.r92 0.106 0.148 0.194 0.r04 0.149 0.194 0.105 0J49
0.188 0.Ul 0.150 0.189 0.r09 0.150 0.189 0.111 0.151
0.182 0.t20 0.r52 0.183 0.118 0.153 0.183 0.120 0.153
0.176 0.132 0.154 0.t77 0.130 0.154 0.177 0.133 0.1s5
0.174 0.141 0.155 0.175 0.138 0.155 0.175 0.141 0.156
0.172 0.153 0.156 0.172 0.151 0.157 0.172 0.153 0.157
o.t7t 0.156 0.r57 0.171 0.155 0.157 0.171 0.156 0.157
0.170 0.1s7 0.157 0.170 0.156 0.158 0.170 0.158 0.158
0.169 0.158 0.158 0.169 0.1s8 0.158 0.170 0.159 0.158
0.169 0.158 0.158 0.r69 0.1s9 0.1s8 0.r69 0.159 0.1s9
0.r69 0.159 0.158 0.169 0.159 0.158 0.169 0.159 0.159
0.169 0.159 0.158 0.169 0.159 0.159 0.169 0.i59 0.159

23456789
0
30
90
2t9
479
730
l 438
t969
29s1
4644
6240
7548
8626

T. ('C)
RH (7o)

V (m.s-r)

25.1 25.1 25.1

69.7 69.7 69.7
0.1I 0.12 0.03

25.1 25.1 25.1 25.r 25.1
69.6 69.7 69.7 69.7 69.6
0.03 0.r2 0.25 0.22 0.26

25.1
69.7
0.03

Test l4
Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
89

209
464
704
r430
t937
2952
4418
5969
7553
8577

0.149 0.199
0.r48 0.188
0.148 0.t77
0.147 0.167
0.147 0.158
0.147 0.155
0.146 0.153
0.146 0.152
0.146 0.151
0.146 0.150
0.145 0.150
0.145 0.149
0.145 0.149

0.197 0.100 0.148
0.191 0.106 0.149
0.181 0.11r 0.149
0.170 0.t20 0.149
0.161 0.r31 0.149
0.1s8 0.137 0.149
0.154 0.142 0.149
0.154 o.rM 0.149
0.153 0.144 0.148
o.r52 0.144 0.148
0.152 oJM 0.148
0.151 0.1M 0.148
0.151 0.144 0.148

0.100 0.197
0.106 0.188
0.112 0.t77
0.120 0.166
0.131 0.158
0.137 0.155
0.142 0.153
0.142 0.152
0.143 0.151

0.143 0.1s0
0.143 0.149
0.143 0.t49
0.142 0.149

0.099 0.147
0.105 0.148
0.112 0.148
0.120 0.i48
0.r31 0.r48
0.r37 0.148
0.t42 0.148
0.143 0.t47
0.143 0.147
0.143 0.t47
0.143 0.147
0.143 0.147
0.t42 0.146

T. ("C)
RH (7o)

V (m's-')

35.1

6s.2
0.09

35.1 35.0 34.9
65.2 65.4 65.8
o.r2 0.02 0.02

34.8 34.9 34.9 34.9 34.8
66.0 65.9 6s.9 66.0 66.3
0.01 0.11 0.27 0.26 0.28
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Test 15

Time
(min)

Grain Moisture Content for Different Tray Positions (db, decimal)

0
30
90
179
379
582

1243
3130

0.199 0.151

0.209 0.169
0.216 0.184
0.223 0.20t
0.230 0.220
0.234 0.228
0.237 0.235

0.237 0.236

0.150 0.r03
0.164 0.122
0.178 0.142
0J94 0.167
0.215 0.201
0.227 0.221
0.255 0.245
0.244 0.245

0.200 0.102
0.2tt 0.128
0.217 0.153
0.225 0.180
0.236 0.214
0.242 0.229
0.252 0.244
0.249 0.241

0.150 0.103 0.202
0.170 0.130 0.2t4
0.187 0.155 0.223
0.204 0.183 0.231
0.224 0.217 0.240
0.232 0.232 0.244
o.z$ 0.242 0.249
0.2N 0.242 0.246

T. ('C)
RH (Vo)

V (m.sr)

35.2 3s.2
84.4 84.4
0.11 0.12

35.1 35.1 35.1

84.s 85.0 85.0
0.02 0.01 0.11

35.1 35. r 34.9
84.9 85.1 85.8
0.27 0.24 0.26

35. l
84.7
o.02

where: T. : air temperature (oC),

RH : air relative humidity (7o),

V : air velocity (m's-').
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2. Error Analysis of the Deterioration Model

The deterioration model of Fraser and Muir (1981) was used to predict the allowable

storage time elapsed (ASTE) as follows:

,4srË = S Ao

ã o*,o
(1-1)

logro0rro=a t bM t cTc (1-2)

where: Â0 : time interval used for the simulation (h),

0r^* : Maximum allowed storage times before seed germination drops by 5Vo or visible

mould appears (Fraser and Muir 1981) (h),

M : grain moisture content (7o, wb),

T. : grain temperature ('C), and

a : 6.2347 b : -0.21175 c : -0.05267 for tZ < M t tg%o

a : 4.1286 b : -0.09972 c : -0.05762 for 19 <M <24Vo

The probable uncertainty (UosrJ to predict the allowable storage time elapsed when using

the deterioration model @q. 1-2) was determined based on the estimated uncertainties for each

variable and coefficient (Kline and McClintock 1953, Huggins 1991). The magnitude of IJor*,

with the same odds as the individual variables and coefficients, is calculated as follows:

u¿srr = Kffi.u*y - ,#.r,r' . (#.r"), . (#.uu), * (#.u,),I'o (t-3)
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where: U*¿ : uncefainty associated with measurement of grain moisture content (7o, wb),

Ur : uncertainty associated with measurement of grain temperature (oC),

1J", lJ6, U" : uncertainties in estimating the coefficients of the deterioration model

The uncefainty to predict ASTE in percentage is:

unrrrv" = +* tooc/a (t-4)
u nr,u

Unrru% = lu 10 L(J,,)t * (M U), * (7" L)")z * (b U¡r)2 + 1c LIr)211n 100 (1-5)

The uncertainties of the variables and coefficients of the deterioration model (Eq. l-2) used in the

error analysis are given in Table 1-1. The uncertainties in determining the coefficients a, b, and

c of Eq. l-2 conespond to moisture contents between 12 and l9Vo.

Table l-1. Uncerlaintie s (9il?oconfidence level) in the measurement of grain moisture content and
temperature, and in determining the coefficients a, b, and c of the deterioration model @q. 1-2)

Variable Uncertainty

Grain moisture content (Vo, wb)

Grain temperature ('C)

Coefficient a (Vo)

Coefficient b (7o)

Coefficient c (7o)

fl.2

r0.5

+1.7

+3.3

+4.4
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3. Equilibrium moisture content equations for desorption and adsorption by wheat

Equation Application References

EMC : b, - br'ln(-(T. + b.).ln(RH)) Average data for Chung equarion

br : 0.35616

b, : 0.056788

bj : 50.998

Me: [decimal, db]

EMC : (ln(l - RH)/(a,(T. + a2)))(r/2 rr) Adsorption of Wheat Morey er al.

ar : -4.53x10-5 (1981)

a" : 55'8

EMC : l%o, dbl

EMC : ln(ln( I /RH)/c,)/ln(c,)

ct : 5'1552

c, : 0.8551

EMC : [Vo, dbl

EMC : (ln(1-RH)/(d,(Tc+dr¡¡¡rtrzzer Deso¡ption of Wheat pfost et al.

dt: -2.3x10-s (ß76b)

d2 : 55.8

EMC : l%o, db)

EMC: {ln(l - RHy(frT-zo3+¡¡lt^l Desorption of wheat Sinicio et al.

A : ¡r1-t uss ('Neepawa') (1991)

fr: -3.113x106

where: EMC : equilibrium moisture content (decimal or Vo, db),

T : air temperature (K),

T" = air temperature ("C),

RH : air relative humidiry (decimal).

adsorption and (ASAE 1993b)

desorption of hard

wheat

Adsorption of wheat Iglesias and

('Capelle') T. : 25"C Chirife (1982)

0.25<RH<0.85
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4. Thin-layer drying and wetting equations for wheat and shelled corn

Equation Application Reference

MR : exp(-KtN) Drying of wheat Jayas and

K=gr*ET"r+grRH 5<T"<35oC Sokhansanj

N:l 0.35<RHs0.80 (1986)

B, =0.003531 0.3<V<0.6mls
gr:5.7005x10'6 Mo = 18.57o wb

Er-2.39126x103

1=[min]

K: exp(h, + hr'ln(I.8T" + 32) + h.V) Drying of shelled corn Misra and

N:hrln(100'RH) + hrMo

h--1.1'735

hr:l '2793

h.:0. I 378

h4=0.081 I

h.:0'78

r=[h]

0.03 < RH < 0.83 Brooker (1980)

2.2<T,<7l.l"C
0.025<V<2.33m/s

0.18 < Mo < 0.60 kg/kg db

K = exp(i¡ + ir'ln(i.8T" + 32) + i¡Mo) N:io + irRH Wetting of shelled corn Misra and

i,=-8.5t22

iz=l.2178

\:8.64
i¿=2.1816

is=-l '67

r=[h]

0.9sRHsl Brooker(1980)

l0sT"<43.3"c
0.025sV<0.382m/s

0.08 < Mo < 0.25 kg/kg db

where: Mo : initial moisture content of the grain (decimal or Vo, db),

MR : moisture ratio (decimal),

RH : air relative humidity (decimal),

t : time (min or h),

T : air temperature (K),

T" : air temperature (oC),

V : air velocity (m.s-').


