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ABSTBAGT

A three - dlnens lona1 hêaL conductlon Problen ln the CarÈesfan

coordlnate system nas solved usfng the flnfte eleEent Eethod for

predlctlng cenperatures Ehroughout gratn storage blns. the nodel uses

linear or quadrattc hexahedron eleÉenls wfth 1, 2 or 3 PolnÈ Gauss

quadrature fn each plane. The nodel can sinulate the tenPeratures ln

blns of any shape ftlled r¡fth gralns and at any geogrephlcal location.

InpuÈ data requtred for the nodel lnclude Èhe three - dlnens lonal grld

data of llnear ot quadratic hexahedron elenenls, thernal ProPertles of

graln, bln r¡all naterial, sofl, concrête and afr, and the \reather data

for the geographical locatfon of the bin. the neather daÈâ lnclude the

hourly values of anblenË afr tenPerature, solar redlstlon on a

horlzontal surface, and the wfnd velocfty.

The nodel was valldêted agalnsÈ th€ neasured teEPetatures at

16 locatlons tn a 5.56'n-dfaneÈer bfn contafntng raPeseed and at 20

LocatÍons in a 5,56-n-diaûetêr bin contåfnlng barley, located near

l{lnnlpeg, Manltoba. The average absolute dlffErEnce betsween Ëhe

neasured teEperatur€8 ând the teDPereÈures Predicted by the Eode1 wfth

llnear elenents lgas 2,7 K in the rapeseed bin and 2.4 K fn the barley

bin, Thege valueg for the teEperaËures Predlcced by the nodel wlth

quadratfc elements wexe 2'6 K and 2'1 K, resPectlvely'

TeEpersturès PredlcÈêd by the nodel tn 3'0'E-Èê11 and 4.0-n-

tall råPeseed bulks of varlous dlaneter to hetght raÈfos r¡tere conpared

wlth the tenperalures Predtcted by a two and three - dfnêns lonal flnite

dlfference nodels, The average absolute dlfference betlteen the

tènperatures predlcÈed by the 3D ( ghree - dlnens lonal ) ffntÈe elenent

nodel and Èhe 2D (Ëwo-dinensional) finite difference nodel aË half the



radíus torrards the south nid-way beüteen the top and botÈon layers,

decreased with an increase in lhe dlaneÈer to height ratlo of the grsin

bulk. Tenperatures predlcted by the 3D ffnite elenent end 3D flnlte

dlfference raodels conPared favorably rglth each other. Dlstlnct

dÍfferences r¿ere observed betsween the tenPeråÈures Predlcted by the 3D

finite element nodel for che north ånd south sfdes of a bln.
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1. INIRODUGTION

Cânadå produced ån averege of 51.5 Ht of gralns and ollseeds

annually during the years fron 1978 to 1987 (Anon 1988). These

producÈs are stored and hsndled fn bulk both on farrns and durlng

transportetlon. A coEúon sÈorage structure on the Canadlan Pralrles ls

the free-ståndlng, corrugaÈed galvanized steel, cyllndrlcal bln of 60

n3 capaclty. Protectfng the stored grafn in these granarles fron

spoflage is an essEnliåI part of gratn ProducÈlon. TenPerature of grafn

ln storage is an lnporcanE factot that deÈerfolnes the keePfng quallty

and control measures used to protect gratn fron fnsects, trltes and

darûaging r¡lcroflora (Oxley 1948, Mutr 1980, Longstaff and Banks 1987)

RaÈes of resplratlon and nultlpllcåÈlon of lnsEcts, nltes and

fungl and respfratton of the grain itself arE largely dèPendent on

grain tenperature (oxley 1948), The developnent of tha lnsects ênd

nites that a¿tack the stored grain occur åt well deflned teroperature

ranges of about 15 to 38 oC for Èhe forner and 5 to 40 oc for the

latter, and have narrow optlnu$ ranges near 30 oC (Sldha ênd llåtters

1985). The gronth and reproductlon of the rusEy gretn beetle,

CryÐtolestes ferruglneus (Stephens), the predoEinent insect Pest of

storêd gtaln ln rtestern Canada, ts opÈfnal at a teEpereture of abouE

31 oC and the developnent of che gratn Eite (@ SlP, L.) ls optiroal

at ê tefûperaturê of ebout 20 oc (Loschiavo 1984) ' A knowledge of

teEpêråÈure dlstrfbutton ln stored grgln not only helps ln ldentlfying

active deterloratfon, buE al-so glves an lndication of the poEentlal for

deÈerioration.
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Teoperature changes fn the stored grafn are câused by both

internal and externel sources of hea! (Converse et al. 1973). Internal

sources âre heât of respiratlon of graln, nlcroorganÍsms, insects ând

nlÈes. External sources lnclude the changes ln Èhe ambfent alr

tempe!åÈure gnd solar radiatfon whfch vary \riÈh the geographlcal

locaÈfon of the storage strucEure. The Ëransfer of heåÈ fs also

lnfluenced by the local ulnd weloclty.

Enplrfcal teEPeraEute data can be collected at varlous points ln

grain storage bfns of dtfferent sfzes over a perfod of tlne. However

this is an inefficlent nethod, requirlng a lot of tfEe, cost snd

labour. on the other hand naËhenattcåI nodels, basEd on physlcal

prlnclples can potentlally Predfct with accuracy the tenPeråture

dfstributlon ln a grain storage bfn. FurËher, uslng the EetheEatical

nodels, the effect of bfn slze, bin wall naterfal, location, etc., on

the EenPerature dlstrfbutlon can be sÈudled.

Many attenPts \teËê nade to develop uåËheEatical nodels Èo

ptedlcÈ the ËeEPerature dfsErfbutton fn grafn storåge btnE (Mufr 1970'

Converse et al. 1973, Yacluk eÈ al' 1975, Lo et 41. 1980, Uulr et å1'

1980, Iþngstaff and Benks 1987, ït¡1te 1988). All Ëhese nodelg use one

or üfo - dfE€ns lona fn gpace Èo descrlbe Ëhe heet conducÈfon. Asar¡EPtlons

restrlct the use of these xûodels to accuraÈeIy Predlct Ehe teDPerature

dtstribution ln graln storage bfns. FurtheÌ, rlhen 8n ecÈlvely spolllng

pockeÈ of warn grain (a "hotsPot") occurs in the grain, thê t6nPeralure

of the gratn nass surroundlng Ehe hotsPot ls ralsed in all thtee

dlrectfons, OnIy a three - diroens ional -rnodel would precisely PredlcË the

effect of the hotspot ln lhe surrounding graln nass.
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Ihfs sEudy \{as undertaken to solve the three dínenslonal heac

conductiori problen uslng the flnlte elenenÈ !ûethod, for Predlctfng the

tenperaÈure dlstributlon !n sËored graln under a rride lange of

conditions.
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2. oB'ECIrVES

The objectlves of thls sÈudy nere:

to solve a three - dlnens ional heåt conduction problen ln Èhe

Cartesian coodfnate syscen, usÍng the finlte element nethod, Èo

forrnulate s predlcuive nodel of grain teEPeratures in bÍns.

to validate the nodel agalnst the Eeasured data åvallable in the

llterature.

to conpare the tenPeratures Predfcted by the fintte elexoent Eodel

nfth the tenperatures Predfcted by a tlro-diEensional finite

difference nodel and a three - di!ûens fonal ffnfte dlfference nodel'

t

3.



3. IJTEB¡¡:ruRE BSVTSC

3..1 Graln Storage ln Canada

As already noÈed Canada produced an averåge of 51.5 Mt of

grains and ollseeds annually during che years fron 1978 to 1987 (Anon

1988). Eighty percent (41.1 l.lE ) of Èhfs was produced fn l{estern Canada.

MosÈ of the grain hârvested ln Canads goes lnto farn storage before it

is noved for sale or use. The total anount of gralns and olLseeds

carrled over !n storege ln Canadå fron one croP year to the next,

avelaged over a 10 year perlod fron 1978 to 1987 was 19.02 l{t (Anon

1988), Most of the farns in Canada nust have on- farn storage caPacfty

of about 1.5 to 2.0 tlnes theír average annual productfon because of

large carryovers or large hårvestg, and theee ãystens must trafnËafn the

graln quallty for 2 years or nore (l,futr 1980).

3.2 Losses of Stored Food

Losses Ëo stored products roåy be of quånÈfcy or quallty and

nay occur separately or togêther (Hall 1970). the qusntity loss results

from evåporatton of nofstute fro¡¡ the food grain, fron nutrtents such

as carbohydrates being netabollzed by ntcroflora tnto wåter and carbon-

dl-oxide and the producË befng eaten by insects and rodents' The

quallty loss can bê of reductlon ln grsde duô to sproutlng, noldlng and

roÈt1ng, dêcrease fn gerninatlve poner and nuËrltive value (oxley 1948)

or the sfrople presence of contânLnants such as lnsects ' Several

blological and non-blologfcal varlâblês lnterac! to cause daroege to uhe

storèd produc!. fhree nafn abiotlc fêctors affectfng the rate of

deterioråtlon åre tenperature, gaseous conposiÈfon of lntergranular alr

and the grain noisture conÈent loxtey i944, Hutr 1980).
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3.3 llportå:tce of TeEfterature In Graln Storage

Tenperature and nolstule contenË of the g¡aln are the

deternlning factors 1n the developrnent of organisns that affecÈ Ehe

stored gråÍn. lfulr et aL (1987) stated Èhat under Csnsd!ân condltfons

a snall pocket of hlgh noisture conËent gtaln nay spoil 1n a large

grain bulk. MoisÈure nigraÈlon resultlng froE ÈenPerêture dffferentlsls

ln the grain E¿lss can result ln locsllzed hfgh nolsture levels. Other

causes can be the entrance of snow or rain through Ehe granary

strucËure. Sinha and Wallace <L977> neasured the tenperêtures aÈ

varlous locattons in 46 Ë of raPeseed stored at a r¡otsture content of

8.5 to 9g fron August L973 to Decerober 1977. They rePorted that the

cencre tenperature in thfs bln was hfgher ln nld-wlnter than 1n nid-

suÍurer. Differences beütêen lhe centre tenPerature of the grain bulk

and the outside amblent å!r teEperaÈure cause conv€ctfon currenta ln

the gråln acconpanfed by a novenen! of Eolsture fron hlgh tenPerature

to loY, texûPeratute areêé.

Epperly et a1. (1987) scudled the effect of coolfng on the

populatton of lnsgcts Ëhat åltsck stored wheaÈ. Reduclng the

tenperature of the graln rnase belor¡ 283 K durlng early fêll produced

an unfevorable etNlroNent for nultlplicatlon ånd actlvlty of stored-

grain lnsects. Allowfng graln to rernaln cool during sprlng and sr.mer

nonühs uinlnlzes lnsect Problens (Cuperus et 41. f986) . l{hen an

åeratlon systeB ltas used to conÈrol tenPerature, the blns dld not

requfre chenical Eethods to conËlol lhe scored greln lnsects. Also, lf

grain tenperaÈures cån be lowered to -5oc for 6 weeks or 'lOoO for 4

weeks, lnsects r¡ill be kflled (Loschfavo 1984),
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Certåln tenperature renges fn the grafn storage bln fnfluence

!n the outbteak of lnsects, rnites and fungl, and ÈenPêrature also

affect the toxlctty of chenlcals applled to control lhese blologlcal

organisûìs. For èxanple, appllcatlon of the lnsectfcldè plrirnphos

nethyl at 305 K and delÈáiEethrin at 294 K fs Eost effectfve in

controllfng Sltoohllus oxyzae (L. ) (Longstaff and Desnarchelier 1983).

Tyler and Btnns (1982) studfed the effect of eight organophosphorus

lnseclicldes at 283, 290.5 and 298 K on tnsecËtcide suscePtlble strafns

of adult Tlibollun casÈaneum (Herbst) , oryzaeohllus surlnsnensfs (L')

, and SiEoohtlus sransrLus (L.). The lnsects were exposed to a range of

deposlts fron 10 Èo 5000 ng per square netre' Eased on the k¡rockdown

ånd Eortallty, the effecliveness of ali the lnsectlcides nas greÂter at

298.0 K Ëhan st 290.5 K and was distlnctly lorser at 283.0 K. Thelr

results demonstrated that dosages should be regarded as tenPerature-

speciflc and consideratlon !ûus t be glven to the usual decline ln

effectiveness nfth teEperåture, Resldues of lnsectlcldes also degradè

nuch ¡nore slowly at cool (belol¡ 253 K) than at warn (above 293 K)

teEperalures (Abdel-Kader et al. 1980). other fnsectlcideE such as

pyreÈhrofd perEethrln åre Dore toxfc to lnsects aÈ lo\t (15 oc¡ than at

hlgh taûpêratures (32oC) (Harris and Kinoshfta 1977). AIso fuElgants

such as the phoephlne gas becorne less effective \tfth decllnlng

terûperaËures and are not recoEEended for use belon 278 K (Anon 1989) '

The knowledge of teEPêrature dtstrfbutfon fn stored graln

will help tn tdenttfying active deterloration and tn decldlng on

effectfve control neasures to Protect the grain' Collectfng the

teEperaÈure dala usfng experlEental procedures (Sirùra and lJellace 1977'
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Jlang eÈ al, f988), over e Perlod of Èine can fndicate the teEperaturê

distribuEion in a stored-graln nsss ' However, texûPeraÈure datå

collected 1n a bin containing a Partlcular grain can only be used for

ÈhaË graÍn, at the given locatíon, and generallzstions can noc be made.

Mathematicål nodels, by solvlng one, t\{o or three dluensional heat

conduction problens, can be developed for Predlcting the tenPerature

disÈtibuElon ln bins containing any ÈyPè of grain and åt any locaclon.

3,4 t{ethods of Solwlng Heet conductlon Problens

Trupp G964) dlscussed varLous rnethods of solving heat

conductfon problens, fncludlng analytfcal nethods, nr¡metical neÈhods,

analogous nethods and experlnenÈal nethods ' Analytical nethods of

solving hest conductlon problerns conslsÈ of strafght solutlons of Ehe

partlal dlfferentlal equåtton of heac conductlon. Any hêeË conducllon

problen can be solved ánalytlcally. But, fn Practlce, even ff the

problen can be successfully formulated, the soluclon nay be

fndeterntnate due to the intrlcate xûathenatics involved' Also, ptobleros

fnvolvtng anisotroplc natêrlals are usually difflcult to solve

analytlcally.

Nunerical nethods can be used to obtåin an aPProxfEate

solution wher¡ an anêIyÈfcal solution can not be obÈalned. The flnlte

difference nethod fs useful for solvíng heat Eransfer and fluld

nechanlcs problens. In the flnlte dlfference approach of solvfng heat

conductlon problens, the geonetry ls subdfvided lnto a number of

regions. The thernal relations' for each region are represenÈed by iÈs

centïa1 poinc, called a node. TenPeratule 1s cotoputed for esch node fn

the doúaln, rather than a! any Pofnt as done fn the enalytfcal roethod.
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The meÈhod is rather crlrrbersone r¡hen the regtons have curved or

irlegular boundaries and it is dlfffcult co wríÈe general conPuter

prograns for the nèÈhod (Segerllnd 1984).

The finite elenent neÈhod has been successfully applled uo

solve several engineerlng problens such es heat conductíon, flutd

dynanics, seepage flow, electrlc and någnetfc fields' and víbratlon

analysLs (Zfnkiewlch and Parekh 1970, Rao 1982, Netber 1983, Shufen and

Jofrelt 1987, Parsons et 41. 1987), The fundamental difference between

the flnlte dffference and the fintte elenent nethod fs thaË the ffnlte

difference xûethod provldes å polntlrfse apProxlEâtfon of the governlng

dtfferentfal êquåtlon whereas Ehe flnfÈe elenent nethod provldes a

piecewf se approximatlon,

Segerlfnd (1976) has su¡¡narlsed Ëhe advantåges of the flnite

elenent treEhod as follows:

(1) the Eatèrlsl properttes ln adj acent eleuents do not have to be

the same;

<2) lrregularly shaped boundartes can be approxfroated using eleEents

Î'lth stralghÈ sldès or fûatched exactly usfng elenents wfth curved

boundaries;

(3) the slze of the elenents can be varfed, whlch allol¡s the elenenc

grld to be expanded or reffned es the need sxlsËs;

(4) nfxed boundary condfÈtons can be easlly handled; and

(5) a general co¡nputer progran for a parcicular subJect nacter area

csn be wriÈten.

The availabllfty of adèquate conPuter nenory and the reletlve

high conputatfonal costs are Ehe lfnlElng factors for solvlng a problen
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uslng che flnlte elenent nechod. Many researchers have solved the heat

conductlon problen using the analytlcal or nuuericel neÈhods to Predict

lhe letrperåture dlstrfbutlon ln graln scorâge blns'

3.5 AnåIytlcal l{odels

converse et aI. (L97 3) developed ån analytlcal solution

describing the heat Èransfer in cylfndrlcal graln storage blns. They

ÍnvesÈtgated Èhe effecE of changes in the external alr tenperature on

the tenperature of r¿heat stored ln a concreee uPrlght bfn. InEernal

heac generatlon fron resplra!1on of the grains, nlcroorganlsDs and

lnsects wes considered negltgfbLe. They concluded theÈ the lag beEween

the ånblent temperature and Èhe changes in the graln cexûPerature

fncreased alnost llnearly \etth the dfsÈance frou Èhe exposed wall and

thaÈ the dlurrral varletlon ln tenperature had lfttlê effect on lhe

whèat tenperaÈute.

Manbeck and Brltton (1988) developed a nodel üo Predlct the

surface tenperature of a thln-r¡alled necal graln btn on clear days '

Energy lnput go the lùall fncluded ths Product of the lncident dtrect

norEal radietlon, the shorcwave absorPtfvlÈy of the outer r¡all surface

and the cosfnE of th6 engle of solar fnctdence. Energ¡r loss froú the

wall tncluded the convectfon and radtatlon losses to the outslde alr,

and lhe heat conductlon losses to Ehe graln nass' fhe nodel Predlcted

both nean and local bln wall tenperatures itlthtn 2 to 5 oc of observed

values for 5 test dåys, The predlcted neån bln lrall tenperature

declines \rere fron 4 to I oC h-l of the observed vêlues on caln days

and to less thân I oC h-l of the observed tenperêÈures on wlndy days.
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3.6 FtnlÈs Dtfference Models

Lo et al. (f975) dld a quantitatfve analysls of the lnfluence

of !¡eåther on grain tenperatures and nolsture contenÈs ' They used the

finite difference nethod Èo solve Èhe one dÍrnensÍonel hest conductlon

equation in the radfal dfreclion, for predfcting the tetrpersEure

distrlbutlon ln graln storage blns. The day-by-day varlaÈlon of lhe

anbtenÈ alr Eènperature sas consLdered as che only source that rrould

affect the graln Eenperature. ltlefr results were fn good agreexnent wlth

several reports fn Ëhe l1Ëerature. Ttrelr analysls shorred that the grein

locåted at or near the r¿all ênd at the ÈoP rtes nost suscePtlblg to heaÈ

dasage .

Yac luk et al, (1975) developed a naÈhenstical ¡odel of heåt

lransfer in graln bfn ênd solved it using the ffnlte dlfference neÈhod.

The rnain varfables that can be studfed uslng lhefr nodel are: Ëhernal

properuies of the grain, initial tenperature of the grafn, anblent alr

ÈeEperaturê, radlatlon, wlnd veloclty, dfaeeter of the bin and th€ ËyPe

of bfn lraIl neterial. Heêt crånsfer by conduc!1on ln the vertlcel

dlrectlon and by natural convecÈlon lrlthln the bin \rere assuned to be

neglfgtble. The predtction equatlons do noÈ take into account lhe

varfable h€åtlng of the bin well due to solar radfetlon and the heaÈ

generated by insects, nites and fungl. Also the heåt flor¡ r¡as assr¡med

to be enctrely radlal and the problen was trested as one - dlnens lonal .

Mutr e! al. (1980) convertêd the one-dlnenslonal flnfÈe

dffference nodel of Yacfuk et al. (1975) to sinulate Ehe conductlve

heåt transfer fn both the verÈlcel and radial dlrectlone 1n free-

standfng cylfndrical bins of stored grafn. TêmPerature throughouÈ thè
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bln r¡as assumed to be s)¡Dmetrical abouE the vertlcål axls and heat

generatlon nlthln the graln nass was assr¡rned to be negllglble. They

concluded Èhat the lncluslon of convec!1on currents 1n Ehe grain bulk

díd not resulE Ín nore accurate predfceions of tenperature.

l(eBzget and I'fulr (1983) extended the Eno dlnensfonal finlte

dtfference nodel of Muir et al. (1980) to lnclude forced convectfve

heat transfer !n the verLlcsl dfrectlon in cyllndrtcal granarles. Input

to the Eodel included the initial grafn condiÈlons, afr flow rate,

wìather coriditlons and fen pâraneters, PredlcÈed tenPeråtures closely

followed the neasured tenperêtures at tlfo locatlons fn a 4'3 n dlaneter

btn.

Longstêff and Banks (1987) developed a flnlÈe dffference

slnulatfon nodel to predlct the nean end varlatlon of teEPErature ln

the reglon r¡lthfn 40 cn of Ehe upper surface of a graln bulk, based on

the xneasured tenperatures belor¡ 40 cn and at the sulfece. They

consLde¡ed the heat lransfer 1n the vertieal plane only, and assr¡med

the thermål properÈfes of the gratn to be constant in tine and space'

I,lhite (1988) reported that grafn teEperature changes were

prlnarfly du€ to seasonal changes 1n aEblênc condltfons r¡hfch were

transferred through the grain bulk by conductlon. He Presented a

sfnuletlon nodel Ëo descrfbe tenPerålure changes observed durtng sumer

and autumr ln three graln bulks 1n horizontal storage blns ln the sub

tropfcal regfons of Australia, In his nodeI, Èhe ÈeEPêralure of the

surface layer was set at the Eeân rûonthly naxiutrm åË the Elddle of each

nonth, vfÈh llnear change fron the ulddle of one Eonth to the next.

Tenpefatures aÈ the bottolo surface wefe assurûed to reach tenPerature
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equllfbrfun r,ith Ehe floor and solI under the floor of the storage. He

used one dfuoensional flnlte dlfference equstLons descrlblng the heat

transfer by conductlon. Predlcted tenPeratures closely follolted the

observed values ,

All thêse ¡oodels are elther one oË Èlro dlmenslonel.

AssuDpÈlons and the dfEensionalfty resÈrfct the use of these nodels to

predlct the tenpsrature dfstrlbution of grain storage bulks wlth

lrregular boundartes, Further, r¡hen a hoËsPot occurs in a grain storage

b!n, the teEperature of Ehe grafn nass surroundtng the hotsPoÈ ls

ralsed fn all three dlrecÈfons. only a three dlEenslonal nodel can

precisely predlct the effect of the hotsPoÈ on the surrounding graln

nass.

Alagusundaran et 81, (1988) solved a Èhree difûenslonal heat

transfer problen ustng the flnlte difference nethod to Predlct Èhe

teDpersture dlsÈrlbutlon ln cyllndrfcal graln storagE blns. ThEfr nodel

can predlct the tenperatures uslng the lnPut dåta of lnltial glafn

tenperature, enblent alr tsuPeÍature, solar rådletfon, wlnd veloclty

and Ehernel propertles of graln, bln structure, and the soil. They

åssumed the fnternal heat generatfon in the bulk to be negllglble and

that tl¡€ thernal propertlês of the grafn are cons!ånt throughout Ëhe

grafn naas. Predlcted tenPeratures were Ln good agreeroent Irfth the

¡neasurEd teEperatures et 2 E fro!û the centre ec a height of 2 n above

the floor fn e 5.56-n-diaEeter bin contaíning rapeseed to a dePth of

2.7 n,

All previous researchers have solved the heaÈ conductlon

ptoblen elther analytically or by using the finfte dffference nethod,
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Èo predlct the tenperature dlstrlbutlon Ín a stored graln ness' Due to

Ehe varlous advantages and the versatillÈy of the flnfte elenenÈ nelhod

ovêr the analyticål or the flnlte dffference method, the flnlte

elenent meÈhod was used for solving the three dlnensfonal transíent

heat conductlon problen Eo Predlcc the cetrPeråture dlstribution ln

glafn storage bfns of any shape snd et eny location Provided the

\ceather datå are svailable for the locåtfon' DeveloPEenÙ of the

solution for the heat transfer in graln blns is gfven !n the next

chapEet,



4. T{ODEL DEVEI.OPHEN.I

4. 1 .Heat conductlon equåtlon

The partÍal differenÈial equatÍon governing che trånsíent heaÈ

conductlon in an anísotropíc solíd body in the Carteslan coordinate

systen is glven by (KreiÈh 1973, Bathe 1982, Rao 1982, Allafte 1985):

å;,ç ji ) * fo(ky ffi, * åru" T,, * u - p" æa,

subject Eo the boundary condlElons,

T(x,y,z,r) - T6 for¡>0on51

K*:T r*+Kr*4 ,r+x"fi t.+q¡ -o
forr>0on52

K* jT r* + K, fi ," * x, ff r" + h"(r-r.o) - o

fox¡>0onS3

and the inlrisl condltlon, T(x,y,2,7-0) - Tt

Where: c - speclflc heat of Ehè úsÈertel (J kg-I ¡-1¡

hc - convectlve heat transfer coefflclent

boundary s3 (w n-2 x-1¡

k*, ky ana kz - thernal conducÈivf.Èles of che naterfal in x, y, and

z coordlnate dlrecËlons, respecllv€Iy (W n-1 ç-1¡

r¡¡, ly and ¿z - dlrectton cosLneg

9r - heat flux on the boundary s2 (w n-2)

{ - tnternal heat generaÈlon (l¿ n'3)

T - tenperature at tlne ¡ > 0 (K)

T.o - surroundlng tenperature (K)

TO - speclffed tenperature on boundary 51 (K)

15

. . . . . (1)

. . . . . (2)

. . . . . (3)

.... . (4)

. . . . . (s)

on Èhe



16

Tl - inlclal EenPeråture of the naterfal st tlne t - 0

(K)

denslÈy of the naterÍal (kg m-3)

4.2 Solution of Eq. (1) to (5) ustng VarlatlonÂl Approach

To solve Eq. 1 along lrith Lhe assoclated boundary conditlons

t\,ro approaches (varlaclonal and weighted residuals) can be used 1n lhe

flnlte elenenÈ nechod, Detetls of thes'e trethods are glven ln segefllnd

(L976, Lg84), respecllvely. Both approaches arrfve et the sa¡ne flnal

algebraíc equatlons. To use varfational approach, e functional !s

requlred, whereas the welghted resldual nethod ls nore general and can

be used wlth any parttal diffelentiel equatlon. Because of che

avallabll!Èy of a funcÈlonal for Eq.l, lt was declded Eo use the

varlational approach. The funccfonal I for the three dinensfonal heat

Eransfer problen described by Eqs' (1) to (5) 1s glven as (Rao 1982):

t - å ¿ 
rK*(:T)? + Ky(#)2 * x.<ff>z

{rn"t 
ot, * å {rn"at 

- t.¡2 as3

2(i - pc flltluu *

.....(6)

Definfng tl{o Eåtrlces

tsrr - rjl
and [D] as:

4rrõz

(c)

¿t
8y

0
Kyand

the functlonal,

tDl -

I, !n Eq, (6) can be vrfcÈen as:

F
I

0
Krl

z]q - pcry') rldv + Jrqrr ds2 +t - t.fr(slrtDt(s)-v
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Ttle funcEíonal, I, !s to be nininized wlth respecÈ to the nodal

vålues [1], subject to the satlsfåctíon of Èhe boundary condltlon of

Eq. (2) and the initial condftfon of Eq. (5). To do thls, a suiÈable

forn of varlation of the ffeld varlable, T, 1n each ffnice êlexûenË is

assuned as follor¡s:

1(e)1x,y,z,r) - ¡N(e)1x,y,z)l tt(")) .....(8)

where [N(e)(x,y,z)], the natrlx of the fnterpolation functlons

(Appendlx A), 1s given by:

¡¡(e)1x,y,z¡l - tNl(x,y,z) N2(x,y,z) . . . . . . .Nn(x,r,z) l

and (T(e)), the vector of nodal tenperatures fs gfven by:

q1(e) ¡

for an elenant wlth p number of nodes,

slnc€ the functLons of tenperatures are defined only ovet

tndfvtdual elenents, the functfonaf I (8q.7) can be expressed as

st¡¡n of E elenenËa1 quantltles I(€) as:

ïJn" <t- 53
t-¡2 os3

E
I - t I(e,

e-1

. . . . . (7)

[l
the

Lhe

. . . . . (e)
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{<"1 
¡r(e)¡r¡¡(e) I tn(e) 1 1t, uu

tr {a", 
,(e)"(e) ¡¡(e) {rt ¡rl(e) ¡ôlÏì - tt'¡(e) l{r}cl dv

- 
{(")r(")"(") 

¡rl(e) ¡r¡¡(e) ¡dJlt - tn(e) lr El dv

Ë {r,",0"e) 
[¡¡(e) ](r) ds2 

{r{"¡o'(") 
tw(e) 1t ot'

ft å {ra.rnc(e) 
(r) ¡t'r(e) ¡r¡¡(e) l(r) ds3

- 
{r{.¡n"(") 

¡N(e) ¡r¡¡(e) ¡ (r} ds3

fr {r,.rn"t')1-¡¡¡(e)¡(r} 
ds3 - 

{r<"¡n"(")t'¡r(')¡r 
as3

fi å {r,.,n'(") 
r'2 ds3 - s

and addlng then all gives:

3å1"'- {,., ¡r(e) ¡r¡o(e) I ¡s(') ¡ qtt uu * 
d,., 

¡r(e)"(e) ¡N(e) ¡r¡¡(e) 1ê1rI

- tN(e) lrql dv * 
{r{"¡n.(") 

¡lr(e) ¡r as2

* 
{r,"¡n"t') 

¡¡(e) ¡r¡¡(e) l(r) ds3 - 
{r,., 

¡"(e)1-¡¡(e)¡r as3 +

""'(r4)
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¡r(e)
Equating ãf' 

' a. 0, Eq. (14) can be r¡rltten ln a condensed forn

as follor¿s

¡c{")t aåll+ ¡s(e)l rr} - (F(e)} .....(rs)

where,

lc(e)¡ - J. .p(e)c(e) ¡r(e)¡t ¡¡¡(e) ¡ av
V(e)

¡x(e) 1 - "f- . ts(e) 1r ¡p 
(e) ¡[31e) ¡ av+J , .hc 

(e) ¡¡(e) ¡r ¡r'r(e) ¡as 3
Ú(e) S3(e)

1¡(e)¡ - -f. . t¡l(") lTq dv - "f .sr(") ¡lt(e)¡T as2 +v(e) s2 ("1

J . . n. (e).¡- 
¡N(e ) ¡T ¿r,

S3(e)

tc(e)j - elenent caPacl!ånce natrlx

1P(e)¡ - eletrent load veclor

¡x(e); - elenen! conductânce naÈrlx

fhe surface lntegral over s2, or 53, do not appear in Eq' (15) tf

node f does not lie on the correspondlng boundary. Eq. (15) ls for an

elenent in the donafn. Adding the capacitance, ¡c(e)1, and conducËanee,

¡K(e)1 roatrtces and Èhe eleEens Ioåd vector, (F(e)), of lndlvfdusl

eleEenÈs, ower all the eLêxûents ln Èhe grld wfll yteld the followfng

equation,

tcf # + tKl (r) - (r) .....(16)

[C] - global capaclÈance netrlx

(F) - global load vector

lKl - global conductance Eatrix
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4.3 ltre Iritegratlon of Eq. (16)

To solve Eq. (16) ln the tine douain a d fanlly of approxfnatlon,

!¡hich âpproxlnate a weighted average of the tine derivative, is

inÈroduced as follows:

o tilr.,a1 +(r-a) ti)n - (T)n+l - {T}n ; 1<, < 1.....(17)
Lr

A nunber of diffêreht schernes can be obtained by choosing the value of

d as follows (i,lood and Lewts 1975),

0 - O forward dlfference scherne

- 0.5 Crank-Nlcholson schene

- 0,667 Galerkln nethod

- 1 backward difference schene

The flnlte dÍfference recurrence relationshlp fs sÈable for any value

of d between 0.5 and 1,0.

Assuning (Tln+l - (T)n - (T), which neans the sloPeE at tlnes r¡.r.1 and

rn are equal, and rearranging the terns ln Eq. (17), glves the

following equacion :

,i, - (r)n+r - (r)n I

^î [A+( 1- d ) ]

subsrfrutfng the value of (i) tn Eq. (16) yields:

Ic] {r)n+r - [c] (r)n + ÂrIr+(1-d)]t{F} - tKl tr)1

Accounting for the tine change tn the boundary condftlon vector (F) Ëhe

above equatlon can be re!¡ritten as follons:
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Ic] {T)n+l - [cl (T)n + dar [(F)tr.r-1 - [K] (T)n+l1 + (1-d)Är

[(F]n - [K] {r)nl .....(18)

Rearranging (18) to obtaln (Tln+l ln terns of (T)tt ând dlviding by

Ar, the resulÈlng equatlon is:

(r)n+r-þ-ar-rr,*,
Lo'

Eq. (19) !s solved to obtaln the tenPeraÈures at tine r+Ar by using

the tenperatures at tfEe t,

4.4 Discretlzatton of the Space D.onain

One of the xûaj or stèps lnvolved 1n solvlng a problen using

the finlte elenent neÈhod ls dfscretfzaÈlon of the donain. Vlsuallzíng

å. three dinensfonal grfd fs very dlfficult and beco¡oes alnosL

fnposslble when higher order elenents are used. Îhe aûount of work and

tíne required to "ttt.r three - dlnens tonål grld datå end subsèquent

checklng for errorg are phenonenal. No autoEatic grfd genêreÈors lterg

avallable. A prograú that nould generate Ëhree dluenslonal llnear and

quadratlc hexahedron grid data Itas lcrftten. The tnPuÈ data requfted for

this progra¡! are thê 8r1d dstå of a Ëtro dlnensfonal plane in lhe bottoE

layer of Èhê donain. Ihls progran can dfscreÈlze any three dlnenslonal

body, provtded thè body has stralght êdges ln the third dfnension.

Lfstlng of thls prograE, SAGG, and saúPle lnPut data åte glvèn ln

Appendix B.

4,5 Sf-Eulatloû of Grain Bin leEPeratures

Tt¡e fintte eleEent heat transfer nodel was coded fn FoRÏRâN
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to predicÈ the tenperature distributlon in stored grain (APPendix C).

Descrlpllon of che progral[ and subroutines are gfven ln APPendíx D. All

the varlables used in the Progran are defined in APPendlx E. The

program can handle ltnear and quadratic èlenents wiEh l, 2 or 3 PoinE

Gauss quadraEure in each plane. Any nunber of fsces of an elenent can

have convectfvê or radiatlve heat transfer across Èhe boundary. The

maxinun number of nodes !n the contlnuuE ls dePendenE only on the

avallabllity of conPuter nenorY '

Input date requfred for the PrograÐ are: the node and elenent

daËa, Èhe boundary condltfon codes (set equal to 1 for the nodes lylng

fn the botton layer of the grsln bulk), thernal ProPertfes of graln,

soil, atr, fnltlal teEpereËures of all the nodes ln the doEafn, and the

weather dåEe for the locaËfon. The weather d¿Èa fnclude the hourly

values of the anblent êir ÈenperaEure, solar rsdlatlon on a horlzonÈal

surface ånd the locåI wlnd veloclty. Tt¡e coxûPlete llst of lnPut daÈa

requfred for Èhe progran l'fth the forEaÈ are glven ln APPendlx ¡'.

Sanple lnput dåta for a linea! and ê quadrstfc elenent sre shoitn ln

Appendfx G. The convectfon and the radlatlon boundary condttions along

Èhe circuEference of the bin and the Prescrlbed nodal lenperatures fn

the bottorû layer of the graln bulk were calculated usfng the

procedures descrfbed below,

4.6 CoEv6ctlvê Heat Transfer on the Clrcu¡¡fetence of the Bln

Eq. (20) gfven by Longstaff and Fennlgan (1983) ' vås used Eo

calculaÈe the convecÈive heaÈ lransfer coefficient, hs, around the

c ircr¡mference of a bln.

Nu - 0.227 ReO ' 633 ,....(20)
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Nu - Nusselt nunber - þ.¡!
k

Re - Reynolds nunber - 2l¿d
þ

t{here : d - dianeter of che bÍn (n)

hc ' convectlve heeË transfer coefficien! (I{ m-2)

k - thernal conducclvfty of â!r (I{ t-1 x-1)

v - local wlnd veloclty (n s-l¡

I - vlscosity of afr (N s m-2)

p - density of alr (kg n-3)

Using the therEal ProPertles of alr and the local wind

veloclÈy, hc at the end of each hour was calculeted and averaged over

NHoIJR (Appendlx D), speciffed by the user.

4,7 Radlant Heet Transfer on ttre Boundary 52

The net radíant hea! flow, qr, ln equation (16) ls calculated

using the followlng relatlonshlp (Duffie and Becloan 1974):

9r-9e+9s+9f +9d-9o .....(23)

where ,

qe-øcFb"T-4

q,s-odFbsT"4

qo-øé [Ts(e)]4

I{here:

dlrect solsr radfseion (\J n'2)

earch Èo bln radlatlon (I{ n-2)

dlffuse solar radtatfon (W r¡-2)

bfn Èo surroundlng radiatlon (w n-2)

sþ to bin radtatfon (I{ n-2)

.....(21)

.....(22)

.....(24)

..,..(2s)

.....(26)

qd-

qe-

qf-

qo-

qs
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Based on the sÈudy of Hulr et â1. (1980), the values for the

lon¡þave absorptlvlty and enisslvlty of the bin wall nEterial were set

equal to 0.28, and the two shape functlons F6" and Fbs were set equal

to 0.5. The estfEated sky ÈerDperature of 210 K r¡as used. FÒr

câlculattng the solår radlatlon conPonents, qf and qd, on the face of

ân element lying tn che radlaÈlon boundary S2, the radiâtfon on a

vertical surface (Hv) aE the end of eech hour was celculåÈed uslng the

¡neasured values of radlatfon on a horlzontal surface (H), and ES, (27)

H'n - (2R6H - 2R6H6 + H6+ vH)/4

l,Ihere : cos á1
RL._-..-¿" cog uz

. . . . . (27)

.....(28)

Hb - b..r radfåÈ1on on a horfzontal surface (I{ E-2)

Hd - diffuse radfåtfon on å hotizontal surface (I{ n-2¡

y - ground reflectance

dT - angle of fncldence of bea¡ rsdlatlon (radian)

0z - zenLtl:. angle (radfan)

The angles 07 and 0" were cêlculated uslng Eqns. (29) and (30) (Duffie

and Becloan 1974):

coe d1- sln 6 etn ø cos s - sln 6 cos ø sfn s cos'y +

cos á cos ø cog g cos e z+ cos 6 sinø sln g cos (¿ cos T

cos 6 sln s sin ar sln 1

eos 0" - sfn 6 sln ø + cos 6 cos ø cos t¡

where, s - angle the plane nakes with the horizontal

. . . . . (2e)

.....(30)

Èhe surface azixûuth angle, thaÈ 13 the devlatlon of che

nornal to the surface fron the local neridLan, lhe zero
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poínt being due south, east posilive and west negative

or - hour angle, solar noon befng zeto aîd eech hour equalLng

15o r¡ith nornings posltfve and afternoons negatslve

The dlffuse (H¿) and bean (Hb) redlatlon conPonenÈs and R6 were

estlnaled usÍng the procedure glven below.

Hd vas deternfned by calculatlng lhe non- dlxoens fonal paraneter K, whlch

is the råÈlo rif lt6 to H, The non-dfunenslonal Para.neter, K, was

calculatêd using the relatlonshlP betlteen KT, whfch ls the racio of H

Lo the extra terrestrfal radlatlon, He, and K (Ruth and ChanË 1976).

Ttlen the vaLue of H5 was calculated by subtracting the dlffuse

conponen! fron H, Ho was calculaËed usfng Eq. (31) (Duffle and Beckûân

L974) i

". - ? r". I tr+o.or: cos{!ff)l [cos ø cos 6 sln øs +

!;f;" "rr, ø sin rll ,....(31)

where : n - day of the year beginnlng aÈ Jånuêry I

rsc - solar conscant (1353 ll n'2)

ø - låtftude

@s - sunrlse hour angle (-cog-l(-can ø tan 6))

6 - decltnaÈton - 23.45 (360 H)
Hv and the shorËwåve absorptlvfty of the bln rgall naEerlal were

nultlplled to gêt the value of (qf'tqd).

4.8 Teûperature of ths Nodes ln the BotÈon Layer of the Bulk

The Fourler sertes (Eq. 33) glven by Singh (1977) was used to

calculaËe the soil tenperålure at a dePÈh z. Soll tenPerêture profile

1n uhe horizontal directfon under a bln r¡as aPProxinated Èo the soil
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ÈenperêÈure proflle ln Èhe vertlcal dlrectfon (Mulr et al. 1980). So z

is Èhe dfstânce of the correspondfng node fron the circu¡oference.

r12,D) - "o + > "[/-(''n/365a) 
''r. i'" co"t lff .o - u* ."t

+ u,, srnrffi .o - #Ë:t.,, ] . . . . (33)

The serles lras truncâted after six terns (Slngh 1977). The coefflcients

sO, als and b1s gfven by Singh (1977) were used (Tab1e 4.1).

TABLE 4,1 Values of Fourler coefficlents for the soil tenperature
nodel (Slngh 1977)

Pa!aneters Values (oC) Para¡ûeters Values (oC)

ao

a1

a2

a3

a4

a5

a6

b1

b2

b3

b4

b5

b5,

4 .894

-10.919

1.157

-0.091

0.031

0.519

0.027

-5.L29

0,574

0.119

-0.365

o.332

0 .068

A onê-dlEenslonal flnlre dlffErence equatfon ln the verËlcal plane was

used to calculate the teEperâturE of the node, f, in the bottoE layer

of tho bulk. The ftnite dlfference solutfon uaes the therEal

propertf€s of soll, concreÈe, and graln, calculaÈed soll ÈenPeraÈure

(Eq. 33), and lhe teEperåture of the node above node f to calculaÈe

lhe tenpeËaÈure of node 1.
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Experl¡€Etal Data for l{odel Velldstlon

Tênperature daÈa collectèd ln two 5.56-n-diameter galvanlzed

steel bfns filled wtth rapeseed (canola) and barley resPectively and

used to valldaÈe the two-dlnenslonel flnfte difference nodel of Mulr et

al. (1980) were also used to valldate the Èhree - dlxûens lonal ffnfÈe

elenent rnodel. The 5 , 56 -n- die¡oecer rapeseed bin rcas filled to a dePth

of 2.7 ø. TeEperatures !¡ere recorded at four levels: near Èhe floor' I

n and 2 n fron the floor end near the surface of the graln buLk, over a

chree yeer perlod fron 17 ltay L974 to 1l Jan 1978. At each level

therEocouples were located at the centre, aL 1 E and 2 n radll and near

Èhe btn wall (F1g.5.1). The other bin contained barley to a depth of

3.2 n. The Eenperatures l¡ete recorded fron 13 Aug 1974 Èo 28 Nov 1975'

Locatfon of thermocouples tn thls bln were the same as lhose of the

rêpessed b!n, except thaE the tenPeratures r¡ere recorded at 5 levels:

near Èhe floor, 1 n, 2 m and 2.7 n fron the floor and êt thê surface of

Ëhe graln bulk.

Sfur¡lat1on Procedu¡e

TenperaÈutes of the rapeseed and barley blns r¡ere sirûulated

uslng Èhe Eodel nith linear and quadratfc elements wlth 2 x 2 X 2

quadraturo. Ftgs. 5.2 and 5.3 sho\t the botton layer of the 5.56-n-

disúeter grafn bulk dlscretfzed lnto 32 linear and quadratfc elernents,

respectfvely. fhe node and elenent data of these grlds nere lnputted to

the progra.D SAGG (Appendix B) Ëo generate conplele three dlEenslonal

elerûent data for the progran FE3DHT (Appendtx C). Ffg 5.4 sholrs the

rapeseed bulk (5.56 n dlameter and 2,7 n dePth) dlscretfzed inÈo 96

28



Fio 5.1: Thermocouple locotions^þ ropeseed bin'
¡ 'v (Sóurcè Muìr ei ol' 19Bo)'
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hexahedron eletrents. T'he toËal nr.¡mber of nodes !n thfs grid were 180

for llnear elenents and 619 for quadratic elements.

The rnemory available !n the UniverslÈy of Manitoba naln frame

computer (AHDAHL 5870) was noÈ sufflclent to use Ëhe grld shown in Ffg

5.3. for quadratfc elenents. Hence the grafn bulk \tas cut along thè

north-south diâEeter and one hslf of thè bulk wås dfscrêtlzed into

quadratic elemenÈs. TeEperaEures of Ehe nodes lying ln the bottoE lâyer

of the bulks were prescrlbed by the tenPeratures calculaÈed usfng a one

dÍmensional fínite dlfference equaÈíon. The ffnite dtfference equåtion

uses Èhe tenperature of the node lying above Ehe corresPondlng node ând

the soll tenperåture calculated uslng the nodel of S tngh (1977), co

celculsËe the tenpersture of the boÈton nodè.

The hourly lreather daÈa for lllnnlpeg were used (20 kn fron

the site). Thernal and physical properËles of rapeseed used were as

folloss: specffic heat, 1700 J tg-l K-1' Èherrml conductlvlty, 0.12 l{

r-l x-1; and bulk denstty, 700 kg n-3 (Moysey eE aL, L977, Jayas et al.

1989). The Èhernal and physlcal propertles of barley nere assuned to

be: specffic heat, 1560 J kg'l K-1, thernal conductivfty, O.t5 t{ n'l K-

1, and bulk denslty, 670 kg ro-3 (Mulr et al. 1980), The longwave and

shortsåve enlsslvltfes, 0.28 and 0.89, resPectfvely, for dtrty

galvanized lron, given by Kreith (1973), were used, The tenperature of

the ê1r above th€ graln surface was seE a! 5 K above the åxûblenÈ atr

tanperåÈurê, and Èhe convecttve heat transfer coefflctent above the

graln surface was assr¡ned to bê 1i¡ n-2 K-1 (l'fuir et al. 1980). varlous

other values used ín the sfnulatíon and thelr sources êre lfsted fn

Table 5.1.
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Table 5.1: Properties of alr, soil and concrele used 1n the simulatlon.

Property Value

EI
Thennal conductivlty

Denslty

Viscosity

@*
Therrnal conducÈivfty

Dens !ty

Speclflc heat

ConcreÈe#

Thermal conductlvlty

Densfty

Speclflc heat

0.02s93

1.205

18 . t4xlo- 6

0.865

1600

86s

L.279

2300

1130

t¡ n-l K-l
. -?Kgn -

N s n-2

w n-l x'l
kg n-3

J kg-l ¡-1

Il n-l K-l

kg n'3

J kg-l ¡-1

* Sou¡ce, ASHRAE ( 1982 )
# Source, Incropera and De¡¡!Èt (1985)
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Dlscusslon on predlcted ÈeEpelatures

The Eenperatures neasured at equal radli were avers.ged and

reported as one value, thus glvfng 16 locatlons ln the rapeseed bin and

20 locations in che barley bin. The tenperatures predicEed by the model

at equal radll were also averaged and the results were printed, Thus,

the xûeasured and predicred tenperatures were cornpared at 16 locatÍons

Ín the rapeseed bln and st 20 locatlons !n the barley bln. The

nèasured tenperaÈures at varlous locattons ln Ehe rEpeseed and barley

bfns and che tenperatures predlcted by che Eodel wlth llnear and

quadratlc elenents are shown fn Appendfx H.

Flg. 5. 5 sholrs the neasured teEperatures and the .

tenperatures predfcted by the rûodel wlËh llnear elenents at 2.0 m

radius fron the centle at a helght of 2,0 n fron Èhe floor, fn the

rapeseed bulk. The neasured ÈeDperaÈurea snd the tempsratures predlcted

by the nodel vlth lfnear elenents åt 2.0 n redius fron ths centre aÈ a

hèighc of 2,7 n frorn the floor, ln the barley bfn are shown in Flg.

5.6. As could be seen frou these figures Èhê predlcted tenperetures

closely followed the neasured values. The saEe påtÈern wss observed aÈ

all other locatlons coropåred for both the bfns.

To estlllate the accuracy of predlcÈlon lttth the ¡oeesured

values, the sÈåndård error of estlnate and the êverage of the absolute

dlfferEncE lrere calculåled et all the locêtfonE compared ln the bfns.

fhese values for the rapeseed bln are tabulêtêd ln Table 5.2 and for

the barley bln ln Table 5,3. To deternine Ëhe accurecy of predfctlon,

lfnear regressfon llnes r¡ere fit betneen Ehe neasured EeEperåÈures and

the tenperatures predfcted by Èhe nodel wlth llnear and quadratlc

elenents at every locaÈfon conpared for 1n both the bins. lhe intercept
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Table 5.2. sÈanderd error of estfnâÈe and the ¡rversge of the absolute
difference between Èhe neasured and the PredlcËed
tenperâtures ín the rapeseed bfn.

Radiug

Helght fron
the floor

(m)

Centre 1.0 n 2.0 n WalI

S.E AAD S.E, AAD S-E, AA.D S.E.

Linear elenent

2.7 4.9

2.0 3.6

1.0 3.0

0.0 2.2

OuadraElc elenent

3.1 2.5

3.0 2.5

3.0 2.6

2.3 1.9

3.9 3.1

2.5 2.0

1.6 1.3

1.5 r.2

3.3 2.7

2.9 2.5

3.0 2.6

2.8 2.4

4.5 3.5

3.0 2,5

3.3 2.5

2.8 2,2

3.5 2.7

3.5 2.7

3.2 2.5

5.I 4.3

5.3 4.3

4.2 3.4

4.1 3.3

5.0 3.9

2.7

2.0

1.0

0.0

3.7

2.9

2,7

1.9

3.9 3.0

3.1 2.4

2.3 1.9

1.5 1.3

Note : AAD - Average åbsoluÈe dlfferencg
s,E. - standard error - "/11rt-ur¡27n¡

rchere: Pt - predicted teEperêture
MÈ - neasured Eenpereture



Table 5.3. Standard errot of estixnåEe and the average of Èhe absolute
difference beÈneen Lhe neåsured ånd predicted teEperatures
in the barley bfn

Radiug

Helght fron
lhe floor

(n)

Ce¡rtre

s.E

WalI

Linear element

3.2

2,7

2.0

1.0

0.0

2.L 4.4

2.9 2.9

3.0 3.8

2.6 2.9

1.6 1.8

3.5 3.2

2.2 L.7

2.9 2.9

2.5 3.4

1.6 2.L

2.4 1.9 2.9

2.2 1.8 2.2

1.9 1.5 1.8

2.6 2.r 3.2

1.s L.2 1.8

2.5 4.0 3.1

1.3 2.9 2.2

2.4 2.7 1.9

2.9 2.8 2.1

1.8 3.8 3.0

2.2 3.7 2.8

1.9 3.4 2.8

l.s 3.s 2.8

2.4 3.6 2.8

1.s 3.8 3.2

2.7

3.9

3.9

3.0

1.8

Ouadratic element

3.2

2.7

2.0

1.0

0.0

3.1 2.5

3.0 2.4

2.0 L.7

3.3 2.8

t.4 0.9

Note : AA.D - Average absolute dlfferencg
S.E. - Standård error - 

"/( 
(pt-ltt)2rznl

where: Pt - predlcted teroperature
I'ft - Eeasured tenPeraËure
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rvas forced to zero. fhe slopes of these lines were close to f.O (0.989

to 1.004), wtth R2 values no! lower than 0.999. one such Plot wiÊh 958

conEídence linÍts for the dâtâ PoinÈs fol the location at 2.0 n tadfus

aÈ a heÍght of 2.0 n fron the floor ln the rapeseed bln is shor¡n ín

Fig.5.7.

The nodel wíth lfnear elenents predlcËed lhe tenPeratures

vilh an average sÈandard error of estixûete of 3.3 K ln the rsPeseed

bin end wfÈh an êverage standård error of estLnate of 3.1 K in the

barley bin. Íhe average of the absolu¡e difference betseen Èhe measured

Èemperatures and the tenperatures predicted by the nodel wlth llneal

elenenÈs were 2.7 K ln the rapeseed bln and 2,4 K 1n the barley bln.

The average standard errors of estiEate of lhe tenperatures Predlcted

by the nodel with quådrettc elenenÈs were Èhe saoe âE those usfng

ltnear elernents !n the rapeseed btn (3.2 K), and 0.4 K closer to the

neasured tenperatures !n the barley btn (2.7 K). Ihe averåge absolute

dlfference between the tenperaEures neasured and Predicted by the nodel

\eith quadratlc elexûenÈs wete 2.6 K fn the rapeseed bin end 2,1K ln the

barley bln.

These errors of estfnåte êre accePtåble for analyzlng stored

product ecosysteEs becauge lhe neasured graln tenpetatures could also

have been lnfluenced by several other fåctors fncluding lnternsl heaË

generåclon due to lnsect end nicroorganlsn respiratlon, and varlaÈlons

ln therEal propertfes of the graln due to nolsture content and forelgn

xoaterlal, l{olsture content of the graln åt dlffer€nt dåtes ånd

locactons in the bulk, internal heat generåtion, and forefgn neterial

content \,¡ere not avallable, The thermal proPerties of gratn in space

and tlne were assu¡¡ed constant, and internal heat generatlon was
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assuned to be zero, The accuracy of Predtctfon night be inproved by

takfng these factors inÈo consideration alËhough extrene varlatlons

fron predlcted values could be used to lndlcate actlve Sraln spollage

ln the future.

The average standard etrors of esEfnåÈe of the predicted

ÈeEperatures coEpâred to Ehe neasured teEperatures at polnts lyfng

along the clrcumference of the bfn and the toP surface were larger

(4,1 K in the rapeseed bln and 3,3 K fn the barley bin, uslng Èhe

nodel ¡¡fth the llnear elenents) Ehan those of Potnts rrlthln the bulk

(2,6 K ln Ehe rapeseed bin snd 2.7 K tn Èhe barley bfn) ' The

tenperatures nesr the bfn wall and the surface of the bulk are

tnfluenced by the dfurnal varlatlon of the anbient tenPerature and

solar radfatlon. The È1nê of recordlng the tenperature d¿ta !n a day

wlll affect the tenpetatures at these potnÈs, rather Èhan åt I PoinÈ

lnstde the bulk, Sfnce, che tfEe of tenperaËure nêasureBenc and the

tiEe lrhen the sfuûulated tenperatures nere outpuÈted EfghË not be

exactly the sa[e, the standard errors of esÈinate at polnts close to

the bln wall and Ëhe top surface of the bulk were larger ln both the

bins,

coEputer tfne requfred for execution of the uodel t¡tth 96

llnear elcnents (180 nodes) was 7,8 s Oay-l of slnulaÈlon and for

execuclon of the nodel ntth 48 quadraElc elements (345 nodes) lt was

24,g s day-1. Constderlng the reduced conputer tfne and sl¡oilar

accuracy of predictlon, llnear elexoents were prefetable for predlctlng

grê1n tênperaËures.
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Coupatlson r¡itå 2D fínite difference model

Tbe tenperatures of 3.0-E and 4.0-n tall rapeseed bulks were

slnulated using the 2D finite dlfference nodel (Muir et al. 1980) and

the 3D finire elenent nodel for a 12 nonth Period starting fron January

L, L974. The dlanecer of che 3.0 rn graln bulk r¡as varied fro¡n 1 to 12 n

and that of rhe 4.0 n bulk r.¡as varled fron 2 to 16 n. This gave a

rnaxlnun dlåxûeter to hefght ratfo ( d/lx) of 4.0 for both the greln

bulks. Initlal graln tenperature !¡as sssumed to be 293 K chroughout the

bulk. Sfnce the 2D nodel uses the ca1culåled redlatlon values on Ëhe

southern 55t of the bfn wall (Mulr êt 41. 1980), the tenperêËures

predict€d by the 2D flnlte dffference rqodel at hålf the radfus rofd'way

between the top end botton surfaces and the tenPer¿tures Predlcted by

the 3D flnlte elenent Eodel åt half the redlus toltards thê souÈh, at

Èhfs height, were conpared. These values for the 3,O-E-tall grafn buLk

for dlfferenË d/?l ratlos are gfven ln Table 5.4 and for the 4.0 n È411

bulk ln TåbLe 5,5, Average absolute dlfference of the tenperatures

predfcted by the tr¡o ¡ûodels decreased \,tlth an lncresse ln the d/h

ratto, except for the d/h retlo of 2.0 in the 4.0-E-t411 bulk (Ffg.

5.8). In the 3.0-n-ta11 bulk the average absolute dffference between

the ÈeEperatures predlcted by Èhe two nodels decreased fron 4.4 K for

d/h råtlo of 0.33 to 1.8 K fot ðþ raElo of 4.0.

Eventhough both the ¡nodels predfcted alnost the same

teûlperatur€a fot vartous d/h ratios, only the 3D Eodel can Prêdlct the

effect of hocspot ln Èhe surrounding grafn nass, teEPerature

dfstrfbutfon in non-cylindtfcal and hopper bocton bfns, and in graln

bulks Èhat are noÈ levelled on top, Also the effct of varlablE heatfng
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Tâblê 5.4: lenìoeraÈures (K), On the Iðst day of the nonth at hslf the radius torards the south'
;;;ãi;;;¡-úi áo Éinit. differenc; and 3D finite elênent nodeLs in a 3-n-tåll
[åp"i"iã ¡"it at winnipeg rith iniÈia] grain tènperature of 293 K on : 'lanuary 1974'

- 

0.66 t.0

re 2DFD 3DFE 2DFD 3DFE

265 261 278 280 289 292 291 292
263 269 268 214 281 284 281 288
263 265 261 269 277 219 283 286
218 219 213 276 213 275 280 2ø3
284 294 280 219 277 214 280 280
äq 2s4 2aB 288 280 216 280 279
298 301 294 291 285 281 284 280

293 297 293. 296 281 28s 284 281
zge 291 295 293 288 289 285 282
ãa+ zso 281 294 281 288 2ø. ???
itE 216 2Bo 282 285 289 2al 283
i¿a 272 273 217 2ú 283 2ø2 282

Jan 246 236 263
Feb 268 264 263
¡lar 213 267 261
Àor 271 252 281
uåv 286 289 294
¡uñ 290 298 303
Jul 291 296 302
Àuo 285 299 301
seó 211 292 295
oci 282 281 283
Nov 261 261 215
Dec 263 268 274

2,83.84,4ÀÀD r

Note i Explanation tor thc sbbrcviåtions are given in the fool notr o! table 5'5

Tåblc 5.5: TêñDerrtures (K), on thê lrst d¡y of thc nonlh rt hâ]f thr radius lovards the south'
;;;ãi;;;ã-b; àõ iiniti ãiitàrencË and 3D tinitê êIcnèn! nod'ls in a 4-m-tall
iãpiiiãã ¡uii "r wjnnipJi iii¡ initi"t gr¡in rrnpcr!Èurc of 293 K or¡ 1 J¿nuâry 19?4.

ÀÀD s 3,5 3.3

,Jan 2t6 265 268 283 289 2s2 ??3 293 224 ??? 293

;:; i6a ,à1 isg ,74 ãeo ?qB ?9e 2e1 2e1 ??1 2e2

;;; ,;, a6; ist 2i, ,ia 28{ ?93 288 29e ?Cq 2eo

A;; ,;6 zit zia ,i, à21 2q! ??e 285 285 ?!q 288

il; iä:6 ist 2ai aii átl 280 ?76 283 283 ?ql 286

ïå ;öõ ,si aea iaz itg 280 ?75 283 29't ?ql 285

;;ï ,ti atá ¡oi ,8e zss 2q2 ?76 283 ?Cg ?!l 284

;;; 2ãå ata iga 2ái ,* ?ql ?78 284 280 ?q! 283

!:: ,;í ,s6 aâi zsz ,âa 286 ?80 285 2Y ?C! 283

ð:í iäi té¡ ,it ,ea igz 2q7 ?81 28s 281 ?8.5, 283

ñ; ,6i i;i a1s ãã¡ ,ás ?q6 ?82 285 282 ?q1 283

;;; zés ias 212 ,18 ,8, 28{ 280 2a4 281 283 2s3

1,2

No¿c : 2DFD - Prcdictcd by tro dincnsional finite diffcrence ñôdêI"--- ' 
aõÉE - piiaicic¿ bi lhrêc dinênsional ti¡ite elènênt ñodêld
ÀT - ÀnbicnÈ tc¡lpêlâture
iÁo - lueiisc åbsð1utr-ài!!êrrnce bet!.een values prcdictcd by thc È'o nodcl3
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of Èhe bln !¡a11 due to solår radlation on the Srein Èemperacures cân be

studied only by using a 3D nodel.

To study the effect of vsriable heatlng of the bin waII due

Èo solar radlatlon on the gr¡¡ln tenperatures, the averege of the

absolute dlfference of the tenperatures predlcted by the 3D finite

eleEent nodel at helf the radlus tor¡ards the south and north and nldway

betlreen the Eop and botlon layers were coEPared. Flg' 5.9 shows the

averåge åbsolute difference of the Ptedlcted teEperatures st these

poincs for dlfferent d/h ratlos. The Ëenperalures of thls polnt on the

south radlus were htghet thån the correspondfng Point on the north

radlus by 15 K for a 3,0-n-Èa11 bulk wlth d/h ratlo of 0.33 and by 5 K

fot d¡1't ratio of 4.0. The dlfference in tenPeråtures between these

polnts ln 3.O-n-tall bulk were Eore Ehan ln 4.0-n-t411 graln bulk. The

effect of the top end botton surface lexûperatures at a Point nld-way

between Èhese surfaces w111 be nore when the hefghE of the bulk ls

less.

The 2D rnodel does not lncorporaÈe Ehe differentlal heatlng of

the bulk towards the north snd Èhe south sldes of Ëhe bfn, As PredlcÈed

by the 3D flnfte elenent Eodel ênd expecled ln actual blns there ls a

dlstlnct dlfference betr¡een the tenperatures toltards the north end

south sld.s of the bfn. Therefore, for nore preclse êstfnetes of the

teEperatutes êt all localfons in the bfns a 3D nodel is a better

altêrnatlvê than a 2D nodel,

Conparison vlth a 3D Flnite Difference l{odel

Ttre teEperâtures predlcted by the 3D finlte elenent rnodel and

3D fintte dlfference nodel (Alagusund¿ran et a'1, 1988) Itere coEPared fn

tvo stages.
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1. The tenperalures of Èhe 5.56-n-dlsneter rapeseed bulk r¡ere

predicted uslng lhe 3D ffnlte dffference nodel. In this nodeL 250

lenpelature nodes (5 vertlcal, 5 radlal and 10 c lrcunferential ) \tere

used. the therEal propertles of the rapeseed, bin wall, so1l, concrete

and air used were the sane as the values used for the sinulatfon using

the 3D flnlte eleroent model. Ihe tenperalures predlcted by the tr'o

nodels were comparable. The 3D flnfte dlfference oodel predlcted

tenperaËures of the tapeseed bulk r¡íth an averagè sÈandard error of

estixnete of 3.0 K and an average of absolute difference of 2.4. These

values for the tenperalurEs predicted by the 3D flnlte elenent nodel

were 3.3 K and 2.7 K, respeclively,

2, TenperaÈures fn 3,0-n and 4,0-n-tall raPesEed bulks wele

predtcted uslng both 3D nodels. The dlaneter of the 3.0-n-ta11 grain

bulk was varled fron t to 12 xû and Ehst of the 4.0-E bulk fro¡¡ 2 Eo L6

n, lhe 1nlElel gråln tenperature was assu¡oed at 293 K and the

lenperatures \rere predlcÈed for e 12 nonth perfod fron Jånuary I, L974.

Table 5.6 and Table 5,7 shor¡ Ëhe tenperaÈures predtcted by thè ttto

nodels at half the radlus tonards the south, for varl.ous d/h ratfos !n

3.0-n-ta1l and 4.0-E-ÈaII rapeseed bulks, respectlvely, The average

åbsolute dlfference bêüteen the tenPetatures predlcted by the two

nodels rcers fron 3.0 to 7.5 K. The dlfference in the predlcted

teÍrperatules beüreen the two nodels nay be due to the lnherent

propertlês of the È1'o Eethods and to Èhe dffferences 1n calculatfon of

the solar radfaÈfon conponenu. In the 3D flnlte dlfference nodel the

solar råd1åtlon valueg on ¿he bln wall were calculated sÈ 10 sectors of

36 degrees each ( lnherenÈ fn the progran), whereas in the finite
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Tablr 5.6: Tcnprratures (K), on the Last day o! the rìonth at ha¡f the radius torôrds Èhc aouth,
prêàiclêd by 3D finite diffcrenca and 3D finíte eleÍtent nodrls in a 3-n-tall
ìagesccd buik åt Hinnipeg rith initial Eråin ¿enpêrature of 293 K on 1 January 19?4.

DianèÈer to he i ght r¡tio

3DFD 3DPE 3DFD 3DFE 3DFD 3DFE JDFD JDFE

291 292 293 292
288 284 291 288
285 279 289 286
283 215 281 283
282 274 286 280
2ø3 216 285 279
285 281 . 285 280
287 285 28s 281
288 289 286 282
288 288 286 282
286 288 286 283
28r 283 285 282

Jan 246 261 263 214 267 281 280
Feb 268 271 263 273 269 276 214
Har 273 274 261 213 263 274 269
Àor 277 282 287 279 219 211 216
uàv 286 290 294 283 284 279 279
¡ui 290 295 303 290 294 285 288
Jul 291 296 30? 295 301 291 291

^uo 
285 290 301 293 291 292 296

scó 211 284 295 290 291 291 295
oci 282 284 293 286 290 288 294
Nov 261 211 275 211 216 282 282
Dcc 263 271 274 273 212 276 277

3.05.9AÀD

NgLe : Explanðtion tor thè abbrcviålions åre givcn in thc loot notè ot Table 5'7

Dismctcr !o hc ight Eafio

T.bI. 5,7t TenìDlrrturca (E), on Èhc låst day o! thc nonth at hrl,f th! rrdius lorards thr Eoulh'
or¡äictcd bv 3D fi,nitè dif!Êrencc and 3D tinitè èIcnlnt nodêls in ô ¿-n-ta]l
iipii"cã ¡uii at Hinniplg rirh initial grain tlnPêr¡turc of 293 K on 1,Jlnuarv 197{'

ffi 3DFD 3DFE 3DFD 3DFE 3DPD 3DFE 3DFD 3DFE

288 289 292 293 293 29r 293 293
28r 280 291 289 292 291 292 292
282 215 289 2e3 291 289 292 290
282 213 288 279 290 2øa 291 288
282 274 287 216 289 283 290 256
285 279 281 275 288 281 289 285
288 288 281 216 288 280 288 28r
290 293 281 278 288 280 288 283
290 295 288 280 288 281 288 283
289 292 288 281 288 281 288 283
286 289 288 282 288 282 287 2e3
282 282 286 280 287 281 281 283

2t6 21t 268
268 272 269
213 272 261
211 279 218
296 282 283
290 289 293
291 29a 301
285 293 29¿
211 28.9 293
202 287 292
261 278 278
263 213 272

3,7

Jrn
Frb
l{. r
Apr
¡l¡y
Jun
Jul
Àug
sca
Oc!
Nov
DCc

ÀÀD 3.35.27.6{,0

Notc : 3DFE - Prcdicted by thrÊê dinensionå1 tinitc cIêEênt nodcld
3DFD - Prcdictcd bt thrcê dincnsional tinite diffcrencc nod!]
AT - Àmbiênt tcnpèråture
i,tD - tr.ragc !bsòlutê dif!crrncê bêtrlen valucs prcdictcd by thÊ tyo modcls
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elenen! model, Ehe solår fediatlon veluas on the bln wall were

calculaÈEd at 24 polnts along the clrcunfetence (Flg.5.2)

Although both nodels predicted Èhe tenperatures wfth the

same degree of accuracy, the finlte elenenE nodel would be a better

choice in the following cLrcunstances:

(f) for predlctfng lhe tenperålures of grain blns of dlfferent

geonetrical shapes because the ffniÈe elenent model ls

wrltten for Cartesl.an coordfnaËe systen,

(i!i) for lncludlng effects of variable thernal properties of the

gratn bulk due to Eotsture dlfferentials and foretgn

na!erlals.

(tv) ln places where Èhe surface of Èhe greln bulk fs conlcally

shaped, rather Èhan flaÈtened.



6. CONGU'STONS

Eased on lhe resulEs of thls study the fo1lowlng conclusions

were drawn:

]. Thê tenperatures predicted by the three dlnenslonal flnlte elenenÈ

rnodel wfth linear end quadretlc elenents r¡ere in close agreeEent

lrith the rneasured Èenperatures in a 5.56-n-dlaEeter bln contalnlng

rspeseed and a 5.56-n-diåûecer bln contalning barley, located near

I,Ilnnlpeg.

2. The nodel nlth quadratic elenenEs did noÈ irnprove the accuracy of

predlctlon, but fÈ cook nore coEputer ÈlEe for êxecutton of the

progra!¡ thån wlth lfnear elenents. Hence, the ¡nodel niÈh llnear

elenents can be used for predlcË1ng stored grê1n teDperatures.

3. The average absolute dlfference between the tenperaÈures predlcted

by the 3D fLnlte element nodel and a 2D flnlte dlfference model

at half Èhe radius towards the south, nfd-way betseen the top and

botton sutfaces, decreased wlth an lncrease ln the d/r ratlo of

Èhe grafn bulk.

4. Ttre teEperêtures predicÈed by the 3D flnlte elenent nodel conpare

favorably refth the tenperatures predlcted by e 3D flnlte

dlffsrence node1.

5. The 3D flnlte elenent nodel 1s preferable to the 3D ffnlte

difference nodel because thê 3D flnite dlfference nodel 1s unlque

for a cylindrlcal grafn storage bin nith a flaÈ Eop surface,

whereas the 3D flnfte eleEenE nodel can be used to predict the

grain Èemperatures in graln bins of any shape.

51
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fhere r¡ere dlstfnct differences between the tenperaLures Predfcted

for the north and south sldes of a bin by both 3D nodels.

Thls nodel can be used for predfctfng the texûperåture dlstributíon

in other stored connoditfes llke flour, dried feed, hay etc. lf

the forced or free convectlve heat transfer fnslde Èhe bulk !s

neglfgible conpared to the conducllve heat transfer.

7.
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7. SI'GGESIIONS FOR FI'Tt'RB I¡OBK

In the present nodel the Eenperature of the air above the graln

surface r,¡as assu¡ned to be 5 K above the axnbient air tenperature

and the convectíve heat Èransfer coefflclent was assrjmed to be 1 I,l

r-2 K-1. Heat trsnsfer to the roof and. through lhe heâd spåce

should be calculated by calculatlng radlative s,nd convectlve heat

transfer ln thfs area.

Due to the lfroilatlons of the conputer Eer[ory, finer roeshes could

not be uried. fhe accuracy of prediction can be checked by runnlng

the progran wfÈh ffner roeshes uslng a rnore powerful conputer wlch j

larger nenory.

The nodel can be coupled Eo a nass transfer nodel for predfcEing

noisÈure nlgretlon ln Ëhs stored graln and to study the effect of

these non-blologfcal faccors on Ëhe grolrth ênd reproducÈton of

blological organfsns affecting the stored gtain.

3.
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Appendl: A.
IDterpolatlon fuactioDs ln natural coordÍD,ate syste!

(source Rao 1982 )

The locaÈion of nodes and che local node nunbers ln a hexahedron

elenent are shown ín Flgute A-1. The orlgin of the naÈural coordínâte

systen ls taken âÈ Ëhe lnÈerface of the llnes Jofntng the nfd-polnÈs

of the opposlte faces of the hexahedron, and the sldes are defined by,

r-+1, s-11, ând, t-t1

The relatfonship between the natural and Carteslan coordfnates for an

elernent wlth P ntube¡ of nodes ls glven by:

and,

This relatfonshfp 1n

tl

For a llnear elenent,

tl1 - | 1r+rr1) (1+ss1) (l+fti) ;

and for a qusdratlc êleEent,

n1 - | {r+rr1) (l+ssf) (1+Èt1) (rr1+ss1+ut1-2¡

i - 1,2, ....8

t - 1,2 .....8

P

x-ENlxf
t-t

P
y-tN!yi

f-1
P

z -EN1 z1
t-1

rûatrix forn can be written as:

rl
lN1 N2...No 0 0 0 0 0 0l
lo o o' N1 N2...Noo o ol
t. o o o o bNl N2...Npl îll

*nl
v1l
l.rl
Ynl
zLl

::)
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Ni - à (1-r2)(l+ssí)(1+tti) ;

N1 - 6l {l+rri) (1-s2)(1+etÍ) ;

n; : I (t+r.i)(l+ssr)(1-t2) ;_õ

for i - 9,LL,L9 ,17

for í - 10,12,18,20

for l - 13,14,15,16

The values of 11, s1 and t1, the natural coordlnaËes of node l, are

given ln table A-l and (x1,y1,21) are the carteslsn coordinâÈes of node

i.

If T ts a funccion of r,s, and È, fts dertvaclves can be ntrnerically

found es follows,

f¿'l l¿rlla*l larl

l**l - rJr-'l::l
l¿rl l¿Ellt=l tr'l

i/here [J], the Jacoblan nåtrix, is given by:

,i,3î' 
.',1,3î' r,,!råï' ",

3 qot ** 3 {0t ,. 3 {ot ,,. -d3 ' . -ds -' . -de1-I 1-l 1-I

ill "' ,lrr.^'r, ,!rr.^'",

By dlffer€nÈlatlng the relallonshlp for Nl on page 41, for a lfnear

elenent:

:it - å 11(1+ss1)(1+tr1)

åit - å sr(r+rri)(r+fti)

l¡," u a"llax ôt ãr I

r': - 13ä # r"l -lu w azl
lat ar ,.1
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ðr f r1(1+rrr) (t+ssr) 
forr- L,z......8

and.for a quadratic elenent,

fit - å ri(1+ss1) 1t+tt1) (2rr1+ssi+Etl-1)

:it - å s1(l+rri) 1t+tt1) (rri+2ss1+ttf-L)

ÍTt - 
t t1(1+rr1) (l+ssr) (rrr+ss1+2tt1-r)

for 1- L,2, ,,,.8

€Nr - - | r(1+ss1)(t+ct1)

flt - å s1{r-r2)(1+æ1)

:it - 1 t1(1-r2) 11+ft1) ror I - e,11,17, re

:it - I 11(1-s2)1t+tt1)

¿Nr - - | s(1+rr1)(1+rt1)

*4t - i t1(1-s2)(1+rrr)

*¿Nt - ä r1(t-r2)(1+ss1)

:it - å s1(1-c2)(r+rr1)

¿Ul - - ] r1r+rr1)(l+ssi)

for l - 10,12, 18 ,20

for 1- 13,14,15, 16
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(o) (b)

Fî9 A.'l: Locotion of locol nodo numbors in lineor (o) ond

quodrotic (b) hexohedron elements
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Table A-1 : Natural cooldlnåtes of the nodes ln the elernent shown
fn figure A-1.

Node nt¡mber sl

-l -1 -1
I -1 -1
r 1 -1

-1 I -1
-1 -l 1

1 -1 1

111
-1 I 1

0 -1 -1
1 0 -1
0 1 -1

-1 0-1
-1 -1 0
1 -1 0
110

-1 I 0
0 -t 1

101
011

-1 0 I

1
2

3

4
5

6

7

8

9

10
1t
L2
13
t4
15
16
L7
18
19
20



ÀPPENDI X

SEMI-ÀUTO GRID GENERÀTOR FOR HEXÀHEDRÀN ELEMENT
WITH MODEL INPUT DÀTÀ FOR À LINEAR GR¡D SHOWN IN FIG.s.3

IMPLT Cf T REÀL (A-H,O-Z)
DTMENSTON CONOD( 3, 2000 ), r ELM( 20, 2000 ),NÀBCN ( 2000 ),NCNN ( 4, 2000 )

$z ( 100 )
REÀD(5,999)EMTYPE

999 FORMÀT(I5)
I F ( EMTYPE . EQ. 1 ) GO TO 998

998 MM=o
NEIJMÀT = 0
MMN=1
NELL = I
O = 0.0
DO 10 J = 1,5000
DO20f=1,3

2A coNoD(I,J)=0.0
Do 30 I = 1,8

30 IELM(I,J)=0
1O CONTI NUE

REÀD ( 5 ,4O ) NNO, NELM, NLÀY , THETÀ, RÀD
THETÀ= ( 2.0*3. 141593*THETÀ ) /360 ' 040 FORMÀT(3r5,2F10,5)
NNt ÀY = NLÀY- 1

REÀD(5,51 ) (Z(r ),¡=1,NLÀY)
51 FORMÀT(5F10.5)

DO 50 J=1,NNo
REÀD ( 5,60 )M, (CONOD ( I ,t'1"',1=1 ,2\

5O CONTI NUE
60 FORMÀT(r5,2F10.5)

Do 70 J=1,NELM
7O REÀD ( 5,80 )M, ( r ELM( r ,M) , t =1 ,4 )
8O FORMÀT ( 5I5 )

DO 90 M=1 ,NELM
Do100t=5,8
r ELM ( r ,M) =¡ ELM( r -4 ,M) +NNo
K = IELM( 1 ,M)-NNO
KK = ÍELM( I ,M)
coNoD( 1,KK)=coNoD( 1,K)
CoNOD( 2,KK)=CONoD( 2,K)
coNoD( 3,KK)=CONOD( 3,K)+Z ( 1 )

lOO CONTI NUE
90 CONT I NUE

M=NELM
DO 130 I I =2 ,Nr,ÀY
DO 150 IIr=1,NELM
H=M+ 1

DO 120 I =5,8
I EI,M( T -4,M) =I EI,H( I,M-NELH)

1 2O rELM( r,M)=rEf,M( I-4,M)+NNO
DO 140 I=5,8
X = IEI,M(I,M)-NNO
XK = IEI,M(1,M)
MN=KR
I F (MN. cr. ttrq ) Hr'j=MN
MM=MM
coNoD( 1,KK) =CONOD( I,X)
coNoD( 2,KK ) =CONOD( 2, K )
coNoD( 3,KK) =CONOD( 3,K)+Z ( f r )
CONTI NUE
CONTINUB
CONTI NUE
MTNO = MM-NNO+ 1

DO 700 II = MTNO,MM
Dr sr = soRT( (coNoD( 1, r r ) -RÀD )'.*2+ (cONoD ( 2, r r ) -RÀD ) x*2 )
DI ST = ÀBS ( RAD-DI ST )
Z (NLÀY) = DI ST*TÀN ( THETÀ )
coNoD( 3,I r ) = coNoD(3,rr )+z(NLÀv)

70O CONTINUE
DO180J=1,MM

't 80 wRrrE ( 03,190 ).r , (coNoD( r ,J ) , ¡ =1 ,3 )

140
150
130
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190 FORMÀT(r5,5x,3F1 0. 5)
DO160J=1,M

1 6O WRITE( 03, 1 7O )J,NELMÀT,MMN,NE¡,L, ( IELM( I,J), T =1,8 ),Q
1 70 FORMAT(r5, 1 1r 5,F10. 5)

GO TO 996
997 MM = 0

NELMÀT = 1

NELL = 20
Q=0
DO 10 J=1 ,2000
DO 20 I=1 ,3

20 coNoD(r,J)=0.0
DO 30 I = 1,20

30 I ELM( I ,,1) =0 . 0
DO 31 ¡=1,4

31 NCNN(r,J)=0
10 NÀBCN ( I )=0

DO 11 I = 1,10
11 z(I) = 0.0

REÀD ( 5 ,4O )NNO,NELM,NCNO,NLÀY,THETÀ,RÀD
THETA= ( 2. O'r3. 1 41 593*THETÀ) /360. 0

40 FORMÀT(415,2F10.5)
NN¡,ÀY = NLÀY- 1

REÀD(5,41 ) (z(r ),i=1,NLÀv)
41 FORMÀT(5F10.5)

DO 50 J = 1,NNo
READ ( 5,60 )M, (CONOD(r ,M) ,1=1 ,2''

5O CONTT NUE
50 FORMÀT(r5,2F10.5)

DO 70 J = 1,NELM
7O REÀD ( 5,80 )M, (iELM( r ,M) ,r=1 ,4) , ( iELM( r ,M) , ¡ =9,12 )

DO 71 J = 1,NELM
71 REÀD(5,300)M, (NCNN(r,M) ,t=1 ,4\
3 OO FORMÀT ( 51 5 )
8O FORMÀT ( 9I5 )

DO 310 I = l,NCNO
NÀBCN ( I ) =NNO+I

310 CONTT NUE
DO 90 M=1,NELM
DO 100 l=5,8
IELM( I,U) =] ELM( T -4,M) +NNO+NCNO
K = I ELM( I ,M) -NNO-NCNO
KK = IET,M(T,M)
coNoD( 1,KK)=coNoD( 1,K)
coNoD( 2, KK ) =coNoD( 2,K )
coNoD( 3,KK)=coNoD( 3,K) +z ( 1 )

1OO CONTI NUE
DO 200 I = 13,16
R = NCNN(I-12,M)
rEtM(r,M)=NÀBCN(K)
K = IELM(I-12,M)
KK = TELM(¡,M)
coNoD( 1 , KK ) =coNoD ( 1 ,K)
CÕNOD( 2, KK ) =coNoD( 2,K )
coNoD( 3,KK)=coNoD( 3,R) +z ( 1 ) /2. 0

2OO CONTI NUE
DO 210 I =17,2O
¡ EI,M( I,},' ) =I ELM( I -8,M) +NNO+NCNO
K = IELM( I ,M) -NNO-NCNO
KK = IELM(],M)
coNoD( 1 , KK ) =CONOD ( 1 ,R)
coNoD( 2, KK ) =CONoD ( 2,K )
coNoD( 3,KK)=CONOD( 3,K)+z ( 1 )

210 CONTT NUE
90 CONTI NUE

M = NELU
DO 130 II=2,NLÀY
DO 150 III = 1,NELM
M = M+1
DO 120 I=5,8
IELM( I -4 ,M) =IELM( I ,M-NEtM)

1 20 rELM( r,M)=rELM( I -4,M)+NNO+NCNO
DO 320 I = 13,15
rEr,M( I -4 ,M) =r ELM ( r +4 ,M-NELM)
¡ELM( I +4,M) =¡ ELM ( I -4,M) +NNO+NCNO

320 T ET,M (T ,M) =I ELM( ¡ ,M-NEI,M) +NNO+NCNO
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DO 330 I = 13,16
K = ¡ ELM( I ,M) -NNO-NCNO
KK = TET,M(¡,M)
coNoD( 1 , KK ) =CONOD ( 1 ,K)
coNoD( 2,KK )=CONOD( 2,K)
coNoD ( 3,KK ) =coNoD ( 3, K ) + ( z ( r r \ / 2. o I + ( z (rt - 1 ) / 2. o \
MN=KK
IF(MN.GT.MM)MM=MN
MM=MU

330 CONTI NUE

450 I = I+1
K = I ELM( I ,M) -NNO-NCNO
KK = IELM(],M)
coNoÐ( 1,KK ) =coNoD( 1,K)
coNoD ( 2,KK ) =CONOD( 2, K )
coNoD(3,KK)=coNoD( 3,K ) +z (rr )
MN=KK
I F (MN . GT. MM ) M}I=MN
MH=MM
rF (r.Eo.8)GO TO 450
GO TO 451

450 rF(r.EQ,8)1=16
¡F(¡.8Q.20)GO rÕ 4s2

4s1 rF(r.8Q.20)cO rO 4s2
GÕ TO 460

452 CONTI NUE
150 CONTI NUE
130 CONT] NUE

MTNO = MM_NNO+ 1

Do 700 II = MTNO,MM
DlST = SORT( (CONOD( 1, r r )-RÀD) i<*2+ (CONOD( 2, I ¡ )-RÀD) **2 )
DI ST = ÀBS ( RAD_DI ST )
Z ( NLÀY ) =DI ST*TAN ( THETÀ )
coNoD(3,II ) =CONOD( 3, r ¡ ) +Z (NLÀY )

7OO CONTI NUE
Do180J=1,Mu

180 wRrrE(03, r90)J, ( coNoD ( ¡ , J ) , f = 1 , 3 )
190 FORMÀT( I5, 5X,3F1 0. 5)

DO 160 J = 1,Ì''
wRfTE( 03,170 ) J,NETMÀT,NELL, (rELM(I,J),¡=1 ,I)

160 wRrrE(03,171 ) (rELM(r,J),r=9,20),Q
170 FORMÀT( r5, 5X, 10r5)
171 FORMÀT ( 121 5, F1 0. 5 )
996 STOP

END
$ENTRY

1

45 32 3 0.0 3.885
0.900 0.900 0.900

1 2.?8
2 1.4

4 1 .35
5 4.3
6 0.8
I t.ó
a 2.78
9 3.8

10 4.8
11 0,45
t¿ 5.¿
13 0.2
14 0.8
15 1.8
15 2.74
'18 4.8
1q A ¿
20 0.0
21 0.8
22 1.8
23 2,78
24 3.8
25 4.8
26 5.56

0.0
0.15
0.15
0.40
0.40
0.80
0.80
0.80
0.80
0.80
1 .30
I .5U
1 .80
I . Ètu
1 .80
1.80
1 .80
1 .80
1 .80
2.78
2.78
2.7A
2.7A
2.7A
2.78
2.74
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3.80
3.80
3.80
3.80
3.80
3, B0
3.80
4.30
4.30
4.80
4.80
4.80
4.80
4.80

5 .20
5.45
5.45

5. 560
76
87
98

10 9
14 13
15 14

17 16
18 17
19 18
21 20

23 22
24 23

2A 27
29 28
30 29
31 30
32 31
33 32
3 6 34
37 36
38 37
3 9 38
40 39
35 40
43 41
45 43
44 4 5
42 44

0.2
0.8
1.8

2.78
3.8
4.8

o.4

0.8
t.aJ

4.8

4.3
1.8

42
21
13
35

11 6
67
78
89
9 10

10 12
13 14

15 16'16 1?
17 18
18 19
20 21

22 23
23 24

27 28
28 29
29 30
30 31
31 32
32 33
36 37
3? 38
38 39
39 40

30
31

35

40
41
42

44
45

1

2
3
4

6
7
I
9

10
11

9
0

5
6



ÀPPENDI X

LISTING OF THE THREE D¡MENSIONÀL FINITE ELEMENT
HEÀT TRÀNSFER PROGRÀH

IMPLT CI T REÀT,*4 (À-H,O.Z)
CHÀRÀCTER*4 HEÀD ( 15 )
DIMENSION À(6OOOO1)
COMMON/BLK1 /NTJ}INP, NUMEL, NDM,MNEL ,NUMÀT , NEQ , NTP 

'MBÀND 'NPROP
$ ,NBEL,NNEF ,I ELMT

CO}'S{ON/BLK2lMÀ, I ELB, I ELG, NST
coMr.loN/BLK5/ I PHR, NSYR, NSMO,NSDÀY , NCYR,NCMO ,

SNCDAY,ND, NHÕUR, IHOUR, I CDÀY, I PDAY, I PC, I DÀY
coMMoN/BLK6/TrNF ( 24 ),DT,EMS, EMÀ

REÀD ÀND WRITE CONTRO¡, INFORMÀTION

REÀD ( O3 , 2 ) HEÀD , NUMNP,NUI''Et, NDM,MNEL , NI'MÀT, NTP, NPROP
$ ,NBEL,NNEF,I ELMT

REÀD ( O3 ,4 )NSYR,NSMO,NSDÀY,NCYR,NCMO,NCDÀY 
'NHOUR ' 

I PHR 'DT

c
c

FORMÀT(15À4,/10r5)
WRI TE ( 6, 3 )HEÀD, NUMNP, NUMEL, NDM,MNEL, NUMÀT,NTP, NPROP, NBEL,

$NNEF, NSYR, NSMO, NSDÀY, NCYR,NCMO, NCDÀY, NHOUR, DT, I PHR, I ELMT
FORMÀT(8f5,F10.5)
FORMÀT( ' 1'. ,15A4/ /

$ ' NO OF NODES = ' ,r4/
$ ' No oF ELEHENTS ,..,.. - ',14/
S ' NÕ OF DIMENSIoNS .... = ',74/
E ' MÀX NO OF NODES/ELEMENT ..... = , ,T4/

' NO OF MÀTERIÀL SETS .. = ',f4/
' NO OF NODES TEMP. SPECIFIED = ''1 /
' NO OF MÀTERIÀL DÀTÀ .. = , ,14/I NO OF BOUNDÀRY ELEMENTS.,.... = , ,14/
' MÀX NO OF NODES IN EÀCH FÀCE = , 

'14//I STÀRT¡NG DÀTE
' FTNI SHI NG DÀTE
' NO OF HOURS BEFORE RE-CÀLC
' TIME STEP
' NO OF HRS BEFORE PRINT]NCI ELEMENT TYPE

DT = DT*3600.0
CALL DÀYCÀt ( NTDÀY )

= ',¡4,'-',12,'-''12/
=',I4,' -',12,' -',12//

= ,,t4/
= 

"F1o.5/ 
/

= ' ,15/ /
= ,,r4)

NST = MNEL
I PDÀY = O

IPC = 0
N1 = 1

N2=N1 + NDM*NUUNP
N3=N2+NUMEL
N4=N3+NUMEL
N5=N4+MNEL*NUMEL
N6=N5+NPROP*NUMAT
N7=N6+NUÌ,INP
N8=N?+NUMÀT
N9=N8+MNEL*MNEL
Nto=N9+MNEL*MNEL
N1 '1 = N1O + NÐM*MNEL
N12 = N1.1 + MNDL
N13=N12+MNEL
N1? = N13 + NI'MEL
N18 = Nl7 + Nt l'tEL
N19 = N18 + MNEI,*6*NU}.EL
N20=N19+MNEL*6*NUMEL
N21 = N20 + 24
N22 = N21 +6*NUMEL
N23=N22+I.'NEL*MNEL
N24=N23+MNEL
N25=N24+MNEL
N27=N25+6*NUMEL
N31 = N27 + 6xNUMEt
N32 = N31 + NUMEL
IDÀY = 0
I CDÀY = 0
cÀLt REÀD(À(N1 ),A(N2 ),À(N3 ),À(N4),À(N5 ),À(N6 ),À(N7 ),

67
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$À(N10),À(N8),À(N1 2),À(N9),À(N13),À(N17),À(N18),À(N19)
$,À (N20 ) ,À ( N21 ) ,À(N22) ,À(N23 ) ,À ( N24 ) ,À (N25) ,A(N27 ) ,À(N31 ) )
N14=N32+NUMNP
cÀLL TNTTEM(À(N32),À(N6) )
N15=N14+NUMNP*MBÀND
N.16 = N15 + NUMNP
N26=N16+NUMNP*MBÀND
N28=N26+NUMNP
N29=N28+NUMNP
N3O=N29+NUMNP

40 cÀLL BouNÐT ( À (N1 ),À(N32),À(N20),À(N6),2)
iT = I ÀBS ( 24 /NHoUR )
DO 10 IHoUR = 1,Il
I CDAY = I CDÀY+1
cÀLL BOUNDT(À(N1 ),À(N32),À(N20),À(N6),3)
cÀLL ÀSSEMB(À(N1 ),À(N2 ),À(N3 ),À(N4 ),À (N5),À(N8 )

$,A(N10),À(N12),À(N14),À(N32),À(N6),À(N7),À(N9)
9,À(N1 3),À(N17),À(N18),À(N1 9),À(N20),A(N21 ),À(N22),À(N23),
sÀ (N24 ) ,À(N16 ) ,À (N25) ,À(N26) ,A (N27 ) ,A(N31 ) )
cÀr,L TRÀNS ( À (N1 6 ),À (N1 4 ),À ( N32 ),À ( N26 ),À (N28 ),NUMNP,

$MBÀND,À(N4),À(N29),À(N6) )
1O CONTI NUE

IDÀY = I DÀY+ 1

'F 
( IDÀY. EQ.NTDÀY )GO TO 30

ICDÀY = 0
GO TO 40

3O STÕP
END

SUBROUT¡NE DÀYCÀL (NTDÀY)
IMPLI CI T REÀI,*4 (A-H,O-Z)
DI },IENS I ON NDÀY( 12 )
cor'î,roN/ BLK 5 / r PHR, NSYR, NSMO, NSDÀY, NCYR, NCMO,

$NCDÀY, ND, NHOUR, I HOUR, I CDÀY, I PDÀY, I PC, ] DÀY
DÀTÀ NDÀy/31,28, 31,30, 31, 30, 31, 31,30,31,30,31 /
ND=0
NTDÀY = 0
NTEI = 0
NTE2 = 0
NsYRl = NSYR
I E'(NSYR. EQ. NCYR)GO TO 90.120 NSYRI = NSYRI +1
IF(NSYRI.LT.NCyR)NTDÀY = NTDÀY+365
rF(NSyR1 .EQ.NCYR)GO TO 90
cÕ To 120

90 r F (NSMO. EQ. 1 )GO TO ?O
J = NSMO- f
DO 80 r = 1,J
ND = ND+NDÀY ( I )

80 N,IE1 = NTEI +NDÀY ( ] )
7O ND = ND+NSDÀY

NTEI = NTEI +NSDÀY
I !'( NSYR. NE. NCYR )NTE1=36s-NTE1
IF(NCMO.EQ.1)cO TO 170
J = NC¡'O-1
DO 180 I = 1,J

180 NTE2 = NTE2+NDÀY(I )
170 NTE2 = NTE2+NCDÀY

I F ( NSYR. NE. NCYR ) GO TO 171
GO TO 172

171 NTDÀY = NTDÀY+NTE2+NTE 1+ 1

GO TÕ 160
172 NTDÀY = NTDÀY+NTE2 -NTE 1+ 1

160 wRrTE(6,161)NTDÀY
161 FORMÀT( ¡ TOTÀL NUMBER OF DÀYS = ',I5)

RETURN
END

c
C* * * ** * * *** * * * * * * * * * * * * * * * * * * * * * * * * * * ¡+ ** * x x x * * * * * tr * *
c

SUBROUTI NE REÀD ( X, NEI,MÀT, NEIJND, NP, D, I D,MEL,XL, SL, RIJ, CL
$, NFCON, NFRÀD, NNCON, NNRÀD, HC, ¡ FÀCE,HC!,, SQRL,
$SHCL,ÀNG,IRFÀCE,Q )

IMPI,I CI T REÀL¡I4 ( A-H,O-Z )



c
c
c

c
c
c
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CÔMMON/BI,K1 /NTIMNP , NT'MEL , NDM,MNEI, , NLN4ÀT ,NEQ , NlP ,MBÀND, NPROP
$,NBEL,NNEF,IELMT

ÐTMENSTON X(NDM,l ),NELMÀT(1 ),NP(MNEL,1 ),xL(1 ),SL(1 ),CL(1 ),
$NB ( 1 ),D(NpROp, 1 ), rD( 1 ),MEL( 1 ),RL( 1 ),NE!,ND( 1 ),O( 1 ),
$NFCON ( 1 ),NFRÀD( 1 ),NNCON (MNEL, 6, 1 ),NNRÀD (MNEI,, 6, 1 ),HC ( 1 )
$,rFÀcE( 6, 1 ),HcL( 1 ),SORL( 1 ),sHcL( 1 ),ÀNG( 6, 1 ), rRFÀCE( 5, 1 )

REÀD AND WRTTE NODEL CO-ORDINÀTES

wRrTE(6,10)
1O FORMÀT(///1OH NODE DÀTÀ//

$ 5H NODE,11X,5H-1ORD,11X,5H2-ORD,11X,5H3-ORD)
DO 20 J = I,NUMNP
REÀD(03,30)M, (x(I,M),r=1,NDM)

20 wRITE(6,40)M,(x(i,M),r=1,NDM)
30 FoRMÀT(r5,sX,3E10.5)
40 FORMAT(r5,3F16.5)

REÀD ÀND WRITE ELEMENT ÐATÀ

wRrrE(6,50)
DO 52 I Èl ,Nl.tMEL

62 Q(I )=0.0
DO 60 J = I,NUMEL
rF(rELMT.EO.1 )Go rO 301
GO TO 302

301 REÀD( 03,70 )M,NELMÀT(M),NEL, (NP( I,M), T=1,MNEL),Q(M)
GO TO 303

302 REÀD( 03, ?1 )M,NELMÀT(M),NEL, (NP( ],M), I=1,MNEIJ),O(M)
303 NELND(M) = NEL
6O r,?RrTE(6,80)M,NELMÀT(M),NEL, (NP(I,M),r=1,MNEL)
80 FoRMÀT( r 3,r 4, r 4,1X,20 ( 1X, ¡ 3 ) )-to FoRMÀT( r 5,5X,10r 5,810.5 )
71 FORMÀT( r 5,5X, r 0r 5/ 12I5,810.5 )
50 FORMAT(///lX, ' EI,EMENT DATA' //

$ 50x , ' NoDE NUMBERS ', / ' ELMT MSET NEL ' ,
$2X,'1 2 3 4 5 6 7 I 9 10 11 12 13 14'
$,, 15 16 16 18 19 20',/)

RDÀD ÀND I^IRITE BOUNDÀRY CONDTTIONS

DO 90 J = l,NttMNP
90 rD(J) = 0

wRrTE(6,120)
IF(NTP.EQ.O)GO TO 121
DO130J=1,NTP
REÀD ( 03,100 )N, rD (N )
wRrrE(5,110)N,rD(N)

130 CONTI NUE
110 FORMAT(r5,r8)
100 FORMÀT(2¡5)
120 FORMÀT(//lX,' BOUNDÀRY CONDITION CODES' / /

$1x,'NODE"5X,'CODE')
REÀD ÀND WRITE CONVECTION ÀND RAD]ÀTION B.C'S

121 Do 24O I = 1,MNEL
DO 240 J = 1,6
DO 240 K = I,NUMEL
NFcoN(K) = 0
NFRÀD(K) = O

IFÀcE (.1 ,K)=0
IRFÀcE(J,K)=0
NNcoN(I,J,K) = 0

240 NNRÀD(r,J,K) = 0
wRrrE(6,230)
DO 200 II = 1,NBEL
REÀD( 03, 221 )M,NFCON(M),NFRÀD(M)
LL = NFCON ( M )
rF(LL.EO.0)GO TO 202
REÀD( 03,222 ) ( r FACE(.r,M) , J=1 ,LL)
DO 885 J = 1,LL
KK = I FÀCE(J,M)

885 CALL CONRÀD(J,M,KK,NNCON)
2O2 tt, = NFRÀD(M)

rF(Lr,.EQ.0)GO rO 200

c
c
c

c
c
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DO 204 ,J = 1,LL
REÀD( 03,223 )rRFÀCE(.r,M),ÀNG (J,M)
KK = IRFÀCE(J,M)

2O4 CALL CONRÀD( J,M, KK,NNRÀD )
2OO CONTI NUE

wRrTE(6,340)
340 FORMÀT(//1n, ' ELEMENT NO. ' , 5X, ' CONVECTT ON FÀCES'/)

DO 341 I = l,NuMEL
rF(NFCON(r ),N8,0)cO TO 342
GO TO 341

342 LL = NFcoN ( r )
lrRrrE( 6,231 ) ¡ , ( rFACE(J, r ) , J=1 ,r,L)

341 CONT] NUE
wRrTE(6,351)

351 FORMAT(,//1X,' ELEMENT NO. 
"3X, 

'RÀDTÀTION FÀCE ' , 2X, ' ÀNGLE ' / )
DO 352 I = l,NUMEL
IF(NFRÀD(I ).NE.O)GÕ TÕ 353
GO TO 352

353 LL = NFRÀD(T )
DO 355 I I =1 ,LL

355 IJRITE(6,232)I,rRFÀCE(Ir,r ),ANG(II,t )
352 CONTT NUE
221 FORMÀT(3I5)
222 FORr'rÀT ( 6¡ 5 )
223 FÕRMÀT(r5,F10.5)
230 FORMÀT(//' CONVECTION ÀND RÀDIÀTION BOUNDÀRY CONDIT¡ONS'//)
231 FORMÀT(3X,r5,5X,615)
232 FORMÀT(3X,I5,5X,r5,5X,F1 3. 7 )

c
C REÀD ÀND WRITE MÀTERTÀL DÀTÀ
c

DO 11 I = l,NPROP
DO11 J = 1,NUMÀT

11 D(I,J) = 0.0
DO 12 J = 1,NUMÀT
REÀD ( 03,13 )MÀ, r ELB

13 FORMÀT ( 2I5 )
MEL(MÀ) = I ELB
wRITE(6,14)MÀ,IELB

14 îOPjiA'T(///', MÀTER¡ÀL SET NO ',r5,9X, 'iELEMENT LrB NO
$15 / )
CÀLL ELMLI B (D( 1,UÀ ),NEL,XL,SL,RL,CL,HCt,SQRL,SHCL,

$NFCON, NFRÀD,NNCON, NNRÀD, HC, NFÀCE, 1, ¡ EI,B,Q )
12 CONTT NUE

CÀLIJ BÀNDW ( MBÀND , NET'ND , NP )
cÀLL BOUNDT ( X, T, HC , r D , 1 )
RETURN
END

11

SUBROUTINE CONRÀD(J,M,KK,NCON )
IMPL¡ CI T REÀL"4 (À-H,O-Z)
COMMON/BLK1 /NUMNP,NI'MEL,NDM,MNEL,NUMÀT,NEO,NTP,MBÀND,NPROP

$,NBEI,NNEF,IE¡,MT
DTMENSTON NCON(MNEL, 6, 1 )
rF(KK.EO.1 )GO TO 12
rF(KK.EO.2)GO TO 11
fF(KK.EQ.3 )cO TO 13
In(KK.EQ.4)GO TO 14
rF(KK.EQ.5)GO TO 15
IF(KK.EQ.6)GÕ TO 16
GO TO 301
L= I
DO 20 I = 1,4
NCON(I,J,M)=L
L = t+1
fF( IELMT.EQ.l )GO TO 301
L=9
Do 21 I = 5,8
NCON(I.J.M)=L
L=L+1
GO TO 301
L=5
Do 22 1 = 1,4
NcoN ( I ,,1 ,M) =L

21

12
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14

¡J

15

1

20

I F ( I ELMT. EQ. 1 ) GO TO 301
L = 17
Do 23 I = 5,8
NCON(r,J,M)=r,

co ro 301
NcoN(1,J,M)=1
NcoN ( 2,J,M) =2
NcoN(3,J,M)=6
NcoN ( 4,J,M) =5
I F ( I ELMT. EQ. 1 ) GO TO 301
NcoN ( s, J,M) =9
NCON(6,,J,M)=14
NcoN ( 7 ,.1 ,M) =17
NCoN ( 8, J,M) =13
GÕ TO 301
NcoN ( 1 ,J,M)=2
NCON ( 2, J,M) =3
NcoN ( 3, J,M) =7
NCON(4,J,M)=6
I F (T ELMT. EQ. 1 )GO TO 301
NcoN(5,.1,M)=10
NcoN ( 6,J,M) =15
NcoN(7,J,M)=18
NCON ( I,J,M) =14co ro 301
NcoN(1,J,M)=4
NCoN ( 2,J,M) =3
NcoN ( 3,J,M) =7
NcoN ( 4,J,M) =8
I F ( I ELMT. EQ. 1 ) GO TO 301
NcoN ( s, J,M) =11
NcoN ( 6,J,M) =1s
NcoN( 7,.1 ,M) =19
NcoN ( 8, J,M) =16
GO TO 301
NcoN(1,J,M)=1
NcoN(2,.r,M)=4
NCON ( 3 ,.1 ,M) =8
NcoN ( 4, J,M) =5
r F ( r Et MT. EQ. 1 ) GO TO 301
NcoN ( 5, J,M) = 12
NcoN(6,J,M)=16
NCON(7,J,M)=20
NCON ( 8, J,M) =13
RETURN
END

SUBROUTINE BOUNDT(X,T,HC, ID, IC)
I MPLI C¡ T REÀI,*4 ( À-H,O-Z )
REÀL ÀN, BN,ÀO,DTT,TD,WI ND
COMMON,/BLK1,/NUMNP,NUMEL,NDM,MNEL,NUMÀT,NEQ,NTP,MBÀND,NPROP

$,NBEL,NNEF,IELMT
COMMON/BLK5/ I PHR, NSYR, NSMO, NSDÀY, NCYR, NCMO,

$NCDÀY,ND,NHOUR,I HOUR, T CDÀY,I PDÀY,I PC,I DÀY
CO}.{MON,/BLK6/TI NF ( 24 ),DT, EMS, EMÀ
DTMENSTON r( 1 ),rD{ 1 ),ÀN(6),BN (6),TD( 24 ),TEMPZ ( 1 s)

s,Hc( 1 ),wrND(24),NDÀy( 1 2),X(NDM, 1 )
DÀTÀ ÀN/- f 0. 91 9, 1 . 1 57,-0. 091, 0. 031,0.51 9,0, O2't /
DÀTÀ BN/-5. 1 29,0. s74,0. 1 1 9,-0. 365, 0. 332,0.068 /
DÀTA NDÀv/31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31 /
À0 = 4.894
co To( 1 ,2,3' ,tc
REÀD ( O3 ,2O )DIÀ,ÀI RK,ÀI RRO, ÀI RVI S, SK, SROW, SCP,CK,

$cRor,¡, ccP, EMs , EMÀ , cT , NNr EL
FORMÀT( 5F1 0. 5/5F1 0. 5/3F10. 5, r 5)
ÀI RvI S = ÀIRvIS,/1000000.0
lfRrTE ( 6, 21 )Df À,ÀI RK,Àr RRO,Àr RVr S,SR,SROW,SCP, CK,

$CROW, CCP, EMS , EMÀ , CT, NN I EL
FORMÀT ( / /

$ , DIÀMETER OF THE BrN ...= ,,F10.5/
$ ' CONÐUCTIVITy OF ÀIR. ...= ' ,F10.5/
$ ' DENSITY OF ÀIR . ',F10.5/

30r

c
C***tr****x******x*******x************** * * * * * * * * * * * * * * tr * * *
c
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I VISCOSTTY OF ÀIR .
' CONDUCTIVITY OF SOI L
' DENSI TY OF SOIL
' SPEC]FIC HEÀT OF' SÕIL ..
' CONDUCTIVI TY ÕF' CONCRETE
' DENSI TY OF CONCRETE
' SPECIFIC HEÀT oF CONCRETE .....=
' SHORT wÀvE EMISS OF BIN WÀLL ..=
' LONG WÀVE EMISS OF BIN WÀIJL ...=I THI CKNESS OF CONCRETEI NUMBER OF NODES IN EÀCH I,ÀYER .=

RETURN
RÀDIUS = DIA/2.O
ÀrFÀ = 24*3500* ( SK/ ( sROw*SCP ) )
DO 301 IJK = l,NLMNP
Tz=0.0

' ,î10.5/

"F10.s/
"F10.5/
"F10.5,/
"F10.5/
"F10.5/
"F10.5/
, ,v1O .5 /

"F10.5/
"F10.5,/

r F ( r D ( r JK ) . EQ. 1 ) GO rO 300
GO TO 301

c 300 z = x(1,r.lK)
300 Xc = DlÀ,/2.0

uC = Dr A/ 2.A
Drsr = soRT( (x( 1, r JK) -xc )**2+(x( 2, r JK )-yc ) **2 )
Z = RÀDI US-DI ST
I F ( Z. GT. RADIUS, z=DÍ A-z
1F(2,SQ.0.0.OR. Z.LT.0. 0)z=0. 01
Do 10 ¡ = 1,6
À1 0=SQRT( I !k3. 1 41 593 )
À = À10/ ( 365r.ÀLFÀ )
ÀÀ = sQRr(r*3.141593/(365'rÀLFÀxz) )
B = ( 2*t *3.141593/365 ) *ND-À*z

10 Tz = Tz+ Exp(-ÀÀ)*(AN(r)*cos(B)+BN(r )*s¡N(B))
12 = 1Z+AO+27 3. O

C T(IJK)=TZ
J = I JK+NNI EL
I F ( J. GT. NLIÌ'4NP )GO TO 3O]
TEMPT = T(J)
INN = NHOUR/DTT
cc = ( ( 0. 25*cRow*ccp ) / (cK* 1800.0 ) )
DO 79 KR = 1,INN
TNEÌ,? = (Tz+TEMPT+( (cc-2)*T(rJK) ) )/cc

79 T(IJK) = TNE}¡
301 CONTI NUE

RETURN
3 ¡ F ( ¡ CDAY . EQ. 1 ) GO TO s0

GO 10 60
50 rF(rDÀY.EO.0)cO TO 85

GO TO 86
85 NSSD = NSDAY- 1

NSsMo = NSMO
rF(NSSD.EO.0)cO TO 185
GO TO 88

185 NSSMO = NSMO-1
NSSD=NDÀY ( NSSMO )

88 REÀD ( 16,99 ) I YR, TMO, TDD, THR
¡ P ( I YR. EO. NSYR. ÀND. ¡MO. EQ. NSSMO. ÀND. NSSD. EQ. I DD )GO
GO TÕ 88

86 DO 331 r = 1,24
331 READ ( 16,599 ) I YR,II'IO,I DD,IHR,TD ( I )
99 FORMÀT(r2,I2,r2,r2)
599 FORMÀT(I 2,t2,12,r2,F6.1'

rF(rDÀy.Eo.0)co To 98
GO TÕ 96

98 REÀD ( 18 ,1 99 ) r YR,Ir'ro,I DD
199 FORMÀT(r2,r2,r2)

r F ( r YR. EO. NsyR, ÀND. rMo. EO. NssMo. ÀND. NssD. EO. TDD )co
GO TO 98

96 rn(rDÀY.EQ.0)GO rO 198
GO TO 196

1 98 REÀD( 1 4,299)MSTNID, ryR,rMo, IDD
299 FORMAT(r8,r2,f2,Í2)

r F ( I YR. EQ. NSYR. ÀND. r MO. EO. NSSMO. ÀND. NSSD, EQ. TDD)GO
co ro 198

195 DO 200 I = 1,24
REÀD(18,201)wrND(r )
IF(WIND(I ).EO.O)WIND( I )=1. O

TO 86

TO 95

TO 195
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200 wrND(r ) = wrND(I )r,0.277778
201 FORMÀT( 23X, F3.0 )

K=1
IN = ¡ ÀBS ( 24INHOUF )
DO 70 II = 1,INr.=ôô
Àw = 0.0
KK = K+NHOUR- 1

DO 80 I =K,KKTD(r) = j¡(¡)+273
À1.¡ = Àw+wIND(l )

80 c = c+TD(¡ )
TÍNF(TI) = C/NHOUR
WIND(1T )=ÀW/NHOUR
Hc(rr ) = (0.22'1*A1RK/DrÀ)*( (ÀrRRoxwrND(rr )

$ *D¡ A /À r Rvr s ) x * 0 . 6 3 3 )'lO K = K+NHOUR
wRrrE(6,71 ) (TrNF(r ),r=1,rN)

71 PORMÀT(' TrNF = 
"8F10.3)6O CONT] NUE

RETURN
END

c
C* * ** * * * * * * * * * * * * * x * * * * * * x * ** tr r{ * * * * * * * * * * * * * * * * ** * * * ** * * * * r( * * *
c

SUBROUTINE INITEM(T, ID)
IMPLI C¡ T REAL*4 (À-H,O-Z)
COMMON /BLK 1,/NUMNP, NUMEL, NDM, MNEL, NIIMÀT, NEO, NTP, MBAND, NPROP

S,NBET,,NNEF,fEI,MT
DTMENSTON T( 1 ),rD( 1 ),TL( 1000)
DO 10 I = l,NUMNPr(r) = 0.0

1O CONT] NUE
wRrrE(6,20)

20 FORMÀT(//' INITIÀL NODÀL TEMPERÀTURES ' ,/ / )
REÀD(03,50)(TL(r),r=1 , NUMNP )
wRrTE(6,60) (TL( r ),r=1,NUMNP)
DO 80 II = l,NUMNP
T(II) = T(II) + TL(II)

8O CONTI NUE
50 PORMÀT(5810.0)
60 FORMAT(6E12.3)
51 RETURN

END
c
C* * tr * x * * x * * lt * * * * * * * * * * rt * * * * * * * * * * * * * * r* * * * if * * ** * * * * * * !t * * * * !t * tr * *
c

SUBROUTINE BÀNDI¡ ( MB , NET,ND , NP )
I MPLI CI T REÀL*4 ( À-H,O-Z )
COI'&TON/BLK 1 /NT'MNP ,NUI.,IDL , NDM,MNEL , NUMÀT , NEQ , NTP ,MBÀND , NPROP

$ ,NBEL,NNEF,I ELMT
DI r'rENS I ON NELND(1),NP(MNEL,1)
MB=0
DO 10 J = I,NLIMEL
NEt = NELND ( J )
NLÀR = NP(1,J)
NSMÀ = NP(1,J)
DO 20 ¡ = 1,NEL
IF ( NSMÀ. GT. Np ( f ,J ) )NSMÀ=NP(r,J)
IF ( NLÀR.IJT. NP ( f ,J ) )NLÀR=NP( I,J)

20 CONTI NUE
M\4 = NIJÀR-NSMÀ+ 1

I F (MB. GT.MM)GO TÔ 1O
MB=MM
MEL=J

1O CONT I NUE
wRr TE ( 6,30 )MB,r'rEL

30 FORMÀT(//' HÀI,F BÀND WIDTH
$'ELEMENT NO =',r5/\

= 
" 

r 5,5X,

RETURN
END

c
C t( * * * * ** * * * * * x ** * * * * * * * * rr * * * x * * * ** x * * * * * * * * * * * * x * * * x * * * * * * * *

SUBROUT¡NE ÀSSEMA ( X, NELMÀT, NE¡JND, NP,D, SI',XI', RL, S , T,I D,
$MEL,CL,NFCON,NFRAD,NNCON,NNRÀD,HC, IFÀCE,HC¡.,SQRI,,SHCI,
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$,CÀP,ÀNG, F,I RFÀCE , Q )
IMPLI CIT REÀL*4 (À-H,O-Z )
coMMoN,/BLK 1 /NUMNP , NI,JI\'EL , NDM,MNEL, NIIMÀT , NEO,NTP ,MBÀND , NPROP

$,NBEI,,NNEF,I ELMT
COMMON/BLK2 /MÀ ,I EIJB , I ELG ,NST
coMr.roN/BLK3,/ r ¡ r
COMMON,/BI,K4 /OR
COMMON/BLK5/ I PHR, NSYR, NSMÕ, NSDÀY, NCYR, NCMO,

$NCDÀY,ND, NHOUR, I HOUR, I CDàY, I PDÀY, I PC, I DÀY
COMMON,/BI,K6ITI NF ( 24 ), DT, EMS, EMÀ
D¡MENSÍ ON X( NDM, 1 ),NELMÀT( 1 ),NELND( 1 ),NP(MNEL, 1 ),

sD(NpROp, 1 ),S!,( 1 ),XI,(NDM, 1 ), rD( 1 ),LM( 54 ),S (NrrMNP, 1 ),Rr( 1 ),
$R( 1 ),MEL( 1 ),CL ( 1 ),r( 1 ),NFCON( 1 ),NFRÀD( 1 ),HCr,( 1 ),
$NNCON (MNEI,, 6, 1 ),NNRÀD (MNEL, 5, 1 ),HC ( 1 ), r FÀCE( 6, I ),SORL ( 1 )
$,sHcr,( 1 ),cÀp(NUMNp, 1 ),ÀNG( 6, 1 ),r ( 1 ),QR( 24, 500 ),rRFÀCE( 6, 1 )
$,Q(1)
Do 10 I = I,NUMNP
DO 11 J = 1, MBAND
cÀP(r,J) = 0.0

1r s(I,J) = 0,0
10 F(1) = 0.0

DO 20 L = I,NUMEL
MÀ = NELì,1Ài¡ ( L )
I ELB = HEL ( },TÀ }
I ELG = L
NEL = NELND ( L )
DO 70 r = 1,NDM
DO 70 J = 1,NEL
NG = NP(J,L)

7o xL(r,J) = x(r,NG)
DO 90 I = 1,NST
RL(r) = 0.0
SQRL(I ) = 0.0

90 sHcL(r) = 0.0
CÀLL ELMLI B (D( 1,MÀ ),NEL, XL, SL,RL, CL,HCL,SQRI,,SHCL,

$NFCON,NFRÀD, NNCON, NNRAD, HC,NFÀCE, 2, I ELB,Q )
IF(NFCON( TELG).EQ. O}GO TO 2OO
TI = NFCON(IET,G)
DO 205 III = 1 ,II
NFÀCE = IFÀCE(III,IELG)
CÀLL ETMLT B ( D ( 1 ,MÀ ) , NEL , XL , SL , RI, , CL , HCL , SQRL , SHCL ,

$NFCON , NFRÀD , NNCON , NNRÀD , HC,NFÀCE,3,I ELB ,Q )
205 CONT¡ NUE
2OO CONTI NUE

IF(NFRÀD(IELG).EQ.O)GO TO 201
II = NFRÀD(IELG)
DO 206 III = 1,I¡
NFÀCE = IRFÀCE(III,IELG)
ÀNGLE = ÀNG(TII,fELG)
CÀLL RADN (NNRAD,NFRÀD,I ELG , NEL, NNEF , ÀNGLE , NP , QR, T)
CÀLL ELMLfB(D( 1,MÀ) , NEL , XL , SL , RL , CL , HCL , SQRL , SHCL ,

$NFCON, NFRÀD, NNCON, NNRÀD, HC, NFÀCE, 4, ] ET,B, Q )
206 CONTI NUE

FORM LOCÀTION MÀTRI X

201 DO 30 ,f = 1,NST
N = NP(J,L)
LM(J) = N

3O CONTI NUE

ÀSSEMBTJE

DO 50 I = 1,NST
TF(I,M(I ).EO.O)GÕ TO 50
lJ = r,M( r )
F( IJ) = F(IJ)+RL(I )-SORL(I )+SHCL(I )
DO 60 ,l = 1,NST
J.l = LM(J)-rJ+1
IF(JJ.LE.O)GO TO 60
K = NST*(J-1)+r
s(r.r,JJ) = s ( r J , JJ ) +sL ( K ) +HcL ( K )
cÀP(rJ,JJ) = CÀP(r.t,J,l) + CL(K)

60 CONTI NUE
50 CONTI NUE
20 CONTI NUE

c
c

c
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THETÀ = 0.6657
Do 400 I = 1,NUl'lNP
DO 401 J = 1,MBÀND
TEMP = CÀP(I,J)*(1./DT)+THETÀ*S(I,J)
s(r,J) =cÀp( r,J)* ( 1,/DT)-( 1-THETA)*S(¡,J)

401 CÀP(I,J) = TEMP
4OO F(I ) = THETA*F(T) + (1-THETÀ)*F(T )

RETURN
END

c
cr * * * * * * ** * * * * * ì¡ * * * * * ** * * *i * * * * * * * * * x * * x * r* * * * x * * ** * ** * * * * * **
c

SUBROUTI NE ELMLI B ( ÐL,NEL,Xt, SL,RL,CL,HCL, SQRL, SHCL,
$NFCON, NFRÀD, NNCON, NNRÀD,HC,NFÀCE, T CN, I ELB,Q )

c
C TH]S SUBROUT]NE CÀLLS THE ÀPPROPRIÀTE ELEMENT SUBROUTINES
c

¡MP¡JÍCIT REÀL*4 (À-H,O-Z )
DTMENSTON DL(1),xL(1),sL(1),RL(1 ),CL(1 ),NFCON(1),

SNFRÀD( 1 ),NNCON(NEL, 5, 1 ),NNRÀD(NEL,6, 1 ),HC ( 1 ),rEÀCE(6, 1 )
$,HCL( 1 ),SHCI,( 1 ),SQRL( 1 ),Q( 1 )
GO TO (1,2),IELB

1 CÀLL Er.,M1 (DL,NEL,XL,SL,RL, CL,HCL, SQRL, SHCL,
$NFCON,NFRÀD,NNCON,NNRÀD,HC,NFÀCE, I CN,Q )

GO TO 10
2 CÀLL ET,M2 (DL,NEL,XL, SL, RL,CL,HCL, SORL, SHCL,

$NFCON,NFRÀD,NNCON,NNRAD,HC,NFÀCE, I CN,O)
1O RETURN

END
c
c****r(*****r(*
c

SUBROUTI NE ET]M1 ( DL,NEL, XL, SL, RL, CL,HCL, SQRt, SHCL,
$NFCON,NFRÀD,NNCON,NNRAD,HC,NFÀCE, I CN,Q )

c
C THREE DIMENSIONÀI, I,INEÀR ÀND OUÀDRÀTIC ELEMENT

IMPLICIT REÀL*4 (À_H,O-Z )
COMMON/BLK1 /NUMNP,NUMEL,NDM,HNEL,NUMÀT,NEQ,NTP,MBÀND,NPROP

$,NBEL,NNEF,IELMT
COMMON/ BLK2 /MÀ , I ELB,I ELG , NST
COMMON/BLK3 /I I I
COMMON/BLK4lQR
CO].O'ION/ B¡,K 5/ I PHR, NSYR, NSMO, NSDÀY, NCYR, NCMO,

$NCDÀY,ND,NHOUR,I HOUR , I CDÀY,I PDÀY, ¡ PC,1DÀY
COMMON,/BLK6/TINF ( 24 ),DT, EMS,EMÀ
DTMENSTON XL(NDM, 1 ),SL(NST, 1 ),ÐL( 5 ),RG ( 27 ),SG(27 1,

$TG ( 2? ) , r,rc ( 27 ) , SHp ( 4,27 ) ,xS( 3,3 ) ,Rr( 1 ) ,CL(NST,1 ) ,DB ( 20 ,20 ) ,
SNFCON( 1) ,NFRÀD(1) ,NNCON(NEL,6,1) ,NNRÀD(NEL,6,1) ,HC( 1)
s,HcNrN ( 20, 20 ), r FÀcE ( 6, 1 ),SSHP( s, 20 ), RRG ( 9 ),sSG ( 9 ),rrc ( 9 ),
$würc( 9),xxs( 2,2 ),HcL(Nsr, 1 ),SQRL( 1 ),SHCL( 1 ),QR(24, 500),Q( 1 )
$,TINFT ( 24 )
co To (1,2,3,4),rCN

C REÀD ÀND WRITE MÀTERIÀI, PROPERTIES
c

1 REÀD ( 03,10 )ÀKX,ÀKy,ÀKZ,RHO, Cp, L'f0 FoRMÀT ( 5E 1 0 . s , r 5 )
wRr TE ( 5,11 ) ÀKX,ÀKY,ÀKZ , RHO, CP,L

11 FORMÀT(' THERMÀL CONDUCTIVITY IN X DIRECTION = ',813.7/
$ ' THERMÀL CoNDUCTIVITY IN Y DIRECTION = ',E13.7/
$ . THER},ÀL CONDUCTIVITY IN Z DIRECTION = .,813.?/
$ ' DENSITY =',813.1/
S ' SPECIFIC HEÀT =',813.7/
$ ' NO OF GAUSS POINTS IN EÀCH PLÀNE = ',r5)
DL(1) = ÀKx
DL(2) = AKY
DL(3) = ÀKz
Dr,(4) = RHo
DL(s) = cP
DL,(6) = L
RETURN

2 DO 20 I = 1,NST
DO 21 J= 1,NST
HcL(r,J) = 0.0
CL(I,.r) = 0.0



c
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21 sL(r,J) = 0.0
20 sHcL(I ) = 0.0

rF(rELG.Ee.1) t ¡Hr=o
L = DL(6)
IF(L*t'*t.NE.LINT)CÀLL PGÀUSS ( L, L:NT,RG, SG,TG,WG )
DO 30 K = 1,LINT
cÀLL SHAPE(RG(K) ,sG(K),TG(K) ,xL, sHP,xs,Xs.],NEL, T EI,MT )
Dv = xSJ*wG ( K )
DO 430 KK = 1,3
DO 430 I = l,NEt

430 DB(KK,r ) = DL(KK)*sHp(KK,r )*Dv
DO 431 I = 1,NEt
ÐO432J=1,I
DO 433 KK = 1,3

433 SL(r,J) = SL(r,J) + SHp ( KK , r ) *DB ( KK , J )
432 cL(r,J) = CL(r,J) + SHP(4,r ) 'kSHP 

( 4 , J ) *Dr, ( 4 ) *DL ( s ) *Dv
431 RL(l ) = RL(¡ ) + sHp(4,I )*e(rEr,c)*Dv
COMPUTE UPPER TRIÀNGULÀR MÀTRIX BY SYMMETRY

DO 70 JJ = 1 ,NST

DO 80 Il = 1,JJ
sL(I,J) = sL(J,¡)
cL(¡,J) = cL(J,1)

80 I = I + 1

70 J = J + 1

3O CONT ] NUE
RETURN

3 cÀLL QUÀD ( L, LT-I NT, RRG , ssc, TTG,wwc,NFÀCE )
TI NFT ( I HOUR ) =TI NF ( I HOUR )
IF(NFÀCE.Eo.1)Go To 34
GO TO 35

34 ] F ( TI NFT ( I HoUR ) . GT. TI NF ( I HoUR ) )Go To 35
TT NFl ( I HOUR ) =TI NF ( I HOUR ) +5.0

35 CONTÎ NUE
DO 40 K = I,LLINT
cÀLL suRF ( RRG (K ),ssc ( K ),TTG ( K),xL,ssHp,xxs,

$XXSJ,NEL,NFÀCE)
T F (NFÀCE.Eo. 1 )Go To 31
co ro 32

31 Dv1 = 1 . o*wr^rc ( K ) xxxsJ
GO TO 33

32 DV1 = HC(IHOUR)*wlrc(K)*XXSJ
33 Do 90 I = 1,NEL
90 SSHP(5,r) = 0.0

DO 9l I = 1,NEL
IF(I.GT.NNEF}Go To 92
LL = NNCON(I,III,IELG)
ssHP(5,LL) = SSHP(4,r)

92 CÕNT I NUE
91 CONTI NUE

DO 94 I = 1,NEL
DO 93 J = 1,NEL
HcL(r,.1) = HcL(r,J) + SSHP(s,I )*sSHP(5,J)*Dv1
SHCL(I) = SHCL(I )+SSHP(5,I ) *DV1*TI NFT ( I HOUR )
CONTI NUE

DO 71 JJ = 1 ,NST

DÕ 81 II = 1,J!l
HcL(r,J) = HcL(J,r)

81 ¡ = J + 1

/t J = J + I

4O CONTI NUE
RETURN

4 CÀLL QUAD ( L,LLI NT,RRG, SSG,TTG,WWG,NFÀCE)
DO 701 l( = 1 ,LLTNT
cÀLr suRF ( RRG (K ),SSG ( K ),TTG ( K),XL,SSHP,XXS,XXSJ,NEL,NFÀCE )
DV1 = WWG ( K ) *X'<SJ*QR( IHOUR,I ELG )
DO 702 t = 1,NEL

702 ssHP(5,r) = 0,0
DO 703 I = 1,NEL
IF(I.GT.NNEF)GO TO 704
LT, = NNRÀD(¡,III,]ELG)

94



c
c************ ** * * * ** * * rr * * * * * * * * ** * * * * * * * * * * r. x
c
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SSHP(s,Lt ) = SSHP(4,¡)
704 CONTI NUE
703 CONTI NUE

DO 705 I = 1,NEL
SORL(r) = SQRL(r)+ssHP(5,r )*Dv1

705 CONTI NUE
7 O-1 CON'I'I NUE

RETURN
END

suBRouTrNE SHÀPE ( RR,SS,TT,X, SHP, XS ,XSJ,NEL, r EIJMT)
IMPLICI T REÀL*4 (À-H,O-Z)
DTMENSTON SHp(4, 1 ),x(3, 1 ),R(20),S(20),T(20),xS(3,3),

$sx(3,3)
DATA R/-1 . 0800, 1 . 0800, 1 . 0800,-1 . 0800,-1. 0E00, 1 . 0800

$,1 .0E00,-1 .0E00 ,0. 0E00, 1 . 0800 ,0. 0800 , -1 .0E00, - 1 .0E00
s,1 .0E00,1 .0E00 , -1 .0E00,0.0800,1 .0800,0.0800,-1 ,0800/
DÀTÀ T,/-1 .0E00,-1.0E00,-1.0E00,-1 . 0E00 ,1 .0800,1 .0E00,

$1 .0800 , 1 . 0E00 , -1 .0E00 , - 1 .0800,-1 . 0E00 , -1 .0800 ,0.0800 ,
$0.0E00,0.0E00,0,0800,1 .0E00,1 .0800,1 . 0800, 1 .0800/
DATÀ S,/-1 . 0800,-1 . 0E00, 1 . 0E00, 1 . 0800,-1 . 0E00,-l . 0800,

s1.0800,1 .0800,-1 .0E00 ,0. 0E00 , 1 .0E00,0.0800,-1 . oEo0,
9-1 . 0800, 1 . 0800, 1 . 0800,-1 . 0800,0. 0800, 1 . 0800,0. 0800/

f F(rELMT.EQ.',f )GO TO 20
GÔ TO 40

= 1,20
= (.1 . +R( r ) xRR ) .k ( 1. +S ( r ) *SS ) 'r ( 1. +T( r )*TT) /8.
= R( r ),* ( 1. +s( r ) *ss ),r ( 1 . +T( r ) *Tr),/8.
= s(1)*(1.+R(I )*RR),.(1.+T(¡ ) *TT ) /8.
= r( I )'t(1.+R(¡ )*RR)*(1.+s(¡ )*ss)/8.

20 DO 100
sHP(4,r
sHP(1,¡
sHP(2,I

100 SHP ( 3,I
GO TO 30

40 DO 39 I=1,8
sHP( 4,I )= ( 1 . +R( I ) *RR ) x ( 1 . +s ( I ) *ss ) * ( 1. +T( I ) 'trr ) *

$ (R( r ) *RR+s ( I ) *ss+T( r , *'rr-2. ) /8.
SHP( 1 ,I )=n( r ) * ( 1 . +S ( I ) *SS )* ( 1 . +T( ¡ )*TT)* ( 2*R ( I ) *RR+

$s(r ) *ss+r ( r )*Tr-1. ) /8.
sHp( 2, r )=s ( r ) x ( 1 . +R( r )*RR).r( 1 . +T( r )*TT)* (R( r ) *RR+

$2. *S ( r ) *SS+T( r )*TT-1. ) /8.39 sHP( 3,I ) =T( I )* ( 1+R( I ) *RR)* ( 1.+s( I ) *sS ),. (R( ¡ ) *RR+s ( I ) *
$ss+2. *r'( r ) *rT-1 . ) /8.
DO 41 ¡ = 13,16
sHp ( 4,r )= ( 1 . -Tr* * 2 ) x ( 1 . +R( r ) *RR ) * ( 1 . +s ( r ) xss ),/4.
sHP ( 1 ,I )=R( I ) * ( 1-TT,.*2 ) * ( 1 . +s ( I ) *ss ) ¡/4.
sHP(2,¡ )=s(r )*(1-rT**2)'.( 1.+R(I )*RR)/4.

41 sHP( 3,¡ )=-TT*( 1.+R( I )*RR)'t (1.+s(¡ )*ss)/2.
42 sHp(4,r ) = ( 1 . -RR* x 2 ) * ( 1 . +s ( I )*ss)x( 1.+r(r )*TT)/4.

sHP( 1, ¡ ) =-RR* ( 1 . +s ( I ) *ss ) * ( 1 . +T ( ¡ ) xTT ) /i 2.
sHP ( 2,I )=S ( r ) * ( 1 . -RR* * 2 ) * ( 1 . +T( 1) *rT ) /4.
sHP ( 3,I )=T( I ) 'r ( 1 . -RR**2 ) * ( 1 . +s ( I ) *ss ) /4.
! = 1+2
rF(r.GT.11)GO TO 45
GO TO 42

45 rF(¡.8Q.19)cO TO 42
IF(I.GT.19)GO TO 43
I = 17
GO TO 42

43 ¡ = '10
44 sHP(4,I )=( 1.-ss**2) *( 1.+R(I )*RR)*( 1 .+T(r )*TT)i/4,

SHP( 1,I )=n(r )*( 1.-ss**2)* (1.+T(I )*TT)/4.
sHP( 2, r ) = -Ss* ( 1 , +R( ¡ ) *RR)* ( 1 . +T( I )*rr),/2.
SHp ( 3, r ) =r( r ) * ( 1 . -Ss** 2 )* ( 1 . +R( r ) '.RR) /4,
1=I+2
IF(I.GT.12)GO TO 46
GO TO 44

46 rF(r.EQ.20)GO TO 44
I F ( I .GT.2O )GO TO 3O
.l = tat
GO TO 44

C CONSTRUCT JÀCOBIÀN ÀND ITS INVERSE
c

30 DO 130 I = 1,3
Do130J=1,3
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¡<s(I 'J) = 0.0
DO 130 K = l,NEL

130 xS(I,.1) = xS ( I , J ) +SHP ( I , K ) *x ( J , K )
À1 = xS(2,2)'.xs(3,3)-xs(2,3)*xs(3,2)
À2 = - ( xs ( 2 , 1 ) *xS ( 3 , 3 ) -xS ( 2 , 3 ) 'txs ( 3 , 1 ) )
À3 = xs ( 2 , 1 ) *xs ( 3 , 2 ) -xs ( 2 , 2 ) *xs ( 3 , 1 )
81 = -(xs( 1,2)'.xS(3,3)-xs(1,3)*xs(3,2) )
82 = xs ( 1 , 1 ) *xS ( 3 , 3 ) -xs ( 1 , 3 ) *xs ( 3 , 1 )
83 = -(xs( 1,1 )*xs(3,2)-xs(1,2)'rxs(3,1 ) )
c1 = xs(1,2)*xs(2,3)-xs(2,2)'.xs( 1,3)
C2 = -(xs(1 , 1 ) *xs ( 2 , 3 ) -xs ( 1 , 3 ) *xs ( 2 , 1 ) )
c3 = xs( 1,1 )*xs(2,2)-xs(1,2)*xs(2,1 )
xsJ = xs( 1,1 )*À1+xs(1,2)*À2+xs(1,3)*À3
sx(1,1) = À1lxsJ
sx(1,2) = B1lxSJ
sx(1,3) = c1 /v,sJsx(2,1) = A2lxsJ
sx(2,2) = 82ly,sJ
sx(2,3) = c2/xsJ
sx(3,1) = À3,/xsJ
sx(3,2) = B3/xsJ
sx(3,3) = c3lxsJ
DO 140 I =1,NEL
TEMP 1=sHp ( 1 , r ) *sx ( 1 ,1 )+sHp(2, r ) *sx ( 2,1 ) +sHp ( 3, r ) *sx ( 3,1 )
TEMp2=sHp ( 1, r )'.Sx ( 1, 2 ) +sHp ( 2, r ) *sx ( 2, 2 ) +sHp ( 3, r ) *sx ( 3, 2 )
sHp ( 3, r ) =SHp ( 1, ¡ ) *sa ( 1, 3 ) +sHP( 2, r ) xsx ( 2, 3 ) +sHP ( 3, r )

$*sx ( 3,3 )
SHP(2,T) = TEMP2

140 SHP(1,¡) = TEMPl
RETURN
END

c
c * * * * * * * * * * * * * * * * * * * * r* * * rr * * * * * r* * * x * * * * * * * r( * rt
c

suBRouTtNE suRF ( RR, SS, TT,X, SSHP,XS,XSJ,NEt,NFÀCE )
I MPLI CI T REÀL*4 (À-H,O-Z)
COMMON/BLK1 /NUMNP,NUMEL,NDM,MNEL,NUMÀT,NEQ,NTP,MBÀND,NPROP

$,NBEL,NNEF,IELI'IT
DTMENSTON SSHP ( 5, 1 ) , x ( 3 , 1 ) , R ( 9 ) , S 1 ( 9 ) , S 2 ( 9 ) ,

9r( 9),xs(2,2),Sx(2,2\
ÐÀTA R/- 1 , 0E0 , 1 . 080 , 1 . 0E0 , - 1 .080,0.0E0,1.0E0,0.080,-1 , 0E0 ,0 .0E0/ ,

sT/-1 .080,-1 .080,1 .0E0,1 .0E0, -1 .080,0.0E0,1 . 080 ,0. 080 ,0. 080 / ,
ss1 /-1 . 080,-1 . 0E0, 1 . 080, 1, 080, -1. 0E0,0. 0E0, 1 . 080, 0. 0E0, 0. 0E0/,
ss2l-1 . 080, 1. 080, 1 . 0E0,-1 . 080,0. 0E0, 1 . 0E0,0. 0E0,-1 . 080, 0. 080/
rF(NFÀCE .EQ, 1 .OR. NFÀCE .EO. 2)GO TO 200
IF(NFACE .EQ. 4 .OR. NFÀCE .EQ. 5)GO TO 210
1F(NFÀCE .EQ. 3 .OR. NFACE .EQ. 5)GO TO 220

200 rF(rEI-MT.EQ.2)GO TO 300
DO 100 I = l,NNEF
ssHP(4,I ) = ( 1.0+R( I )xRR)*( 1 .0+s1 ( I )'rss)/4. 0
ssHp(1,¡ ) = n(1)*(1.0+s1 (r),.ss)/4.0

100 ssHP(2,¡) = s1(I)*(1.0+R(I)*RR)/4.0
GO TO 230

300 DO 311 I = 1¡4
ssHP(4,r )=(1.+R(r )*RR)* ( I.+s1(r )*ss)* (R(r ) *RR+s 1 (i )

$*ss-1.)/4.
SSHP ( 1 ,I ) =R( I ) * ( 1 . +S1 ( I ) *SS )* ( 2. *R( I ) *RR+S 1 ( I ) *SS ) /4.

311 ssHP(2,1) =s1( r ) * ( 1 , +R( I )*RR) * (R( I ) *RR+2 . *s1 ( I ) *ss ) /4.
313 ssHP(4,I )=(1.-RR*x2)*(1.+s'1 (I ) *ss ) /2.

ssHP(.1,r )=-RR*( 1.+S1 (r )'rSS)
ssHP(2,1)=s1(¡ )*(1 , -RR**z, /2,
t = 1+2
rF(r.cr.7)co ro 312
GO TO 313

312 1 = 6
31 4 ssHp ( 4 , r ) = ( 1 . +R ( r ) *RR ) * ( 1 . -Ss**2't / 2 .

ssHP ( 1 , r ) =R ( I ) * ( 1 . -SSt *2 ) / 2 .
SSHP(2,I )=-SS', ( 1.+R(I )*RR)
1 = 1+2
r F ( l .Gr.8 )GO rO 230
GO TO 314

210 rn ( rELMT. EQ.2 )GO TO 320
DO110 I =1,NNEP
SSHP(4,I ) = (1. 0+T(1 )*TT)* (1.0+S2( I )*SS)/4. 0
SSHP(1,I ) = 52 ( I ) * ( 1 . 0+T ( I ', *'rT, / 4.O
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110 ssHp(2,r) = T(t)*(1.0+s2(1)*ss)/4.0
GO TO 230

320 DO 321 I = 1,4
ssHp ( 4, r )=( 1 . +s2 ( r )*ss)* ( 1 . +T( r ) *TT)* (s2 ( r ) *ss+T(t )

$ *rr- 1 , ) /4.
ssHP ( 1 ,I ) =S2 ( I ) * ( 1 .+T( t )*rr) * (2. *S2 ( I ) *ss+T ( r',xTTl /a.

321 ssHP ( 2,I )=T( I ) * ( 1 . +s2 ( r ) *SS )* (s2 ( r ) *Ss+2. *T( r >r,T T', /4.
323 ssHP(4,I )=( 1. -SS**2 )* ( 1 . +r( r )*Tr),/2.

ssHP ( 1 
' 
I ) =-ss* ( 1 . +T( I ) *TT )

ssHp( 2, r )=r( r )*(1 .-ss*',2, /2.I = r+zrF(r.cr.7)co ro 324
GO TO 323324r=6

325 ssHP(4,r )=(1.+s2(r )*ss)*(1 .-?Txx2)/2.
ssHP( 1,r )=s2(r )* ( 1 .-'¡ax*)),t2.
SSHP( 2,r )=-TT*( 1. +s2( I )xss)
r = l+¿
rF(r.GT.8)GO TO 230
GO TO 325

220 rF(¡ELMT.EO.2)GO TO 330
DO 120 I = 1,NNEF
ssHp(4,r) = ( 1 . 0+R ( r ) "RR ) * ( 1 +r ( r ', *TT l/4,o
SSHP(1,I ) = R(I )*(1.0+R(I )*RR)/4.0

120 ssHp(2,r ) = T(I )*(1.0+R(r )*RR)/4.0
GO TO 230

330 DO 331 1 = 1,4
ssHp(4,r )=( 1 .+n(r )*RR)* (1.+r(r )*Tr)* (R(r ) *RR+r( I )

s *rr- 1 . ) /4.
ssHP{ 1 'I )=R(I )x( 1 .+T(I )*Tr)* (2.iR(l ) *RR+T ( r 't *1T', /4.

331 ssHP(2,I )=T(r )*(1.+R(r )*RR)*(F(¡ ) *RR+2. *T( ¡ )*rT)/4.
I =5

333 ssHP(4,I )=(1.-RR**2)*(1.+r(r )*Tr)/2.
SSHP ( 1 ,I )=-RR,. ( 1 . +T( I ) ltTT)
ssHP( 2, I )=r( i )'t ( 1 . -aax*2\ / 2.
1 = l+2
I F ( I. GT.7 )GO TO 334
GO TO 333

334 I = 6
335 SSHP( 4, r )=( 1 . +R( I )'+RR) * ( 1 . -T.r**2\ /2.

ssHP( 1, I )=R( I )*(1 . -'1T**2, /2,
ssHP ( 2, t ) =-TT* ( 1 . +R( r ) *ss )
I = I+2
IF(I.GT.8)GO TO 230
co ro 335

230 ÐO 130 I = 1,2
DO 130 J = 1,2
xs(r,J) = 0,0
Do130K=1,NNEF

130 xs(r,J) = xs(r rJ)+SSHP(l,K)*ssHP(J,K)xsJ = ¡rs ( 1 , 1 ) *xs ( 2 , 2 ) -xs ( 1 , 2 ) *xs ( 2 , 1 )
RETURN
END

SUBROUTf NE PGÀUSS ( L , T-I NT , R , S , T , W )
lMPT,I CI T REÀL*4 (À-H,Õ-Z)
DTMENSToN LP.(27 ),LS(27 ),LT(27\,Lvl127't,R(1 ),S(1 ),T(1 ),w(1 )
DÀTÀ LR,/-1,1,1,-1 ,-1,'l , 1 , - 1 , 0 , 1 , 0 , - 1 , - 1 , 1 , 1 , - 1 , 0 , 1 , 0 , - 1 ,

$0,0,0,0, -1 ,1 ,o/ ,Ls/-1,-.1 ,1 ,1,-1,-1,1 ,1 ,-1 ,0,1 ,0,-1 ,-1 ,
s1 , 1 ,-1 ,0,1 ,0,0,0,0,0 ,o,o,o/ ,t,1/-1,-1 , -1 ,-1 ,1 ,1 ,1 ,1 ,-1 ,-1 ,
s-1,-1,0,0,0,0,1,1,1,1,-1 r1,0,0,0,0,0/
DÀTÀ Ll.t/8* 2 5,12 t 40 ,7 ',0 /LI NT = !,*L*L
GO TO( 1 ,2,3, ,L

1*1*1 INTEGRÀTION

1 R(1) = 0.0s(r) = 0.0
r( 1) = 0.0
w(1) = 8.0
RETURN

c
C* * * tr * * * * ** * * * * * tr * * ** * * * ** * * * * x * * * * * * * * * il * * * * * * * * * * t( * * * * * *
c

c

c
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C 2*2*2 I NTEGRATI ON
c

2 G = 1.0E00,/SQRT(3.0800)
DO 21 I = 1,8
R(I ) = G*LR(I)
s(r ) = c*Ls(i)
T(I ) = G*LT(I)
w(i ) = 1.0800

21 CONTI NUE
RETURN

c
C 3*3*3 INTEGRÀTION
c

3 G = SORT( 0.6800 )
H = 1 . 0800/ 145.8
DO 22 r = 1,27
R(I ) = G*LR(I)
s(r) = c*Ls(l)
T(l ) = c*tT(r )
w(I ) = H*r,¡,t(I )

22 CONTI NUB
RETURN
END

c
C* * x* ** * * * * * * * * * * * * * * t( * rt * * * * * * * * * * r¡ * tr * *

SUBROUTI NE OUÀD ( L , LLI NT , R , S , T , W , NFÀCE )
IMPLI CIT REÀLX4 (À-H,O-Z )
DTMENSTON LR ( 9 ) , LS 1 ( 9 ) , Lw ( 9 ) , R ( 1),S( 1),T( 1),w( 1),

$LT(9),LS2(9)
DATÀ LR/-1,1,1,-1,0,1,O,-1,0/,L1/-1,-1,1,1,-1,0,1,0,0/
DÀTÀ r, S 1 ,/ - 1 , - 1 , 1 , 1 , - 1 ,O,1 ,O,O/,L52/-1,1,1,-1 ,0,1 ,O,-1 ,O/
DÀTÀ Lw,/4* 2 5, 4* 40 

'64 
/

LLINT = L*L
co ro(1,2,3\,L

c
C 1*1 TNTEGRÀTION
c

1 R(1) = 0.0
s(1) = 0.0
T( 1) = 0.0
w( 1) = 4,0
RETURN

C 2*2 TNTEGRATION
c

2 G = 1 , 0D00/sQRr ( 3.0800 )
DO 11 I = 1,4
IF(NFÀCE .EQ. 1 .OR. NFÀCE .EQ.
]F(NFÀCE .EQ. 4 .OR. NFÀCE .EQ.
IF(NFÀCE .DQ. 3 .OR. NFÀCE .DO.

10 T(I) = 0.0
R(r) = c*LR(r)
s(r ) = c*Ls1(I )
R(l) = 1.0800
GO TO 12

20 R(I ) = 0,0
s(I ) = c*Ls2(r)
T(I ) = G*LT(I)
t¡(l ) = 1 .0800
GO TO 12

30 S(I ) = 0.0
R(I ) = G*LR(I)
T(I ) = G*LT(I )
w(r ) = 1,0800

12 CONTÍ NUE
11 CONTT NUE

RETURN

C 3*3 ¡ NTEGRÀTION
c

3 c = SQRT( 0.60E00 )
H = 1 .0800/81 ,0E00
DO 31 I = 119
IF(NFÀCE .EO. 'f .OR. NFÀCE .EO.
IF(NFÀCE .EO, 4 .OR. NFÀCE .EQ.

2)co To 10
6)GO TO 20
5)GO TO 30

2)GO TO 40
6)co ro 50



c
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c
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rF(NFÀCE .EQ. 3 .OR. NFÀCE .EQ. 5)cO TO 6040 r(¡) = 0.0
s(r ) = c*LS1 ( I )
R(I ) = G*LR(I)
w(¡ ) = H*L!¡(I)
GO TO 22

50 R(¡) = 0,0
S(I) = c*LS2(I)
T(T ) = G*LT(I)
w(1) = H*L!r(I)
GO rO 22

60 s(l ) = 0.0
R(l) = cxLR(r)
T(¡ ) = c*LT(I )v¡(r) = H*Lw(I )22 CONTI NUE

31 CONT¡ NUE
RETURN
END

* * * * * * * * * * * * x * * * * * rr * * rr * * * * * * * * * * rr * * * * * * * * * * * * * * * ** x *

SUBROUTÍ NE RÀDN ( NNRÀD, NFRÀD, I EIJG, NEL, NNEF,ÀNGLE,NP, QR, T )
IMPL¡ CI T REÀLX4 (À-H,O-Z)
REÀL*4 ÀNG¡JE, QR, T, TI NF , DT , GR , EMS , EMÀ
CHÀRÀCTER F*1
DTMENSTON ÀMH( 24 ) ,F ( 24 ) ,MS ( 24 ) ,HD(24' ,HB(24\ ,

sHv( 24 ) ,R( 24 ) , QSN ( 24 ) ,QO( 24 ) ,Np(NEL,1 ) ,T( 1 ) ,
$NNRÀD(NEL, 6, 1 ),NFRÀD( 1 ),OR( 24,sOO ),NDÀy( 1 2 i,APMH( 24 )

COMMON/BLK3 /I I I
COMMÕN/BLK5,/I PHR, NSYR, NSMO, NSDÀY, NCYR, NCMO,

SNCDÀY, ND, NHOUR, T HOUR, I CDÀY, I PDÀY, I PC, 1 DAY
co¡û.roN/BLK6/TI NF ( 24 ),DT,EMs, EMA
DÀTÀ NDÀy/31, 28, 31, 30,31,30,31,31,30,31, 30,31l
IF(IDAY.EO.O)GO TO 75
GO TO 76

75 DO 7'7 1 = 1 ,2477 ÀPMH(T)=O-O
76 TT = 0,0

HM = 0.0
rF(rcDÀy.EQ. 1.ÀND. THOUR.EQ. 1 )GO TO 49
GO TO 222

49 rF(rELG,EO.1.ÀND.¡I¡.8Q.1)cO TO 50
GO 'rO 222

5O REÀD( 14,102)MSTNID,MYR,MO,MDÀY,METJM, (MS( I ),ÀMH(¡ ) ,
$F ( r ) , r = 1 ,24 )

srRtTE ( 6, 1 03 )MSTN¡D,MYR,MO,MDÀY
1 02 FORMAT( r 7,1 3,12,12,1 3,24 ( i 1,F5. 0.À1 ) )'
103 FORMÀT(2X,¡7,5X,f 3,5X,I 2,5X,,f 2)

DO 21 1 = 1,24
IF(ÀMH(I ).NE.99999. )ÀPMH(I )=ÀMH(I )
rF(AMH(r ) . EO. 99999. )ÀMH(r ) =ÀpMH ( r )
ÀMH(I )=AMH(I \t 0.27777A
HM = HM+ÀMH(I }

21 CON"I NUE
ND = ND+ 1

I F (ND.GT.365 )ND=ND-365
Pl = 3.141593
ÀrJÀT = 49.9*2. '.pr,/360.ÀÀ = ÀLAT-PI /2.
DEcL = 23.45*srN ( 2*pr * ( ( 284. +ND) /365. ) )
DECL = ( 2'(pr *DECL) /360.0
SC = f 353
À1 = TÀN ( ÀLÀT )
À2 = TÀN ( DECT. )
À3 = -À 1*À2
ws = ÀRcos (À3 )
À = ( 2. *pI *ND/365. )
RR=1+0.033*CoS(À)
HO = (24. / pr ) xsc* ( RR* (cos (ÀLÀr ) *cos (DEct ) *.srN (ws ) ) +

$ (wS,.srN (ÀLAT)'.Sr N (DECL ) ) )
B = HM/HO
c = 0.8710458 + 1.1228'1*B-(7.962557*(B**2.5) )

$+(6.55845*(B**3.5) )
222 DO 111 J = 1,24

IJK = l3
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IIJ = IJK-J
w = (rrJ:t15.0)*2.0*prl360.0
r F ( r ( J ) . EQ. ' w' . OR. F ( J ) . EQ. ' Z ' ) cO rO 51
GR=0. 2
GO TO 53

51 cR=0.7
53 GÀMÀ = (ÀNGLE*2'tPr ) /360.0

THETÀZ = srN(ÀLÀT)*SrN(DECL) + cos(DECL)*cos(ÀLÀT)*
$cos (w)
THETÀT = cos (DECL) *cos (GÀMÀ ),rcos (w) *sI N ( ÀLAT )

$+cos ( DECL ) *srN (cÀMÀ ) *sr N (r,¡) -sfN(DECL) *cos ( GÀMA )
$ *cos ( ÀLÀT )
RB = THETÀT/THETÀZ
r F ( RB. GT.5.0.OR. RB. LT. -5.0 ) RB=0.0
HD(J) = ÀMH(J) 'r C
HB(J) = ÀMH(J)-HD(J)
Hv( J ) = ( 2. *RB*ÀMH ( J ) +2. *RB*HB ( J ) +HD( J ) +cR,rÀMH ( J ) ),/4. 0
STEF = 5.6697E-08
QSN(J)=Hv(J)*EMs
oo(,r) = OsN(J)

111 CONTI NUE

rN = IÀBs ( 24lNHouR )
DO 70 II = 1,¡N
TEMP = 0.0
KK = K+NHOUR- 1

DO 80 I =K,KR80 TEMP = TEMP+Oo ( I )
QR(II,IELG) = TEMP/NHOUR
QE = 0, 5*STEF*EÌ,tr\* (TINF(II )x*4 )

QS = 0.5*STEF*EMÀ* ( 210**4 )
OR(II,IELG) = QR(Ii,1ET.G)+QE+QS
K = K+NHOUR
CONTI NUE
DO 20 I = 1,NNEF
DO 30 J = 1,NEL
¡F(J,EQ.NNRÀD(T,TII,IE¡,G) ) NNG=NP ( J ,I ELG )
TT = TT+T ( NNG )
TT = TT,/NNEF
QO = STEF*EMÀ*(TT**4)
QR ( r HOUR, r Er,G )=QR ( THOUR, ¡ELG ) -QO

70
60

30
20

RETURN
END

c* * * * * * * * * r( * * * * x * ** * ** * * * * * * * * x * * * * * * * *
c

1

3
4

5

6
7
I
9

10

11

SUBRÕUTINE DECOMP ( GSM, NP, NBI4 )
I MPLI CI T REÀL*4 (À-H,O-Z)
DTMENSI ON GSM(NP,NBW)
DÀTÀ EPS/1.E-20l
Do 12 I=1,NP
M=NP- I +1
rF (NBI4-M) 1,2,2
M=NBw
DO 12 J=1,M
N=NBW-J
rF (f-1-N) 3,4,4
N=I -1
SIJM=GSM(I,J)
rF (N) 7,7,5
DO 6 K=1,N
IK=¡-K
JK=J+K
KK=K
SUM=SUM-GSM ( I K,K+1 )*GSM(IK,JK)
rF ( J-1 ) 8 ,9,8
GsM(r,J)=SUM*TEMP
GO TO 12
lF ( suM-EPS*cSM ( I , 1 ) ) 10,10,11
wRrTE (04,13) r
STOP
TEMP=1./SQRT(ST'M)
GSM(I,J)=TEMP
CONTI NUE
RETURN
FOR¡IIAT (/ //// lOX,32HDECOMPOSITION TERMINÀTED ON ROI,J ,I3,3OHPOSSIBLIJ
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1E ERROR IN ELEMENT DÀTA)
END

c
c* * * * * tr * * * * * * *** ** * * * * * rr * * * * * * * * r. * * ** * * * * * * * * * ** x * * * * * * *

SUBROUT¡NE BÀNSOL (GSM,GF,X,NP,NBW)
IMPLI C¡ T REÀT,*4 (À-H,O-Z)
DIMENSTON GSM(NP,NBW),GF(NP),X(NP)

c
C REDUCE LOAD VECTOR
c

DO 5 I=1,NP
J=t -NBW+1
IF (¡+1-NBv¡) 1,1,2

I .J= I2 sttM=cF(I )
rF (r-1) 5,5,3

3 rr=r-1
DO 4 K=J ,I T

I KK=I -K+ 1

4 SUM=SUM-GSM ( K,l KK ) *X( K )5 x(r)=suM*GsM(i,1)
C BÀCXI,¡ÀRD SUBSTI TUTf ON
c

DO 10 IT=1,NP
I=NP-tT+1
J=I +NBw- 1

rF (J-NP) 7,7,6
J=NP
SUM=X ( I )
I PLl =I +1
rF (rPL1-J) 8,8,10
DO 9 K=I PIJI ,J

KI I =R-l +1
suM=suM-GsM( r,Kr I )*x(K)
x(r )=su¡,r*GsM(r,1)
RETURN
END

c**********************x**xrr**********rr*****r+*******t ** tr* tr* *****
c

SUBROUTINE TRÀNS (GCM,GHM, TR,F, RF,NP,NBW,NPP,FT, ID )
IMPLI CI T REÀI,*4 (À-H,O-Z)
COMMON/BLK 1 /NUMNP , NUMEL , NDM , MNEL , NIJMÀT , NEQ , NTP , MBÀND , NPROP

S,NBEL,NNEF,IELMT
COMMON,/BLK5,/ I PHR , NSYR , NSMO , NSDÀY , NCYR , NCMO ,

$NCDÀY,ND,NHOUR,I HOUR,I CDÀY,I PDÀY , I PC,IDÀY
COMMON,/BLK6/TINF ( 24 ),DT, EMS,EMÀ
DIMENSTON GCM(NP,NBW),GHM( NP,NBW),TR ( NP ),F (NP },RF ( NP )

$,Npp(MNEL, 1 ),FT( 1 ), rD( 1 ),AvErMp( 1 00 ),TEMP1 ( 900, 300 )
DO 31 I = l,NtMNP
DO 32 J = 1,NBÌ.t

32 TEMPI (¡,.1)=ccM(r,J)
31 FT(I) = TR(I)

SDT=DT
NIT = NHOUR* 36OO/DT
DO 510 KK=1,N¡T
CALL MULTBD ( GHM, TR, RF ,NP, NBT,¡ )
DO 507 I=1,NP

507 RF(r )=F(r )+RF(r )
DO 511 I = I,NUMNP
rF(rD(r ).NE.1)GO TO 511
DO 10 J = 2,NBl,¡
I1 = J_J+1
I2 = I+J-1
I F ( I 1 .GE. 1 )RF( I 1 ) =RF ( ¡ 1 ) -TEMPI ( I 1,J ) *FT ( I )

1 O IF( I 2.T,E.NP)RF( I 2 )=RF( I 2 )-TEMP1 ( I,J ) *FT( I )
RF(I)=FT(I)
rF(KK.EO.1)GO TO 9?
GO TO 511

97 DO 20 J = 1,NBw
J1 = I_J+1
rF( 11 .G8.1 )GCM ( r 1 ,,1) =0,0

20 GCM(r,J)=0.0
GCM(r,1)=1.0

6

I
9

10
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511 CONTI NUE
IF (KK.EQ.1)CÀLL DECOMP ( GCM, Np , NBW )
CÀT,L BÀNSOL ( GCM, RF, TR, NP , NBW )
DO 53 I = l,NtMNP
r F ( ¡ D ( r ) . NE, I ) cO TO s3
TR(I ) = FT(I)

5 3 CONT¡ NUE
510 CONTI NUE

IPC = I PC+NHOUR
1F(IPC.GE.¡PHR)GO TO 51
GO TO 62

61 ] PDÀY = IPDÀY+IÀBS(IPHR/24)
IPC = 0
wRITE(6,63)rPDÀY
r,lRtTE(6,64)
r.rRtTE(6,60 ) ( I ,TR(r ),t=1 ,Nt MNp )

60 FoRMÀT(3(3X,r4,3X,812.6) )
64 FORMÀT(3X,' NODE' ,4X, 'TEMPERÀTURE' ,3X,'NODE, ,4X,

S' TEMPERÀTURE' ,3X, 'NODE' ,4X,'TEMPERÀTUREi //)
63 F'ORMÀT( I DAYS ELAPSED = ,,f5//I
62 RETURN

END
c
c******r.*****
c

SUBROUTÍ NE MULTBD (GSM,GF,RF,NP,NBW)
IMPLICTT REÀL*4 ( À_H,O-Z )
DTMENSTON GSM(NP,NBw),GF (NP),RF(Np)
DO 503 ¡=1,NP
SUM=0.0
t(=Ì- |

DO 502 J=2,NBw
l'á=J + I - 1

¡F (M.GT.NP) GO TO 501
SUM=SUIM+GSM( I, J ) *GF (M)

501 rF (K.LE.0) cO TO 502
SUM=SUM+GSM ( K, J ) XGF ( K )
K=K-1

502 CONTI NUE
503 RF(I )=suM+GSM(I,1)*GF(I )

RBTURN
END

c
c************ * * * * * * * * * * * * * * * * * * * * * * * * * rl * * * * * * * *
c

SUBROUTI NE ELM2 ( DL , NEt , XL , SL , RL , CL , HCL , SORL , SHCL ,
$NFCON, NFRÀD,NNCON,NNRÀD,HC,NFÀCE, I CN )

RETURN
END



Appendi! D

FB3Dm - 3D ftnitê elerent heat traDsfer prograr

l{aLn Plogrå[

This prograrn reads end writes control lnfornåËlons. lt

asslgns locatlon for each of the natrices and vectors ln a latge one

dfnensional array A. IÈ cålls the subroutine DAYCAL, READ, INITEH,

BoUNDT, ASSEMB, and TRANS, Organlzes the flo\c of the shole progr¿rm,

NHOUR ls the nu.nber of hours after whlch the boundary

condÍtfons are read and the elenent naÈrices are calculated agaln,

Subroutlnes BollNDT, ASSEMS, ånd TR.ANS are called 24/NH0I'R tines each

day and the Do loop extends for the total nunber of days slnulatlon ls

requlred.

Subroutlne DAYCAL

Calculates the Èotal nunber of days the glnulatlon 1s to be run.

Total nuxnber of days are calculated based on the stetting day, montsh,

and yes.Ë ånd the closing day, nonth, and year.

Subroutlne READ

Reads and wrltes the followlng infornatlon:

(i) Node då!a: Node nu$ber and the X, Y, and Z coordfnates of

each nodE.

(ii) Elenent dete: EleEent nurnber, naterlål set nr¡mber, nunber of

nodes ln the elenent, globa1 node nunber of each node fn the

element and the lnterûs.l heaÈ gêneratlon ln the eleEent.

Boundary conditlon codes: Node nr:mbet and lts boundary

condition code. (set equal to 1 for Èhe bottofû nodes).

(rfr)
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(iv) convection and radlatlon boundary condftions: EleEent nurober,

number of faces fn the convecÈion boundary and the number of

faces in the radlatlon boundary, Then the nunber of each

boundary face fn the convecÈion boundary and the angle

between the norxnal to face and Ehe south for each radlaÈlon

boundary.

(v) MaEerlal daca: Haterlal set nunber and the ele¡ûent tJ¡pe

nunber åre read. For each naterlel set lt calls the

subroutine ELMLIB, whlch dlrects the control to the ffrst

part of the approprlate elenent subroutine. In the elenent

subroutine Èhe Dêleria1 dala are reåd and written fn the

outpuË fllè.

Subroutlne READ also cåIls the subroutine CoNB.AD for each of

Èhe convectfon ånd radfatlon boundary facas of every boundary elenenE,

and the subroutlne BANDIù once, Also lt cells the subroutlne BolrNDT

\rith the control inforrns.tion dlrecled Èo the flrst part of the BoIJNDT.

Subrouttne CONR.AD

It asslgns Èhe local node nunber for all the nodes ln each of the

convecÈion and radtaÈfon fåces of every boundary ele¡ûen!.

Subroutlne BOIINDT

Thls subroutfne has lhree parts. The value of IG passed on by thê

call1ng argument actlvåtes the correspondlng pårt of Ëhe subroutine.

IC - 1: Called by Èhe subroutine READ. Reåds EhE therÐal propertles

of the soll, concrete, bln wall natertal, åfË, disûeter of

the bfn. Ttrls part of lhe subrouÈlne fs called only once.

Ic - 2 i Calculates the soil leEperature using the nodel of Singh et

aL. (L977). Based on the predlcted so1l tenperåture of the



87

day, the bocton tenperature of the grain buLk is calculated

uslng the finlte dffference Eechod. Ffnally the calculated

soll tetrperature is assigned to those nodes for whlch the

boundary conditlon code ID ís l. AfÈer evety 24 hours of

siEulatlon the control is passed on to thls part of the

subrouLine by the nafn prograE.

IC - 3: Reåds Èhe hourly values of lhe anbient alr tenperature and

the local wind velocity averages these vålues over the tlne

1nÈervel NHoUR, calculåtes Èhe convectfon coefficlent Hc

usfng Fennlgan and Longstaff (1982) nodel, Called by the nain

prograD once fn every 24 hours of slnulaÈion.

Subroutine INITEU

Reads and lrrttes the fnftfal teEperature of each node ând storès

chese values ln the vector T.

Subroutlne BANDS

Calculåtes the hålf band wfdth by scannlng through the global node

nu¡nbers of each node ln all the elenents ln the donaln,

subroutlne ASSEI{B

¡{aËrlcês CA.P, S, F, RL, end SQRL ere lnltlallzed ln thls

subrouclne. I'or each EleEent, ASSEMB calls th€ elenenÈ subroutlne EL¡{l

thrice (once for calculatfng Èhe volune tntegrêls, once for surface

inEegËÂls lnvolvlng the convection boundary faces and Èhe thlrd rfEe

for evaluatlng the surface lntegrals over the redlåtlon boundary

faces). After the eleraenE nstrLcês are calculated and passed fro¡û the

elenent subrouEine they are assenbled ln thè global natrfces and

vectors.



88

Before return, the capåcitance úalrfx !til1 be dlvfded by the tine

lncrenenË DT and added rtlth the stfffness nå.trix s, efter nulriPlylng

the sElffness natrlx by a fåcÈor THETA. DePendlng on the value of

THETA the finiÈe dÍffêrence schene used for the liEè donaln can be

changed.

t{hen THETA - 0 Forward dlfference scheroe

- 0.5 Crank Nlcholson neEhod

- 0.667 Galerkln nethod

- 1.0 Backr¿atd dlfference schene

Sirollârly the stfffness natrix wlll be nultfplled by the factor (1-

THETÀ) and added wlth the capacltance natrix CAP after divldlng the

cAP by the tirne fncrenent DT, before the recurn.

Subroutlnê EL¡íLIB

Thls dlrects the control to the êpproprlate elenent subroutlne

dependlng on the value of IELB, passed on by the callfng argunent. IELB

ls an fnput dåta, reâd fn the subroutin€ REA.D, The oPeraÈol hås the

conlrol over Èhe value of IELB. The progran can be easily extended for

one and tlco dlEensional heåt trånsfer problens by addlng sepsrste

subroutfnes r¡hlch can ba called by assigning dlfferent vålues for IELB'

PresenËly, for the three dlnensional subroutlne the value of IELB ts 1.

SubroutLns ELl{1

Thie handles Èhe llnear and quadratic thtee dlnensfonal

quadrllateral elenents. IÈ ls cornprlsed of four parts. DêPendlng on the

value of ICN, passed on by Èhê calllng argr¡EenÈ, Èhe control fs

dlrected to the different parts of the subroutfne.

IGN - l: Called by Ëhe subrouÈlne REAÐ, It reads and writes che

thernal conductíviÈy of grain fn X, Y, and Z coordlnates,
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densfty and speclfic heat of the grafn, and the nunber of

Gauss poínts in each plane. It stores these values in the

array DL.

ICN - 2: Invoked by the subroutÍne ASSEIIB. Inltlallzes HCL, CL, SL and

SHCL. CaLls che subroutlne PGAUSS once, to get the causs

poLnts and calls the subrouÈíne SHÀPE once for each of the

Gauss polnts, IÈ evaluates the natrices SL, CL and lhe vector

RL, at each Gauss polnt and adds over all the Causs polnts.

ICN - 3: Called by the subroutfne ASSEMB. It calls the subroutine QUAD

to geÈ the Gauss polnts ln lhe plane of the convectlon face

and cal.ls the subroutlne SURF for each of the Gåuss points.

Matrix HCL and the vector SHCL åre calculated aE eåch Gsuss

poínt and added over all the Causs points.

ICN - 4: Does Èhe sû[e operatlon as Ín Èhe case of the thlrd part but

the vector SQRL fs calculated by thls part of the subrouËlne.

Subroutlne SHAPE

For each of the Gauss polnÈs, shape functions N! êre stored ln

SHP(4,I), lNL ¡8t ere stored in SHP(l,I), AN1iôI are stored tn SHP(2,I)

and óNi7ôÈ are stored tn SHP(3,I), It also calculates the Jacoblan, lls

fnverse and the dêternfnsnÈ of the Jacobfan. On returî ôN1/ôx are

stored 1n SHP(l,I), ANL ¡ôy ere stored ln SHP(2,I) and, ôñ1/ôz are stored

fn sHP(3,I) .

T.liis subroutfne ls capable of hsndlfng boÈh llnear and quadratlc

elenents. Dependlng on the value of IELI{T (-1 for the llnear elenent

and -2 for Ehe quadËatic elenent), iÈ calculates the shape functlons

for the correspondlng eletrent.

Subroutlne SlrR!
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Cålculates the shaPe functions for the face fn the convection or

radíatlon boundary. The control is directed to three differenÈ parcs of

the subrouEine dependfng on the value of NFACE' passed on by Ehe

calling argunenc. Eåch part can handle both linear and quadratic

elenents. SHP(4,1) atores Èhe shape funcÈions (Nt), ôN1/ôt (for r-i or

r-t planê ot lNL¡ôs (for s-t plane) are stored ln SHP(I,I). âN1/ðs (for

r-s plane) ot ôNL ¡ôt (for s-t plane or r-t plane) are stored 1n

SHP(2,I). It also calculetes Èhe Jacobian and the deterEfnant of the

Jacobfan.

SubroutÍne PGAUSS

The Gauss polnts and the r,¡elghts are calculated end transferred

to the callfng progrÂrn, The value of L dlrects Èo efthêr of the three

parts of the subroutlne,

IFL-1, 1X 1X 1 lntegraÈion

L-2, 2X2X 2 lntegrsElon

L - 3, 3 X 3 X 3 fntegraclon.

Subroutine QÛAI)

Gåuss polnts and weighÈs for each plane ln question are calculaÈed

and Eransferred to the calllng program, Can hand1E 1 x 1, 2 X 2 and 3

X 3 intêgratlon.

Subroutlna EADII

Reads the radiaÈ1on on the horizontal surface of the locatfon and

the ground cover. Galculates the radlatlon on the strfP of the bin !t411

çhere the elernent is located, followfng the procedures descrfbèd under

Ëhe chapter nModel developnenÈü, 0n return, QR will be the radiatlon

coefflclent for the line of the day on the bin ItêlI segnenÈ where the

elenent is located.
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Subloutlne DECOI{P

Deconposes Èhe conblnaÈlon of capâcftance and conductånce natrLces

passed 1n by the maln progr¿rn using Choleskl's decornposltíon nethod.

Subroutlne BANSoL

solves the equatíon {cA?} (TR}r+f - (RF} for TR åt tine È+4,

by reducÍng che load vector RF and using backward substltutlon,

Subrouttne ÎRANS

This subroutlne nodifies Êhe capacltance ¡¡atrix ênd the load

vector Lo take care of the prescribed nodal Èenperatures, The nethod

given in Rso (1980) ls used. The subroutÍnes }ÍIILTBD ånd BANSOL are

called by TRANS, After callfng MULTBD and BANSOL once, lhe values on

the loåd vector TR of the nodes for which the tenpetature 1s

prescrlbed are replaced by Ehe plescrlbed tenperature values, before

calling then agaln,

Ftnally lrhen the number of hours afÈer whfch thê lnfornåÈfon to be

prtnted (IPHR) is reached, ft prlnts the node nunbers ånd lhs

corresponding ter0perelure velues ln the ouÈput flle,

Subroutlna MULTBD

Uultlplles Èhe conducÈånce natrix and the load vecÈor.
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V¿riables used ln Èhe progra.n

AO, AN and
BN - ConstanÈs ín the soll tenperature nodel

AIRK - Thernal conductlvlty of alr (lJ r-1 X-l)

AIRRO - Density of air (kg n-3)

AIRvIs - viscosíty of air (N s n-2)

AKx - Ihernal conductlvity of grain ln x-plane (I,l n-l ç-1¡

AKY - Therrnal conductfvlty of graln tn y-plane (W n-l ç-1¡

Axz - Thernal conductlvity of gratn ln z-plane (If n-l ¡'1¡

ccP - speclflc heaÈ of concrete (J kg-l K-1)

cK - Thernal conductlvlty of concïete (w n-l ¡'1¡

CRO\,¡ - Dens!Ëy of concrete (kg r-3)

cP - Speclflc heåt of grsln (J kg-l K-1)

DIA - Dlameter of the bln (rn)

DT - Tlme step (h)

EMA - Abgorptlvlty of the bln r¿411. nâterial

E¡,fS - EnlsslvlÈy of the bln wall naterlal

cK - Theroal conducÈfvlty of grafn fn y-plane (H n'l K-l¡

GR - Ground reflectance

IELB - Elenent t)pe nunber in Èhe llbrary (l for thtee dlEenslonal
subroutlne)

IEl6 - Current Elenent nunber

IEL¡{T - Elenent t]pè nunber (llnear or quadÌetlc)

IHoltR - Tiue of the day (h)

IPDAY - Number of days elapsed afÈer the start

IPHR - Ntnber of hours after r¡hlch oulput to be prlnted

L - Nunber of Gauss polnts fn each plane

92
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MA - Materlal chârecterfstfc set numbèr

}ßAND - Half band wldth

MNEL - Maxinum nunber of nodes connecËed to an elenenÈ

NBEL - Nu¡nber of boundary eler0ents

NCDAY - Closlng day

NCHo - Closing tronth

NCIR - Closlng year

NDM - Nu.nber of dfunenslons

NEL - Nunber of nodes connected to the current elenenÈ

NHOIJR - Nr.unber of hours before recalcul€.tion

NNIEL - Nunber of nodes ln eaeh layer.

NPRoP - Maxfnum nunber of naterlål characterlstlc aeÈs assoclaÈed
wlth the elefûenE type

NSDAY - Startlng day

NSMo - Startlng nonth

NSYR - Startlng year

NST - ToËal number of degrees of freedon fn an elenent

NTP - Nu¡nber of nodes for whlch tenperåturE ls specfffed

NIJI.ÍEL - Number of elenents ln the grld

f¡f¡¡O¡p - Number of node points ln the grid

NIJIIAT - Nunber of naterfal characËerlstic sets

RHo - Density of gråfn (ke r-3)

scP - specfffc heåÈ of soll (J kg-l K-1)

SK - Ihernal conductlvlÈy of soll (lf n-1 ¡-1¡

SROI{ - Densfty of soil (tg r'3)



ANG(6,NUI'íEL)

CL(MNEL, MNEL)

D(NPROP,NIJMAT) .

DL(NPROP)

F(24)

FT (NI]MNP )

HCL(MNEL,MNEL) .

TD (NI]MNP )

TD.

IFACE ( 6 , NlJr'fEL) -

IRFACE(6 , NI'MEL)

AMH(24)

MEL(NT'UAT)

NELMAT (NUUEL)

NFC0N(Nt r'fEL)

NFRAD (NIJI.ÍEL)
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Arrays 1n the progran

Angle thaE the norúal of the outer face of an
elenent bears wiÈh the south (+ tolrards eâst
and - cowards wesË)

Local array of capacltance Estrix

Haterial daÈa for each naterlal set

Local array of Eaterial data

Stores the lnforx0åElon regsrdlng whether the
soll surface fs covered wfch snor¡ or not (read
froxû the dåta flle R7477)

Tefûporåry aËray of final teroperalure values

Local array of surface integrals lnvolving the
convecÈíon tems

Boundary condiELon code for each node ln the
8r!d

l, nodes aE the bottoir of the bulk
(tenperature fs calculated using the soll
tenperåture rnodel) ID cen be set to other
values ff any oËher walues are to be
prescribed for nodes lying ln the boundary,

Face nunber fn thê convectfon boundary (Refer
Ffg.El) (top - 1, botton - 2, front - 3, rfght
- 4, rear - 5, left - 6)

Face number 1n the radiaElon boundary Refer
Fig.El) (top - 1, bottoxt - 2, front - 3, rlght
- 4, teax - 5, left - 6)

Radfêtlon on a horfzonÈal surface for the
glven locatfon ånd day (read fron the daËa
file R7477)

Elenent t)pe nunber correspondlng to each
elêEenE

I'laterlal set nurnber of each eleEent

Nu¡nber of faces of ef¡ €lenent fn the
convectlon boundary (aII sfx faces of a
quadrflateril elenent can be fn lhe convection
boundary)

Number of faces of ân elenen! ln lhe radlaÈlon



NNCON(MNEL, 6 , NI'MEL) .

NNR.A.D (MNEL, 6 , NUMEL) .

NP (MNEL, ¡'INEL)

QR( 24, NTTHEL)

Rr ( NUl,fNP )

RL(MNEL)

S (NUMNP, M.BAND) -

SHCL(MNEL)

sL(MNEL, HNEL)

SQRL(MNEL)

T ( NI'I.ÍNP )

TR(NIJI{NP)

rD ( 24)

I{]ND ( 24)

x(NDn, NUì{NP)

XL (NDH, HNEL)
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boundary (aII six faces of an element can be
1n Èhe radlatÍon boundary)

Local node nunbers 1n a gfven convectlon facê

Local node nu¡¡bers Ín a given radlatlon face

Elexoent nodal connectiviÈy array, It stores
the global node numbets correspondlng to local
node nunbers of each elexûent)

Radlållon coefficíent of the given elenent at
âny tlne of Ehe day

TeEporary vector storlng the nodal
te¡¡rPerêture9

Local array of lntegrals involvfng the heat
generatlon teûtr

Global array of sumation of naErices SL and
HCL (global stlffness natrix)

Local array of surface lntegrels lnvolvlng
convectlon terns, boEh åIong the clrcumference
end the top of Ëhe grafn bulk)

Local array of elenent conductance naÈrfx

local array of surface fnÈegrals lnvolvfng
rådiatfon Èerm

Vector Ëhat stores the current tenpers.ture of
each node, AÈ tfDe t - 0, T storês Èhe lnltlel
tenperaEures

Array of teEperåtures Èhat âre prlnËed ln Ëhe
outpuE file

Hourly arnbfent tenperaÈure for the glven dey
and locacion (read fron the weather data set
file wIN7477 )

Hourly wlnd velocfty for the glven dåy ånd
localcion (read fton the dåtå set ffle
f{rNN7477 . CM3ND )

Coordinate srray

Local atray of global coordfnates of elenenÈ
nodes

swltch used to dlrecÈ Èhe concrol to the
appropríate part of Èhe subroutine BoIJNDT

tc
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s\rftch used to dlrect the control to
approprlaËe part of the elenent subroutlne

lheICN

A(Nr)

A(N2)

A(N3 )

A (N4)

A(Ns)

A(N6)

A(N7)

A(N8 )

A(N9 )

A(N10)

A(Nl2 )

A(Nl3 )

A(N14)

A(Nl5)

A(Nl6 )

A(N18 )

A(N19)

A(N20)

A(N21)

A(N22 )

A (N23 )

A(N24 )

lrcatloa of ratrices a.nd vectors Ln a large
one dinenslonal arrey A

- x(NDr'f , NTJUNP)

. NELMAT (NIJMEL)

- NELND (NITMEL)

- NP (l.f¡¡EL, NUUEL)

. D (NPROP, NIJMAT)

.ID(NIJMNP)

- HEL (NlJr'fAT )

- SL(HNEL,MENL)

- CL(HNEL,!'!NEL)

- XL(NDM,MNEL)

- RL(MNEL)

- NFC0N(N[JÌ{EL)

- s ( NrIr.fNP , r.rsAND )

- CAP (Nt l'fNP , I{BAND )

- NIR.AD (NUMEL)

- NNCoN (r.fNEL, 6 , NUMEL)

- NNRAD(t'fNEL, 6, NIJÌ'!EL)

- Hc(6, NIJI'ÍEL)

- IFACE(6,Ntt{EL)

- HCL(!'!NEL, MNEL)

- SQRL( (MNEL)

. SHCL(MNEL)



A(N2s)

A(N26)

A(N27)

A(N28)

A(N29)

A (N31)

A(N32)

Note: Nls
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- ANG(6,NIJMEL)

- F (NlJl,fNP)

. IRFACE ( 6 , NIJMEL)

- RF (NI'MNP )

- FT (Ntnû'¡P)

- Q(NUMEL)

. T (NUI'ÍNP)

are Ëhe locatlon nunber ln the array A.
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A.PPENDIX F

I¡{POT DATA FOR FE3DHT IJSTED I¡T OBDER OF IJTES

Colunns Format Varlable DescrloÈion

Headfng

1-60 15A4 HEAD Tlrle ro be prlnred (in one line)

1-5 15 NUI'INP Nunber of nodes fn the grÍd
6-10 15 NlJl'fEL Nunber of eleEents !n the grfd
11-15 15 NDM Nu¡nber of dlnenslons
L6-20 15 MNEL Maxfnum nunber of nodes per element
2L-25 15 NIJMAT Nunber of naterfål sets
26-30 15 NTP Ntrnber of nodee for whfch tenperåtule 1s

prescr!bed
31-35 15 NPRoP Nu¡nber of nêtèrlål dåta
36-40 15 NBEL Nunber of boundery elenents
4I-45 15 NNEF Nunber of nodes 1n each face
46-50 15 IEL¡{T Elenent tJpe nunber

(- l for llnear elenent and
- 2 fox quadrêtfc elenent)

Inforratlon regardlng the È1ne (ln one line)

t-5 15 NSYR SÈartlng year
6-10 15 Nsllo starting nonth
11-15 15 NSDAY sEartfng day
L6-2O 15 NCTR Closing year
2L-25 15 NCMO Closfng nonth
26-30 15 NCDAY Closing day
31-35 15 NHolrR Nunber of hours before recelculetlon
36-40 15 IPHR Nunber of hours after whlch the

lnforoatton to be printed
41-50 F10.5 DT Tf¡oe step (hrs)

1-5 15 U Node nunber
11-20 F10.5 x(l,M) x-coordinate of the node I'f
2t-30 F10.5 X(2,1.f) Y-coordlnate of the node H
31-40 F10.5 X(3,1{) z-coordlnate of the node M

Element dgta (one llne for each elenent)

1. If llnear elexoent :

1-5 15 M Elenênt nunber
11-15 15 NELMAT(M) l{åEeriêI sêt nunber of e1eûenÈ ll
f6-20 15 NEL Nr¡nber of nodes in elenent ll

99



2t-60

6L-70

2. If quedratlc eleEent :

l-5 15 M

11- 15 F10.5 NELMAT(l'f)
T6.20 15 NEL
2I-60 8rs NP(I,H)

1- 60 t275 NP(r,M)

6r-70 F10. s Q(¡f)

100

Global node nunber of each node in the
elenent
Internal heat genearalon in Èhe eleEent M
(- 0 if no fnternal heat gneråcion)

Elexoent number
Materlal seÈ nuaber of element M

Nu¡nber of nodes ln the elênent M
I - 1 to 8. Global node nr.mber of the
ffrst I nodes of the elenent (next llne)
I - 9 to 20. Global node nunber of the
next 12 nodes of the elenenc
Internel heat generatlon in the èlenent M
(- 0 tf no internal heac generatlon)

8r5 NP(r,M)

F10.5 Q(H)

1-5 15 N Node nunber for whlch the teEperature fs
prescrlbed

6-10 I5 ID(N) ID - I for bottotr nodes

(tf NTP - 0 above infornsllons should not be gfven)

!l Elenent nuxûber
NFCON(!Í) Nunber of faces fn the convecuion

boundary
NFRA-D(M) Ntrnber of fåces ln the radfaclon boundary

(above three daÈa sre enlered 1n one llne)

1- 30 6r5 IFACE(I,M) Faces fn the convêctton boundary
(- 1 for top facê, - 2 for botton- face - 3 for front fåce, - 4 for
left face - 5 for rea! fece, end - 6

1-5
6- 10

11- 15

I5
I5

I5

for right face)

(above lnforns.tlons sre gfven 1n one llne, If NFCON(M) - 0, thls
lnforn¿tlon should not be glven)

1.5 15 IFACE
31-40 F10.5 ANC(r,r,f)

Face in the radlatlon slde
Angle thåt the face nakes nlth the
south (+ to\rards east and - tonerds
wèst)

(above data are entered !n one llne per N¡BAD. IF NFRAD(M) - 0,
the above line can be oEltËed fn the lnput flle)

Convectlon and rådlatl.on boundary condillons should be €ntered in Èhe
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order given above for each of the boundåry nodes.

1-5
6-10

MA
I ELB

InfËlel nodal tenperaturês

t-60 6F10. s r(r )

MaEerial set nunber
ElenenË t)rpe nunber

Thernal conductivicy !n X-dlrection
Therrnsl conduccivity !n Y- dlrection
Thenûal conductlvlty in Z-direcclon
Graln densiÈy
Speclflc heat of graln
NuEber of Gåuss polnÈs ln each plane
1f L - 2, Volune lntegral - 2 X 2 X 2

Surface integral -2X2

Initial tenperaÈure of node I. 6 values
are ty?ed ln one lfne. Should be given
for all Èhe nodes.

T5
T5

Each naterlal seÈ card nusË be folLowed lnnedfately by the naterial
property data.

1- 10
11- 20
2L-30
31-40
41- 50
s1-55

F10.5
F10.5
F10.5
F10.5
F10.5
15

AIA(
AKY
AI<Z

RHO

CP
L

1-10
11- 20
21- 30
3l-40
4l-50

1- 10
11- 20
21- 30
31-40
4t-s0

t-10
11- 20
21- 30
31-3s

F10.5
F10.5
F10.5
F10.5
F10.5

F10.5
F10.5
F10.5
F10.5
F10.5

F10.5
F10.5
F10.5
I5

DIA Dlamecer of the bfn
AIRK Ïhernal conductlvfty of alr
AIRRo Denslcy of aft
AIRVIS Viscosity of afr
SK Thernal conductlvfty of soll

sRoI{ Denslcy of so 11
scP Specific he¿t of soll
cK fhernal conductivlty of graln
CK Ïhernal conductlvfÈy of concrete
CRoW DensfEy of concrete

CCP Specfflc heet of concrete
El{S EEisslvlty of bfn ¡¡all naterfal
EllA AbsorptlvfÈy of bin nall Eâterfsl
NNIEL Nr¡mber of nodes fn each layer.



APPENDIX G
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Fiq G1: A rectongulor domoin discretized -into' 'Y ' 't*o 
lin"or'elements' (not to scole)
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MODEL INPUT DÀTÀ FOR THE GRID ¡N FIG G.1
12238146241'71 02 20 75 02 24 12 24 1 ,50
1 0.0 0.0 0,0
2 1,0 0.0 0,0
3 0,0 1.0 0,0
4 1.0 1.0 0,0
5 0.0 0.0 1,0
6 1,0 0.0 1,0
7 0.0 1.0 1,0
8 1.0 1.0 1,0
9 0.0 0.0 2,0

10 1,0 0.0 2,0'11 0.0 1.0 2,0
12 1.0 1,0 2,0

1 I 1 2 4 3 5 6 I 7 0.0'1 I 5 5 I 1 9 10 12 t1 0,0

2
455

10.0
20.0

2

-¿55
10.0
20.0

'l

0.12
5, s6

1600.0
0, 89

293,0
293.0

0,12 0,12 700,00 1700.00 2
0,0251 1 , 1640 18.240 0.690
840, 00 0. 7600 2000 . 00 960 .00

0.28 0.15 4

293,0 293.0 293,0 293,0 293.0
293,0 293.0 293,0 293,0 293,0

NOTE :

1. ÀLL THE FÀCES IN BOTH THE ELEHENÎS OTHER THÀN THE ONE
JOTNING THE TWO ELEMENTS ÀRE ÀSSUMED TO BE IN THE
CONVECTION EOUNDÀRY

2. FÀCES 3 AND 4 OF BOÎH THE DLÐHENTS ÀRE ÀSSUMBD TO BE IN
THE RÀDIÀTION BOUNDÀRY. THESE ÀRE ÀSSUMED 1O BEÀR T¡IE
MENTIONED ÀNGLES WITH lHE LOCÀL MERID¡ÀN

3, INTERNÀL HÐÀT GENERÀ?TON IN BOTH THE ELEMENTS IS ÀSSUMED
TOEEO

4. TE}.:PORÀTURES IN THE BOTTOM LÀYER OF THE GRID ÀRE PRESCRIEED
BY THE TEI'JP8RÀTURE CÀLCULTED BY lHE SOIL ÎEMPERÀîURE MODEL



t19tt/l- '
16/ | y./1"/

Fis G2: A rectongulor domoin discretized into
t*o qrããËã{i. el.m"nts' (not to scole)
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IiIODEL INPUT DÀ?À FOR THE GR¡D IN FIG G.2
32 2 3 20
11 12 01 ?5

1862
1202324

0.0 0.0
0.0 0.0
0,0 0.0
0,5 0.0
0,5 0.0
1,0 0.0
1,0 0.0
1.0 0.0
0,0 0.5
0,0 0.5
1,0 0.5
1.0 0.5
0,0 r,0
0.0 1,0
0.0
0.5
0.5
1.0
1,0
1.0
0.0
0.0
1.0
1.0

1.0
t.0
t,0
t.0
t.0
t.0
r,5

0, 0 2.0
0.0 2,0
0. 0 2,0
0. 5 2.0
0. 5 2,0
1.0 2,0
1 ,0 2,0
1.0 2.0

82
1.50

13 15
14 11
25 21
26 29

120 13 8
5 7 4 9 10 12

1 20 13 15 20
17 19 16 21 22 24

10
11

12
'13

15
16
17
18
19
20
21
22

25
26

28

30
31
32

1

2
2

14
1

2
3

4
5
6
'7

I
1

2
3

4
2
1

3

4

6
11
18
23

20 18
19 16 0. 00000
32 30
31 28 0.00000

52
10 .0
20,0

10. 0
20.0

0,12 0,12
5,56 0,02 51

1600,0 840,00
0.89 0.28

293.0 293 . 0
293,0 293.0
29 3.0 293,0
293,0 293,0
293,0 293,0
29 3 ,0 293 ,0

NOTE :

6

0.12 ?00. oo 1?00.00 2

1 . 1 640 18,240 0.690
0. ? 600 2000.00 960.00

0.15 12
293.0 293,0 293,0 293,0
293.0 293,0 293,0 293,0
293.0 293.0 293,0 293,0
293,0 293,0 293,0 293,0
293.0 293,0 293,0 293,0

1. ÀLL TH8 FÀCES IN BOTH THE ELEMENTS OTHER THÀN THE ONE JOINING
THE Th'O ELEMENTS ÀRE ÀSSUMED 1O BE IN THE CONVECTION BOUNDÀRY
CONVECT¡ ON BOUNDÀRY

2. FÀCES 3 ÀND 4 OF BOTH lHE ELEMENTS ÀRE ÀSSU}.ÍED TO BE IN THE
RÀDIÀTION BOUNDÀRY. THE FÀCES ÀRE ÀSSUMED TO BEÀR THE I.IENTIONED
ÀNGLES WIlH THE LOCÀL }IERIDIÀN

3. INTERNÀt HEÀT GENERÀTION IN BO?H TH8 ELEMENTS IS ÀSSUMED TO BE O

4, TEMPERÀ?URES IN THE BOTTOM LÀYER OF ?HE GRID ÀRE PRESCRIBED
BY THE îEIIPERATURE CÀLCULTED BY THE SO¡L TEMPERÀTURS MODEL



ÀPPENDIX - H

Tab]e H1 : Heasured ând predicted lemperàtures (K) in a 5,56 n dianeler bin containing rapeseed
to a depth of 3.2 ÍÌ, Iocated neâr winnipeg'

Centrè

DÀTE H Mes Mes

ADg13l7 4

sepl? l7 4

OcL21/7 4

Nov20/7 4

Decl l /7 4

Jan03/75

Feb0 3/? 5

Feb18/?5

}4ar04 /7 5

l,larlS/75

Ap.04 /7 5

287 ,0
296,0
295,0

288.0
292,0
295.0
290.0

285.0
291 ,0
291,0
281 ,0

284.0
290.0
288. 5

273,5

282 .0
288.0
285.0
272,0

279 ,0
285.0
282 ,0
268,0

278,0
283,0
280.0
261 ,0

277,0
281 ,0
278,0
262.0

276,0
279,0
275,0
260, 0

27 4.0
211 ,0
273.0
265.0

27 3,0
275.0
271 ,0
275,0

273,0
213 .0
21I.0
268.0

298 .0
291 .3

287.1 288,2

296,5 297,2

286,9 288,6
289.3 290.1

289.8 288 , 5

286,1 246.1
289,6 290,0
289.8 291 ,8
284.1 282,7

283,2 283.8
28't.3 291,4
286.9 292,3
279,3 215,4

280,9 281 ,7
285,'t 288,7
283.6 286,6
215.6 26s,5

283.9 286,6
281.2 284,4
272.3 267 ,4

27'Ì,'t 278,4
281 .6 283,9
279.6 281 ,9
266,7 256,8

275.8 216,8
279.1 2?7 ,2
275.2 27 4,7
263,9 267,4

274,5 275,4
271 ,'t 282,8
272.3 217,5
264.5 262,9

273.1 2?4,6
27 6,6 218,2
272,4 215,4
267,1 266,6

272,9 2't3,8
273,1 275,4
268,9 2't 3,5
2't0,3 278,6

272,1 27 3,7
210,4 269,4
268,9 271,8
266,8 275,0

289. 5 288. 6 290, 5

296.4 292,2 295,6
29a,8 296,6 296,6

281 ,3 28'r,6 288,8
292,5 290,3 292,5
294,9 292,1 291.2
291 ,1 290.3 288.6

284.8 28s,8 286.6
290,6 289,6 291 ,2
290,5 289,8 292.8
282,3 284,1 282.8

283.0 282,5 283,7
288,8 286,9 290,5
287,8 286,6 289,3
a1a 1 a1a a )1t o

280.0 280.4 281 .5
286. 1 28 s.6 288,0
284,3 283,5 284,3
2'Ì2.A 2't5.'t 266.7

218.1 278,4 279,5
282,9 282,5 285,8
280,1 279,9 281 ,9
268,'t 272,3 267,4

27 6,6 276,9 2't8,1
280.8 280,1 282,9
278,4 2't8,2 279.4
263,5 266.4 2s7,0

276,0 275,2 2't6,3
2't9,0 278,3 277 ,3
2't6,4 274,6 273,3
261 ,9 264.3 261.0

214.3 274,0 274.8
276.8 276,6 278,9
273,3 271 ,4 272,5
261 ,9 264,4 263,4

273,8 213,1 27 4,0
2'Ì4,5 273,3 276,1
2'Ì1 .2 269.5 27 2.4
265.1 266.1 267.1

273.0 272,2 273,1
272.5 271 ,8 272,1
269.2 267 ,8 270 ,0
271 .0 210 ,2 2't8,6

213,0 271,2 272,9
211 ,1 269,s 270,1
269,6 267.7 271 .0
267.2 271,8 27 4,6

294,4 291 ,4 295,0
297,3 293,7 291 ,3
295,9 297,5 291 ,3

287,3 287,5 288.1
292,3 290,1 295,2

290,1 289,7 288,2

282,5 284,4 284,1
286,9 286,6 246,8
286,8 287,0 281 ,8
281,0 283.4 282,6

279,2 290,9 281,6
283.4 28 3.7 283,5
283.0 28 3.8 281,5
273,9 218,2 27 6,4

275,9 278,3 2?9,2
278,6 2't8,9 27 6,3
)11 A )11 A t1È t\

210,7 2?3,6 264,3

273,9 275,6 27 6,2
275,0 216,0 279,3
27 3,1 274,7 2?8,7
261 ,6 270,2 261 ,4

2't2.'t 2'14,2 215,1
2't2,9 214,4 277,9
271 .9 2?3,9 217,2
259,9 254,g 256,8

2't2,2 2't2,1 213,1
270,'t 268.8 212,4
269,2 261 ,1 271 ,3
260.1 260,B 267,9

270,9 2't0 ,3 2't1 ,3
267,4 265,2 268,4
265,0 262,5 266,4
259,'Ì 261,4 262,5

211 ,5 269,1 270,2
268,2 265,5 268,2
266,4 263,9 267,2
264,2 264,8 265,7

2't0,9 268,7 270,6
268,2 262,6 265,9
26s.1 260,8 265.9
270,9 267,8 279,2

270,9 269,2 271 ,2
268,6 264,6 268,5
261 .5 264,6 271 ,1
261 ,0 265,6 2't5,8

291 ,7 295,9 298 ,0
298,0 296,1
298.0 296,4

281 .3 288,4 288,6
289.1 288,6 290,0
290,3 288,9 289,S
289,8 282,1 288,9

284 .8 281 ,B 282,2
280.1 281 ,9 28n-,2
280,6 282.1 281_,1
279,6 281 .9 282,B

276.9 212,5 27 6,2
271.2 2?2,6 276,9
271.5 272.6 2't5,3
269,9 271 .8 27 6,6

274,8 211.2 263.0
270.3 271,3 267,2
2?0.9 271 ,4 266,6
27 0,6 270,9 265,3

27 3.6 268,9 268,0
268.9 269,1 268,1
267,7 26,o ,1 268,8
268.1 269.'t 266,7

266.4 268,9 260,2
255,7 254 ,6 257 ,0
255.9 2s4.2 258.6
2s3,0 253,9 256,1

266.7 260,8 272,0
262,5 260 ,5 261 ,7
262,2 260,9 269,8
263,2 262,8 261 ,0

266,7 259,8 264,3
258.9 259.1 264,s
259,0 259,3 265, Ã-

259.0 260,4 262,5

268,1 260,1 261 ,7
266,1 260,1 26? ,1
265,9 259,8 268,1
267.1 265.9 266,5

275,0 273.6 278,6
274.5 273,6 280,2
275.8 273,7 280,6
280.0 214,1 278,6

212.6 262,3 278,7
268.5 262.6 27s,8
2't0,6 263.2 271 ,4
2't1 ,4 266,4 275,1



Table H1 conlinued ,,,..., . ,,..,. .

L07

270,5 211 ,1 ?72,5
268,7 269,5 269,9
268,1 26'1 ,3 2'10,4
275,0 2't1,8 2'14,1

273,\ 2't1 ,7 2'13,0
2?1,5 261 .3 272,6
273,9 269,9 2'18,7
283,3 283.1 284,2

27 4,9 2't2,9 274,9
272,6 268,2 211,0
276,9 27 2,6 219,2
28't.9 288.4 285,7

27e,9 214,9 27 6,6
273,8 270,6 2'16,9
279,5 27 5,2 285,3
290 ,8 287 ,0 292,4

280 ,5 271 .1 279,6
216,8 273,4 27 6,3
283,1 278,6 28s,3
296,5 292,3 296,9

285,0 281 ,1 282.6
282,0 218.2 281,6
289,1 284.0 290.0
298,9 294,9 306,2

286,0 281 ,9 284,1
284.0 219.7 284,9
290,3 28s,4 293,9
296,9 293,8 293,4

286,9 283,8 283,4
286,9 282,s 286,8
291 ,6 281 ,2 291,5
290,8 291 .8 289,6

28't,3 283.8 285,9
287.8 283,5 286,7
291 ,8 28't,8 291,8
289,1 291 ,1 281 ,1

286,8 284,2 286,1
289,1 285,1 287,9
291 ,0 288,2 292,4
290,5 289,1 291,7

286,5 284,2 285,8
289.6 285,7 289,1
290,8 288,1 292,8
287,3 281 ,8 284,8

286,0 283.8 285,3
289,6 285,7 288,9
290.1 284.9 291 .4
282,6 281.1 283,8

28 5.3 283.0 284.5
289.0 285.9 289.9
289. 0 287,8 290, 1

280,8 282,0 27 5,1

283.9 282,1 283, ¿-

288.6 28s.4 288.8
287.9 286.1 287,9
212.1 27 4,4 270,9

281.5 280,8 282,1
286,8 284,9 285.8
285,4 285,'t 285,5
269,6 2't1,5 210,5

^pr11/75

ttàr 15 /j E

ì4ay29 /7 5

Ju103/?5

Àu901/? 5

ADgl2 /'t 5

Arg28 /7 5

sep04/75

Sep lS/75

oct03/75

0ct15/?5

ocL30 /'t 5

Novl3/75

Nov28/7 5

211 ,0 211,5 27 3.1
270,0 2't0,0 270.1
268,0 26't,S 272,1
276,0 270,8 27 4.1

273,0 211 ,9 272,4
272,0 268, ¿- 275,4
214,0 210,6 282,7
284,0 284.0 283.0

214,0 2'Ì2,8 214,1
272,0 268,2 268.4
277,0 212,6 218,4
289.0 285,5 28 5.8

216,0 274,¿- 2't5,4
213,0 269,1 271 .7
219 ,0 273,9 281 ,4
296,0 286,5 291,0

2i9,0 277 ,1 278,0
275 ,0 212,2 271 ,2
283,0 27't ,1 282,4
297,0 292,0 291 .0

283,0 280,3 280.8
280,0 276.7 280.1
289,0 282,8 290,7
298,0 294,8 305.7

285.0 281 ,2 282,5
282,0 217,6 282,0
290,0 253,7 293,5
296,0 293,2 293,6

286,0 292,5 284,4
285.0 280.0 285.7
291 ,0 285,3 293,0
290,0 285.3 290.1

281 ,0 283,2 285,1
286 ,0 281 . 6 283. s
291 ,0 286,2 291.1
290,0 290,6 286.7

287.0 283.6 285.3
287,0 282,7 284,8
290 ,0 286,1 291 ,6
290,0 288,4 291 ,6

287,0 283,9 285,1
289,0 284,5 28't,0
290 ,0 297 ,5 293,0
286.0 297 ,7 284 ,'l

286,0 283,7 284,7
289,0 285.5 285.8
290,0 297 ,9 291 ,1
280.0 28?.r 283.3

28 5.0 283,1 284, 1

289.0 28s . s 289. 7

289.0 287,4 292,4
279,0 282,4 275,4

285.0 282,2 283,2
289.0 286,0 28?.8
288.0 287,2 289,4
210.0 273,3 2't0,3

283.0 281 ,2 281 ,8
287 ,0 284 ,7 283,6
28 5.0 285. 5 285.7
269,0 274,0 210,6

270,0 269,2 270,9
26? .¿- 263,8 267 ,3
26? .1 262 ,5 269,0
270.5 272,2 27 4,3

27 6.4 272,2 212,8
275.1 270,6 27 4,6
217 .1 272,3 2't9,9

279.3 275,1 27 6,5
274,4 2t4,6 27 4,6
281 ,6 277,5 280,8
289,0 297 ,6 285,2

281 .0 217,8 218,1
280.3 276,7 27 5.1
283,5 279,5 282,8
291 ,6 288,6 290,5

285,9 280,7 280,7
284.5 283,3 281 ,3
288.6 284,5 285,2
29? .1 294,4 297 ,6

290,1 281,4 284,2
290,5 284,7 288.2
294.5 290,2 293,4
299.8 297 ,8 305,8

289,6 285,7 286,0
291 ,6 287,7 290.3
295.3 291.0 29s.4
297 .6 295,8 292, ¿-

288.5 286,1 291.4
292.1 288,4 295,8
294.8 291 ,2 297 ,6
291 ,1 293,3 290,9

288.8 286,1 281.7
292.4 288,7 290,4
294.4 291 ,2 293,9
290,8 293,3 296,6

287,1 285,9 286,9
291 ,0 287,7 289,5

290.8 289,2 291 ,8

285,9 284,9 285.9
289,9 287,8 291,2
290.5 289.3 293,2
28?.0 288,5 28 5.0

285.0 284.1 28 s.0
289,5 28't,5 288,4
289,6 289,1 291,2
281 ,8 287,4 283,3

282,1 283,1 284,0
286,8 286,6 292,1
286,9 287,9 291,4
218,9 282.7 276,0

282,1 281 ,5 282,4
285,4 285.6 281 ,4
285 ,3 286.4 281 ,4
2'12,6 282.0 270.6

27't,3 280.3 281,0
281 ,e 283,3 285,4
281 ,3 284,1 286,2
268.1 273,3 271,2

271.2 213,3 273,1
215.3 213,2 275,9
275.6 27 3,5 275,4
2't1 .5 215,1 274,7

281 .9 281 ,S 299,4
284 .3 281 ,5 295,4
285.6 281 ,9 285,4
287 .6 289,0 291 ,7

295.6 291 ,3 284,4
290.0 291 ,4 286,7
291 .¿- 291 ,6 286,4
291 ,5 291 ,9 284,5

298,5 290,0 294.7
296,8 290,0 294.3
298.3 290,6 292,5
304.0 298,4 290.8

304,9 296,4 295,6
298,0 296,2 299,7
300.6 296.9 298,9
303.5 298.5 29?,3

297,'t 294,4 303,7
298,4 294,2 308,1
299.6 293.9 30?.1
298.6 293.9 306. s

295,7 294,1 290,8
291 ,6 294,2 292.5
298,7 295,6 292.7
299,6 295.6 290,0

290,8 290,2 295,4
291,0 290,2 293.3
292.4 290,3 293,3
292.9 290,3 292,3



Tâble Hl Cont inued ,,,,...,.,.,,

214,0 271 ,1
27 4,0 2t l,3
271 ,0 268,1
265,0 266,2

274,0 271 ,3
273,0 269,7
273.0 270,9
279,0 279,4

275,0 271 ,4
27 3 ,0 267 ,',1

275,0 270,6
294,0 281 ,6

279,0 275,5
275,0 210,9
283,0 277,3
289.0 288,8

292,0 278,5
279,0 27 4,6
287 ,0 280,6
291_.0 292,1

285.0 281.9
284,0 278,9
291,0 284,3

287,0 283,8
287,0 282,2
293,0 286,1
294.0 293,6

285 .0 283,9
286 .0 283 , 3
291,0 287.9
281 ,0 292.1

284 .0 283.8
281 ,0 285,2
288 .0 288. 1

282,0 286.1

278,0 280,1
284,0 284,5
281 ,0 281 ,7
266,0 265,1

2'tL-,0 2',t'Ì,0
279,0 280,3
2'Ì4,0 2't4,1
2s8 .0 258 . 1

280,6 279,8
282 .4 28 s ,6
281 . 0 283,3
255 . 1 258,1

277,5 215,9
281 ,9 280,6
287,6 277,3
252,5 259,6

274,7 214 ,9
281 ,1 216,4
275,0 272,1
264,1 263,5

273,1 273,9
274,'t 272,9
215,3 269,5
260,8 265.2

272,2 274,0
276,3 27 2,0
272,2 27 2.7
281 ,4 218.0

271,9 274,9
272,3 272,9

279,4 283,3

276,2 280.6
273,4 27 6,0
28s.1 282,8
292.3 288,3

279,8 283,6
277,8 280.9
290. 3 287 ,5
294,8 294,4

282.9 286,6
281,5 286,0
290,9 291,3
295,6 294 ,1

284 .8 288 , 1

285. 1 289,1
292,2 293,1
297,4 293,9

285 . 1 246.1
242.3 247.3
291 ,0 292.1

284,9 284.4
285 ,8 288. 5
291 ,9 289,9
281 ,4 282,4

280 .0 277 ,0
287,8 282,8
283 .0 280. 3
2't1 ,4 264,5

217,1 272,+
280,2 275.6
215,2 272,2
259,6 2s4,5

r08

2't 9 ,6 280 ,6
284,4 284,3
282,6 280.5

276.9 217,2
280,3 283.0
275,9 27 6,4
264,7 252.8

2t5,6 276,9
270,'t 269,5
268,4 263,8

271,1 272,4
270,6 214.9
268,2 273,6
266,4 260,-t

270,7 2't2,0
266,7 212,5
258,5 271 .2
278,3 281 .1

211,4 2't2,'l
268 ,4 2'Ì 2 ,1
27 t,2 278,5
281 ,9 219,0

275,8 2'ì7,5
211 ,1 27 5 ,6
277,5 285,0
288,5 283,2

2'Ì 9 ,5 281 ,3
216.2 280,6
281 .8 290,3
292,4 294,4

282,'t 284,4
281 ,1 284,1
286 .0 290,I
293,9 295,8

284,2 285,9
284,5 287,3
288,6 292,2
294,2 292,9

284,3 286,1
284,9 286,6
289,2 292.4
292,2 295.5

284,1 285,7
286,9 290,1
289,4 293,0
246,9 291,5

279,A 280,1
284,8 285,9
281 ,8 279,4
265,2 271,3

27 6,1 276,6
278,6 278,6
273,3 272,3
258.0 258 . 7

2't5,1 27',1 ,8 278,3
276,5 278,8 279,8
275,9 278,1 278,5
255,5 252,8 255,4

272,7 273,1 27 3,4
2?0.2 270,5 272.5
268,0 268,5 269,9
266,7 262,5 251 ,6

2't2,0 269,? 270,5
267,9 265,9 268,1
264,9 263,¿_ 265,8
262,9 266,9 264,1

271 ,4 269 .1 210.9
268.0 264.3 210.8
266,4 263,3 210,8
264,2 264,5 259,9

274,0 269,8 2't 1 ,4
213,6 268,9 280,4
27 4 ,9 210,4 27 4,7
278.0 280.0 280.7

277,5 2't3,0 2't3,1_
216.6 2t1,2 2t8,3
278,3 213,2 2't3,3
284,0 282,8 275,3

284,9 2't9,1 2't9,8
284 ,5 281 ,3 283,6
289,8 285,2 289,9
289.0 292,1 291 ,6

288.3 282,8 282.9
289,1 284,2 290,2
292.9 28?,6 296,1
295,4 294,1 293,7

289 ,8 281 ,8 284,1
292.6 293,3 290,1
29s,8 295,1 294,2
295,0 296,9 295.6

290,3 289 ,5 287 ,3
294,4 297,5 285.5
296,3 298,3 288,2
293,9 297,3 296,2

287,9 286,4 287,2
292,4 289,9 291 ,9
294,4 292,5 295.2
291 ,8 293 ,9 286,2

28 3.6 285,1 286.0
288,4 287,9 293,2
289,1 289,5 295,8
282,5 286,2 281 ,7

272,1 277,4 27 6,8
273,3 276,6 276,1
272,1 275,2 27 2,9
262,7 262,6 271 ,3

266,4 267,7 272,7
264,1 267 ,1 267 ,5
262,1 264,9 263.6
252,6 254.6 245,2

0 281 ,0 219,6
Decl't /75 1 28't ,0 284,6

2 284,0 282,9
3 252,0 252,9

0 2t8,0 2't7,6
Jaols/76 1 283,0 281 .8

2 281 ,0 27't,2
3 256.0 265.3

0 2t6,t 274,8
Febl2/'1661 279,0 277 .9

2 214,0 272,6
3 263.0 269,3

Mat l'l /16

Apt2l 116

I'lay11/76

Jun15/?6

Jut12/76

Aug13 / 7 6

sep08/76

sepl3/?5

ocL\2/76

Dec14/76

Jan18 /'17
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lable H1 continued,.,..,..,.,..,.
2't3,0 2't3.8 274.3 212,0 212.6 213,2 269,5 268,1 269,4
275,0 275.4 2't4.3 272,2 211.8 213,0 264,9 264.2 273,0
271,0 270,6 272,4 268,7 267,7 210,0 262,? 262,2 212.9
263,0 26't,6 2't4,4 263,1 266,7 213,8 262,0 265,1 276,0

0
Febl? /71 1

2

3

0
Mat10l71 1

2

3

0
Aprl3/77 1

2
3

0
tttayl0/17 1

2
3

271,0 2t1,7
272.0 270,8
268,0 26't,6
275,0 271,0

2?3,0 270,3
271,0 267,9
271,0 268,2
28t,0 279,2

2?3.0 273,6
272,0 267 ,5
276,0 2't1 ,6
29?,0 283,6

0 279,0 215,7
J\rn20/77 1 276,0 2?1,6

2 283,0 21A,2
3 302 ,0 288. 8

0 281,0 283,1
Jüt13/'t't 1 278,0 279.9

2 286,0 290,6
3 291 ,0 292,1

0 284,0 291 ,6
Aü916/17 1 28 3.0 288,3

2 290.0 291 ,1
3 292,0 292,1

0 28 5.0 287,8
Sepl3/77 1 286,0 289,1

2 290,0 290,8
3 2A'Ì.0 290.9

0 283,0 285. 5
OcL21/7? 1 281 ,0 288,4

2 287,0 288,9
3 277,0 2't6,'t

272.6 2't1 .4 27û.7 271 .9
271 ,9 2't0 ,0 269,5 269 ,4
270,3 266,6 266,6 26'r,5
278,7 2'72,0 271,0 218,7

271,0 27 2,0 210,0 271,2
27 0 ,2 270,4 267 ,5 269 ,6
2? 5 ,0 270.6 267 ,9 212,9
286,1 280,0 278,2 28n-,0

27 2,0 273,6 271,1 272,1
265,7 272,0 26't ,6 269 ,2
2'16,6 275,6 211,8 277,9
?oF 1 

'On 
O 

'A',t 
1 tqt ¿

277,6- 280,1 276,8 278,6
276,0 277,1 214,0 2'18,2
288.5 283.5 280.0 288,1
292,1 293,6 289,1 290,4

280,5 282,1 2A2,1 281 ,9
280.8 280,1 279,9 284,g
292,4 286,0 291,1 293,8

28 3 ,6 284.5 287 ,4 284.9
279,2 285,1 288,9 284,5
287,9 290,3 291 ,6 290,6
¿tt.s ¿óó.4 ¿t¿,3 ¿1t.3

28 5,8 285.1 28?,5 286.3
285,0 287,5 289,3 288,1
291 ,2 290,3 291 ,1 291,5
285.9 286,9 291 ,0 256,6

284,3 282,6 28s,1 284,'t
286,7 287 ,0 288. 9 288 . 5
289,6 287,0 289,3 288,9
278,3 278,3 286.9 219,5

282,6 282.0 282,7 282,9
285.6 286,5 287,0 287,2
288,4 285,8 287,7 287,6
2't5,4 214,8 274,9 275,9

280,4 277,5 280,4 280,5
284,2 283,4 286,5 284,2
279,3 280,6 283,0 277 ,4
263,5 265,6 267,7 263,2

270,4 268,0 269,8
265.9 262,9 264,8
264.5 261 ,7 265,4
272,2 269,2 218.8

272,9 269,9 2't1,2
271,2 266,9 2't(),6
211.6 26't.5 27 3,9
280,3 278, + 283,2

217.4 27 3,4 27 4,1
211 ,5 273,3 271 ,3

291 ,4 2A4,9 296,8

283,1 280,8 281 ,1
284,9 281,9 279.3
288,3 285,5 256.1
293,4 291 ,4 287.6

286,A 282,6 283.9
287 .6 289 ,1 289,3
291 ,1 291 ,0 296,1
293.1 292.4 287,6

286,8 287 , ¿- 286,1
291 ,3 290,3 286,4
293,6 292,2 289,9
288.9 292,3 290,1

285,7 256,8 287,3
290,0 289,4 28't,0
291,0 290,5 289,4
287 ,1 290,8 286,1

282,0 284,2 284,4
285,1 286,9 283,7
285,0 287,2 284,1
278,3 286,1 278,2

279,5 281,8 282,0
283.8 285.3 284.3
283,1 286,1 285,9
2?4,0 272,3 274.8

27 3,4 278,1 278,3
2t 4,4 27 6,3 276,4
273.0 214,6 271,9
264,4 263,8 264,5

Nov17 /71

Dec15 / 1'1

283,0 28 3.3
287 ,0 281 ,0
285,0 287 ,8
274.0 281.2

279,0 280.5
284,0 28 5.4
281 ,0 282,2

Note I Mes - Measured tenperãtures
Pi,E - lemperâtures predicted by linear elemenl
PoE - Tenperatures predicted by quadratic elenenl
H - Height fron the floor: 0 - Near the tloor

1- 1,0 m !rom lhe tloor
2 - 2,0 ñ from the tloor
3 - 2,7 n trom the foor
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Tâble H2 : Meâsured and predictêd tenperêtures (K) in â 5.56 m diãmeter bin confaining bãrley
to a depth of 3,2 n, located neâr l,¡innipeg.

Mes Mes

t.
'|

Avg13114 2
I
4

0
1

sep17 /74 2
3
4

0
1

oct22/7 4 2
3
4

0
1

Jan03/75 2
3
4

0
1

Jai16l75 2
3
4

289, 0

295,0

287 .0
291 ,0
293,0
294,0
291 ,0

284,0
288, 0
290,0
289,0
283,0

283,0
286,0
288 ,0
286,0
27',t ,0

289, 0 289. 0
293,0 293,0
295,0 295,0
295,0 295,0

288,1 290,1
290,6 292,9
293,0 294,6
292,3 292,8
291 ,5 290,3

286,1 281 ,6
289,7 295.5
290,8 294,5
288,s 292,3
285,5 282,6

283,2 283,6
286,4 286,4
287,5 285,9
284,6 282,1
2',t9,8 2't 6,5

280,7 280,9
284,4 281 ,8
285,2 286,3
280 .7 280 ,I
274,9 2't6,9

278,2 278,1
281 ,7 280,'t
281,3 279,4
276,9 27 4,5
272,7 27 3,2

277,0 277,8
279,8 279,6
279,2 277 ,8
275,2 272,5
266,8 2s6,7

274,9 275,2
277,6 282,0
216,6 278,1
271,5 271,9
262,2 26? ,3

273,4 27 4,1
275,1 279,2
2?3,5 27 4,8
261 ,5 268,6
262,9 251,6

272,4 273,2
273,3 272,0
270,8 269,5
267,8 267,9
264,9 263,0

271 .2 272,4
270.2 273,0
268,1 210,6
266,4 269,1
2'11,2 2't2,3

290,6 290,6 290,6
294.4 294.¿- 294.4
295,6 295,6 295,6

286,9 288,0 289,1
291,3 291,2 292,4
293,8 293,4 294,1
293,3 292,6 292,0
292,0 291 ,8 290,9

283.1 285.5 286,4
286,5 288,8 292,9
288,8 289,9 292.4
288,4 287,8 289.9
279,1 285,2 277,5

282,1 282,4 282,6
284,4 286.3 285,6
286, t 281 .1 286.1
284,9 284,6 282,0
272,2 279,9 276,6

278.3 280,1 219,9
279,8 283,8 284,7
281.6 284.1 283,8
280,5 280,2 278,4
211,2 214,8 273,2

276,8 277,4 271 ,5
276,4 280,1 278,7
278,0 279,5 2't1 .7
216,9 275.8 213.2
211,5 2?2,2 273.1

275,1 2't 6,1 276,1
27 4,4 278,0 2't7 ,6
2?5,3 277,2 27 6,1
273,6 2? 4,5 2?1,1
257 ,4 266,4 256 ,9

274.9 27 4,3 2t3,8
272.9 275.8 2't 6.6
273,1 214,5 214,1
271.4 270,5 26?,5
263,7 261 ,4 263,6

273,8 272,8 272,4
270,4 2?3,7 214,2
270,5 271 ,8 211 ,0
268,9 266.5 264,7
261,9 262.6 258,4

213,8 271.5 271 ,5
269,5 2?0,0 269,9
269,2 267,1 26?,4
268,1 266,1 266,4
266,6 264.1 261,4

273.8 270,6 270,5
270,0 268,9 268,7
268,1 266,9 267,2
267,5 265,1 266,3
2't6,4 270,9 277,4

297,0 297,0 297,0
296,8 296,8 296,8

286,9 28't,5 288,6
290.4 289.5 290,3
292.1 290,9 290,9
291 ,s 289.9 289,0
290,6 290,2 289,8

281 ,8 283 ,2 285,0
283,4 285,4 284,1
285,2 283,9 284,9
28s,0 284,4 282,6
279,0 283,6 27 6,3

278,9 280,8 281 ,1
2?9,5 282,3 283,6
281 ,6 283,1 283,3
280,1 279 ,9 282,0
271 ,6 277,'t 216,2

274,9 211 .8 277 ,8
273,3 277.1 278,1
275,5 277 ,7 271 ,6
27 4,4 213,9 214,8
270,9 211 ,6 273,3

273,9 274,6 275,2
270,7 273,6 276,8
2't2,4 273,0 274,8
270,9 270,8 27 4,4
270,5 259,8 273,1

273,0 273,4 274,1
268,6 2't3,1 276,7
270,5 2't2,9 2'Ì 4,3
268.6 269,5 272,3
256.6 264,1 256,8

272,1 271 ,2 271 ,7
265 .1 264.3 267 . s
266,6 267,'t 265,8
264,2 263,1 262,7
263,0 259.2 261,4

271,6 269,3 270,2
262,1 263,0 263,3
263,9 262,0 260,7

261,5 258,8 256,3

2?1.9 264.1 269.4
266.0 264,3 267,a
266.0 262,9 265,4
265.5 264,2 267 ,4
266.4 263,7 260,9

271.9 261 ,9 269,8
267,7 261 .9 265.1
266,1 260,9 265,5
266,1 264,9 265,5
2't6,4 275,3 276,4

28't,3 290,4 289,1

290,6 291,0 292,4
290,4 291 ,9 293,1
290.8 292.3 291,5

279 ,0 282,3 281 ,9
278,3 292,3 280.s
278.9 282.4 278.8
279,6 282,5 280,1
277,9 282,8 211 ,5

213,5 215,8 278,1
2't0.7 2'Ì6,0 216,0
2't1,0 2't6,1 276.5
271,2 276,2 216.9
269,9 27 6,5 274.3

211 ,2 269,4 265,0
269,4 269.7 265,4
269.1 210,1 265,3
269,7 272.0 266,4
269,5 27 3,0 273,7

270,2 261 ,'t 27 6,9
267,9 268,1 213,3
268,5 268,5 214,3
269,7 269,5 2? 4,6
271,7 2'10,2 272,1

296,4 296,4

298,8 298,8

272,5 264,5
255,3 251 ,6
255,2 259,0
255,5 258,4
256.1 2s6.5

296,4

298,8

267 ,7
255 ,4

256.6

0 280. 0
1 282,0

Ðec11/7 4 2 284,0
3 282,0
4 27 5.0

0
1

Nov20/74 2
3
4

0
1

Feh18/75 2
3
4

0

0 276,0
1 275.0

Feb03/75 2 2?5.0
3 273,0
4 264,0

268,1 266,9 266,9
261 ,2 256,9 256 ,9
261 ,0 256,1 256,7
260,0 255,4 255,4
264,0 255,1 255,1

268,4 264,2 256,4
261 ,4 264,'t 250,6
260,9 264,4 260,0
259,9 266,7 261 ,1
263,0 261 ,7 257,2

269,2 258,0 263,9
266,0 258,0 261 ,'l
265,5 251,8 262,4
265,4 258,7 262,9
267,4 258,7 260,1

272,2 272,3 2't7 ,6
275,1 272,0 278,8
274,0 2't1 ,9 278,7
273,9 272,3 279,6
278,6 272,4 276,6

vat04/?5

Har 18 /7 5

279,0

280. 0
2?9,0
215,0

27 5,0

211 ,0

264,0

275,0
27 3,0
27 3,0
271 ,0
264. 0

27 5,0
273,0
272,0
270,0
255, 0

2? 4,0
211 ,0
271 ,0
269,0
272,0



Tâble H2 Continued.,,..,.. ,,..,
2't4,0 2',t0,6
2't1 ,0 268,0
269,0 266,s
268,0 266,3
267 ,0 264,9

213,0 2?0,2
269,0 268,2
268,0 266,5
271,0 268.7
218,0 27 6,0

213,0 270,8
210,0 267 ,2
27't ,0 267 ,2
280,0 213,8
287,0 283,1

2t6,0 274.3
213 ,0 2'r 0 ,0
218,0 271 ,8
285.0 278,4
292,0 286,9

281 ,0 278,5
2t8,0 2'14,9
285,0 271 ,0
294,0 284.4
294,0 290,6

292,0 280.3
292,0 211.0
288,0 219,6
295,0 286,2
294,0 292,9

284 ,0 281 . 8
294,0 279,2
290,0 282,0
295,0 288,1
296,0 292,9

28s.0 283.3
287,0 281,7
291 ,0 284,7
292,0 288,9
291 ,0 291,2

286,0 284,3
289.0 284.2
292.0 286,8
293,0 290,3
290,0 291 ,5

286,0 28 5,0
290.0 286 ,0
292.0 288,2
291 .0 289,2
281 .0 288.4

286.0 284,9
290,0 286,6
29t,0 285,1
291 .0 288. 3

290,0 291,0

286.0 281.0
290,0 286,2
291 ,0 288,1
290,0 287 ,9
282,0 285,6

2't2.1 273.8
2t4,9 269,6
2'72,3 268.1
2't¿-,4 267,7
262,2 210,1

211,9 272,1
267,7 269,6
268.0 267 ,6
212,1 270,1
283.8 2?7,8

272,9 273,6
265,9 270,9
269,1 273,0
279,2 278,6
290,9 289,1

2'16 ,0 216 ,9
211 ,1 275,1
271 ,3 280,3
283 ,9 284,1
29'Ì ,0 295,I

281 ,1 282,1
279 .2 280 ,9
283,2 2A?,0
29s,2 292,4
291 ,5 295,6

282,9 282,s
282,9 285. s
281 ,1 290. 5
296,'t 294,4
292,6 295,3

284,4 28s.6
287,9 287,0
291.1 292.4
300, 5 295. 3
298,s 29s.8

28s.6 246.4
288.3 288,9
291,9 293,4
297,5 294,3
289 ,8 291 ,1

286 .6 281 ,0
286,8 290,4
290,6 293,4
294,6 294,1
289,0 290,1

286,9 286.0
288,5 290,4
290.8 292,5
291 ,7 291,8
288 , 1 286.8

286,3 28 5.8
284,6 289,6
281 ,7 291,3
287,4 290.6
28'Ì,9 289.1

28s. 9 285. I
286. 1 289. s
288. I 290. I
287,8 290.1
280. 8 281 ,1

r11

270.0 27 0,4
266.8 268,9
265.a 267,6
266,4 268,9
264,9 272,1

27 0,1 270.4
266,5 266.9
265,2 267,1
267,4 271.3
27 5,6 283,9

271,5 272,5

268,3 270,6
2'Ì4,2 279,8
284,2 291,4

275,4 276,2
212,2 273,9
274,3 279,6
2't9,8 285,1
28't,8 295,8

27 9 ,4 28't ,1
276,3 280,1
2',t8,7 284,1
285,7 294,7
291,2 293,8

281 ,2 282,9
279,4 282,1
282,2 286,8
258,0 294.4
294.4 293,2

282,6 244,5
283.3 28 5,0
286,0 289,4
290,8 296,2

284,1 295,5
285,9 286,4
287,2 290,8
290,7 294,1
292,0 290,0

284,9 256,1
285,5 281,3
288, 1 290,8
290,9 293,6
290,9 289,3

285,3 286,2
287,1 288,3
289.1 290,6
289,8 290,6
288. 7 288.6

284,7 285,6
287,1 286,1
288,7 288,6
288. 1 288. 1

291 ,4 288,4

284,2 285,3
286,7 28'Ì,0
288.4 289,0
288,7 289,0
286,0 281 ,0

272,2 268,7 270,5
269,1 265,2 2?0,6
268,2 265,2 268,3
267 ,7 266,4 271 ,2
27 0 ,5 265,3 271 ,1

271 ,9 268,9 270.8
270,5 264,8 268,0
269 ,4 264,2 267 ,8
272,1 271,9 272,3
277,6 277,2 283,9

27s,9 273,6 27 4,7
278,6 2'13,4 278,1
2't8,9 2't4,5 278,2
282,4 282,4 295,6
289 ,5 281 ,5 290.8

280,1 2't8,1 279,8
282,8 282,3 27 6,3
284,6 284,1 28? ,9
281,0 281 ,1 289,8
296,1 290,9 29? ,4

287 ,0 284,1 283,4
289,8 285,5 288,7
292,4 287,9 290,8
296,3 293,5 296,4
296,1 294,9 296,4

288,0 284,6 28s,1
291,8 286,9 291 ,7
294,6 289,1 293.3
291 ,1 293.9 297,1
295,6 296,3 291 ,6

289,1 285,8 28'7,3
293,5 288,9 294.5
295,6 291 ,2 295,6
297 ,4 295,1 299,9
296,0 296,0 290,2

288. 3 286 ,8 288. 3
292.9 289,3 29s,0
295,0 291 ,6 296,6
295,9 292,9 298,6
291 ,5 292,9 288,9

288.1 286.7 288.5
292,+ 289,7 292,1
294 ,0 291 ,3 294,0
294,s 293,5 295,8
290. 1 293.5 288 .8

286.0 285.8 286 ,9
289,3 287 ,7 289,3
290,9 289,1 289,9
290,+ 288,9 290,2
286,4 288,2 287,6

286,0 284,6 28s,1
288,9 256,1 289,9
289,8 251 ,2 290,1
289,5 288,2 290.9
288 ,8 290 . 3 28?, 3

284,6 294,1 285.3
287 ,9 286,8 290 .5
289,4 288,2 291 ,1
288 , s 286 ,8 290. 7
281.0 285, 1 281.1

269 ,1 270,1 265,3
269,6 269,9 262,9
268,6 270,5 264.2
268,1 272,2 266,0
212,1 270 ,7 270,6

277 ,1 279 ,3 285,8
)11 1 )14 L )Aa )
271 .8 280 ,3 285.5
278,0 280,1 284,4

282,8 289,5 281 ,6
288,3 289,3 292,3
288,1 289,6 292,2
288,4 290,2 292,2

287,8 290,3 290,3
291 ,9 294,8 300,4
296,3 295,1 298,8
295,4 295.3 298,5
300.5 294.9 298,1

292,8 296,5 287,0
294,6 296,7 293,8
296,6 296,7 292,2
296,9 296,9 292.2
297 ,4 297 .3 299,1

291,6 296,9 291 ,1

295.0 291 ,5 294.3
295 ,8 298 , 8 295. 3
295.3 299 ,2 291 ,8

292.3 295,1 289,6
294,4 295,3 294.3
295.0 295,1 293.3
295,6 297,1 29s,1
295,0 297,7 2e9,5

288,5 290,2 290,6
289,8 290,3 290,9
290,1 290,5 290,9
290,4 290,8 290,7
290,5 291.3 288.4

288,0 281 ,4 290,0
290,1 281 ,4 291 ,5
289,9 281 ,3 291,4
290,4 286,9 292,0
290,0 28't,2 289,6

285,0 286.3 281 ,7
286,1 286,5 ?90,1
286,4 286,7 290,8
286,6 286,9 291,1
285,5 287,1 288.5

287,6 290,9 286,1
288,6 291 ,1 290 ,3
289,3 292,2 289,3

287,8 256,4 288,3

280,8 282,9 284,4
279 ,5 283,2 281 ,8
280.0 283,5 282.3
280,4 284,3 282,1
278,6 284,B 281 ,2

Apt04 / 7 5

Ap.17 /7 5

Har 16 /75

Junl2 / 7 5

Ju110/75

JD!25 /7 5

Àu908/7 5

Aug21 /7 5

sep04/7 5

sep2 5/75

ocr09/75

oc916 /75



rt2

Tãble H2 Continued , , .. .. . ,, ,. ,.

ocr30/75

Nov13/75

285,0 293,7 285,0 284,8 283,4 284,2 282.8 283,0 284.1 219'0 277,0 280'B
289,0 286,2 286,8 288.5 286,5 2A6,9 285,3 285,1 28't.1 278'6 277,3 2't9'1
291 ,O 287,0 288,6 290,0 288,1 288,4 287,1 286,9 288.1 278'8 277,3 2't9.6
288,0 286,9 286,5 288,s 28't.4 286,1 285,8 284,4 287.1 278'1 277 '4 280'0
280,0 282.7 278,8 280,3 282,9 2'78,9 2't9,8 2?9,8 278'5 218'8 277 '8 2't8'3

284,0 282.7 283,9 283,0 282,2 282,9 280,5 281,3 2e2'3 213'6 271'7 2't5'4
288.0 286.4 288.1 286,3 285,4 287,3 282.5 285,2 28'1 '2 270'6 271,9 274'0
299.0 281 ,6 288,8 281 ,5 288.6 281 ,8 284,3 285,8 281 '4 271 '1 271'7 2't4'1
286,0 286.4 286,9 286,0 286.0 285,6 283.1 283.9 285,9 270'9 271'3 273'6
274.0 280,8 270,7 212,9 280.4 271,1 275,5 219,6 271'3 269'5 271'3 272'2

0 283.0 281 ,3 282,2 282,1 290.1 281,4 2't1 '9 219,8 280'7 271 ,7 268'3 272'7
1 287,0 284,3 284,1 285,0 294.8 294.1 278.4 280.9 282'g 268,2 268'1 269'0

Nov28/75 2 288,0 285,9 285'2 286'3 296'1 285.0 281'0 282.0 282.5 268.5 268'7 270,0
3 285,0 282,2 279,2 284,4 283,0 279.0 279,3 276'4 278,9 26'7.5 268,9 210,0
4 272,0 215,2 269,6 271,4 275.'t 269,8 269,6 212.6 269,5 268.1 269,2 268'7

Note : Mes - Measured temperatures
PLE - Tenperâtures predicted by linear element
PQE - lemperatures predicted by quadralic elenent
H - Height fron the ftoor : 0 - Near the floor

1 - 1.0 m from lhe floor
2 - 2,0 Ít from che floor
3 - 2,7 n froÍì lhe floor
4 - 3,2 n from the fìoor


