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ABSTRACT 

In today's market, packagng and cuttjng of aesh red mat occurs at both the 

wholesale and rrtaiî kveL Grcater e e o ~  could rcsuk if the whoiesalet ptcpand aii 

consumer cuts centrany. Despite advantages. mot storage lifé 5 madequate for extensive 

cenraüzed distritnition, however, master packaging in comb~ll~ltion with strict temperature 

control (- 1 5  f 0.S0C) increascs storagc Mc. Ahhough master packaging tednobgy 

exists, mechanical renigerators us- fail to &tain this temperature range. 

An insuhted shipping and storage container was reseamhed, designed, and tested 

for its suitabiiity to distribute master paclaged mcat. A stainless steel rack was Wed m 

the container to support 36 master packages (508 x 381 x 60 mm) which were refigerated 

by the-piseci injections of iiquid nitrogen 0. Electric fais provïded unifoonity of 

tempemturc within the container. 

Thirty-six, saliie water bags werc used to simulate meat thermaJly a d  the 

temperatures of 20 bags were recorded The container was tested at outside temperatures 

of 15,0, and - lS°C with four fans and at 30°C with two, four, and six fans. In ail 

instances. bags cooled h m  an initial 10°C to an cquilibrium temperature withm 5.5 h 

- .  Mmuaum cquilibrium tempeianires duriig any 8 h aiaI wcm -2.6. -2.0. and -2.0°C for 

two. four, and six huis. rcspcctiveiy. Corrtspondingly, maximim tcmpcraturcs werc -0.2. 

-0.7, and -0.3T. initiai chiïiing of the prOmict nquired on average, 19 kg of N,, w h k  

esuiiibnimw- . - at a N, consump<ion rate of 5.5.4.0,2.6, a d  0.93 k f i  at 

outsi.de tempratwts of 30,lS. 0, and -15T, nspectiveiy wïth four fans. Usage for two 

and six 6uis was 5 and 6.3 k@, nspeaively at 30°C outside temperature. 



For simuiated power faihire or the N2-tank ninnmg dry, temperatwes in the 

container rose 0 9  and 2.0 Th, rcspMively- Whni the door to the con- was opned 

long enough to r e m  thcc tmys, temptranire was restorcd witbin 5 min. 

Comrcctive ka t  transfcr coefncimts betwten saline water bgs and circuiating N, 

were in the range of 80 to 100.115 to 135, and 140 to 155 w/(rn2m~) for two, four, and 

six tuis, ~ i e ~ p d v e i y .  Heat aaiisar to meat will be limited by conduction in master 

packageci mat  if similar convection coenic i~s  prevail 
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1 INTRODUCTION 

Hi%ly perishabk food poducts (toge mat) prcsent maLketing problem which are 

unique and chatlcnging. Som prcservation techniques, aich & smoking or picldng can 

enhance the fkvour and quPlity of food as weîi as fiicilitate distribution, Neverthtless, m 

most markets a dcmand sWl e&s for thefresh poduct form, and often comumrs d 

pay a prtmium price for uiis hshncss. Thc chalGinge h m  scientinc and engineering 

pe~spectives is to devtbp the packaping and shippmg tccbiogics to &et these him 

perishable h s h  foods. 

Master packaghg is a modifibd atmsphm pckaging (MAP) technique used to 

extend the storage life of aesh red rncat (denhg to chilLd beec bmb. p i c ,  or veal). In 

combination with suict temperature control master packaging technobgy is abie to 

pravidt a consistmt. h h  consumer producte Although appropriate ttcfrnobgy exists to 

Ebciiitate use of master packaging in industry. most refigeTatiOn systems are incapable of 

maintainin8 the iïurow range of product temperatures dcsired (GU and Jones 1992: GiU 

and Philüps 1993% 1993b; GJL et ai. 1995). Ifa simpk, economïcai mUiod of adequately 

nfiigerating mat during transport and rrtail storage could be &veiopcd, grocery chains 

arül thai be able to off& a wide va* of aesh mat, consistcntiy meting consumer 

demand with rcduccd spoilage. 

The ob-ts of thir thtsis wae: 

1. to r~search, design, and hbricate an insulateci, controileû-atmosphm. re&igemted 

container for use m the distribution of h s h  rat m t  to domestic and intemational 

marias by mdhod of the master packaging tecimobgy. 



2. ta evahMe the container for ïts abiüty ta chiIl and maintain meat tempenatufes 

unda vanous opctating coditi011~. 

3. to dettrmitlt thermal cbaracteristics of the systern so funire researchers have a 

bas& for enghzhg Mi and comprison to traditional rtfkigemtion systems. 

4. to d m b p  a finite &ment mode1 to predict heat fbw h m  mat s t o d  inside a 

master p h a g e  to aid ninue rtstarchcrs m design and shipping cons~tions.  



2. LITERATURE REMEW 

2.1. Meat DisMbutIm Systems 

Many saian pccssing and packaging plants exbt m today's rcd meat induûy and. 

therefon, WhOItsalt dktrhtion occurs ovei nlativeiy short distances. In thir system, h e  

animals are delivemi to a shughter house, whm they arc pocessed in0 prima sub- 

primaL and consumer cuts. Rmial and subprjmai cuts arc large m sile (15-50 kg). while 

consumer cuts are retail-&y. Most mat kaves the packaging plant as cithcr primal or 

sub-primai cuts. requiring fiirther fàbrication at ntail outlets. Meat is distributed by means 

of refiigerated tractor traiiers and rPil cars. 

Today's mat pmccssing and distribution system is iatfiticient and would becom 

more profitable thraugh the impkumtation of centraliIed proeessing and packaging of 

retaiI-nady mat cuts (Scholtz et al. 1992). In the new distribution system, all  meat 

would be ciclivercd h m  a large. cemralizcd packaghg plant to disfant retailtrs as 

consumer cuts. Bene@ woukî accrue to whoksakrs. retailcrs, commers, and the 

Wholtsahî would rcalize greatcr profits in a ccmaliPed m t  distribution system 

Somc advantagcs for the wholcsalcr of centrai packaging inchde 
beaa utilisation of resources, because of beaa invatory corrio1 and less 
waste through ut*sation of fat. boae anâ uimahgs: the possibility of using 
automated cquipmaa and more efncknt use of manpower and spaee; 
Mer quaiity comrol; and improvcd profltsW (Cole 1986 and Sains 1988, as 
citai by Schokz et al. 1992). 



Retailers have shown consideable interest m the centrai preparation of md-ready 

cuts because of bwer in-store labour costs and nady-to-go convcnime of products 

packed by suppliers (Creighton 19%). Fbor space within the market place can thm be 

devoted to merchandismg of cuts* rather than to th& ~ t i o n .  Consequently, retail 

stores wouid rcahc considcrabk profit ifthey wen able to obtaii chilM mat as ntail- 

ready item (F'arris et al. 1991. as cited by Gill and Jones 1994). 

Consumas wodd capitalize on the centralizcd packaging of rttail cuts t t ~ ~ u g h  

economic savings passed down to them by the wholesaler and retailer. Since only two- 

thirds of a beef carcass is uscable mat,  central procesmg woukl prevent the costly 

renigeration and tnuisportation of bw vahie a*; or m e  paybr 1985). Consistency 

and varitty of products is another major bmnt. 

Ccntraliztd processmg and paclraghg of meat is also desirable for Canadian 

livestock producers. A systcm dedicatd to distributhg mat over greater distances with 

incnased e£6ciencies wiU undoubtcdEy expand markets for Canadian m a t  - both 

domstically and internationally. As WC& a iocai maris of vahe added processing is very 

attractive to firme= of the Canadian Prairies because of the ment aboIishment of the 

Western Grah Transprtation Act. 

Disadvantagts to oerrralaed processing and pckaging of mcat also &t. Greater 

enickncks withn the inciustry will man relocation of jobs and layons fot mat  cuttm. 

Momvcr~ consum~s wiU bse thc penoaalized service whkh tbey have corne to expect 

h m  mat retailcrs. Conseq~entiy~ aquf ig  specializcd cuts wili bc clifficuit. 



2.2. StOFage Life of Meat 

2.2.1. Reasom for Wanîbg Meat withExâended S M  Lik There are inany 

advantages to c c n d h d  processmg and packaging of retail-ready meat cuts maksig it a 

desirabk system, However, centmiid procesmg it is not wuiely accepteci by industry 

b u s e  disûibuuion of mat ova m e r  distances, inmases the leagth of time between 

preparation and pirchase by tht co~lsumcr. Mat  packaged in convcntional =rail packs 

has an extrtmly dmt shelfiifé a d  the thne avnilable for distribution and display of the 

product is severely limited (GiU and Jones 1994). Consequently, to reaiize the benents of 

cenaalized packaging, a mans of extending the storage life of m a t  m s t  be found. 

Two othcr reasons a h  ex& for waining an extendbd W. Cumntly, ntail 

manage= cornent themsehres with ordenig 90% or leJs of the pork cuts thcy hop to seIl, 

because s q b  has to be Qwn-gradad nducmg pro& (Joli 1981, as cited by Buys et al. 

1993). Anothcr m n  for extendng the shelfiifé of meat is to cnabic surfàcc 

transpoaation of m*u products to export markets. Although domestic consumpion of 

meat remains constant, export markcts coinmue to grow - p h a d y  expons to Mexico. 

Asia, and the Pacinc rïm coumrics (Anonymous 1995). 

23.2. Mi&do#d Safi l  nie most important Eactor affécting the shelf life of 

meat is micmbblogicai safety. MModined atmospherc packaging (MAP) is a wideiy 

adopted mtbod of sbwiig microb'hl growth and mcouraging p t c r  storage W. 

Howevcr, with MAP of mtat a major concem is the growth of toxin producmg bacteria 

before visibk signs of spoibgt an p s m t  (Ooraikul1991). nie ~ame author reports that 

even though ail nccessary prtcautions are takm by the manufacturcrs. the possibiüiy of 



themial abuse by disaibuton and consume!rs ounat be ignoreci. Fortunately. the storage 

life of cliilled mat packaged m a modioed atmosphexe (MA) is usuaily limited by 

deterioration of cobur zatbtr than excessk growth of bacteria (Shay ami Egan 1990). 

2.23. Cdcu Change Another factor limitiag the sheif lie of mat  is cobur changes. 

Penney and Ben (1993) report that bides cost and culinary considerahns. cobur is 

arguably the most iiapoztant &@or used by cunsumcrs for se-g nd mat products. 

Rt~earchcrs (Holley et al. 1993; Pemy and Ben 1993; Taylor 1985) state that the 

colour of mat ïs larges determMd by the oxidation state of the muscie pigment 

myoglobin. Raw mcat stored in the compkte absence of oxygen (09 wiil assume the 

purple cobur of dtoxymyogbbh Under high partiai piessuns of 4. puple myoglobm is 

rapidly oxygcnatd through a reversibk proces to the bright, red pigment orymyoglobin. 

This pigmnt @es mcat the cobur which consumers commoniy associate with khness. 

Un&r b w  4 concentrations and with the, myogbbin will favour the formation of brown 

metrnyoglobin. This proces is largely imversible and gives mcat a colour that is typically 

associated with spoikge. 

2.3. The Relatiooship Between Stmage Temperature and Storage Life 

To p a n  undesirable changes m the mtat, it is naics~ery to maintain a b w  

microbiobgical bad Mthin the praduct. Because the growth of spoilege bacteria is 

proprtiomi to the mcat tempcranvt, maximum storage üfé is acfiiEved whai adi ied 

mat is s tod  at the mit-huun tempcraturc that can k mawaevd indcfiiiiteiy without 

product k z i n g  (Gin and Jones 1992). Acconhg to Gin et al. (1988. as ciied by Gili 

and Jones 1992). the optimum temperature for packaged mat is - 1.5 O C .  



Despite various mcthods of packaghg meat, the proponional ioss of storage He 

with increasing temperatures is approhteiy the same (Gin and Phillips 1993a). At O. 2, 

5. and 10°C the storage liBc of mat is respatively 70.50.30, and 15% of the storage Me 

obtained at the optimum tempatm of - l.S°C (Gill and Philüps 1993a). As weil, an 

Thenfore, a nanow tempaatwe range is dcsirabk to achicve muhum storagc Me of the 

Various studics have been compkted to assess the preservative capabilities of 

cumnt storage and distribution processes for hsh  red meat (Gill and Jones 1992; GiU and 

PhiIlips 1993a, 1993b; Gillet al. 1995). ïhcse studies, whkh concentrated on collecting 

temperature histories of the stond product, mdicate that whik som storage and 

distribution procerses arc satirfatory, many an not. Giîl and Phillips (1993a) state: 

. . . management of product with respect to timc and tempcraturt Won 
is commbniy poor. That icaâs to product achinmg a storage life that is at 
best much les than the possibie maximum Moreuver, the storage life t 
oftcn not onïy short but ako uncertain. A shortencd and variable starage 
lie restrids the marketing pssibditk for product. tjghtly constrains 
production and distribution schedults, ami is a mapr cause of customr 

* .  dmmdWion or outright rcpaiDn of product. Prapcr management of 
Wtemptranirc factors m storege anddirtriûution wiii therrfore 
substantiany enhanct product stabiüiy and ttliabiÜty.* 

2.4. The Relationship Between Paeksgiag Techniques aad S-e Lue 

formation of an atmosphae c0-g CO2 m the absare of 4. the shclf H e  of muu can 



15 times tbat in air (Giil a d  Pexmey 1988. as cïted by Holley et al. 1994). Tayior (1985) 

States that "Not oaly can a storage lie of s e v d  weeks be acbieved, but during thn time 

the mat is improving in tendemess." 

Thm are two di&enm mthods used to obtain a CO, eMchcd environmcnt. The 

h t  mthod, ref&rrcd to as vacuum packaging, bas beai caikd the gr#uest innovation m 

meat handling m the hst 20 yr flayIor 1985). It involves drawing a vacuum wahn the 

meat package and seaIiug it. nie respiration of bacteria ond mat t h e  quicidy consume 

the nsidual Oz, =-mg CO2. Onygen conceiiaati611~ are nduced h m  21 to Les than 

1%. whikC02concentrations inaeasehm< 1% to 10-4096 (Hokyetal. 1993). The 

second mthod of obtaïning a CO, c d M  e n v i r o m  involves evacuation of air out of 

the package and back flushmg it with CO2. This packagbg option ir costiy, but can offer 

impmved s t o q  B. 

The rncchanisms by which CO, extends shelflife an poorly undcrstod However, 

it is known that dit prescace of CO, in packagd mat produces aa Eihibitory effkct on 

microb'ial growth (Holley et al. 1993; SWes 1991). In the p ~ ~ ~ n c c  of Oz, the mimbial 

fiora is dominateci by fan growing acmbic bacteria When thcse bacteria rcach sdkient 

numbcrs, tbey becorne o ~ k p i c a n y  dctectabk (usUany in the form of offsdours). 

Wah the introduction of CO, conccnîmtions grata  than 20%. a Dhat m thc microfiora 

b m  acmbii banda to sbwer-gr~wPig, £acuhativeiy atrobk bacteria occurs (Holley et 

al. 1993). The sam authors r c p t  that the mtabolic products of t h m ~  spoihge bacteria 

a r ~  gctlt* less oninsive. The extcndcd shelf life of IIIW pa~kagtd in emichd CO2 

atmosplme cnay tkcfore be explained by the hg-* associated with the shat in 



microflon and because fauikative aero bic bacteria grow slower and produce les  

offensive byproducts. 

While MAP or vacuum packaghg gnatly extends the shelf Me of mat. a major 

disadvantage is tk purple. anrxic colour of the packageci mat. To achieve consumer 

acceptabilïty, the meat caa be tepackaged with an 4 prmeable fih before dispky. This 

ailows oxygenation of the mat. producmg the bnght-rcd cobur that consumers dam 

essential However, this requins the use of expensive hbour and space at retail ouths to 

produce the fimi display package. 

2.4.2. MAP with High 4 Atmo6phem The coiour of mat h m  MAP under anoxic 

conditions bas p v e n  ?O be unacceptable for most consumers (Taylor 1985). Thus. hi&- 

4 MA have been used in combination with CO, to create atmospheres which extend the 

storage lin? of the meat. yet maintain a fiesh-red mat apparance. Wodc by Gill and Jones 

(1994) Pdicates a MA of 4 + CO, wül extend the sheif lift of beef to approrimately 2 wk 

while mamiaining an acceptabie cobur. However. ifpackaged m an anoxic atmosphere of 

CO,, the storage üfe is approxïmtely three times greater (Ga and Jones 1994). A study 

by Giil and McGmnis (1993, as cïted by Gill et al. 1994) of cumnt mat distribution 

systems (hm packing phnt to retailer) m North AmenCa indicatm a storage Me 

appmachiig 3 wk is quirad for convenknt marketing of beef because the product is. 
* 

stockpiied at ôoth the wholefale and mail kvels to meet the mictuating dcmands of 

consumtrs. Thenfore. the gorage Me ackved by MAP with high 4 concentrations is 

not of sufticicnt kngh 



2.43. MAP with N, ïhe e&ct on meat of M M  with N, is simiku to that of vacuum 

packaging (Taybr 1985). The author also states that cobur stability te& to be better 

than vacuum packaghg since N, dktes the residuai 4 and thmby reduces the formation 

of brown metmyogbbiu. Unfomnatciy, N, also dilutes the CO, fonnad from the 

resphtion of bacteria and mcat tissue and reduces the inhibitory e&ct of CO,. 

Experimns by GüI and Jones (1994) show tbat the storage Iife of steaks packaged m N, 

are usually limised by mkmbial spoilage rather than cobur changes after a perbd of 4 wk. 

This is cornparrd to the 7 wk storage period determwd for meat packaged in a CO, MA. 

When packaged with N,. the meat assumes the purple cobur of deoxymyogiobin. 

Therefore. this type of amsphcre is undesirable, mies  the mat is épachged at the 

retail outlet in a package h t  albws it to bbam. This re~uires expensive m-store labour 

and space for nnal preparation of the retail package. 

2.4.4. Master Packaging of Meat AlI packaging techniques discussed previously had 

undesirable characteristics. The storage life was either too short or the colour 

unacceptable for consumers. Master pckaging is a techobgy which overcomes both of 

these disadvantages (Gin and Jones 1994). 

Master packaging is the use of two packaging hyers. Meat cuts are individually 

overwrappd as tetail-fcady cuts with an 04C0, perrncabie film (Figure 2.1.). Numemus 

consuma trays arc phced on a master tray. which is packageci with a fiim that is OJCO, 

imperrnt?abie. &fore scaiing, the masta pack is evacuated and back fiushed with a CO, 

enrichai atmosphere. The OJCO, permeable fiims on the retail packaging allow the 

mgress of CO2 into the mat .  Thmfore. master packaged meat has storage characteristics 

10 



simikr to that discusscd for MAP with CO2. 

Figm 2.1. Schenmtic of a master pack useà for pi- îmh mi meit 

Master packs are received by the retailer and stond und needed; thai the 

envebpmg OJC02 impernitable fiim is iemoved, & d g  4 to initiate bloom by 

pernieating through the packaging of the mail cuts. ûxygenatbn is completed in 0.5- 

2.0 h (Taylor 1985; GP et al. 1994). giMig the b@t-rd cobur that consumrs desire. 

Schokz et al. (1992) and Güi et al. (1994) have investigated the general 

acceptability of master packaged mat and found the W s  promismg. Excessive enidate 

constituted a comph.int h m  COIIS~IIEIS, however, GP et al. (1994) state that free 

exudate m peck couid be collected by an absorbent of adequate uipacity. 

2.5. Summary 

The Iiiersuurt mriewed idkates gnat bcntfiîs could be nalaed by whoksakrs. 

retailers. consumrs. and the agrlxirural community if the mcat industiy made a move 

towards cemralaed p~ocessing and packaging. However. this move bas not and will not 

be made until an acceptable method is found of increasing mat storage Mè for 

ûansportation and distribution ovcr greatcr distances. 



Modincd atmosphen packaging has betn used successfuny for many yuin to 

increase the storage lifé of mwt, Pacbging m atmosphexes of CO, or N, produce 

proclucts with suitable storage Me for the centralucd distribution of meat. but these 

methods requirt ~ u ~ i v e  in-store npackaghg ofthe mat wth Oz pnaeabk films to 

gain a cowimer acceptable wlour. Akhough ppckagii$ with an 4 rich atmosphere 

encourages appropriate mat cobur. the storagt lifc is inadcquate. 

Master packaghg is a MAP technique which has the m n t s  of providing excellait 

shelf He and colour stabiüry. whbout the need for expensive assembly of the anal ntail 

package at consumer outlets. This maices it ideal for the cenwlitcd disaibution of muit. 

To maxllnite the storage He of mat durhg disûibution k m  a central location, it 

ir hperative that product tempexatureJ be strictiy connolied at - 1.5 + O.S°C. Ahhough 

some conventional refkigeration systems are capable of mamtamm . * *  
g this temperature range. 

few do. This is a major berrirr to cemalucd distribution by the meat nidustry. The 

nmainder of thir thesis wiil present the research, design and testing of a rejÏigeration 

system which was developd to combine master packaging technobgy with strict product 

temperature controL 



3. EXPERIMENT DESIGN 

3.1. An Ovewiew of the Imulated Container and Retrigeration System 

La Contenants Xactics Ltée, a company m Joiiette. PQ, manufactures insubted 

containers used by the food industry. A comaber (Modek C-54) was purchased h m  the 

c o p y  and asuipped with a aainleso steel shehnig system (see Appencüx A for 

dimensioncd drawings) suitaûaiitablt for holding 36 master trays ( F i i  3.1 .) at nhe levels. 

with four master trays at each leveL Trays were made to süde out of the shelving unit, 

allowing indMmial dnpiay at ntd outiets. 

Poiytthylcae master tmys with maximum dimensions of 508 x 381 x 60 mm can be 

accommoQtcd in the cunnn design. To achiwe the fuil bacteriostatic efféct of CO,. 

mastet packs must be sisad to contain Nfnciaa quantity of CO, to fuDy saturate the meat 



and maintain a head space of excess CO2 at atmospheric pressure (Gin and Pemey 1988). 

The master tray dimensions werc chosm to provide the recommeded 2 L of CO, per 

kibgram of mat penney and Beli 1993). 

Reaipcration was accomplished by m m g  iiquid N, ftm a prcssurizad source 

mto the minmg chamber. A compter program was usai to niainrain the container 

temperature at - 1.5 f 05OC by toggling a solwoid valve on and off (which conaolbd the 

k w  of N, to the container). Six fans (300 mm diamcter and ratcd at 0.14 m3/s m fke air) 

iocated at the top of the ventilation conduit (wbich was coiimucted of 6 mm 

polyethykne). mixed the m@ted N, with circulatcd air to achicve a d o m ,  acceptable 

temperature. The f'ans a n  be operated m combinaiions of two. four, and six when the 

holes of nomoperathg fans are covered over. The N2-air mixture ûavels down the centre 

conduit, across the master trays, and thai rcnun~ to the mixing chamber. nie &signeci air 

tbw path keeps k a t  conducted through the wallr away h m  the stond product. 

3.2. An AnDepth Discussion of the Design a d  Design Decisions 

32.1. Mechanid Refiigemtion vs. Expamîon of. Cryogenic Fiuid Mechanical 

refkigeration systems have large& proven inadaquate at maintahg product temperatures 

within the m w  range requii.ed for maxmimig the shelf lin: of mcat (Gili and Jones 

1992: Gin and PhülipJ 1993p. 1993b: Gin et ai. 1995). W& the designad ljquid N, 

system. the sohmid can be cycled on and off to achicve a temperature control that is not 

usua.ûy achievcd by mechanral n@tratlon systems. As WC& the simpiicity of the system 

enhances its nüabiiity. 

Anodvr advantage of liquid N, reaigeratian is bwer nxcd costs as cornparcd to 





high use of CO, can cause storagc tank pressure drops; or pressure fluctuations may result 

fkom opening the solenoid m e .  Snow can cause hzing or riamage to the soienoid 

valve or if may plug the mjection noales. Also, snow wouid accumulate m the upper 

portion of the container f'olbwing m m n  h m  the nozzics, rcsuking in u m n  

distribution of the cooiing medium. Nom of these pblcmr are ex@nced wiih N, 

making ït very desirable for the designed systcm, 

32.3. ~ e c t i o n  Nodes The container was osuippd with two mjcctbn noples 

orientated as shown in F i  3.2. To prornote even distribution of N, by each of the six 

fans. a 1 10° spny pancm was quircd, Because nodes specincany designeci for the 

mjection of iiquid N, were not foui, various agricuhural sprayer noales were tested in 

prelimliary triais to determine thek effectRreness. By hiai and emr. a Teejet nozzle 

(Model: 11006, Spraying Systems, Chicago. L) was Wasveted to be the most effective. 

This node is designed to give a 1 10°, flat. "V" pattern spray when agricuhural chemicals 

are suppüed at bw pressures and flow rates. The no& were angleci slightiy above the 

horizontal plane (towards the roof of the container) to mingnize exposure of the fans to 

exûeme temperatureS. 

In preliminary triais, a systcrn of four nonles (two on opposing skies of the line of 

fans) was tested and found to give uamn spray distribution b m  the front to the back of 

the container. Two-phase fiow may explain why N2 was not distributcd evenîy to the four 

no&. 



Figure 3.2. Top view of tbe N, wectioa system showhg the loation of nozzk, 
Eias and the plpdicted spray pactcw of the wz&9 

designed cryogenic tanks because of its exûemeiy iow temperature. Ali tests for thiç 

thesis were coaducted with a DURA SERIES N,-tank (capable of holdng approximately 

115 - 120 kg of Na nmm&tmd by MBinesota Valley Engineering (MVE). New Prague. 

MN. To pmmt exccssivc boil off of N,, tanks are double w a W  vacuum and muhilayer 

Oisuhtcd. Theu mggd design make them suitable for transportation. 

Vapours h m  the bo%g N, gentrate pressure withm the tank and thcreforc no 

pq is requircd to tramfier hpkl N,.. Each N,-tank is fitted wSh a niief vaive which 

cracks at eaher 152 or 241 kPa (these are the two low pressure NZ-tanks usai). The 

DURA SERIES tank is ako equippcd with an mtemai vaporizer that can buiid pressure 



within the tank whai the infBur of heat does not mate adequate vapour pressure. 

3.25. Tr0aSi;er LLne The cold nature of liquid N, m a k a  design and coilsmction of 

the iiquid &es lint very Unportant. ~ g h e a t b e a t t o t h e N , w a s o f p r i m a r y  

importance because N, bscf appximately half b cwling potemiai when t changes 

phase. Vacuum insulated Ines are desirable for this muon ( C d  1970). However, for 

ease of testing anci mdifkation to the design. transfcr liicJ wme insulatecl with emded  

polystyrenc by mibcddng them in the centre of a 200 mm bbck. 

Transfer lines should be of bw mass to minmine the amount of N, required to 

cool the Iiiies (referred to as flash losses). Thin-wakl stainless steel or copper pipc is 

often used as the inm tube in vacuum insubted lines (Croft 1970). In thk study, copper 

tubimg was used. 

All copper tubhg wnndons wen made by means of bras compression finiogs, 

aithough a permanent mthod of comicction such as welding or silvcr soidering is 

recomnded (Crofi 1970). Compression fîttings facilitate qukk and easy design 

modification, As we4 the thermal coefficient of iinear expansion b greater for brass than 

copper (Salisbury 1950) indicating that joints axe lkiy to remah kal-ke, even at 

cryogenk tcmperânircs. 

Safay must k exmiscd when dcsigning aarrpat lines so as to prcvent the . 

possibility of conniaig liquid N, m the W. muid N, can -ch pressuns of 100 MPA 

whm warmed to m m  temperature m a connned spacc (ASHRAE 1994). This fàr 

exceads the bursting pressure of the thin walled transfkr k Thenfore. a pressure relief 

vahre must be Iocatd in any transfcr line whm the poaibiüty of confinmg N, errirts. The 



transfer Iine designeci for this thesis, was equipped with a relief valve with a cracking 

pressure of 345 Wa bcated between the soienoid vabe aad the N2-tank vaive. As an 

additianat precaution, the selected soienoid vaive k designed to open and vent pressure 

difFerentials in cxccss of690 kFk 

Prelimiaary testing rcvcaW that coppr tubing of 9.5 mm diamter was adcquate 

for the flow of y requircd, Obviously it is advantageous to design a transfér line of the 

smalEcst possible &meter so as to minimilr. heat idihtion, however design equations for 

two phase fbw tend to be empirical and not applicable to cryogenic miids. Thenfore, 

optimaing the diameter of the transfer line is a trial and em>r process and was not done in 

the designcd systcm. 

33.6. The Solenoid Vaive The ASHRAE handbook (1994) States that fbw conml of 

liquid N, can be accompliîhcd by either on-off cycling of solcaoid actuated vahm or by 

special £Iow-mctaing valves. 1 incorporated the h m r  because of its simpkity and 

availabüity. No supplier of cryogenic flaw-mtering valves was found As weil, injection 

noPles may not hurtion adequately ufbder nduced fbw caused by a metering valve. 

The sokmid vaive (Modek 8263G206 LT. ASCOlectric Ltd, Brantford ON) is 

an electridy actuatcd vaive sutable for cormetion to a 9.5 mm trader line. In the 

evem of a power failurt, the valve is nomaüy ciosecl, prtventing the ~~~:ontroikd release 

of N, mto the container. 

32.7. Sixdation of Master Packaged M-t It was not practicai to test the 

performance of the container during the design phase with m a t  because of its expense. 

'ïhemfi,re. a s a i k  soiution was prepand and packaged in 36 bags (229 x 559 mm) 



composed of a single kminate of nybn and polyethylene. The 10% concentration (by 

mass) of table sait. bas a frrcz9ig point of  -6.6OC (AS- 1993) and possesses simibr 

heat transpoxt characteristics as mcat. The thamal conductivity of the solution is 0.50 

Wl(m.K) while that for ltan beais approximattly 0.47 W/(mK) (ASHRAE 1993). 

Thermal conmicthitk of pork are smiilar &spite the fad they an deptndant on m~isture 

content, the direction of heat fbw, the amount of fat, and the location of bones. 

nie heat storage capacity of tach Paliae water bag was the same as one master tray 

of meat (where heur stonrge capocity is d e M  as the product of specifïc k a t  and the 

total mass of the product). Based on the dimensions of the cumnt master trays, it is 

possible to package apptoximatdy 3.6 kg of mat. Therefore. the mass of each saline 

water k g  was 3.0 kg to achwe the same heat storage capacity as the m a t  because the 

specific haus for the saiine soiution and baf are 3.72 and 3.11 W/(kg4Q, nspectively 

(ASHRAE 1993). The ~ a m e  nférence indicatcs the specifk heat of pork tends to be a bit 

bwer with an average vahic of 2-71 Wf(kg0K). 

For ~easons of expense, polyeîhylene master trays were not constnicted. Instead, 

18 pieces of mahogany panelhg (3 mm thick) were cut to fit on the stainless steel Mges 

and to act as &cives. Each shelfsupported two saline water bgs. 

32.8. hsmmentaaon An iistnimtatation systcm was assembleci for misuring 

tempcraturcs withn the container and monitoring tht use of N, h m  the tank AIL data 

wcre bgged to a UNISYS 300 (an 80286 PC) by a QurkBASE program and stored on 

the hard drive for funhcr aaaiysis. 

N i g a i  use was measund by phcing the N1-tank on a floor s a l e  (Modek 2136, 



Mettler-Tobdo h.. Burhgton, ON). This Kalc measmes masses up to 500 kg at 0.2 kg 

Srnrnents. Through an RS 232 coineaion. m s  &ta were transferred h m  the scale to 

the hard disk by the QuickBASIC pgnim. 

For temperatme mcasurcmcnt, it was deemcd necessary that the instrumentation 

system bc accuatt to M.l°C (sec Appendix C whkh describes instnimntaùon error and 

the calibration procedure) because of the m w  temperature ranges required within the 

container (Le.. - 1.5 f O.S°C). This degrte of accuracy ir a b s t  exclusively obtained by 

using thermjstors. Themistors (Modek 44007, OMEGA Engineering Inc.. Siamforci, CT) 

were puschasad 

Wnh an ïncmase m temperature. the mistance of thermistors deaeases 

exponemially and as such, to maintain a high âegree of ïnstrwnentation accuracy, a good 

ohm metre must bc used A muhimtter (Model: HP 34401A. Hewktt-Paclmrd Co., 

Loveland, CO) was used to maisure resistance because of its accuracy and remote logging 

capabilities. Tbe muitimetet was comected to the computer through a seriai port. 

The Hewht Packard mukirneter is capable of measuring only one cbannel of 

resistance at a the. For this rcason, a 24 chanuel muhiplexer was buiit and coniected to 

the muhimtter. Qianiel activation was cornpiter controued 

3.2.9. Use of Maitiplexer Cûannek Cliamiel one of the mdtipkxer was âevoted to 

conrolling the soknoid valve. Thus. this charniel was neva patchcd thmugh to the 

muhimter. Channel two was occupitd by two thcmiistors wàed m Ems (called the 

c o m l  sensors). One of &se sauors was centrany iocated m the air space above saline 

water bags 13 and 14 and the othcr above bags 15 and 16 (Fi- 3.3.). Muhipkxer 



channels three and four wen àevotcd to nrrasiiring air temperames outside the container, 

and the remainng charmeis (5 to 24) mawcd temperatures of thc salEie m e r  boigs. 

These sensors wcre located uada the midpomt of each bag (between it and the mahogany 

*a- 
3m3. Developing a Temperature Contrd Aigorithm 

3.3.1. Th PPrpose of the Tempecatuxe Control Algorithm The fiindamentai 

obiative of this thesis was to rtsca~ch and design a m@trated contai& whrh win 

maintah a product ternperaturt of - 1.5 k 0.5 O C .  This container may also be used for 

chilling mat,  and thenfore the purpose of the temperature control algorithm was two 

fold: 1) it must chi11 the promict drom a highcr temperature to - 1 SOC, and 2) it must 

maintain the pmduct temperature at - 1.5 f O.S°C. The conm>l algorithm mua regukte 

temperatures by cyclùig a solaioid d e *  which govems the cpantity of cooiing modaim 

(Na mjected in0 the container. 

3.33. A Non-ibtmive Method of Estimahg Pmduct Tenapenture It is cruciai 

for the conml algorithm to accurateiy approximate the temperature of the s t o d  product 

so it can regdate injections of N,. Iriserhg a temperature probe into the packaging is an 

unaccepablc means of mtasuring the temperature because it consaminates the mat. 

destmys the conûoikd atma~phcft~ and is labour intcnsivc. Thcrtfbre, a non-intrusive 

methoâ of c s ~ t i n g  product temperature is rrquimi. 

Product temperatures can be predicted if the dcsigned rekigeration system 

maintains a constant container ttmprrtiue of - l.S°C. In this situation, the temperatun 

of the stored product is expectad to convetge to that of its smundmgs. However, 



Figue 3.3. Container cquipped with mibogiiy sbelves, water b w  and numbers 
indicating the bation of temperature s e m m  ( d d  anci men numbers 
rrpraeat smrs at the fiont a d  badr of the container, mspectively. 
The numbet 2 inditates the kat ion of contmi sensors and 3 and 4 
indiate the location of mMde temperature seasots). 



nifficulties arise in empbying this ideobgy to the designed container because temperatures 

wnhm the comanier are quitc dynomic fohwing an injection of N,. 

Alihough air temperatures m the container are not constant, the temperature of the 

product is q u k  static over short periods of time because of its Jargc specik heat and the 

bw rate of convectbe kat transfir with the ninoundings. If injections of N, are quite 

muent and rcsuh in similar cyck man tcmperatures (where cyclic mean temperature 

refers to the th-weighted average air temperature over the intemal betweai N2 

injections), then the tempe- of the product will converge to a steady state vahe 

equivaient to the cyck man temperature of the surrounding air. Whm these conditions 

are met, the control algonihm can reliably enmiate the product temperature by a non- 

intrusive mcthod, 

3.33. Lacation of the Contrd Seissocs The contml sensors were used to masure - 

the cyck mean air temperature. To mmmiize cost. two thcrmistors wcre wind m series 

so as to occupy only one channe1 of instrumentation (Channel 2). W h g  the conml 

sema m thif maMer causes measund temperatures to be averaged. 

Temperature variations exist thmughout the container and thenfore questions are 

raised about where to locatc the control sensors so thcy best rcflea the tcmpcraturc of the 

stond product. Testhg during thc &vebpmcntal stages indicattd that air temperatures 

thmughout the contaber varicd by up to 15T. and ofken in excess of O.S0C h m  the 

b n t  to back at any one tray level However, linlt tempcrature variation was noticed 

between sensors iocattd on opposmg shehres at the same I m L  In attempts to reflet the 

average tempcraturt of the contaber, the control sensors were c e d y  located (hm top 



to bottom and h m  b n t  to back, with one on each side of the air distribution conduit). 

33.4. Contrd Surcor Temperatures Fobwbg a NI Ue~tion Air temperatures 

inside the containcr werc very d m  folbwmg an mjectbn of N, (Figure 3.4.). When 

the solenoid was eacrgaed, N, gas entercd the container causing the tempenuun to drop 

slowly. As fimt progresscd the phase of the N, becarne predominamly îiquid and the 

temperature phrmmtted - even 5 to 6 s afier the solenoid was de-encrgizcd. The lag time 

reflects two things: 1) the thne requirad for the tempetature of the thermistor to 

equilit,rate with the temperature of the surrounding air, and 2) the time required for 

dûpersal of the coohg medium throughout the container. As the injecteci N, &ed with 

the container air, temperature began to climb linearly due to the heat produced by the fans. 

heat remved fiam the stored product, and heat conducted through the container walls. 

-1 -3 
Solenoid on 

-1 .6 m a m 1 1 I 

O 10 20 30 40 50 60 
Time (s) 



33.5. Using Contml Senmm to Cyde the Senoid The key to accurate prediction 

and maintenance of product temperaturcs was the ab- of the comol aigorithm to 

produce constant cyck man temperatures with controlled injections of N,. In the 

designed containm. the corn01 algorithm govems soienoid cycling StrjCtly on temperature 

&ta h m  the coml  sensors. 

When N, ïs h . e d  into the container, coatrol scrwr temperatures bop. Because 

a reiationship must exist bctween the temperature at which the solenoid shuts off during 

an mjection and the nsuiting cyck mean temperature, the control algorithm makes a 

record of both. For future decisions, the control algoriîhm uses stond idormation and 

simple ratios to appmximate a shut off temprature for the soleroici that win result in a 

cyclic man temperahue of - 1.5C 

During prelimiaary testmg. 1 attempad to control cyclic man temperatures by 

timing the length of N, injactions This method of temperature control failed because N, 

enters the contamr m two phase - each phase ha* different themodynamic and flow 

propmits. Because it is mipossible to b w  wbat proportion of N, win exist as a gas or 

Muid at any given tim, it is aiso impossible to pndkt the cwling potemial of a N, 

Sijection h m  thne nvasurcmcnts. 

33.6. Regimmting a Fu&-Lcqgth, 60 s T i  Cycle As prcviousiy diScusse& two 

condirions are requirod by the coatrol algorithm for successful prediction and control of 

product tempenihirrs. The fkst iF ment m-ns of N, in order that the product 

temperature is stable, and the second provision à the consistent reproduction of cyck 

rnean temperatures equal to - l.S°C. RegiInenting a fixed-hgth, 60 s thne cycle between 



N, m . n s  encourageci the achievem~fl~ of bath goals. 

Praduct tempranircs arc considemi stable during 60 s mtervais because kat 

aaosfer by co~wcction is not signifi*int enough to cause a change m temperature of the 

stond mat, which bas a high specinc hcat. Amther baient of a 60 s cycie is the 

container wilf require oeMcmg only once a year under continuous operation because the 

expected operathg lini of the soienoid h 0m75 to 1 x 106 cycles (K. LcFave. Field Saies 

Technician. ASCOlecÛic Ltd. W m g .  MB). 

A kcd-kngth the cycle is de- as a time cycle with a constant timc period 

between N, injections. whereas a variable-length t h e  cyck may have 60 s between one set 

of mjections a d  30 s ùetween the nefi. A h e d  time cycie is required by the conml 

aigorithm because shut off temperatures are cakubted based on cyclic mean temperatuns 

and these m tum are &pendent on the kngth of the thne cycle. Thereforc, the control 

algonthm wiil not fbnction corrcctly on a variable-length cycle. 

33.7. Forcg Second Maximum Time Iiniit fiw N, Iqjectiom nie solenoid can be 

energized during the first 40 s of any time cycle. At the enâ of this pe- the solmaid is 

shut off ngardlffs of whether the target temperature is nacbed Two rasons exin for 

designing the temperature conîm1 algorithm this way: 1) continuous operation of the 

soienoid does not allow for temperatme eqdt ion  ami rtsuhs m an wmem range of 

temperames tliroughout the container. and 2) approxhately 20 s of each cyck are 

rcquind by the instnimcntation system to masure the temperature of the saline water 

bags within the container. In a commercial system, product temperatures wodd mt be 

meamud, but it is required m this instance to tvahiate the performance of the container. 



39.8. Complctt Desciiption of the Tempe- Contirol Algorithm The reasoning 

and bgic behod individual sections of the comrol algorithm have bcen discussal. What 

folbw~. is a cornpletc descripion of b w  these sections fiuicticjn together wirhn the 

control algorithm. nie cornpicte QuicLBASIC program is alciudcd m Appcndix D. 

Many actions of the control algorithm arc triggcred by the c k k  Figure 3.5.). 

The h t  20 s of each cycle w a e  rcswed for measdg product temperatures, with the 

conml Strwn nad once every 5 s (to determine the cyck man tempe;tatwe). At 

Time - 20 S. the mean cyck temperature was nset and cakuiation of a new mean began. 

A shut off temperature for the solenoid was a h  determincd. If the coinrol sensors 

measufed a temperature greater than the &ut off temperature, the soienoid was energized. 

Contml sawr nadings then bamnc cominuous as the conaoI algorithm wught to de- 

energjze the soltnoid at the moment the shut off tempcraturc was ascertained As weU 

every 5 s a rradng h m  the control sensor was usexi m contrikition to the mean cyclic 

temperature. When the shut off tempeahire was achieved, the solenoid was de-energkd 

and the temptrahire was storcd for fiiture refirence m control decisions. At Time - 60 s 
the solenoid was automaticaUy de-aingPed and a new cycle s t a n d  

In calcuhting the shut off temptraturc for the sokmid valse, the contml algorith 

used data b m  k e e  or six pmious temperature cycla. The conno1 aigorithm stond the 

ratio of the rolaioid shut off t e m p a h u ~  to the rcsuiting cyck mean tempratwt. 

Averaghg the vahie of these ratios h m  the thrcc or six prcv5ous cycles and ushg simple 

ratios. the algorithm cakulated a shut off tempcraturc in atternpts to achieve a mcan cyciic 

temperature of - l.S°C for the folbwïng injection of N,. 



A tratl~ient k a t  conduction and convection mode1 was coiist~~cted by adapthg the 

three ciimensionai mode1 of &gus- (1989) to a two dimensionai &L A 

cornputg program was -ai in FORTRAN (see Appndiir E for the program listing) 

and compM on a UNIX systern to solve probkms disctctized h o  lincar trianguhr 

elements. To ensure correct fiinctioning of the program, a four-element sample problern 

was crtated and sohred by hand and the resufts were compared with the output of the 

Pro- 

A mode1 to simulate heat flow h m  the saline water bags was developed. The 

mesh consisted of 228 mdcs and 382 elements (see Figure E.1. in Appendix E). As weil, 

a mode1 of master packageci mat was devebped wiih a mesh consisting of 555 nodes and 

IO08 ekments (see F i  E.2. m Appndà E). 
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Figure 3.5. Fîow cbart of tùe temperiturc control algoicthn. 



4. EYPERIMENTAL METHOD 

4.1. Tests to Evaluate the Container 

For th& cWgn thsis, the pirpose of testng was to dctcrmine tht feasibility of the 

prototype - more spccificony, the abiiiry of it to mPiDtan design ternpmtms of 

- 1.5 2 O.5T and a controlkd N, atmosphm. Because the feasibiüty of the container will 

be heaviiy influencecl by ecommics, it was lldcessazy to measurr N2 coosuriphn so the 

cost and bentfits of this type of rtf?igeration can be a s d  Tests of a practical nature 

were also ntcessary. T k y  inchided daermining the cffeets on container temperatures 

when the door was opend, or whcn a N, tank ran dry, or when the conml algorithm and 

solenoid experknced a powa faihir. 

Testing was ako nquind to detemine the air flow needed in the container to 

majntain appropriate product temperatures and to cool the stored product m a suitable 

faShioh Theoreticai calcuiations of this parameter are cornplex. if not impossible because 

the stored produt was siniateci m an arca of transitional and widerdevebped air flow. 

4.2. Determiaiag the Thermal Resistance of the Container 

The thermal rrsistancc of any Dwkting wall can be determinad by exposmg one 

wail to a h w n  hcat source and mrding the temperatures on both sides ofa. The four 

circulation $irr w m  used as the heat source and th& truc root man square (RMS) 

power usage was mi.~surcci with a powa mter (Modtk 2101. Vaihaila Scientific Inc.. 

San Diego. CA). Ttn tempcfaturc sensors were spaced around the inside and outside of 

the container (no saline watm bags were m the container during thesc tests). 



An testing of the container was conducteci within a controlled environment 

chambcr (Modek CONVIRON C1010, Comrolled Environmcnts Ltd. Winiipeg, MB). 

which is capable of comoIling temperatures to withn fl.S0C in the temperature range 

h m  -20 to SOT. The CONWRON cbamber w a ~  set to - 15,0, and lS°C for thme 

separate tests. Temperatiuts in and mund the container w a c  monitored and collc*ed 

until a steady-na» temperature grarüem existeci betweai the outside and inside of the 

container* 

4.3. Temperature and N, Use Tests 

The CONVIRON chamber was used to cool the containu and ralUr water bags to 

an initial temperature of 10 f 1.S0C. This was the maximum temperature expected of 

aeshly butchend and packaged mat entehg the container. Once this temperature was 

achieved, the door to the container was ciosed and the envin>nmtntal chamber was set to 

the dcsired operathg temperame. W h  ths was achievcd (i usudy took less than 

0.5 h). the valve to the N, tank was openeci, and the compter program was started. Each 

test lasteci 8 h, wïth time. temperature. and N, use &ta recordeci by the computer. Wah 

four circulation fans, tbnc repücates were completed for outside temperatures of - 15.0. 

and lS°C. As WC& t h e  repbtes cach w m  cornphcd for tests with two. four, ami six 

fins at an outside tempcraturc of 30°C. 

The nrSt repliCate used Programl (Appndiir D) as the conaolling program. This 

program used temperatm histories h m  ttnee previous soknoid cycles to rnake soluioid 

cychg decirions. Second and thitd rcplicates were compkted using ProgramZ 

(Appndà D). which used the six pvious tempeanire hinories to conml the solenoid 



4.4. FaüureTesîing 

4.4.1. Nitmgen Faihm Usmg the CONVIRON chamber, the tempenuun of the 

saliae wata bags was brought to a temperature of - 1.5 t lJ°C. Once this temperature 

was aduevcd, &ors to the container w n  cbsed a d  the temperature control program 

started. The tempera= of the environmental cbamber was then rampad up to 30°C and 

maintaïmi at this temperature. When the computer program had nui for a totai tim of 

0.5 h, the valve to the N, tank was cbsed. Temperatures of the stored &ne bags were 

recorded for the next 7.5 h Thtee replicates of th& test were completed. 

44.2. Power Faiim This test was set up and conductecl in a smiilar manner to the 

tests which experienced a N, n3urr. The only merence ktween the two tests was at 

Time = 0.5 h: instead of cbsmg the tank vaive. the power was cut to both the fans and 

solenoid Threc nplicates of this test w m  comphed as weIL 

4.5. Container Door Openings 

Usmg the CONVIRON chamber, the temperatures of the water ôags and container 

wen  brought to a temperature of - 1.5 I 1 .SOC. Program2 was then started and allowed 

to estabiish a tcmpcranut aquilaium. wWe the chamber temperature was ramped up to 

21°C. Once temperature equ-ihkms werc cstabiishcd, the door of the container was 

opened to 9û0 h m  iis originai position. AIl door o-gs o c c d  40 s mto the tim 

cycle Le. 20 s befon the computer coiicctd the tempcratute &ta of the saline water 

x>hitions. The door remained open for a time interval of 15 S. nine repiicates of this test 

were compked, each allowing approximateiy 0.5 h ktween tests for a temperiinut 

equilibrium to rc-cstablish. In the same mamrr, testing was comphed for door openings 
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of 25 and 35 S. The time mtervais 15,25, and 35 s conespond to the approximate times 

re~urred to remove one. two. and thœ master packages h m  the container, nspectively. 

AU gas sampies wcre withdtawn daough a 4 mm dipmeter plastic tube, which was 

centdy buued abng the nght band side wali of the container (as Mcwed nOm Figure 

3.3). Gas sampks weîe anaiysd with a HP 5890A gas chromatograph and a HP 3396 

mtegrator (Hewlett-Packad, AvondaIe. PA) usmg helium as the &r gas. The gas 

chromatograph was caiibrated at two points with pure N, gas obtained h m  the N,-tank 

and with a standad gas source consisting of 20.0% 4 and 19.9% N,. The calibration 

was confirmd at the beginning and ending of each replicate by anaiysing gas sampies nom 

the ambient awsphere (these samples were expectcd to be 20.9% 4 and 78.0% N, 

(CarrPemn 1989)). 

To start gas sampling tests. the saiine water bags were brou@ to a temperature of 

10 f 1 .SOC using the CONMRON chamber. ûnce this temperature was achieved, the 

door to the container was cbsed whiie the &or to the envitonmental chamber was lefi 

ajar for the remahder of the test ( t h  was donc to ensure that the 4 concentration did 

not drop bebw 20.9% within the CONVIRON chamber). Once the chamber reached a 

room tempe- of 21 I2T. the valve on the N2 tank was openecl, and the cornpiter 

program startecl. Two gas samples w e n  wiihdrawn aad analyscd every 15 min for the 8 h 

duration of the test. Tempetaturc and N2 use data werc a h  cokted for the three 

n p h t e s  of this test. The h t  replicate usal Programl to conml solenoid cycling, and 

the second and third repliCate uscd ProgtamZ (Appendix D). 



4.7. Modeiling 

O O 4.7.1. De&mmmg a Convdve Heat Tmmîkr Cœîïidtnt TypVany, h i t e  

eiem.ent models arc used ta predict temperatUrCs withm an objcct based on a kiowledge of 

pertinent t h e d  charactcristics. However, m th& thesis temgmatures of saline water 

bags were determincd experimanally and Lmwiedge of the convective heat transfer 

coefiticient was dcsired, To deteruh it, an Piverse heat transfer method of finite element 

modeIling was used (Weres et al. 1994). Varbus convection coe&knts (increments of 

5 W/(m24C)) were t ~ e d  m the fmite elemnt mode1 of saline water bags in attempts to 

minimize the obHtive h t i a n :  

where: 

Coaooi sensor readmgs (location 2 in F i  3.3) h m  pmiousfy condwted 

experimcnts, wen used as inputs to the fide elemnt modcl for convection fiuid 

tempraturrs. As WC& SCI~SOIS 13 clnough 15 (these water bags were closest m proximity 

to the conml sensors) w m  averagad and used as the b i s  of comparing experbntal 

and prrdictcd temperaturits. 

Convection cocnici#us w a e  dcteTmined h m  upefimental data cokted for two 



and six nuis. with a temperature outside the container of 30°C (two trials each). As wek 

coenicknts were found h m  test data for four fins and outside temperatures of 30.15. O. 

anci - 15°C (one trial each). 

4.72. Modeiling the Master podugc Both the minimum and maximum convection 

coefficient dettnnined for saiinc water bags were substituted into the M e  elemnrt mode1 

for mas te^ packaged m. Ahhough convection cocfkiaits are dctermintd by boundary 

hyer &vebpmtnt around an ob&t (and this laye is inauencd by the object's surface 

geomny), coefkicms &termincd for the s a k  water bags were uscd ta appxmiate 

tempcranires wiihn master packaged mat stored m the container. 



5. RESULTS 

5.1. Thermal Resistance of the Container 

5.1.1. Expedmental Resu!ts and D M o n  To ensure an aquilibrium temperature 

was attained by the container, each of the tests was nui for an extended pcriod of tirne (the 

minimum was 30 h). Testhg was termàiatcd whai a steady-state temperature had been 

maintaintd for a mininnim of 10 h. Data were imported nto a Quam Pro spreaâsheet 

where the average temperature différence bctween the inside and outside of the container 

was detemiwd The last 10 h of data h m  each of three tests were graphed (Figure 5.1). 

Immdiately obvious m F i  5.1. are large temperatwe spikes for tests 

conducted at outside temperatures of - 15 and O°C. T b  Rnilt every 3 h because the 

CONVIRON chamber must defkost its evaporating coils. Despite th&, a constant 

temperature dinerence occm bttwetn the interior and exterior of the container during ali 

three trials* Thc average temperature dinerences for the container exposed to outside 

tempera- of 15. O, and - lS°C were 16.6.17.7 and 16.S°C, respectiveiy. This equates 

to an average temperature dinerencc of 16.g°C for al1 t h e  tests. 

Variations among the tlme temperature di&nnces may be exphined by the 

ffuctuating p o w a  consumpiOn of the fans. Four hns consumed anywhere aOm 119 to 

126 W of powa depndng when masuremtnts w m  taken. Power usually ihctuated 2 

to 3 W during any ghcn mding* The average pwer consumpion by the fans was 

approwimatcd to 123 W. 

The thermal rcsistance of the container can be âetermined h m  the above 

experirnental data by using the following equation: 
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w here: 

For the container. the total thermal resktame was found to be 137 x 10-~ M. 

5.12. Exphmation of Theoreticai lad Eqedmentai R a t s  The thearetical 

mistance value of 181 x 1Q3 WW (Appmdix F) d i f f J = d  h m  the measunxi vahie by 

328. A variety of emrs may have contrîbuted to this cliffierence. As previously 

mmtioned, power usage of the fans had an wertahty. Amther contribution to the emor 

was an inexact knowltdge of the t h e d  coiductivities of the poiyethyiene sheil and 

polystyrene insuiation kuwr of ciHering dcnsities and grades of materials. Also, as 

mntioned m Appendor F. the thrkness of the wail varied considerably. However. 1 

bekve the maprity of the difference rcsults because theonticai calcuiations were based 

on a clear w d .  In realiiy, the wall is fitted with fhmes to maintain its rigidity and to 

mount the door. As we& theoretical calcuhtions do not consider intedkce details 

(waWdoor. roofldoor, and fioot/door). whkh are suspectai of bemg aruis of heat Lak. 

5.2. Anaiysis and Discussion of Temperahw and N,-Use Data 

5.2.1. How Dats werc A W y d  The output files h m  Program1 and Program2 

(Appendix D) were sidar. Evcry 60 S. cach program recordad the the. the cunent mass 

of the N, ta& and the temperatures of sensors 2 through 24. Data files wert anal@ by 

Mportmg thcm into Quam Pm. whcrt fôr each thne kremnt the minimum, maximum 
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Fi- 5.1. Tk tempemtuio didkrenee between tbc inside .ad outside of the 
container wlsen the heat of four aUIS causes the interior tempemm 
to equilibrrte at an ekvated vaiue. 



and average temperatures of sensors 5 thn,ugh 24 were determined as well as the total 

coosumpion of N,. These paramctc~s were graphed and inchided m Appendix G (Graphs 

G.I. to G.36.). 

nie saline water bas reached a tempcrawe aquilibnim by appzoximately 5.5 h 

mto testkg (Appadirr G). Tbaefore, the o v d  minimum niaximum. and average 

temperatures of al1 saline water bags wae dttermined for the tim period between 5 5  to 

8 h (Tabie 5.1.). The bcatioas of the wamwt and the coolest temperature sensors were 

aJso recorded 

Nitmgen usage was considermi to be of two forms - tked and variable. The term 

fied mage refers to that quant& of N, nquired to cool the contents of the container (e.g. 

the steel shehring unit. the piastic wallr of the container, the plastic walls of the air 

distribution duct. and the saline watcr bags) to iu operating temperature. It is a one tirne 

mput of N, and was thus r c f h d  to as k d .  Varirrble N, w g e  removes heat conducted 

mto the container and transkr line, and k a t  produced by the fans. This N, is necded on a 

continuous basis to maintain the oplatng temperature of the container and was thus 

refeired to as vaRable usage. 

Experimental &ta (BI2 use data) wcn analysbd by separating it into both fked and 

variabk f o m  of usage. This was &ne by Paa,rming a iincar ngression on the last 2.5 h 

of data. hiring this timc pcnod, N, use was constant and thus the dope of the Ine 

represents variabk usage and die y-intacep rcprcsenss fixcd usage. Tabk 5.2. shows the 

experimentd and theontral vaiucs (produe to calculate theoretical vahies is &en m 

Appendor H) for fkcd and variabk N, usage. 



52.2. Tempemm Data in Relation to the Numôer of Fans Using two or six 

circulation fans within the container dYi not maintain temperature at - 15 2 O.S°C and 

temperatures clsnbed to -0.2 and -0.3OC. respectiveiy flabie 5.1.). However, a four fan 

combination rcsuited m teIllpcrature contriol which was onty slightiy outside of the desired 

tempemm muge. In ttmt aials at 30°C (the worst case sccnario), temperatures ranged 

h m  a bw of -2.0°C to a high of -0.7OC vable 5.1.). 

It was umxpected that four 6uis would o u ~ n n  SR because 1 thought greater 

air fbws WOU mean better nmoval of beat (fiom the walls), and therefore minUnize Pts 

nuhience on the stoted pmduct. In attemps to expkin this anomaiy, Appendix 1 explains 

how air velocities were masured at the distribution duct with combinations of two, four, 

and six h. In gmcrai, masursd vekxities werc progressively pater m the order of 

two, four, and six fim (as expected). As WC& pli fan comb~taons demonsmted uneven 

air flow at the top of the duct; this was probably the resulî ofa huhknt region 

immediately bebw the fans. However, the air vebcity &ta & not suggest any reason 

why four fans outperfornied six. In hct, m the regions of tempcranire sensor 20 and 23 

(the coolest and wannest locatiotls), s u  fam had a high and Ufliform velocity distribution 

(which should have k n  idtal). 

Anothtr naoon six fans may not have performdd as weii as four was because of 

unevcn disaîbution of the oooling medium Le. fans at the back of the conduit may have 

circuhtcd more of the cool N, gas than h s  at the front. However. thetc was LnL 

difknce bctween average tempcranircs fbr six and four fàn combiitions (Tabk 5.3). 

Thenfore, it is suspectai that both fan combiitions disaibutad the coohg medium just 



Number Trial From T i i  = 5.5 to 8.0 h 
of 
hm numbcr Ttmperanut Sensor locations ' 

MWOO Avg (00 Max (OC) Cokic!~ Warmest 

Tempenuure outside the container 30°C 

Temperature outside the container - 15OC 

Temperature outside the container - O°C 

'Fm sensor location numbers tefer to Figure 3.3. 



Number Trial Fid usage of N, (kg) Variable usage of N, (kgh) 

Temperature outude the container = 30°C 

Temperature outside the contaim - 15OC 

Temperature outside the container - O°C 

Temperature outside the container - - lS°C 

data from~abk~ l .  i n ~ p p i i d u ~  
data h m  Table HZ in Appendix H 



as efféctively and it is unlmown why four chdation fans were the best combination. 

Table 53. maxi- and avemge temperatures of the solSDe water 
b w  at the fmat and brL of the container rrwilting when tsrq fair, 
radsrXci irulat ionhirPw~ascdPndtbceont . iWrw~~to  
an outside tempemm of 30°C. 

Number Trial Temperature 
of 

fàns number Front of container Back of container 

523. Temperature Data in Relation to Location The semr location 23 was 

consistently one of the wanwt  bcations whüc smror 20 was the cookst flable 5.1.). 

Both these misors measure the temperature of saline water bags on the bottom shelf of 

the container (Figure 3.3.). Sensor 20 was located at the back of the container while 

sensor 23 was bcated at the hm. These reaiks wen consistent with Table 5.3. whkh 

Hidrates that bags located towards the h n t  of the container were on avcntge wannn 

than thtn counterparts at the back nie avcragt temperature ciifferences bctween bags 

lacated at the fion and the back were 0.9,O.d. and O.6T for two, four, and sk h, 

respectively. Thenfore, the temperatme ranges expcmred at cach shelf level (hm h n t  

to back) account for a large portion of the temperature range experienced betwea A20 
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sensors. As weil, data indkate there were Intle di&nnce m the temperature of snwn 

located on o p m g  skks of the air distribution conduit. 

5.2*4* Tempera- Data in Reiation to Outside Tempeirtiue The range of 

temperatures hide the container pmgnssivety nairows wth droppmg temperatures 

outside the container. This would stcm to indicate that conduction of kat  into the 

container was a major factor Sencing poduct tempcranrrts. Ahhough temperames 

may be more d o m  wahn the container at bwer test temperanirts, it k still cvident that 

the h n t  of the containCr experiences wanner temperatures when cornparad to the back 

ngioas. This may be explained by the incrrased wall thiclmss at the back of the 

container and thaefon greater resistame to heat conduction 

It is also notewonhy that the container can operate at temgmatures welî bebw 

zero and stiü not risk kz ing the storcd pcbct b u s e  heat produceû by the circulation 

tuis was abie to wam the comainer (see Appendix H for more details). 

5.25. Nitmgen Data - Fmed Usage F'ied usage of N, was expected to be constant 

throughout al1 testhg becaur of smiilar starimg temperatures (=1O0C) and the same 

target temptmturt (- l.S°C). Equations deriveci m AppmdR H explan why nxed usage 

of N, was not nlated to temprahins outside the container or to the number of fans used. 

Tabk 5.2. shows the expeNntntai ad thtoreticai vahies of faed N, usage during 

tcsting. As expectcâ, the masurcd *cd usage was appximateIy quivalent durhg ail 

tests, with an average of 20.3 and 18.1 kg used h m  N, tanks at 241 and 152 kPa. 

~cspcctively. The comspondiiig theoretical vahies w m  18.1 and 18.0 kg, whrh 

compares hvowably with thc experimentai vahies. However. two notabk exceptions 



occufied during testhg w k r e  N, usage was well below that pndiçted. Two trials with 

six fans had a kcd usage of 13.7 and 16.0 kg. It iE unlaiown why these I>emcuhr tests 

behaved diffemtly h m  the rna,nty. 

Because of dinaares in the thermodyiinmic proparW of N, storeci at 241 and 

152 kPa. it was cxpected tbat ficd N, usage would deaPse with tests pufonaed at tank 

pnssues of the latter. However, whethcr this was the case or not is impossibk to 

detemiine with just the four rrials conductecl at tank pressuns of 152 LPa 

5.2.6. Nitrogen Data - Vsriable Usage Table 5.2. also displays the variable usage of 

N,. Unlike nxad usage, variable usage was txptcted to imcase h m  one test to the next 

wirh i n m i n g  outside temperatures and number of fans (see Appenda H). This trend is 

quite evident h m  the data However, predicted variable usage was considerably lower 

than that experienced QRig testing. In attemps to hate the source of the di&rence. 

Tabie 5.4. was compileci h m  data in Tabk 5 2 .  and Table H.2. (Appadix H). 

By obsedg how N, usage changes h m  test to test, it was possibie to detemime 

the effect of BdMdual pafamctezs. For instance* N, conswiiption was reâuced 0.8 ka 
when the number of fans was decmsd fiom six to hur uable 5.4.). Another reduction 

ofO.5 kglh occumd h m  four to two h. nie only paramttcr change between testing 

was the numbcr of fiam d tbtreforc it can bc conchidcd that two fans consume on 

avexage 0.65 Lgm This cornpans nivourabiy with the thtoreticai vaiue of 0.6 k@. 

Therefoie. the kge dinaare betweai pndicted and actual usage of N, m Table 52. was 

mt caused ôy emrs in calcuhting thc N, consumpion pcr 6ul 



Tabie SA. Tbearetid and experSmental dineremes ôetween variable N, usage 
when the nwaber offans and the outside tempenatue was vded. 

Desaipion of tests CO* Reductlbn m variable N, use a (kgh) 

-- - - -  - -- - 

Tests with six and four fans (30T outside) 0.8 

Tests with four and two f h s  (30°C outside) 0.5 

Tests at 30 and lS°C (4 fiuis) 1.5 

Tests at f 5 and O°C (4 fans) 1.4 

Tests at O and - 15°C (4 fans) 1.7 
a the reduaim in N, ase h m  six. CO fm. to two fans was Qrermined wha i  tbe temperature outside the 
container was kid coastant; and the reductiaa in N, use was determineci when the tempemture outsi& the 
c o n t a i f i e r w a s ~ f r o m 3 O ,  to 15. COO. to - I S ° C w i t h t h c o n s t a n t u s e a f f ~ f ~  

ai i  thme trials dexperimenral and rbecrracal data wxre averaged CO d-ne th change in Nz usage 
betweén tes,  despite diaerent soum pessures of N, (which should make only 2% dïfZerence in usage). 

Change m N, usage bctwecn tests at diffirent temperatures (with four fans) 

indiCate how thc temperature outside the container afkcted conduction of heat into the - 

container and the transfer Iw. From Table 5.4.. f is eMdtnt that a large di&nnce exiru 

between mtasured and predicted values. Unfomwitely, there was no conclusive way of 

&teminhg whether this differencc was attributable to the conduction equations for the 

transfkr linc or the container. However. king as the resistarrce value of the contamr was 

daermined exptrEaenally (Section 5.1.). ünle emr was expectcd m the thtoretical heat 

conâuctian equation. By the proces of climiriation, it can be said that either dBérence 

arises h m  cakdatbns of kat flow to the transfér iinc or an unknown variable exists. 

A number of aFSumptiOns werc madc in calculstmg the theontical heat Oow into 

the transfir lint. For instance, the insuhtian was considered to be 200 mm in diameter, 

but during testmg frost often forced a gap o p  betwctn the sheets of poiystyrene and no 



doubt caused mcnased heat fbw to the tramfer iine. As weil, the soknoid and pressure 

relief valve were situateci on the aaiisfa iiœ, eacouraging greater k t  fbw through 

poorer insulateci areas. Whcn mrgirad the sokioid valve produces 16.7 W of k t .  and 

a ponion of it tnust find its way h o  the tranSftr W. Any one of these factors could be a 

major source of mor m pdkthg heat 5 w  to the d e r  iinc. 

It is alro hypothcsized that a hidden variable exists causmg diffierence between 

preckted and muwrrd usage of N, It is knoum that a hrge upper portion of the N, 

storage tank fbstcd ovtr during N, use. Ahhough the tanks themselves were well 

huiated, evidcntly the transfer 19ie out of the tank was not. This was d i f ~ ~ u h  to account 

for in cakuktions. As well, the coaling propaties of iiquid N, are cbsely rehted ta its 

storage pressure and it was questionabie how accurately the tanks mantanad . . ktended 

pressures of eithcr 152 or 241 16% Tank pcssurc gages often idkateci pressures 

di&rent than these. Whcther this was a malfûnction of the gage or pressure relief valve is 

unknowri, 

5.3. Analysis a d  Discussion af Fabre Data 

Temperature data were coilectod every 60 s for a period of 8 h during the pwer  

and N, fahm tests. Minimum maxinnim. and average tempmtures wen calculated and 

graphed usbg a Quattro Pm spreadsheet (sec Graphs G.37. to 0.42. m Appcndix G). 

Linear ngrcssions wcrc p d o d  on the average tempcratms of the watcr bags h m  

time 0.5 to 8 h fiable 5.5.) to &termine the rate of temperature inmase folbwing a 

Mure. 

Temperatures incrresed at a pater rate d d g  a N, EiiLuc than a power fidure 
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(Table 5.5). This was caused by the kat  h m  the fans. which fllnctioned during a N, 

faihin but not during a power fàihm. 

Tabie 5.5. Avemge mte of srfnc waûx bag tempenature increase f-ng a 
hUue (container was cxpasEd to an outside teïnpemture of 30°C). 

Trial Average rate of tempcratwz incr#ise (Wh) 
numbtr 

Power fidm Niigtn Faihrre 

hiting a N, failuré. the temperature range of the s t o d  product was narrow @ss 

than I0C) whereas a power faihire caused teniperahue sttatifhtion within the container 

Le. the top shelfreachcd temperatures over SOC warmer than the bottom sheifat the end 

of the 8 h test. 

5.4. Analysis and Discussion of Door Opediig Tests 

Temperature data for the dom opening tests were cokcted by Program2 and 

analysad m Quattro Pm to dete& the minimum, maximum and average temperatures 

of the saline miter bap at each 60 s t h e  interval. The nsuhs were graphed and inchideci 

in AppendR G (Graphs G.43. to G.45.). 

The reason for conduding thse  tests was to ensuc that the temperature of the 

storeci product did not warm si%nincarnly h r  an extendcd period of tim during a door 

opening. In all cases, the tempenu~n of the stond product nnuned to its equilibrium 

temperature within 5 min of the &or king cbsed. 



5.5. Analysis and Discussion d O, Concentrations 

Oxygen and N, conccntrati6ns of conaim gas samplcs were manu@ recordeci 

Born the W integrator and transférrtd into a Quattro Pm spnadsbat. The composition 

of the two sampks was then averaged and &raph#L for each of the tline triais (Sec Gaph 

G.46. in Appndirc O). 

The thme triais rsuitcd m very smiihr atmosphcric compositions. The bwest O2 

concentration reached was 1.7%. This was ob*iared during the &t hour of operation 

when Iarge quanitits of N, were used to cool the container and its contents. By 

approximateiy 3 h imo testing, the O, concentration kveiled off at between 13 to 15%. 

The N, usage (even numbered F i  h m  0.2. to 0.36.) was also constant by 

approximatciy 3 h mto tcsting. 

5.6. hogtamî vs. Programl 

Mer the h t  rephte of temperature tests, 1 noticed N, was not always injectai 

once pcr minute. As mentioned pviously. a fixd iength, 60 s tmit cycle is crucial to the 

abüay of the c o m l  program to accurateiy conaol temperatmes. Thmfore, hogram2 

was estabkhed. Its conml aigoriihm di&a from Program1 in that it considers the 

temperature history of six. instead of thme prcvious tsne cycles whm making solenoid 

cycling decèions. As weR, it forces the soienoid vaive to be o p  for a minimum of 3 s 

during any one minute. 

Program2 rcsuhcd m sl%htly tightcr temperature corn01 than Program1 (Figure 

G.7. and G.9. in Appendirr O). Figure 0.7. is a p p h  of tempraturts coilected ffom the 

container when soienoid cycliig was &r the contml of Programl. The minimum, 
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maximum, and average temperature lines were wavy because the sokioid was not cyclnig 

every 60 s as it was designed to do; when compand to Figure G.9.. whm soluroid 

cychg was controllcd by Prognm2, temperatures were iess wavy because mjtctions of N, 

o c c d  once pa minute. 

5.7. Discussion of F i t e  Element Testing 

Approximate convection cocfocients w a e  determined h m  experimental data for 

the saline water bags. Table 5.6. is a suamiary of convection coefncien& dttennDled and 

Graphs E.3 to El0 (m Appeada E) Eidicate how weii the prcdiaed and actual 

temperatures correlate. Graphs of dative emr in Appndà E were detennPlad 

accordhg the formula of Wms et al. (1994): 

Tw - predyted temperattue (K) =A - expeNnental temperature (K) 
1 - the number of the iteration NT - total number of time steps 

The ftbtive emrs experknced were high at the beginning of each test. but subsequentiy 

dropped as tirne prognsxd, A s m 3 u  pattern was observai by Wms et al. (1994). 

T h m  was an inamse in convection coefficients with an incrcase m the of 

fkns (Tabk 5.6.). because of an increase m gas veiochies around the Ealine bags. The 

temP-t"= outside of the container had no influeclce on the convection coefEcimt 

(which was cxpccted). The magnitude of the convection coefncicnts wes considcrabfy 



greater than theory would pndict. However, theoretical equations have short falls m 

s o h g  pmbkms of this nature because the package was saUated in an area of transitional 

fbw immcdiatety ncxt to an air jet. Alihough equations exirt to solve problems where the 

p d u c t  is exposai to an impmging jet, 00 equamns werc f o d  to prcdict k t  -fer 

h m  a jet which forces the air paralle1 to the sruface of the objcn Thezefore, theoretical 

caiculations werc eXtTCmiy M e d  in this iirsuure. 

Table 5.6. Esthated eowective heat figl3SIer eocfiïaents for satine water bags. 

Trialnumber Estimated convection 
coeflkient 
W/ (m2X) 

duriag bah trials the comaher was expoaod to an outsi& tempenuurr d3WC. 
b the temperanues anP& the a m ï m r  were 30.15. O. - IS°C F i  aiais 1.2.3. and 4. nspCnvely. 

Convection coefticienis of 80 and 155 Wl(m2.K) werc input into the master 

packaged mat mode1 to dettrmine the temptratluc at the micipoint of the meat over tirne. 

These convection coefticians w a e  to npicsent the extrems of using either two or sir 

circulation fans within the container. F i  5.2. idicates that almost no tempemm 

Merence exists between the two simulations, implying that conduction is the limiting 

factor to heat traiisfrr for master packaged mat.  



Figum 5.2. The effieetJ oitwo convection d c i e n t s  on the mldpdnt tempemtuie 
of master pa&aged mat. 



6. CONCLUSIONS 

The fobwing conclusions can be h w n  h m  this study 

Cooling of the container with t i . -pulsai  m ~ t i o n s  of liquid N, was a successful 

and reliabk meais of re~gtratbn. As weii, the s k b g  unit and air distribution 

system proved effixti.ve- 

Temperature control was most efkctive by rrlating the control saisor temperature 

at the point m tmie when the solenoid was de-energized to the resultng cyck 

mean temperature of the container. Through a history of such information and 

simple ratios, the control algorithm made denoid cycling decisions for fiiture N, 

mmns. 

The container operatcd slightly outside the temperatm cange of - 1.5 t OS°C. 

The four fan combnration &ad in the best temperature control with a minimum 

and maximum product temperature of -2.0. and -0.7OC respectively. 

Temperame of the stond product was mon ninuenced by the amount of air fbw 

within the container and condudon of heat through the walls. 

Maisured variable N, consumpion was considerabiy hïgher than the theoreticalLy 

caicuhted vahie- Usmg a process of elirnination, the difkrence nsulted h m  a 

poor knowbdge of the heat Oow into the Ûansfcr liw and the N, tank 

Convection coe86cknts between circulated air and saline watet bags can be 

determaiad usmg an mverse. heat transfèr, &ïte ekmnt modeL 

Smwhted heat transfer wîthin master packagcd amt showed tliat heat flow hto 

the mister packagcd mcat was limitcd by conduction rather than convection. 

55 



7. RECOMMENDATIONS FOR FUTURE WORK 

nim were two main goais ia conducting this nsearch The fbt was to c o k t  

data h m  the container to facilitate a hamial assessment of its merits. Necessary data 

are now availabk to enable friture insaurhers to make judgemcnts regardhg whahcr the 

cost and bemfiîs of such a rt6rigeratïon system warrant firrtber research. The second goal 

was to coikt data on the operating characteristics of this container and to determine 

fidamental thermal propenies necessary for fiiaut design work Som ncommendations 

for &si@ impravem#us are: 

1. The m e r  iine was cause for considerable ineffkiency in N, conswnpmh Two 

modikations will Uaprove its performance: a) Move the soknokl and reiief valve 

h m  the m e r  Iia to the m h g  chamber aiside the containu so insulation of 

the tramfér line will be more effective. Note: During prtliminery tcsting of the 

containerT the solenoid and relief valve were located inside the container, but 

subseqycntiy they were moved outside the contamer to 'mvent the solenoid b m  

ntezing open." The problems were iater discovered to k software relatai. b) 

The transfer line couki be vacuum and powder insulated. The curent system of 

insuhtion was employed because of ease of design refinemnt, but now that a 

workRg syrtem bas beai establishad a peimanent,vacuUrtiPlSuhted aansfer line 

may be warrantd 

2. Data indicatcd conmiction of heat into the container aray be a major rason bchind 

the tempcraturc extmmes within. This probltm couid m s t  easily be nsolved by 

increasmg the insulation mund the containCr. 



3. Arlrtitinnal research is nceded to determine why the temperature of storexi products 

varied so much h m  the h n t  to the back of the container. 

4. A iarge amount of N, was coasumdjust to overcom the bat produccd by the 

fans. Thenfore, nduchg the nimkr of circuhtbn fans would defgutely be an 

asset. nie W e  eluaent simuhtion of master packaged mat indicates the cwling 

nue of the mat was limitai by conduction nther than convection for air Bow rates 

provided by two fam. Thcrcfon. a necd does not exkt for any more than two fans 

if air distribution in the container can pvcnt Iarge tempeanire extrem. 

EMdeotly, the ceunent air dimibution system was not e&ctive for two fans and 

thm is a need to invcstigate other possibilities. Ideas of jacketed storage were 

&carded m prclimaery designs because high air fbw were believed to be needed 

to encourage rapid coohg. Because simulations idkateci high air flow was not 

ncccssary, jacketcd aorage bccomcs an aitemative that should pMdt  more 

e8Fective tcmpcranire control by rernoving kat conducteci through du container 

waiis before ït CO- in contact wïth the s t o d  product. 

S. The mas of the shebmg unit should be reduced (ait is to bc used commercially) 

by malring the matainet walls pan of the structure supporthg the master tmys. 

and thercby ducmg the mount of steel 
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APPENDIX A - DRAWINGS OF SHELVING UNIT 

A.1. Front View 

Figure A.1. Frmt view of the s k b h g  unit with ImperSal measuionmUs Ciinches). 



Figure A.2. Side view (Wm the inside of the container) of the sbelvhg unit with 
hpeilil dimensions (inclus). 



A.3. Top View -- 
] 'y' 1% 

Figure A.3. Top vim of t h  sheiving unit with Imperid dimensions (laches). 



APPENDIX B - CO, VS. N, 

It is desirable to store üquid N, and CO, at b w  pressures because they passess 

-ter iatent heats. TyphUy, the food industry uses liquid N, storeci at tank pressures of 

either 152 or 241 kPa and l@uid CO, at 2 MPA. At these pressures, üquid N, ïs 

approximateiy - 18S°C (Van W y h  and Somnag 1985) and îiquib CO, is approxiniately 

-20°C (ASHRAE 1994). The latent heats of iiquid N, at 152 and 241 kPa are 186 and 

18 1 m g ,  respectiveiy (Van Wylen and Sonvag 1985). Liquid CO, has a much m e r  

ktem heat of 279 W k g  (Wood 1982). However, when liquid N, is superkateci h m  a 

sanirateci vapour at 152 and 241 kPa to - lJ°C and 1 atm, % change in sensible heat is 

199 and 197 IcJIkg, nspcctmly. The change m sensible heat expetienced by CO, when 

superheated fmm a saturatcd vapour at 2 MPA to the same final state as the N, is only 

47 Ukg. Thtrefore, the total cooling potentiai of iiquïd N, mjccted into the container is 

385 and 378 kJ/kg for storage at 152 and 241 kPa, respectivety. while for Muid CO, it is 

326 f f k g .  

Aithough iïquid N, has mon coolhg potemial per mit xnass, it is aiso more 

expensive. Two locai suppliaE werc contacted and asked the Iist price (alihough one 

suppüa remarked that N, and CO, werc seldom sold at theii k t  price and accurate picmg 

would &pend on qymtity pinbascd) of theu poducts purchascd in 160 L quantitits (a 

corma~n size of portabk storage contaims). ûnc suppüa (B. Hughes, Sales 

Representative with Lquid Air, WSinqng, MB) quoted a prkc of S2.40tkg of Muid N, 

and $1.4û/kg of iiquid CO2 (Note: price was quotbd pcr cubic mare of N,, but was 

convertcd to kibgnuns ushg the conversion Eictor provided). The other supplier 



(S. Anderson, Manager of Wmnipeg W e b g  Suppiy, Wrmiipeg, MB) quoted a price of 

$2.45kg of N, a d  $l.W/kg of CO,. nierefore, when the vahie of N, was cakulated 

based on the coohg potentiai provïded, it was between 6.4 and 6 J $M. For COz. this 

vaiue was ktween 3.0 and 4.3 g l w .  Thercfore, CO, was mnsiderabiy cheaper than N, 

for comparable amounts of refiïgeration 

Tbe con of rcnigerating meat ($/kg of meat or Sh) under various scenarios can 

be determntd b m  information in Table 5.2. or Appendor H. 



APPENDM C - INSTRIJMENTATION ERROR 

C.1. Temperature Errors from the HP 34401A Multimeter 

The muhantter was uscd to measwe the raistance of the tiiennistors between 

temperature extrcmcs of 55 ami - 1O0C. This comspondr to a minimum mistance of 

approxhateiy 1.5 W for a s i n e  thermistor at 55°C and a maximum resistance of  55 kn 

for two themistors m stries at - 10°C (OMEGA 1990). This encompasses two ranges of 

resistance m e a ~ u ~ e ~ ~ l ~ n t  on the HP muliimter (the 10 and 100 l<a mistance ranges). The 

90 &y accuracy for tbese ranges aftcr a 1 h warm-up with the defiuh 5 L/i digits of 

nsohtion (10 power Lm cycles) is %O.ûû8% of reading + 0.002% of range) (HP Users 

Guide 1992). 

Because of the nonlintar bchaviour of thermistors, the maximum error in 

temperature mtasuremcnt contributecl by the rrmhimeter was expected at 1.5 kn. This 

error was calculatecl as foilows: 

E m  ut 1.5M = k(0.0088 x 15000 + 0.002% x 1OûûûZ)) = S.324 (C.1) 

At a thelRUStor -tance of 1.5 W, a cbangt in resistance of 55 n represents a change in 

temptranire of 1 O C .  Using a lnat approximation, the resinanct emr was convened to a 

temperature cmf= 



C.2. TheimistOi. Self Heating Error 

Themistors expriace selfhcating because of the test curent used by the 

muhimeter to measum the resistaact. The rcsdting emrs m temperature mtasmment 

were a ninaion of both the tcst ~ n n t  and the heat dissipation constant of the thcrmistot. 

Di&rent tcst Nmnts werc used for difEercrrt raiiges of mistance mpasurement by the HP 

multimter. Thc highest tcst cunent used was 100 pA in the 10 161 range. The greatest 

self hcating occurs at the highest mistance masurrd m that range: 

Self Heating = (Test Crurent)2 x (Resistclnce) 

The OMEGA engineering beram (1990) States that the minimum dissipation constant 

for a themistors m stiii air is 1 mWI°C. Usmg th9 constant, the selfbting e m r  was 

&termined= 

Ahhough this emr was large, it must be iemembcrcd thnt it rrpzesents the worst self 

heating enor for the data acquisition system. Ccnan awmptions m the pnccdiig 

dcuhtians do not necessarily hokl mie. For example, it was very seldom that the 

temperature of stin air was masured because of the circuhtion fans prcsent withn the 

contamer. It was aiso difticult to coirem that seifheatng would be a major problem 

whm the test c m n t  was supplicd for only 10 power line cycles per rcadhg of each 



channeL AItbugh Et was believed that the actual self heating emr was much bwer than 

cakulated, ït was difftcult to p v e .  Therefore. thermistoa were chosen in such a marner 

that a resistanct of 10 M would rcflect a temperature outside the range of primary 

interest Le. - 1.5 f O.S°C. 

Tht OMEGA 44007 therxnistor has an approltimate resistance of 10 ki2 at 10°C. 

h the temperature fange of - 1.5 & 05°C. resistance varies b m  17.19 to 18.10 m. 

These resistance iall into the 100 W range of the HP rmiltimter. which uses a test 

current of 10 pA for measmmnt m this range. The resubg self heating emr was: 

Self Heating = (~ment )~x(~es i s tance)  = (10 

Serf Heating E n  = 1.8lpW 
. mW 

Evidently, aü temperatures measuced in the 100 range of the muhimeter exhibit 

extremcly s d  self hcating enon. Because the mitheter was capable of overranging 

20%. it was assumed that self heatïng was almost negligibk for aIl resistance measured m 

exces of 12 a. For the OMEGA 44007 thermistor. ihis corresponds to temperature 

measurcmnts lcss than 6°C. 

C.3. Error Fr- the Cslibration Equation 

C d b t b n  of the themistors was accomplished usmg the hUowing equation 

p r o W  by OMEGA (1992): 



where: 

R - resistance (Q) T - temperature (K) A, B, C = fat& constants 

When the temperatures arc chosen to s p  no morr than 1Oo0C. tbe above equatim has an 

accuracy of 3.02OC or bctter. nienfore, temperature masurexnent emrs mtroduced by 

the cdïbmtion equation wae aegligibk. 

CA. Enor &om Wire Lead and Instrumentation Resistance 

Because thcrminon masun temperatures bascd on theu nsistance, temperature 

measwmtnt emrs were caused by the resistance of wirr h d s  wniuchg thermîston to 

the multipiexer and the resinance of the rthys within the miliipiexer. 

The combineci rcsistance of the whe leads and the mEis*uice tfirough the 

muhïpkxer was m ~ a ~ u r e c l  wïth the HP 344QlA munimeter. Tht maximum nsistance 

manirad on any one charme1 was 2.0 a, which was insipniowrt compand to the 910 Q 

change exprienced whai the thermistor changes temperatures h m  - 1.0 to -2.0°C. 

CS. Calibration of Temperature Sirsors 

The tbree constants in Equation C.6. were sohred by measwing the resistance of 

the t h e d o r  at thm biown ternpcranirts. To accompiish this, all twenty four 

thermistors w c r ~  inscried mto a stimd üquid bath and the temperature was mcasurtd with 

a calibration thcmmetcr (se section C.6. Zor a description of the thtnnomters used). 

The bath mis iisuhted to ensure temperature variations throughout the fluid w m  

negügibie. Tabk C.1. summafizcs the &tance measurrd fbr the twenty-three c h e l s  

at four di&rent temperatUrCs, and Tabk C.2. shows the ralihration constants for Equation 

C.6. 
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Calîbration of the themistors was checked at the begïnning and end of testing to 

ensure the prcci*on of the inanimmation system, The check was p d o d  by 

inserting aii thermistors mto a stind ke bath and cornparhg the measurecl temperatutes. 

Table C.3. shows the mtasured temperatures and testioes to the precision of the 

caliition. Temperatures meamcd by channels 3 and 4 deviate sijghtly h m  the norm, 

but thcsc two sensors were caiibratcd for a dincrrnt temperature range than the rest. 

Based on the aceuacy of the cabration thtmrneters (see Section C.6.). a variation of 

thir nature was expected. 

C.6. Description of the Celibration Thermometers 

Three different tbemmters wae used fot the calibratian. Al1 three were products of 

Müla & Weber Inc.. Ridgewood, NY and had graduations &wn to O.l°C. A description 

1) ASTM 52C: Total immersion thermometcr with a temperature range of - 10 to 5'C. 
2) ASTM 17C: Partial immersion thennomter with a temperature range of 19 to 27'C. 
3) ASTM 19C: Panial immersion themmeter with a temperature range of 49 to 57'C. 

Accordiig to the manufacturer's niformation, ail three thzrmometers were accurate to plus 

or minus one graduation (S. 1 'C). 

C.7. Summary of Errors and Caiibmtion 

appar to be negîigibk. Self katmg emrs WC= also assumai minute for temperatures 

measured under 6OC. ninfore  the p i s i o n  of the thermistor was weii wthn M. 1°C, 

however thcy can not be considercd mon accurate than the calîbtation thennometers used 

Le. a. 1 T. 



Table C.1. The rrJid.nicl of tbernilstom attached to a data acqW9tion system at 
fmJ? diffmnt tempeRfPRS, 

Charme1 Resistancc(kQ) Rtsistance(kQ) Rcsistame(W) R e s i s t a n c e ~ )  
nwnber at -9.7 OC at 4.6 OC at 19.8 O C  at 52.5 O C  



Table C.2. Constants of Eqgan'011 C.6. for tbe attached to the data 

CharintI Constants for the OMEGA quation 
numbtr 

A B C 

' these chamels wre calihated fa the tempranues d -9.7.4.6, and 19.8 OC. 
b these channels wcre caiibrated fa tbe tempemures of -9.7,19.8. and 52.S°C. 



Table C A  Merairrd temperatam of water batk d e m o d n g  the pi.eCision of 
t a e i ~ ~ o n ~ m a t b o t h t h e ~ I l d e n d o f U ~  

Channel number Measund tempraauc~ of two di&ian water bath (OC) 

Befon starting Afkr complction of 

2' 054 O. 15 
3b 0.79 - 0.40 
4b 0-78 0.41 
5 ' 0.53 O. 16 
6 '  053 0.15 
7' 0.52 O. 14 
8 ' 0.53 O. 14 
9'  0.54 0. 15 
10 ' 0.51 o. 1s 
11 ' 0.5 1 O. 15 
12 ' 0.54 O. 15 
13 ' 0.53 0. 16 
14' 0.51 O. 16 
15' 0.50 0.14 
16' 0.51 0.14 
17' 0.5 1 0.14 
18 ' 0.5 1 O. 14 
19 ' 0.5 1 0.14 
20' 0.49 0.13 
21 ' 0.51 0.14 
22 ' 0.49 0.13 
23 ' 0.50 0.13 
24' O50 0.13 

' thesc channcls wem caiihcated for tbe ttmptanues of -9.7.4.6. and 19.8OC. 
b channcls wpt calibated fa tbc temperames of -9.f. 19.8, and 525°C. 



APPENDIX D * TEMPERATURE CONTROL PROGRAM 

Pmgraml is a QuickSASlC program which uses &ce temperature ratios to 

caicuhte the &ut off tempefaturc Eor the solnoid. For rwsons of comerving space, it 

was not m e d  here However, it was simihr to Program2 in design and constniction, 

whkh is included m the Section D.2. The major daferences between both pragrams exkt 

m the subroutint SoleCoiinol. L b  changes h m  Rograml to Program2 were marked 

with asterisk (*). and the original code was s t o d  m rcmak statemntf. 

D.2. Programl 

DECLARE SüB Pi.intTgi O 
D E C L A R E S U B ~ O  
DEUARE SUB FkDating 0 
DECLARE SUB TaktRcadings O 
DECLARE SUB RntOrapb 0 
DECLARE SUB SoKontrol O 
DECLARE S ü B  GetTemp O 
DECLARE SUB fnitialize 0 
DECLARE SUB ReinitiaIizt O 
DECLARE SUB ChannciCodcs 0 
DECLARE SUB ParalleiPortOut O 



' 
' FileNam&$ 
' 
' Channel% 
' SolenoidSb 
' Quit$ 
' TempOff 
' OpionIl 
' Max0 
' AvgO 
' Mir@ 
' TO 
' Ave2Temp 
' Sum2Temp 
' number 
' Weight 
' Tare 
' BeginThe 
' PrwTirm 
' Time 
' Roll[Timc 
' LoopTime 
' Ratio0 

temperature and weight data. 
Rctains the name uscd for the data file contanng the 
solcnoid ana01 idormatj011, 
Stores the nu* of tht active channtl. 
If- 1 ihaisoknoidisaiergized Ifothenmt. 
IfQuab - "quit" then program Win shut dom 
Stores te- at whidi solcnoid is Nmed off. 
AbtsmPàiprogramasto wiiichfhctbnlreywaspnssed 
AnaraywidlthC 10 pcvious ~ t c m p t r a t u r c s *  
An m y  with the 10 prrviws average teqeraturcs. 
An array with the 10 prcvhus mnmuim temperanires. 
Stores the cumnt temperatures of senson 2 b u g h  24. 
Storts the tim-weightad average of temperame saisor 2. 
Stores the sum of wmol sensors for calcubting Ave2Temp. 
Stom tht numbtr of numbers added to Sum2Temp. 
Stores the wcight of* LGS 
Stores the tare weight of tht LGS - stamped in side of LGS. 
Stores the start t h  of test. 
Storcs the bst  th^ tbat the PrintTimc subroutine was called 
Stons the total numba of seconds ellapscd since test beguh 
stores the nimba of tmiff the tPna has mlM past midnight. 
Counts the numbcr of seconds into each 60 s bop. 
Stores the ratios of average cycle temperatuns to Te- 

' BeginWeight Stores the weight of the I&s at b e m g  of test. 

COMMON SHARED Inil)ata%, IniStamsSb, IniConml%, DDataSb, Control% 
COMMON SHARED FileNamcl$. FkName2$. BeginWeight 
COMMON SHARED Channel%, Soknoid%. Qu&$, Tempo& OpiOnn, Ratio0 
COMMON SHARED Max(), Avgo. Mino. TO, Sum2Teq. Weiat, Ta, number 
COMMON SHARU) BeghT'i, PrevT'ï, Tb. Romm. hpTopTim 

s-9 
CALL hiWz CALL FikDating 
BeginTimt -TIMER 

DO: 
CALLPrintTimt 
IF LmpT'ubt - O THEN C W  TakcRcadings: CALL PrintGraph 
ïF LoopT'i - 20 THEN CALL SokControl 

LooP UNTIL Quit$ - "quit" 



FiKey: 
IniRow - CSRLIN: IniColunm = PûS(x) 
IFopionnoOTE3ENCALLRntGraph 
Optiom= 1 
USl:FORI=lTO23:LûCATEI,1:PRINT" ":NEXTI 
LOCATE 10..20: PRINT 'FI -> Displays help sCrceIL" 
UXATE Il. 20: PRINT IF2 --> Terminates the program." 
LûCATE 12.20: PRINT 'F3 -> Disphys temperature ~itadings." 
LOCATE 13,20: PRNI' "F4 -> DOS cornmanri shcft" 
LOCATE 15.20: PRiNT "Press Press' to c h . "  
LOCATE m o w ,  IniCohimn: KEY(16) ON 
RE'ITRN 

-Y= 
m o w  - CSRWN: Inicolumn = POS(x) 
IF Optionn O O THEN CALL RniGraph 
Opiolm - 2 
U S  1: BEEP: LOCATE 12.27: COLOR 12, O: PRINT "Quit (y or n)?" 
LOCATE IniRow, INCo)urmi: KEY(1S) ON: KEY(16) ON 
RETURN 

F3Key: 
m o w  - CSRLIM IniCohlIM - PoS(x) 
IF Optiom O O THEN CALL PrintGraph 
Option - 3 
CLSl:FORI=lT023:LOCATEI,l:PRlNT" ":NEXTI 
COLOR 12, O 
FORI-2TO21 
LûCATE 1.20 
PRINT USING "Chamcl# -> ###.a O C " ;  1 + 3; T(I + 3) 
m 1  
LOCATE 23.20: PRINT "Press 'n' to c h . "  
LOCATE iniRow. IniColumn: KEY(16) ON 
RETURN 



U S  1: BEEP: LOCATE 13.27: COLOR 12.0: PRNI' "DOS Shen (y or n)?" 
LOCATE MXow. IniCohimn: KEY(15) ON: KEY(16) ON 
RETURN 

W y :  
KEY(15) OFF: KEY(16) OFF 
IFOptiom-2THEN 
LOCATE 23.55: COLOR 12.0: PRINT "Shuttbg Down '4 Quit$ - "quit" 

ELSEIFûptioni-4ANDSolaioidSb- LTHW 
LOCATE 13.27: PRNI' 'Dûs Shen denied b u s e  solenoid is  e~rgized" 
CALL PriniGrPph 
ELSEIF Optionn - 4 THEN 
CLS 1: CLS 2: COLOR 12, O: PRINT 'Type EXIT to rem to program." 
SHEU: SCREEN O: SCREEN 9: CAIL RintGraph 
ELSE 
CALLPrintGaph 
END IF 
Opionn - 0  

RETURN 

If sensor 2 drops k low -7 degrees. then entire control of program is 
'passed over to chis subutirit. A waming message is flashed and the 
'cornputer makes a bizar noise. This subroutint is ncccssary m case the 
'solenoid tails or some other disaster occurs. 

CLSI 
LOCATE 10.20: PRNI' 'Pltose fincl ChM B a y  immediatdy or" 
LOCATE 11.20: PRINT ''&II Jack, Matt or Dak to the situation." 
LOCATE 12.20: P R N ï  "chris' homc phone nu& is 261-9513." 

Channel% - 2: CALL ChanntlCodes: CALL ParaklPonOut 
DO 
SOUND RND * 1ûûû + 37. .2 'generates a bizar noise. 
CALL GetTemp 



LOCATE 16.20: PRINT USXNG ''Cumm Temp ###.## "Cf'; T(2) 
LûûP UNTIL T(2) > -7 

END SUB 

SEIECï CASE Channel% 'Detemines signal foi- data bus which activates 
CASE 9.17 'the btchcs. Note: Channel 1 is the sokxmid 
DData96 - &HFE 
CASE 2,10,18 
DData% - &HFD 
CASE 3.11,19 
DData% - &HFB 

CASE 4,12,20 
DData% - &HF7 

CASE 5,13,21 
DDataSb - &HEF 
CASE 6,14,22 
DData96 - &HDF 
CASE 7,15,23 
DData% - &HBF 
CASE 8,16,24 
ilData% - &HZ 

END SELECI" 

SELECI' CASE Channel% 'Detemines signal for status bus which activates 
CASE 2 TO 8 We 3 to 8 line decoder. 
Contra196 - &HB 
CASE 9 TO 16 
Control% - &H9 
CASE 17 TO 24 
cOntrol56 - &H3 

END SELECi' 

END SUE3 

COLOR 12.0: CLS 
LOCATE 3.1: PRINT 'PPlease comct the currcnt date and t i m  or" 
U3CAm 4.1: PRINT ''prtss CE- to accep the default vahies." 
LûCATE 5.1: PRINT "Note: Data f i ls  an labtlW according to" 



LOCATE 6.1: PRIM' 'the staaing date and time of the test.": PRINT 

Change da» and tnnt t h u g h  the WS shcU and mate a &name h m  date. 
SHELL ''Date'! PRINT : SHELL 'TW 
namel$ = LEFI$@ATE$, 2) + MLW@ATE$. 4.2) 
name2S = q9 2) + MID$CTIME$. 4.2) 
FiEeN=l$ - namcl$ + namt2$ + ".bctt' 
FileNamt2$ - FikNamtlS: MID!$(FiltNa1nc2$. 8) - "s" 
LOCATE 14.1: PRINT "Bascd on the time and date @en, the namt" 
LOCATE 15.1: PRTNT "of tbe temperature and solenoid data file are:" 
COLOR 7.0: LOCATE 17.1: PRINT 'C:KFlRIS\OUTPU1\"; F k N m l $  
LOCATE 18,l: PRINT 'CCHRIS\OUTP~t';  FiltNamc2$ 
CHDIR 'C:\Chris\oUtp~t'~: OPEN FileNamcl$ FOR OUTPUT AS #l:.CLOSE #1 
OPEN FiieNamc2$ FOR OUTPUT AS #2: =SE #2 

'Albws user to use DOS edïtor to place a descripion of test in me. 
COLOR 12.0: LOCATE 20.1: P m  'Po you wish to anach a dcscripion of the" 
LûCATE 21.1: P m  "tes to your temperature fiIe (y or n)?" 
DO: Answer$ = INKEY$: LOOP UNTIL Answe6 O "" 
IF Answefi - "y" OR AiiswnS = 'Y1' THEN SHELL ltcdiî " + FiieNamtlS 
SCREEN O: SCREEN 9 

END SUB 

'Read resistance of t h e d e r  h m  voitmeter. 
PRINT #3. "mcas:rcs?": INPUT #3, Rdg$: Rcsist - VAL(Rdg$) 

lC~nstants for the OMEGA thermister equation. Each thermistor was 
'CalibratedidRriduany* 
SELECT CASE Chamcl% 
CASE 2 
a = 8.12901 lE-04 b 1 2.786707E-M C - -4.43298 1E-08 
CASE 3 
a - 1.424941E-03: b 1 2.1 l43OgE-M C - l.97255 lE-07 
CASE 4 
a - l.423625E-03: b 2.1 lS216E-04k C - 1.982444E-07 
CASE 5 
a - 1.005379E-03: b - 2.782671E-M C - -4.9403 l4E-08 
CASE 6 
a - 1.005954E-03: b - 2.783039E-04: C - -4.932356E-08 
CASE 7 



a = 1.008979E-03: b - 2-776356E-04 C - -4.6825lSE-08 
CASE 8 
a - 1.02313E-03: b - 2.784%!5E-04= C - -4.982788E-08 
CASE 9 
a - 1.004475E-03: b - 2.783707E-04= C - -5.00876E-08 
CASE 10 
a - 1.004928E-03: b = 2-783445E-04 C - -4.9538 l7E-M 
CASE 11 
a - 1.006819E-03: b IL 2.778559E-04= C - -4.756499E-08 
CASE 12 
a - 1.013812E-03: b - 2.768778E-043 C - -4.390037E-08 
CASE 13 
a - 1.024967E-03: b - 2-75 l76îE-Ok C - -3.854361E-08 
CASE 14 
a - 1.00527E-03: b - 2.782098E-04 C - -4.867273E-08 
CASE 15 
a - 1.003086E-03: b - 2.785421E-043 C - -4-96836s-08 
CASE 16 
a = 1.00719E-03: b - 2.77912SE-04 C - -4.718487E-08 
CASE 17 
a - 1.00869SE-03: b - 2-776646E-M C - -4.649475E-08 

CASE 18 
a - 1.004145E-03: b - 2.7843 l6E-043 C - -4.998201E-08 

CASE 19 
a - 1.010949E-03: b - 2.773096E-04: C - -4.5 lOME-û8 
CASE 20 
a - 1.0045û6E-03: b - 2.783676E-043 C - -4.93351 1E-08 
CASE 21 
a - 1.009393643: b - 2.775713E-043 C - -4.659179E-08 

CASE 22 
a - 1.001023E-03: b - 2.788092E-04: C - -5.057847E-08 

CASE 23 
a - 1.002SS5E-03: b - 2.785624E-04= C - -4.883831E-08 
CASE 24 
a - 1.005629E43: b - 2.78 1 1 8 8 E a  C - -4.78841 1E-08 
END SELECï 

'Use the OMEGA thcrmistcr q a t i o n  to conveit mistanct to temperature. 
Tempraturts are roundcd to the neanst second Qcimai piace to conïerve 
'space during data storage. 
LûGV - LûG(Resist) 1 UXi(2.71828) 'caicuhtts bg to base e 
T(Channel%) - (1 I (a + b * LOGV + C * (LûGV A 3)) - 273.15) 



END S U B  

ON ERROR GOTO EmrfEandlcr 

'Store initial vahies of data, control and status registtrs* 
mata% - INP(BtN378): IniStatus% - INP(m79): IniCon~ol96 = INP(&H37A) 

'Open COM ports for Bipit/output mutims- 
OPEN '<COM1:%00,N,8,1,RSTCD,LF' FOR RANDOM AS #3 'COM 1 for voltmeter 
OPEN 1'COM2'%00,E,7,2,RS,DS11 FOR RANDOM AS #4 Y=OM 2 for sale 
PRINT #3, "SYSTaM" 

Initialize variables 
FOR 1 - 1 TO 6: Ratio0 - 1: NE= 1: TempOn- -15 
FORI- 1 TO 10: Max(I)--lO:Mii(I)-99:~vg(l)-99:NWCTI 

Pisplay a derripion of the prognim and operative keys. 
LOCATE 2,l: COLOR 12, O 
PRINT" Chris BaiLyk Rogramtl 
COLOR 7.0: PRINT 
P R N ï  " MY GWIDUATE TAESIS OBJECTIVE.. rcsearch, design, f a b t e ,  and test" 
PRINT " a rcaigeratd, controlltd-atmosphere cantainer for use m the" 
PRINT " dbtributionof fie& red meat to hreign and do~i i~~t ic  markets." 
PRINT 
PRINT l1 PROGRAM DESCRIPTION: thk program monitors the amount of liquidl' 
PRINT niaogen used to refiigeraîe the container. Twenty-four temperature'' 
PRINT " sensois arc aiso used to record temperatures within the container." 
PRINT " Bascd on these teInpcranii.cs, an aigorithm determines when to nim" 
PRINT " a solenoid odo& This îolaioid regdates the amount of @id1' 
PRINT " nitrogen dcIivtrtd to the container or in other w o d ,  die amount" 
PRINT " of r&igerati0lL1' 
PRINT 
PRINT " ACZrVE KEYSTROKES DURING PROGRAM OPERATION? 
PRlNT " F1 -> Displays help scrccn." 
PRINT " EL ---> Tenninatcs the piogramD" 
PRINT" F3 ---> Disphys temperature mdings-" 
PRINT" F4 -> DOS c o d  ShtIt" 

Set up key trapping of FI, F2, F3, F4 keys. 



ON KEY(1) GOSUB FlKey: ON KEY(2) GOSUB =Key 
ON KEY(3) GOSUB F3Key: ON KEY(4) GOSUB F4Kcy 

'Define and set up kcy trappying of dit Y anci h' key. 
KEY 15. CHR$(O) + CHRa(21): ON KEY(I5) GOSüB YKey 
KEY 16, CER$(O) + CHRa(49): ON KEY(16) GOSUB NKey 

Rad the iiritgl weïgh of the container and ask for tare weight. 
CLS 
LOCATE 12.10: INPUT "Phse enter the tare weight of the LGS (kg)": Tare 
PRINT #4. '1': INPUT #4. Weight$ 
BeginWeight - VAL(MiDS(weight$. 4.5)) 

END SUB 

SUB PamüeiPortOut 'Se& sigaals to the multiplexer. 

IF SolenoidSb - O THEN 
OUT $H378, &HFF 'Put clear si@ on databus. 
OUT $H37A, $HB 'Enabk btch 1. 
OUT &H37& $H9 'Enable htch 2. 
OUT &H37A, &H3 'Enabie htch 3. 
OUT &H37A, &Hl 'Disable htchcs. 
OUT &H378. DData96 Write data signal for cbannel selection. 
OUT &H37& Control% 'Enabie specincd htch. 
OUT &H37A, &Hl  Disable latches 

ELSEIF Solenoid% - 1 AND Contml% - &HB THEN 
OUT &H378. &HFE EQV DData% 'the solenoid and channel and put on databus. 
OUT =7A, Control96 'Enabie latch 1. 
OUT &H37A, &Hl Pisabie latches. 
OUT m 7 8 ,  &HFF 'Piace clear signal on databus. 
OUT &H37A, &H9 'Enable btch 2. 
OUT &H37A, 8tH3 'Enable btch 3. 
OUT &H37A. &Hl Pisable htchcs. 
ELSEIF SoltnakM - 1 AND Contd96 O $HB THEN 
OUT m 7 8 ,  &HFE 'Place soknoid activation on databus. 
OUT &H37& &HB 'Enabk htch 1. 
OUT 8cH37& &Hl Wibk latck. 
OUT m 7 8 ,  &HFF ' P h  c h  signal on datakis. 
OUT &H37A, &H9 'Enabk htch 2. 
OUT m 7 A ,  &H3 Enabk htch 3. 
OUT $H37A, &Hl P i b i e  htchcs. 
OUT m 7 8 .  DData96 Wnte data signal for channel sektioh 



OUT &H37A Control% 'Enable specified latch 
OUT &H37A, &Hl aisable htches. 
END IF 

END SUB 

'Mi key trapping is off during thiE subroutpit. 
KEY(1) O= KEY(2) O R  KEY(3) OFF: KEY(4) OFF: KEY(15) O= KEY(16) OFF 

Dehe  graphiig window. 
US 1: U S  2: VIEW (55.7)-(500.298). ,9: COUlR 12. O 

LOCATE 1.65: PRINT 'TIME'' 
LOCATE 5.65: PRINT 'TEMPERATURES" 
ILKATE 6,65: PRINT USING "Max: ###.## OC"; Max(1) 
LOCATE 7.65: PRINT USING "Avg: ###.## "Cf'; Avg(1) 
W A T E  8. 65: PRINT USING "Ma- ###a## "Cf'; Mh(1) 
LOCATE 9. 65: PRINT USING 'I(ag: ##Ife## 'C"; Max(1) Mn(1) 
LOCATE 10.65: PIUNT USING "Out: ###.## OC"; T(3) / 2 + T(4) 1 2 

LOCATE 16.65: PRINT 'ZGS STATUS" 
LûCATE 17.65: PRWï USING 'amd: ##M.# kg"; Wei& - Tare 
LûCATE 18,65: P R N ï  USING 'Us& ##W.# kg''; BeginWeight - Weight 

LOCATE 20-65: PRWï "SOLENOID STATUS" 
IF Soienoid% - O THEN 
LOCATE 21,65: PRINT "OFF M 

ELSE 
LOCATE 21-65: PRINT USING "ON ###.## OC"; TempOff 
END IF 

Zabel temperature anis. 
n-O 
FORI-22TO 1 STEP-3 



vahie-(MaxL-MinL+2)/7*n+MhL- 1 
n - n +  1 
LOCATE 1.1: COLOR 7.0: PRINT USING ''###.##"; value 
NEXT I 

'Assjgn coordiaates to gmph window and draw Ems at -1 and -2'C. 
WINDoW (1. MinL - 1)-(11. M d  + 1): COLOR 7. O 
UNE (1. -1)-(11. -1): LïNE (1. -2)-(II, -2) 

(1, -1 -5)-(11, -1.9. . . MI8080 

'Pbt Man. Avg, and Min temperature m gmph window. 
n- l l  
FORI- l T 0  10 
n -n -  1 
PSET (I. Max(n)). 14: PSET (1, Avg(n)). 14: PSET (I, Min(n)), 14 
NEXT 1 

T m  fiuiction keys on. 
KEY(1) ON: KEY@) ON: KEY(3) ON: KEY(4) ON 

END SUB 

Timr resets to zen, every 86400 s (24 h) at midnight. 
PrevTime - Time 
Time = INT- + RoKîirne * 86400 - BeghT'm) 
IF Time - PrevT'i THEN EXIT SUB 
IF Thne c PrevTii  THEN RoUTime - Roiïïïmc + 1 

LaopTime - T b  MOD 60 
LOCATE 2.65: COLOR 12.0: PRIiUT USING "Eips: #Mt### s": Thne 
LOCATE 3.65: PRINT USING "Loop: ###### s"; LoopTim 

'Calcuhtes cyck mean temperature evay 5 s 
IF LoopTimc MOD 5 - O THEN 
IF -1% - 2 THEN 
C W GaTemp 

ELSE 
IniCharnitlSb - Channel% 
Channel% - 2: CALL QuuineiCods: C W  ParaUtPonOut: C U  GetTemp 
Channel96 * IniChaMel9b 

END IF 



SudTemp - S d T e m p  + T(2): number = number + 1 
LOCATE 12.65: COLOR 12. O: PRINT "CONTROL SENSORS" 
LOCATE 13.65: PRINT USING "NOW W.## OC'; T(2) 
LOCATE 14.65: PRINT USING "Avg: ###.#Il O C " :  Sum2Temp I numbtt 
IF Sum2Temp 1 numhcr c -7 THEN C U  Alami 
ENDIF 

END SUB 

' R e m  reginers to their initiai value. 
OUT &H378. IniData%: OUT -79. IniStatus%: OUT &H37A, I&ontrol% 

END SUB 

'Calculates the latest temperature ratio - that is the temperature of the 
'air rrieasurcd by the contml sensors when the soienoid is decnergled 
'dividcd by the cyck man tempcnuure (tim weighted average temperature 
'of the conml sensors bctween niûogen injactions e.g. Avc2Temp). 
Note: Algorithm is bascd on K t k  tempe- d e .  

lCalculates the air temgmaturc the solcnoid should be tumeci off at so as 
'to cause an average air temperature of -l.S°C d d g  a 60 s cycle. 
FOR 1 - 1 TO 6: Surn - Sum + Ratio@): NUrr 1 *** 
Te+- 45.275 * Sum - 273.15 *@** 

Soiamid% - 1: CALL ParaUtPortOut 
LOCATE 21.65: PRINT USING "ON: W.### O C " ;  Te- 
OPEN 'lC:\C)iris\OutputY' + FütName2$ FOR APPEND AS #2 



WRITE #2. T i  Ratio(6). Ave2Temp, T(2), TempOn' Solenoid%: CLOSE #2 

'Solenoid is fbrced on for minimum of 3 seconds. 
C U  PrintTk U30P UMïL LoopTim - 23 

DO 
CALL PrirdTii: CALL GctTemp 
LOCATE 13.65: PRINT USING "New #M.## OC"; T(2) 
LooP UNTIL T(2) - TempOn< .O1 OR LaopTime r 59 OR Quit$ - "quîtit" 

END IF 

Solenoid% - 0: C U  Paralltlportûut 
OPEN "C:=mtputY' + FikName2S FOR APPEND AS #2 
WRITE m. Tirnie. Ratio(@, Ave2Temp. T(2). T e e .  Soiamid%: CLOSE WT 
LOCATE 21,65: PRINT "OFF I t 

Te- - T(2) 

'hogram 1 was dinerent fiom thiF subrouthe m that the above Ims 
"remafked with stars were nphccd with these laies: 
'* Fot I - I to 2: Ratio0 - Ratio(I+l): Next I 
-* Ratio(6) - (Tempûfî+ 273.15) 1 (Ave2Temp + 273.15) 
w** FORI-1TO3:Sum~Swn+Ratio~:NEXTI 
-*** Te-- 90.55 * Sum - 273.15 

END SUB 

'Ail kcy trapping ir disabkd during subroutint. Iferiabled, compter 
'unexpbinably bses cursor locations d values of variables. 
KEY(1) OFF: KEY(2) OFF: KEY(3) OFF: KEY(4) OFF: KEY(I5) OFF: KEY(16) OFF 

'Stores tcn prcvious max, mh and avg tempcraturts in amys. 
FOR11 10TO 2STEP -1 
M m  - Max0 - 1): Avgo - Avgo - 1): M n 0  - Mm(1- 1) 
NEXTI 

Read temperature seilson 5 tlruough 24 and find max, min, and avg tempera=. 
Max(1) - -10000: Min(1) - 10000: Avg(1) - O 
FOR Channel% - 5 TO 24 



CALL PrintT'i: CALL CharmeiCodes: C U  ParailePortOut: C U  GetTemp 
IF T(channel%) , Max(1) THEN Max(1) - T(Channel%) 
IF T(Chamiel%) < Mm(1) THEN Min(1) - T(channel%) 
Avg(l) = Avg(1) + T(Channel%) 1 20 
NEXï Cbanml% 

'Reads temperame sensors 3 and 4 which are bcated outside cabinet. 
FOR Charintl% - 3 TO 4 
CALL ChanntiCodes: C W  ParalltIPortOut: CALL GetTemp 
NEnr Cbamitl% 

'AR subscxpent Y0 during cyck is on chaniel2. Set muttiplexer 
Tor channe12 ad leave ît then for remainder of bop. 
Channel% - 2: CALL ChanntlCodts= CALL ParaUePortOut 

KEY(1) ON: KEY(2) ON: KEY(3) ON: KEY(4) ON 
END SU8 



APPENDIX E - FINITE ELEMENT MODELLING 

E.1. Fite  Element Program 

The same finite dement program was used to analyse both the saline water bag and 

master pacicaged meat pmbkm. However, minor fomtting changes w m  made to 

change the disphy of the output fiie for each of the pmbkms and these changes are 

mcbided in commnt statemcnts wahin the program. 

NP=#ofnodalpoims 
NE - # of clements 
XO and Y0 - X and Y coordinats of nodal points 
E(I,l);E(I,2);E(I,3) - spececify comectivity of nodes 

ÿ and k of the elemcnt rspativeiy. 
E(I.4) - thermal conductivity of ekment (WImK) 
E(I,S) - density of the elemnt (ir%m^3) 
E(I.6) - specinc heat of the clemait (JikgK) 
E(I,7) - convection side. side ij - 1, etc; side O - none 
E(I.8) - comrection coenicitnt 
TEMPI - intiai temperature of ail eiements 
TIMElNC = time incrcmcnt betwecn itimrations 
TIlME - total tim of simulation 
SKO - stifhiess 
FO-forama* 
CO - capacitance mptrir 
S m  - elemental stifniers inaaR 
FDO - elemmtpl force mat& 
CD() - ekmtntal c a p c ~  me& 
Sm0 and QO - maaices assembM for transirnt portion 
SLlJKO -storesthclaigthofsidcij. jkorki 
TEMPINO - array which stores transient temperatures 
TINFIN - tempemm of convection miid 
******************************************************* 



C File 5 opened for input and fïie 6 aod 7 are for output 
OPEN(5JiWinput.txt') 
O P E N ( 6 ~ o u t p u t  1 .m9 
OPEN(7Woutput2.txt') 

C Read and @nt &Y coordinates of nodes 
WtlTE(6.3 NODE X COORDINATE Y COORDINATE' 
-(6,*)1**********************t.*********.********l 



C Read and prim ntial tcmp, tim iir, and total time 
m ( 6 . 9  
WRITE(6.9 INITIAL TEMP. TIME INC. TOTAL TME' 
-(6,*)ï***********f*********f****L*****f*********f 

C Store maial temperatures in temperature -y 
Dû 14.999 
TEMPIN@-TEMPI 
END DO 
ITIME-O.0 

C Initiaüze stiflhess and capactance matrix 
Dû 1-1,999 
Dû J-1,999 
S K ~ ~ . O  
C(?W*O 
END DO 
END DO 



C Inclusion of convcctive te= to elemental stïîïness matrix 
IF (E(I.7) EQ- 1 .O) THEN 
SUJ1((xr-~**2+CrJ-n)**2)**0.5 
S~(I)-SLLJ 
S u l  .1 )-SKD(l, l)+E(I,8)*SLU/3-0 
SKD( 1 ,Z)==SKD(1.2)+E(I,8)*SLU/6.0 
SKD(2.1 )-SKD(2,1)+E(I.8)*SUT/6.0 
S~(23)4KD(22)+E(I.8)*SLU/3 -0 

ENDIF 
IF @(I,'I)EQs2-O) THEN 
S L J E C ~ ~ ~ X J )  **2+CuK+CuKYJ)**2)**Om5 
SLUK(I)-sLJK 
SW22)4KD(2.2)+E(r.S)*SW3.0 
S~(2.3)4KD(2$)+E&8)*SLJK/6.0 
SKD(3 .Z)-SKD(3 .2)+E(l,B)*SLJK/6-O 
SI(D(3.3)isKD(3,3)+E(r,8)*SW3s0 

ENDIF 
IF (E(I7).EQo3.0) THEN 
S L E ( J ~ ~ - X K ) * * ~ + ~ ~ - Y K ) * * ~ ) * * O ~ S  
sLuK(I)-SLIcI 
SKD(l.l)-S~l.l>tE@.8)*SW3.0 
S u l  J)-SKD( 1,3)+E(I,O)*S W 6 . O  
SKD(3.1)-SKD(3. l)+E(I,8)*SLXV6-O 
SKD(3.3)-SKD(3.3)+E@,8)*SLXI/3.0 



Converts problern h o  a transient probiem 
Do I4NP 
Dû J=l,NP 
SKK(1tJ)-SK@~+c@J)/TIMEINC 

END Dû 
END DO 

Transient bop part of prognun 

C C .  . Iiidializes @bai force mauDr 
Do 1-1,NP 
F(I) - O 
END Dû 

C Assembles elemental force matrix h m  convative data 
DO 1-1,NE 
m 1 w - 0  
FD(2)-0*0 
FD(3)d.O 
IF (E(I.7) EQ- 1 .O) THEN 
FD(1)-E(I.8)rCLNFZNrCSLUKW2. 

FD(2bFW 
ENDIF 
IF (E(I.7)EQ.2.0) THEN 
FD(2)-E(I,8)TINHN*SLIX0/2.0 

my3bm2) 
ENDE 
IF (E(I97)EQ.3.O) THEN 

FD(1 ) - E @ , 8 ) ~ * S L U K ( I ) / 2 e 0  



C Prints temperature output h m  each transient bop 
C of the mcat simuhtbn. 

-(6.*) 
V 6 . * )  
wRITE(6.*) TIME->',ITIME 
WRlTE(6.15) TINFIN 

15 FORMAT(Tiinfinite: '36-2) 
WRITE(6.*) ' ûuter Profile Center profile' 
WRïïE(6.6) TEMPIN(522).TEMPIN(537) 

6 FORMAT('NUC02 ' , 4 ~ , ~ 7 . 2 , 1 0 ~ , ~ 7 ~ 2 )  
WRITE(6.7) TEMPIN(485),TEMPIN(SOo) 
WRITE(6.7) TEMPIN(448),TEMPm(463) 
WWE(6.7) TEMPIN(41 l).TEMPIN(426) 
WRITE(6.7) TEMPIN(374).TEMPM(389) 
WRITE(6.7) TEMPIN(3 3 7) ,TEMPIN(3S2) 

7 FORMAT(C02 '.4X,F71.10X,F7.2) 
WRïïE(6.8) TEMPIN(3ûû).TEMPIN(3 15) 

8 FORMAT('CO2lMEAT ' 4X.F7.2.lOXS7.2) 
WIUTE(6.9) TEMPIN(~~~) ,&MPLN(~~~)  
WRITE(6.9) TEMPIN(226).TEMPIN(241) 
WRïI'E(7.9 TEMPIN(241) 
WRITE(6.9) TEMPIN(l89).TEMPIN(204) 

9 FORMAT('MEAT ' , 4 ~ ~ . 2 , 1 0 ~ , ~ 7 . 2 )  
WRITE(6.10) TEMPIN(1 Sî),TEMPIN(l67) 

10 FORMAT('MEAT/MEAT TRAY '.4X,F7.2,10X,F7.2) 
WRïïE(6.11) TEMPIN(11 S).TEMPIN(l3O) 

1 1 FORMAT('MEAT TRAY ',4X.F'7.2.10X,F7.2) 
WRITE(6,lz) TEMPIN(78).TEMPIN(93) 

12 FORMAT('MEAT TRAYA'RAY '.4X,FU. 10X,F7e2) 
WRITE(6.13) TEMPIN(41).TEMPIN(56) 

13 FORMAT-Y '.4~m.2. 1 0 ~ ~ 7 . 2 )  
WRITE(6.14) TEMPIN(4).TEMPIN(19) 

14 FORMAT(TRAY/N2 ',4X,FU. 10x37-2) 



Prints temperature output h m  each transient hop 
of the saiine water bag simubtion. 
WRITE(6.*) 
W'KCE(6.*) 
WRïIE(6.*) TlME--->'= 
WRITE(6,lS) TINFIN 
15 FORMAT(Th&ite: '26.2) 
WRiTE(6.*) ' M e r  ProfW 
WUE(6,) TEMPIN(222) 
6 FORMAT('N2/AIR ',4X,F7.2,10X,F7.2) 
WRïïE(6.7) TEMPIN(201) 
7 FORMAT("AIwA20 '.4X.F7.2,lOX,F7.2) 
WEüTE(6.8) TEMPIN(171) 
WRITE(6.8) TEMPIN(140) 
wRITE(6.8) TEMPIN(109) 
WRïïE(6.8) TEMPIN(78) 
8 FORMAT('H20 ',4x.F7.2, lOXJ17.2) 
WRITE(6Q) TEMPIN(47) 
wRITE(7,9) TEMPIN(47) 
9 FORMAT('H2O/WOûD ',4X,F7.2,10X,F7.2) 
WRlTE(6.10) TEMPIN(16) 
10 FORMAT(TUoODfN2 ',4X,F73.1OX,F7.2) 

LDU DECOMPOSITION SOLVER 
Sets diagoaals in u to 1 

D o  1-1,NP 
TEMPINO-Q.0 
U~J)-l.O 
END DO 
Forming U and L h m  stifhiess Matrix 

INcREM-0 





E.2. Finite Element Mesh 

IOi 

Figure Pl. Fiaite elemcnt mesh for tbe saline water bag with dimensions (m) 
and node numbering. 

Figuir E t  Finite &ment iirsh for tbe master package with dimensions (mm) 
a d  wde numberiiy 



E.3. Determination of Convecüve Heat Tramfer Coefncient 

Y -- 

O 2 4 6 8 
1- (hl 

Figure E.3. Compadson of memmd and pmdicted tempematures of water bags 
when H - 130 W/(&K); and the dative emr of plpdiction 
(tempemahue oubide container was 30°C and four h s  were d). 

O 2 4 6 8 
(hl 

m v  EA. Cornparison of measwed anà pdcted  temperatUries ofwater bags 
wkn H - 12û W/(&K); and the relative emr ofprrdidion 
(temperature outside container ras  lS°C and f m  hirP were used). 



O 2 4 6 8 
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Hwre ES. Cornpoisson of nmmmd and prrdicfed tempemtuips of water bags - 
when H = 125 Wf(&K); and the relative error of pdct ion 
(tempemm outside container was 0% and four fims were usecl). 

Flgtm E.6. C o m p h n  of meisiued and predicted temperatures of water bags 
wbm H = 125 W/(&K); and the dative emr  of pdicîion 
(tempexature outside container was -lS°C and fair fians wem used). 



Figure E.7. Cornparison of measmd iid prrdicted tempemtuios of water bags 
when H - 145 Wl(d4C); and the relative aror of prediion 
(tempeiatum outside container was 3û°C and six fans wem used in 
bial 1). 

Figure E.8. Cornparisan of rrmsnrrd and pmkted temperatmes of water bags 
wkn H - 150 WI(&K); and the relative e m r  of prrdictioa 
(tempera- outade container was 3û°C and six aiis wem u d  in 
tari 2). 



* 
Actuel 

CompuisUn of mciiiwucd and pcedicted tempemtures of water bags 
when H = 95 W/(&K); anà the ceiative e m r  of pdc t ion  
(tempeiatum autside container was jOOC and two har werr iiPcd in 
trial 1). 

Fi- Ebla Colnparbn of meisprrd and pdcted tempemtuips of water bags 
when H = 85 W/(&K); and the d v e  emr of predicüon 



APPENDIX F - THERMAL RESISTANCE OF THE CONTAINER 

For the puposes of determinkg the thermal mistance of the contanier, the effixts 

of convection and radiation were ignoreci. Scnaii temperature gradienîs makc the 

contribution to heat Bow by radiaibn oegligible. As WC& the thermal mistance due to 

conveaion was ignorai because of the assumpion of a minute boundery iayer. This 

re&cts a wom case scenarb, predictng a bwer thermal mistance for the container than 

rnight be experiared. Howcver. ignoring the thermal nsistance contributed by 

convection may be justined by recognbhg that the thermal boundary layer wiU be SM 

b u s e  of hi@ quamities of air fbw in and outside the container. 

Theoreticaliy, the quation for prcdicting the thermal resistance of a wali due to 

conduaion is as fokws: 

where: 

R - the& resistance L - kgth of kat fbw path (m) 
K - thexmai conductivay (Wf(m4Q) A - cross sectional area (m2) 

nie waiis of the container Vary m thickncss h m  h m  to back (by appximately 

12 mm). It is suspectai that th& is a rquhtnent of tbe mulding proces for du 

poiyethyb exteriDr of die container. An average wali thrhiess of 51 mm was a s s u d  

Two iayers of the poiyethykne shcii ( a h  6.4 nmi thkk) Sandwich the polyurethane 

iasulation (383 mmthick). nit thamai conduaivityof the poiyurcthant was assumed to 

be 0.026 Wf(rn4C) (InCropera and De Wn 1990) and tbat of the poiyethykne was 



0.41 W/(m@K) (AS- 1993). Usmg a vahie of 8.3 m2 for the interior surfâce area of 

the container, and substïtuting the above vaiues into Equation F.1.. the fokwing vaiues 

were obsatned= 



APPENDIX G - TEMPERATURE AND N2 USE DATA 

G.I. Two Fans with an O d e  Temperature of 3û°C 

Fi- G.I. Miaimiim, inwln'nnina, anà avemge temperatures (Triai 1) of saüne 
water bap when tbc container was equippcd with two ventilation 
i b s ,  ~N~tankprcssriirof241 kPa,and wascrposed tomoutside 
temperatlm of 30°c. 
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80 - 
0i 
Y 
360- u2 
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1 I 1 I 

O 2 4 6 8 
Time (h) 



4 
Time (h) 

Fi- G.3. Miaimim, muimPm, and avexage tempeiatum (Triai 2) of ssline 
water bags when the container was equipped with two venthtion 
hm,aN, ~ p r e s a a i r e o f 2 4 1 L P q s a d w a s e x p d  tomoutside 
tempemture of 30°C. 

4 
Time (h) 

Figure GA. Nitmgen collsumption during T M 2  (Figure GA). 



Figure G.5 M i n u  maximum, and avemge temperatures (Trial 3) of saüm 
watec bags when the container was equipped with tao ventilation 
Qas,aN, tankproaniirof152kPa,andwas~toanootside 
tempemture of 30°C. 
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G.2. Four Faas wîth an Outside Temperature of 30°C 

4 '  a # 1 

O 2 4 6 8 
Tirne (h) 

Figure G.I. Minimum, maximum, uid average tempeciltuips (Triai 1) of d n e  
water bags wben the container was equipped with fopr ventilation 
~aN2tankpirssiireof241 -and wasaposcdtoanoptside 
temperatme of 3O0C. 
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Time (h) 

Fi- G.8. Nitmgen consumption d m  Triai 1 (Figure G.7.). 
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Figure G.9. Miniamm, maximum, and average tempemtuios (Trial 2) of saline 
water bgg when Uu container was equippcd with f w  ventilation 
toaS,aN2t inlrprrs impofM1LPI, indw~~toaaouaide  
tempenature of 30°C. 
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EI~UR G.11. Minimum, mP.lmmq anà average tempemtum (Trial 3) of saJine 
watet bags when the container war oqulppeà with four ventüation 
baqaN,tPaLp~oftQlLPq.ndwrpeqposcdtopnouLside 
tempemture 0f3o0C. 

4 
lime (h) 

Figure G.I.2. Nitmgen consumption d m  Trial 3 (EIgmp G.11.). 



6.3. Six Fans with an Outside Temperature of 30°C 

nipximpns and average t e a i p e r i i ~  edai 1) of saline 
water bags when the eonEiiuer was equipped with six ventüaüon him, 
a N, tank prrswre of 2481 LPq and ais exposeà to an outside 
tempemhire of 3û°C. 

Tirne (h) 

Figure G.14. Nitrogen co~aullfption d m  TcW1 mm GD.). 



4 '  a m m 1 
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Figure G.15. Miaimum, maximpm, anà avemge tempercihiros (Trial 2) otsPPne 
water bags wheD the container r a s  equipped with six ventilation tnng 
aN2EuiLp~o€152LPi , .ndwaarpoJcdto laa i tr ide  
tempemhire of JO°C. 
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Fi- 6.17. Minimum, maxi- and average tempeiatums flds13) of saiine 
water bags whai  the container was eqaipped with six ventilation hin$ 
N , ~ p ~ s s w o f ~ l L P 1 , . n d w ~ c x p o s d t o ~ n a u t P i d e  
temperatme of 3û°C. 
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Time (h) 



G.4. Four Fans with an Outside Temperature of 15°C 

Figure G.19. Minintom, d m u m ,  and avemge tempeiatms fldall) of saline 
water bags when the container was equippeà with f o ~ r  ventilation 
~ a N , ~ p r r s s u i r o f t P l I t P s , u d w ~ a p o s d t o s n o u t S i d e  
tempemtwe of lS°Cm 

4 
Tune (h) 

Fi- Ga. Mtrogen consumption dudng Triai 1 (Fi- G.19.). 



4 
Time (h) 

Figure G.21. Minimum, umuhm, and average tempemm ('ik4a.i 2) of dine  
water bags w k n  the container was equipped wîth four ventilation 
û ~ n s , a N , t . I ù E p ~ o f 2 4 1 k P ' a , a n à w . s ~  toanoufdde 
tempemtuio O€ lS°C. 

F y i ~  G.22. Nitrogen consumption during Triai 2 (Zlguie 631.). 



Fi- 6.23. Minimum, mmimum, and average temperatures mai 3) of saiïne 
water bags when the container was equippcd witb €au ventilation 

aN,tankprrssu~of 152 Wa, a n d w a s ~  tomoutside 
temperature d lS°C. 
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Figure 6.24. Nitmgen coasumption ddng Trial 3 (Fi- 6.23). 



CS. Four Fans with an Ou&ide Temperature of 0°C 
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Figum CS. Mini- mahum, and avemge temperatuips (Trial 1) of Caane 
water b w  when the contsi~~r was equipped with f a  ventilation 
tPiigaNttankprrswvtof241 kPa, anà wasaposcd tomoutside 
tempemature of o0c. 
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Figure 6.27. Minimum, muiinnim, and average tempemtures (Trial 2) of tseüne 
water bags when the conîaiwr was equipped aith four ventilstioa 
h n q a N 2 t s n l r p ~ o f 2 4 l  kPa, and wmqumedtoanoutside 
tempemtuie of O°C. 
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Figure G.29. Mini~lidmum, mrdnnuq anâ avemge temperatures priai 3) of dine 
water bags when the container was equipped with four ventilation 
fans, a N, Esnt p- of 1st kPa, and was exposEd to an outside 
temperature of O°C. 
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Flguie 6.30. Nitmgen consunption d d n g  Triai 3 (Figure G.29.). 



G.6. Four Fans with an Outside Temperature of -15°C 
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Fi- G.31. Minimum, d m w q  anci ave- tempemtures (Trial 1) of saline 
water bags when the container was equipped with f w  ventilation 
l s a q a N 2 t u i L p r e s w i i e o f 2 4 1 ~ P n d w r p ~ t o m d d e  
tempe- of -lS°C. 
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Fi- G.32. Nitmgen coosumption ddng Trial 1 agiur G.31.). 
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Figure 6.33. Minimum, msrdwmg anà avemge tempemnirps flEai 2) of saiine 
water bags when the container was equippeü with four ventilation 
h i r s , a N 2 c i d r p ~ o f f 4 1 k p . , u d w ~ a p o s e d t o . n ~ t s i d e  
tempemtum of -lS°C. 
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Figure G a r n  Nitmgen colwllllption ddng  Triai 2 (Figure G.33.). 
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Figlue 6.35. MMnaim, mmimum, and average tempen~tms (Triai 3) of saline 
water bags when the container was equipped with foor ventbtion 
h a s , a N , t a n k p r r s s m e o f 2 4 1 k P a , a n d w a ~ ~  tomoutside 
tempemm of -lS°C. 
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F i g w  G.36. Nitrogen consumption duriug Triai 3 G35)* 
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Figure 6.37. M i n h m  maximum, anà nemge tempemtum (Trîai 1) ofslline 
-ter bog w b w  the contairi9r, which was equipped witb four 
venalaon COISP anà eq06Qd to an outside temperature of 3û°C, nuis 
out of N, at Time - OS b. 
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FI- 638. hdinhm, maxi- ancl average tempembms (Triai 2) of d ine  
water bw wben the container, wtiich wss equipped with four 
ventilation F.ps and exposai to an outside temperatUr0 of 3û°C, mns 
out o€N,at T i - 0 . 5  b. 
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Figue G.39. Minimum, nipdmpm, and avemge tempemtuffs flria~ 3) of saline 
water bags wben the container, which was equipped with four 
ventiQtion rPlld and exposeà to an outéde ûmperahirp of 3û°C, ~UIS 

outofN2atTime=0.5 h. 
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Fi- GAO. Mini- mrdmiim, anà a v e m  tempemtures (Tm 1) of saiioe 
water bags when Uic container, wbich was expmed to an outside 
tempemtum of 30°C, expsiences a m e r  outage cauSiiy the sdenaid 
vdve Pnd has to cesse opemion at Tiimc = O S  b. 
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Fi- 6.41. Miaimim, wuhm, and average tempemm flnd 2) of sPYne 
water bags when the container, wbich was arposcd to an outside 
tempemm ot3û°C, experiences a power outage c a e  the solenoid 
vaive and has to cease operation at Time - 0.5 h. 
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Figure GAZ. Midmum, maxhm, and avexage temperatuiies fldal3) of &ne 
w a t u  b r g  when the matsirPr, which was crpased to an outJide 
tempemm of JOOC, apuIeaas a power outage caudng the soienoid 
valveandtànstoeapeoperaoioaat'ïime-05h. 



-2.0 
O 5 10 15 20 25 

Time (min) 

-2.0 
O 5 10 15 20 25 

Tirne (min) 

-2.0 
O 5 10 15 20 25 

Time (min) 

Fi- GA3 Midmum, tndmm, rnd avemge tempeirtum of saline water bags 
m d t h g  h m  tbc container door behg opened for 15 s and exposed 
to an outside tempenature of 21°C at Time - 10 min and 40 S. 
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Flgwe GeUe Minimum, d m i r a i ,  anci average tempemtaips of saline water bags 
rrsulthgBwithecontainerdaorbdngopcned fbr2Ssandcxposcd 
to an outside temperatme o€21°C at TImc - 10 min and 40 S. 
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Fi- CAS. Miaimpm, maximum, and average tempematures of nliDc water bags 
rrsultiiyhmtbccontiiacrdoorbdag~for35s.adexposEd 
to an wMde temperature of 21°C at Time - 10 n h  and 4û S. 



G.10. Oxygen Concentrations 
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Figure G A .  Oxygen mncentratiom within the container (which bas forv 
ciirulation f'ans and was arpoJed to an outside tempetatue of 21°C) 
mmîtîng Born aWbg tbe storecî p d u c t  f i m  a tempemhiiie of 10°C 
to -l.S°C and maintaining it at Uiis temperatme. 



APPENDIX H - NITROGEN 

H.1. Fixed Heat Sources 

USAGE 

Nimgen requind to cool the inter& of the cornamCr (m. shelviig mit, and 

mat or water bags) was classified as fRed usage. The folbwïng equation shows the total 

contribution to &ed k t :  

- 
Q w  - Q P w e  + Li + Qw 

where: 

- total fixed heat remved (J) Q- - nxed heat h m  plastic (J) 
Q, = tRed kat  h m  & h g  unit (J) Q, - ked heat fiom sa)t soiution (0 

F i  heat remval was calculatexi as the product of the mus of the item, its specinc kat, 

and the ciifference in temptratuiz bctwetn its initiai and nnal state: 

where: 

The appximate masses of the poiycthyIcm waNs and air distritwtion &ct, steel 

shehhg Una. and the saline water bags within the container wcre 70.60, and 108 kg. 

respectiveiy. mir comsponding specific heats an 2300,475. and 3720 J/(kgaK) 



(ASHRAE 1993: Incropera and De Win 1990). Substitutmg these values into Equation 

8 2  yields: 

H.2. Variable Heat SO1Yces 

Nrtrogen required on a conthal basis duriag renrigeration was referred to as 

variabie usage of N,. Variable htat sources inchide heat produceci by the caCdation fans. 

k a t  conducted through the wallr of the container, a d  heat conducted mto the transfer 

lim. 

q- - variable heat (W) &, - hcat produceci by nuis (W) 
& - conduction nto container (W) La - conduaion hto transfir line (W) 

Heat production of the fkns was m ~ a ~ U T t d  d f o d  to be approxipiaiely 30.8 W/fan 

(Seaion 5.1.1 .). Thenfort. the folbwmg cquatbn can be dtrivad: 

The heat fbw hto the container was dettrmined b r n  the folbwing equation: 



& - - conduction into container (W) &= thetmal container resistance 
T,, - t e q e r a t m  outside container T, - temperature inside container (K) 

The thermal rcsistance of the container was meanired expcrimEntaiiy (Seaion 5.1.1 .) and 

found to be 137 x 10'' WW. Substituthg this vahie mto Equatlon H.6 @es: 

Transfer lines arc typicpny insulated wïth pipe Wuhtion m a cyladrical bhion 

and heat fbw quations bave ban &med to sobe these types of probkms. However, 

the d e r  linc des- m this thcsis was insubted with a 200 mm square bbck of 

insukition, Ln ordu to analyse the heat fbw imo the m e r  üm and to use existing 

equations. it was necessary to approximate the square bbck of insuhtion as a cylinder 

wirh waibed diamaa qua i  to 2 0  mm. The folbwhg equation was used (InCropera 

and De Witt 1990): 

where: 



h, = conduction mto eansfr line (W) T,, - tempera- outside ïnsuhtion (K) 
r,, - outer insuhtion radius (m) T, - temperature inside pipe (K) 
r, - imer Wuiaticm radius (m) k - thermal conductivity (W/(maK)) 
L - laigth of tnmfkr liac (m) 

The lai@ of the copper transftr liie k 1.68 m and ïts outer radius is 6 ima Exuuded 

poiystyrcnt was used as insuhtion, lts outa radius is 100 mm Md its thermal 

conductivay is 0.027 W/(maK) (InCropera and De Witt 1990). Substituting these vahies 

mto Equation H.7 yieids the folbwing: 

EU. Usage of Nitrqgen 

To cakihte the fkmi usage of N, the following formuia was useck 

Variabk usage of N, is similarly d d a t e d =  



where: 

Liquid N, was stored at 152 kPa or 241 kPa, rrsuking in equalling 385 and 378 



Table H.1. Redicted saura of trxed heat anà the N, mquireà to rwiove it based 
on apedmcntsl obgcrwaionr of initiai and final container 
tempemturos. 

Number Trial T, Tm Fiied heat rcnpal (kf) N2 
of use' 

Tcmpcrature outside the container = 30°C 

Temperature outside the container - lS°C 

Temperature outside the container - O°C 

Temperatme outside the comanier - - 15OC 



Tabk H.2. Pcedicted sairrcp ofvadabk heat and the N, cequiipd to remwe it 
baseà on experimental obserrratiom of imwr a d  outer container 
t e m w n ~ r a d t h e n a m b e r o f ~ o u e ~  

Number Trial T, Tm Variable hcat removal (W) Nt 
of usee 

 fan^ nuinber (00 (OC) &ma Lb qvrtbltd (kgh) 

Tempemm outside the comainer - 30°C 

Temperature outside the container - lS°C 

Temperature outside the container - O°C 

Temperature outskle the container - - lS°C 

3 -15.3 -1.5 123 - 101 17.1 39.6 0.10 
calculatedfrom Equanœl KS. 
caïdami fmm Equatim K7. 
ddated fhm Equatim H.9. 
CaldatedfmmEqUatim H.4. 
calcuiated fiam Equation IL 1 1. 

rliquid~2storagctankat l~2kPainseadoftbcd~4l  l r ~ a  



APPENDM 1 - AIR VELOCITY DISTRIBUTIONS 

The air duct wnsistd of an array of hok through Whyh air was disûubuted at 

different shclf bels throughout the container. The air vebcity was measured at each of 

these 16 mm diamter hok with a hot wàe anemometcr (UodeI TA3000, AirFbw 

Deveiop~ans Canada Ltd, Georgetown, ON ). 'The fiontai a m  of the container was 

covered m cardboatd wbile ~ m c n t s  wete takcn to simulate the e f f i  of the door 

behg c b d  S d  hoks wmc cut in the card board to ficihate movement of the hot 

wke anetnometet to cach hok in the array. 

Measurements were recordeci as an aray in Tabies Il .  through 1.4. A letter- 

number combination refers to the row and cohumi of each hole. The letters "a" and "j" 

refer to uie top and bottom rows of holes, respectiveiy. As we& the mrnbers "1" and 

"10" correspond to ho& located at the &ont and back of the container, rcspeaively. The 

velocitrs were &O recordad for both the left and nght side of the air chtribution conduit. 

Table LI. Amay of air velocities (d), wMch wem masured at the hdcs to the 
distribution duct, cedting h m  four amdation hm. 

- - -  - - 

a 1 1 5 5 5 4 6 4 5 4 4  7 8 9 7 1 0 7 8 7 7 1 0  
b 2 6 5 5 5 4 4 3 4 4  6 7 6 7 6 6 5 4 5 3  
c 5 5 4 4 5 5 6 4 4 6  7 7 7 7 6 6 7 7 7  8 
d 8  7 8 7 7 8 8 8 8  8  8 8 8 7 8 7 7 7 7 8  
e 8  8 8 8 8 8 7 8 8 7  8 8 8 8 8 8 7 7 7 8  
f 8  8 8 8 8 8 7 7 8 7  9 8 8 8 8  8 7 7 7  7  
g 8  8 8 8 8 7 7 7 8 7  8 8 8 8 8 7 7 8 7 7  
h 8  8 8 8 8 7 7 7 7 7  8 8 8 8 8  7 7 7 7  7  
i 8  8 8 8 8 7 7 8 7 7  8 8 8 7 8  7 7 7 7  7  
j 8  8 8 8 8 8 8 8 8 8  8 8 8 8 8  7 7 7 7  7 

rows are leaaed f bm the top of the conduit to the batttnn (Wh "a" beîng the top row of hdes), whereas 
cdumnsarenmbehdfiomtbc~tothefrant(witb"1"~gthebackcdumnofhdes). See 
Appendix A fa cxaa hole laatiaas 



Tabk U. Arrsy of ab velodtlcs (mi's), wMch w e ~  meoairrd at the boks to the 
distribution du* m d t h g  fmm low cinculation îàns. 

Array Amy dumns O& haad *deb Amy coiumns (ri@ hand sideIb 
r d  

1 2 3 4 5 6 7 8 9 1 0  1 2 3 4  5  6 7 8 9 1 0  

a 1 1 5 6 5 4 8 5 7 9 3  7 8 9 7 1 0 7 7 7 6  9  
b 2 5 3 5 6 2 6 5 5 5  5 5 5 6  5 5 5 6 6  3  
c 5 7 6 7 7 7 7 7 7 7  6 6 6 8  7  7 7 7 7  7  
d 6 6 8 6 6 8 7 7 8 8  7 7 7 7  8  7 7 8 7  8  
e 9 8 8 8 8 8 7 8 8 8  8 7 8 7  7  7 7 8 7  8  
f 8 8 8 8 8 8 8 7 8 8  8 7 8 7  8  7 7 7 7  7  
g 8 8 8 8 8 8 8 7 8 8  7 7 8 7 7  7 7 7 7  7 
h 8 8 7 8 8 8 7 8 8 8  7 7 7 7  7 7 7 7 7  7 
i 8 8 8 8 8 7 7 8 8 8  8 8 8 7  8  8 7 8 8  8 
j 8 8 8 8 8 8 8 8 8 8  8 8 8 8  9  8 8 8 8  8 

'the p0sitim.s of the four fans were shusOed fiom the test cm- in Table 1.1. 
rows are leaerrd fmm the top d the ccmduit to cbe bmom (vith "a" king tk t q  r w  of holes). whenas 

columns are numbeted fiom tbe back to the h n t  (with "1" being the back col- of hdes). See 
A p d i x  A far exact hde l a z i c ~ ~ ~  

Table U. A m y  of air relocities (&), Wtih  were mernued at the Mes to the 
distdbution duct, resuiing h m  six drcuiation fium 

a 7 5 3  5 3 1 1 7 3 6 5  I O 8 5 4 1 1 5 4 3 6 1 2  
b 4 7  6  4 4 7  5 5 5 7  7 5 7 8 4 5 6 3 5  3 
c 6 7 7  7 7 7 7 8 8 8  8 6 7 8 8  7 8 7 5  5  
d 9 9 8  8 8 9 9 9 9 9  7 8 8 8 8  8 9 8 8  9 
e 9 9 8  8 8 8 8 8 9 9  8 8 8 8 8 9 8 8 9 9  
f 9 8  8 8 9 9 9 8 9 9  9 8 8 8  8  8 8 8 8  8 
g 9 8 8 8 9 8 8 8 9 9  8 8 8 8  8 8 8 8 9  8 
h 8 8 8  8 8 9 9 8 9 9  8 8 8 8  8  8 8 8 8  9  
i 8 8  8  8 8 9 9 9 9 9  8 8 8 8  8  8 8 8 8  8 
j 8 8 8 8 8 8 8 8 9 9  8 8 8 8  8 8 8 8 8  8 

' tows are leaertd f k m  tk tog &the carduit to the bottan (with "an king tk top row of hdes). whereas 
cdumns are numbered &m~ the back to tbe fimv (with "1" being rbe back coiiimn af holes). See 
Appendu A for exact hde lacatiais 



Table I m d  A m y  ofair veîocities (mFs), wbieh werc mt.surrd at the boks to the 
distribution duct, e n g  fimm two cirrulation hns. 

rows are leaered fiam tbe top ofthe amduit to tbe bottom (with "aw being the top m u  ofhdes). whereas 
columns are nmbered h m  the baclc to the nont (with "1" being the ùack cdurrm of hdes). See 
Appmdu A fm exact M e  Idcations. 




