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Abstract 

The RbMecWiYeV Rf WhiV UeVeaUch ZeUe WR eYaOXaWe Whe heaW WUaQVfeU behaYiRXU Rf iQ-

cRQWaiQeU SaVWeXUiVaWiRQ XViQg heaWed ZaWeU, Zhich ZaV chRVeQ aV a fiUVW aSSURach WR 

Whe VWXd\ Rf Whe heaWiQg d\QaPicV Rf VSUa\ SaVWeXUiVaWiRQ V\VWePV.  

 

A VeUieV Rf e[SeUiPeQWV ZeUe deVigQed WR WeVW Whe UeVSRQVe Rf YeVVeOV XViQg a YaUieW\ 

Rf e[SeUiPeQWaO VeWXSV. TheUPRcRXSOeV ZeUe SOaced iQ VSecified SRViWiRQV iQVide 

gOaVV MaUV, fiOOed ZiWh RQe Rf a YaUieW\ Rf fOXidV, UaQgiQg fURP ZaWeU WR highO\ YiVcRXV 

CMC. EQ]\Pic TiPe-TePSeUaWXUe IQdicaWRUV ZeUe aOVR WeVWed. TZR W\SeV Rf heaWiQg 

PediXP ZeUe XVed; a heaWed ZaWeU baWh aQd RQe Rf a VeUieV Rf VSUa\ headV.  IW iV 

iPSRUWaQW WhaW Whe VSUa\ iV cRUUecWO\ deVigQed WR aYRid ZaVWiQg WiPe aQd cRVW b\ XViQg 

Whe cRUUecW fORZ UaWe. OWheUZiVe SRRUO\ RSWiPiVed SURceVViQg ZiOO haYe e[ceVViYe 

SXPSiQg aQd heaWiQg cRVWV.  The UeVXOWV dePRQVWUaWed WhaW heaW WUaQVfeU ZaV 

SUiPaUiO\ cRQWUROOed b\ Whe iQWeUQaO behaYiRXU Rf Whe V\VWeP. HeaW WUaQVfeU iV VORZeVW 

ZiWhiQ Whe SacNV, i.e. eiWheU cRQYecWiRQ (iQ ORZ-YiVcRViW\ V\VWePV) RU cRQdXcWiRQ (fRU 

high YiVcRViW\ SURdXcWV) iV Whe cRQWUROOiQg WheUPaO SURceVV. The gUeaWeVW effecW RQ Whe 

RYeUaOO heaWiQg UaWe ZaV giYeQ b\ Whe YiVcRViW\ Rf Whe V\VWeP. HRZeYeU, e[WeUQaO fORZ 

RU WePSeUaWXUe had VRPe effecW; heaWiQg iQ Whe ZaWeU baWh ZaV iQ aOO caVeV faVWeU WhaQ 

heaWiQg fURP Whe UaQge Rf VSUa\V XVed. The W\Se aQd diVWUibXWiRQ Rf VSUa\ XVed had 

aQ effecW, bRWh iQ Whe UaWe Rf heaWiQg aQd Whe fiQaO WePSeUaWXUe. PaVWeXUiVaWiRQ YaOXeV 

(µP-YaOXeV¶) fRU SURceVVeV ZeUe caOcXOaWed fURP Whe WheUPaO daWa aQd XVed WR ideQWif\ 

Whe beVW SURceVV cRQdiWiRQV. SXggeVWiRQV fRU SURceVV RSeUaWiRQ aQd fXUWheU ZRUN aUe 

Pade. 

 

The UeVXOWV Rf WhiV VWXd\ ZiOO heOS iQ Whe XQdeUVWaQdiQg Rf SaVWeXUiVaWiRQ SURceVVeV 

e[hibiWiQg iQWeUQaOO\ cRQWUROOed heaWiQg d\QaPicV, aQd Whe\ ZiOO be aOVR YaOXabOe iQ Whe 

SURceVV Rf chaUacWeUiVaWiRQ Rf Whe VhRZeU VSUa\ SaVWeXUiVaWiRQ RSeUaWiRQV. 
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AcknoZledgements 

I ZRXOd OiNe WR e[SUeVV P\ gUaWiWXde WR P\ VXSeUYiVRUV, PURf. PeWeU J FU\eU aQd PURf. 

SeUafiP BaNaOiV, fRU WheiU iQYaOXabOe gXidaQce aQd adYice WhURXghRXW P\ SURMecW.  I 

ZRXOd OiNe WR WhaQN WheP fRU WheiU SaWieQce aQd NiQdQeVV Zhich heOSed Pe WR achieYe 

WhiV ZRUN.  A VSeciaO WhaQN \RX gReV WR DU EVWefaQia LRSe]-QXiURga, ZhRVe heOS aQd 

gXidaQce heOSed Pe WR achieYe VR PXch iQ P\ UeVeaUch SURMecW.  

I aP aOVR gUaWefXO WR Whe ZRUNVhRS Rf Whe ChePicaO EQgiQeeUiQg DeSaUWPeQW fRU WheiU 

NiQdQeVV aQd heOS WR bXiOW Whe VSUa\ SaVWeXUiVeU eTXiSPeQW. 

A PaVViYe WhaQNV PXVW be e[SUeVVed WR MUV. L\QQ DUaSeU aQd MUV EPiO\ OZeQ fRU 

WheiU  heOSV, VXSSRUW, NiQdQeVV aQd SaWieQce WhURXghRXW P\ SURMecW.  

I ZRXOd aOVR OiNe WR e[SUeVV P\ big WhaQN Whe CaPSdeQ BRI cRPSaQ\, aQd PURf. 

MaUWiQ GeRUge aQd DU. JaPeV LXR fRU WheiU YaOXabOe iQdXVWUiaO iQSXW.       

M\ WhaQNV aOVR gR WR aOO P\ fUieQdV fRU WheiU VXSSRUW aQd heOS WhURXghRXW P\ SURMecW 

WR PaWchaUiQ KaQgNha, KRQVXQ NXQWaVRRQWRUQ, PaUichaUW DXdOe\, FORUa ChaOORX, JX 

ZhX, OXUaQia GRXVeWi, MaUie LXQeO, aQd P\ hRXVePaWeV ZhReV ZeUe aOZa\V WheUe 

fRU Pe. 

MRVW Rf aOO I ZRXOd OiNe WR e[SUeVV P\ ViQceUe WhaQNV WR P\ SaUeQWV aQd P\ beORYed 

faPiO\ fRU WheiU XQcRQdiWiRQaO VXSSRUW, caUe WhURXghRXW aQd eQcRXUagePeQW.  



  AcNQRZOedgePeQWV 

 

 - iii - 

FiQaOO\ I ZRXOd OiNe WR WhaQN Whe VSRQVRUVhiS Rf WhiV SURMecW, RaMaPaQgaOa UQiYeUViW\ Rf 

TechQRORg\ SUiYiMa\a (ThaiOaQd) SchROaUVhiS fRU gUaWefXOO\ acNQRZOedged.
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Chapter 1  

IntrodXction 

 

PaVWeXUiVaWiRQ iV a cRPPRQ WheUPaO SURceVV WhaW iV XVed fRU fRRd SUeVeUYaWiRQ ViQce 

iWV effecWiYeQeVV haV beeQ SURYed fRU a Zide UaQge aQd YaUieW\ Rf SURdXcWV, 

gXaUaQWeeiQg bRWh QXWUiWiRQaO TXaOiW\ aQd fRRd VafeW\.  EffRUW haYe beeQ deYRWed WR 

iQYeVWigaWe Whe cRUUeVSRQdeQce beWZeeQ fRRd TXaOiW\ aQd TXaQWiW\, aQd WR PiQiPiVe 

Whe cRVW Rf each SaVWeXUiVaWiRQ RSeUaWiRQ. The PaiQ aiP Rf SaVWeXUiVaWiRQ iV WR 

eOiPiQaWe aOO VSRiOage PicURRUgaQiVPV iQ fRRd XViQg a SURceVViQg WePSeUaWXUe QRW 

higheU WhaQ 100�C. MRVW cRPPeUciaO SaVWeXUiVed fRRd SURdXcWV aUe PiON aQd daiU\ 

SURdXcWV, fUXiW-iQ-MaU SURdXcWV, SicNOed YegeWabOeV, MaPV aQd chiOOed Uead\ PeaOV iQ 

SRXch. (LeZicNi, eW aO, 1983; LeZicNi, 1984; Xie, aQd SheaUd, 1996; SiQgh, eW aO, 

2015;) 

 

AOWhRXgh SaVWeXUiVaWiRQ iV ZideO\ ePSOR\ed iQ Whe fRRd iQdXVWU\, WheUe aUe RWheU 

WheUPaO SURceVVeV WhaW caQ e[WeQd fRRd VheOf Oife aQd PaNe iW Vafe fRU hXPaQ 

cRQVXPSWiRQ. VaQ deU POaQcNeQ eW aO., (2008) UeSRUWed WhaW a cRPbiQaWiRQ Rf 

WePSeUaWXUe aQd high h\dURVWaWic SUeVVXUe SURceVViQg - RU RWheU SURceVV -  Oead WR 

SURdXcWV Rf  high TXaOiW\ WRR. UQfRUWXQaWeO\, Whe RSeUaWiRQ cRVWV Rf WheVe cRPbiQed 

PeWhRdRORgieV aUe PXch higheU WhaQ SaVWeXUiVaWiRQ.  
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PaVWeXUiVaWiRQ, geQeUaOO\ iV gRRd fRU acid fRRd ( SH YaOXe iQ Whe UaQge 0 ± 4.6, aV 

RUaQgeV, OePRQ, aSSOe MXice, MaP aQd YiQegaU) UaWheU WhaQ acidified RU ORZ acid fRRd 

(SH > 4.6)  (LeadOe\ eW aO., 2008). HRZeYeU, WheUe aUe VeYeUaO facWRUV (VXch aV Whe 

SH, ZaWeU acWiYiW\, RU Whe chePicaO cRPSRViWiRQ) WhaW ZiOO effecW RQ Whe heaW UeViVWaQce 

Rf Whe SaVWeXUiVed fRRd (MiUi eW aO., 2008).    

 

The VSRiOiQg SaWhRgeQ PicURRUgaQiVPV PRVWO\ WaUgeWed b\ WheUPaO SURceVVeV aUe 

bacWeUia, \eaVW aQd PROd aQd WheiU VSRUeV. MRVW Rf Whe SaVWeXUiVaWiRQ VWXdieV fRcXV 

RQ PicURbiRORgicaO aQaO\ViV, XVXaOO\ fRU  Escherichia coli, Enterobacteriaceae, Bacillus 

cereus, Clostridium perfringens aQd aeURbic SOaWe cRXQW (APC). IQ geQeUaO, 

SaVWeXUiVaWiRQ XViQg hRW ZaWeU (aV VXUface SaVWeXUiVaWiRQ) eOiPiQaWeV 99.5% E. coli, 

Enterobacteriaceae, B. cereus aQd APC (aOO P < 0.001). ThiV VigQificaQWO\ 

decUeaVeVWhe UiVN Rf fRRd SURdXcW VSRiOage aQd diVeaVeV fRU cRQVXPeUV (HaXge, eW 

aO, 2011). 

 

UVXaOO\ SaVWeXUiVaWiRQ iV diYided iQ WZR caWegRUieV: LRZ TePSeUaWXUe LRQg TiPe 

(LTLT) aQd High TePSeUaWXUe ShRUW TiPe SURceVVeV (LeZiV aQd HeSSeOO, 2000). 

HRZeYeU, FU\eU aQd RRbbiQV (2005) VhRZed WhaW ZiWh WheVe cRQYeQWiRQaO SURcedXUeV 

fRRd aUe VigQificaQWO\ RYeU-SURceVVed WR eQVXUe VafeW\. ThiV RYeU-SURceVViQg caQ Oead 

WR bad TXaOiW\ - bRWh Sh\VicaO aQd chePicaO-  aV a QXWUiWiRQ YaOXeV aV YiWaPiQV aUe ORVW. 

WhaW iV PRUe, WheUe aUe aOVR iPSRUWaQW ZaVWeV Rf fRRd, WiPe aQd OabRXU. The\ 

VXggeVWed d\QaPic RSWiPi]aWiRQ aV a WRRO WR be RbWaiQed RSWiPaO RSeUaWiRQ cRQdiWiRQV 
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WhaW gXaUaQWee Whe Pa[iPXP SURdXcW TXaOiW\ ZhiOe eQVVXUiQg fRRd VafeW\ (FU\eU aQd 

RRbbiQV, 2005; MiUi eW aO, 2008).  

SSUa\ SaVWeXUiVeUV RU WXQQeO SaVWeXUiVeUV aUe VXiWabOe fRU VeaOed fRRd iQ SacNageV, 

aV gOaVV bRWWOeV Rf beeU (LeZicNi, eW aO, 1983), caQV (SiQgh, eW aO, 2015), aQd SRXcheV 

(Xie, aQd SheaUd, 1996; SiPSVRQ, eW aO, 2004). ThiV ZRUN fRcXVeV RQ Whe  eYaOXaWiRQ 

Rf PiOd WheUPaO SURceVVeV fRU fRRd SaVWeXUiVaWiRQ aQd iW ZiOO iQYeVWigaWe heaW WUaQVfeU 

dXUiQg a VSUa\ SaVWeXUiViQg SURceVV. 

 

1.1. Aims and ObjectiYes   

The aiPV aQd RbMecWiYeV Rf WhiV UeVeaUch VWXd\ caQ be VXPPaUiVed aV fROORZV:  

� EYaOXaWiRQ Rf heaW WUaQVfeU SheQRPeQa Rf SaVWeXUiVaWiRQ XViQg a ZaWeU baWh 

V\VWeP, aQd Whe effecW RQ Whe SURceVV, VXch aV WePSeUaWXUe, cRQWaiQeU geRPeWUieV, 

SeUceQWageV Rf headVSace aQd fiOOiQg SURdXcW YiVcRViWieV, haYe beeQ SeUfRUPed aW Oab 

VcaOe.  

� EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ XViQg a QeZ 

deVigQ Rf VSUa\ SaVWeXUiVaWiRQ XQiW RQ YaUiaWiRQ facWRUV aV diffeUeQW W\SeV Rf QR]]Oe, 

SURceVV heaWiQg cRQdiWiRQV aQd Whe iQWeUgUaWed P YaOXeV. 

� EYaOXaWiRQ Rf Whe WheUPaO WUaQVfeU SheQRPeQa RccXUUed dXUiQg VXUface 

SaVWeXUiVaWiRQ Rf a Pi[WXUe ShaVe Rf fRRd VWXdied. 
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1.2. Thesis Plan  

ChaSWeU 2 giYeV a UeYieZ Rf SXbOiVhed OiWeUaWXUe.  The fiUVW SaUW begiQV ZiWh aQ 

RYeUYieZ Rf Whe WheRU\ fRU WheUPaO WUeaWPeQW.  The VecRQd SaUW Rf WhiV ChaSWeU 

fRcXVeV RQ Whe WheRU\ Rf SaVWeXUiVaWiRQ aQd heaW WUaQVfeU.  MRUeRYeU, Whe XVe Rf TTIV 

bacNgURXQd WR YaOidaWe WheUPaO SURceVV efficieQc\ iV aOVR VhRZQ.   

ChaSWeU 3 e[SOaiQV aQd deWaiOV Whe PaWeUiaOV aQd e[SeUiPeQWaO PeWhRdV ePSOR\ed WR 

SeUfRUP bRWh ZaWeU baWh aQd  VSUa\ SaVWeXUiVaWiRQ e[SeUiPeQWV aW OabRUOaWRU\ aQd 

SiORW VcaOe. The effecW Rf diffeUeQW SURceVV cRQdiWiRQV RQ WheUPaO WUeaWPeQW efficieQc\ 

ZaV VWXdied.   

 

ChaSWeU 4 deVcUibeV Whe Oab VcaOe VWXd\ RQ Whe heaWiQg d\QaPicV Rf Whe ZaWeU baWh 

V\VWeP. The aiP Rf WhiV ZRUN iV WR aQaO\Ve Whe WheUPaO UeVSRQVe - deVcUibed aV 

WePSeUaWXUe-WiPe SURfiOeV -  Rf Whe V\VWeP XQdeU diffeUeQW heaWiQg cRQdiWiRQV aQd 

diffeUeQW VROXWiRQ YiVcRViWieV. The effecW Rf Whe cRQWaiQeU Vi]e aQd headVSace RQ Whe 

d\QaPicV Rf Whe ZaWeU baWh V\VWeP ZeUe aOVR iQYeVWigaWed. The SURceVV YaOXeV (P 

YaOXeV) fRU aOO WheVe e[SeUiPeQWaO cRQdiWiRQV ZeUe caOcXOaWed fRUP Whe WePSeUaWXUe 

SURfiOeV UecRUded WRR, aQd SUeVeQWed aORQgVide Whe SeUfRUPaQce eYaOXaWiRQ Rf TTIV. 

The OaVW SaUW Rf WhiV chaSWeU VWXdieV Whe heaWiQg d\QaPicV Rf a WZR-ShaVe (VROid-

OiTXid) V\VWeP. 

 

ChaSWeU 5 deVcUibeV Whe e[SeUiPeQWV SeUfRUPed WR aVVeVV Whe effecW Rf diffeUeQW 

VSUa\ SaVWeXUiQg cRQdiWiRQV RQ heaW WUaQVfeU SheQRPeQa.  EffecW Rf SaUaPeWeUV VXch 

aV W\SeV Rf QR]]Oe, YiVcRViW\, geRPeWU\ Rf SacNage aQd fORZ UaWe ZeUe iQYeVWigaWed. A 
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VWXd\ Rf a WZR-ShaVe VROid-OiTXid Pi[WXUe SaVWeXUiVed ZiWhiQ Whe VSUa\ Uig iV aOVR 

SUeVeQWed. 

 

FiQaOO\ ChaSWeU 6 SUeVeQWV cRQcOXViRQV aQd diVcXVV Whe UeVXOWV Rf WhiV ZRUN. 

RecRPPeQdaWiRQV fRU fXWXUe ZRUN aUe aOVR VXPPaUiVed.  

 

1.3. PXblications  

 (PaSeUV aQd PRVWeUV aUe giYeQ iQ Whe CD iQcOXded ZiWh WhiV ZRUN aW Whe bacN Rf Whe 

WheViV). 
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Chapter 2                                                                                  

LiteratXre reYieZ 

2.1 IntrodXction  

TRda\ SeRSOe aUe caUefXO abRXW fRRdV aQd e[SecW WR cRQVXPe Vafe aQd heaOWh\ fRRd 

SURdXcWV. MRVW UeVeaUch iV cRQceUQed abRXW fRRd VafeW\ becaXVe fRRd caQ be 

cRQWaPiQaWed aQd VSRiO eaViO\ dXe WR Whe acWiRQ Rf SaWhRgeQ PicURRUgaQiVPV, VXch aV 

bacWeUia, \eaVW aQd PROd, aQd WheiU VSRUeV.  The PaMRU WaUgeW Rf fRRd SURceVViQg iV WR 

aYRid SaWhRgeQic PicURRUgaQiVPV aQd deOiYeU Vafe fRRd fRU Whe cRQVXPeUV (MiUi et al., 

2008). TheUPaO WUeaWPeQW, VXch aV cRPPeUciaO SaVWeXUi]aWiRQ, haV beeQ deYeORSed 

WR PaNe fRRd Vafe. TheUe iV a baOaQce beWZeeQ fRRd VafeW\ aQd fRRd TXaOiW\; fRU 

e[aPSOe, PeWhRdV VXch aV a cRPbiQaWiRQ Rf WePSeUaWXUe aQd high h\dURVWaWic 

SUeVVXUe SURceVViQg aUe cOaiPed WR giYe a high TXaOiW\ SURdXcWV, bXW Whe\ aUe PRUe 

e[SeQViYe. (VaQ deU POaQcNeQ et al., 2008).  

 

HXUdOe WechQRORg\ iV a cRQceSW Rf fRRd SUeVeUYaWiRQ Zhich cRPbiQeV VeYeUaO 

SUeVeUYaWiRQ facWRUV, eiWheU  µSURceVV¶ RU µaddiWiYe¶ hXUdOeV iQcOXdiQg high WePSeUaWXUe, 

ORZ WePSeUaWXUe, ORZ ZaWeU acWiYiW\, acidiW\, UedR[ SRWeQWiaO, cRPSeWiWiYe 

PicURRUgaQiVPV (e.g. LacWic acid BacWeUia), SUeVeUYaWiYeV (e.g. NiWUiWe, VRUbeW, 

VXOShiWe) (Lee, 2004), PRdi¿ed SacNagiQg aWPRVSheUeV aQd high VXgaU cRQWeQW 

(TXcNeU et al., 2002). ThiV aSSURach iV PRUe effecWiYe fRU eOiPiQaWiQg PicURRUgaQiVPV 

aQd PaiQWaiQiQg Whe TXaOiW\ Rf fRRd WhaQ XViQg RQO\ RQe PeWhRd aORQe.  
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IQ cRPPeUciaO SaVWeXUiVaWiRQ, Whe PaiQ SXUSRVe iV WR deVWUR\ VSRiOage 

PicURRUgaQiVPV XViQg a SURceVViQg Rf WePSeUaWXUe QRW higheU WhaQ 100 �C. FRRd 

SURdXcWiRQ, Zhich cRPPRQO\ XVeV SaVWeXUiVaWiRQ, iQcOXde PiON, fUXiW SURdXcWV, SicNOed 

YegeWabOeV, MaPV aQd chiOOed Uead\ PeaOV. ThiV PiOd heaW WUeaWPeQW OeYeO RQO\ 

eOiPiQaWeV PRdeUaWeO\ heaW VWabOe PicURRUgaQiVPV (TXcNeU et al., 2009). ReceQWO\, 

fRRd PaQXfacWXUeV haYe XVed a cRPbiQaWiRQ Rf chiOOed diVWUibXWiRQ aQd VWRUage 

V\VWePV RU hXUdOeV WR PaNe ORQgeU VheOf-Oife aQd higheU TXaOiW\ Rf fRRd SURdXcWV. The 

effecW Rf WheUPaO daPage RQ fRRd TXaOiW\ XViQg SaVWeXUiVaWiRQ iV OeVV WhaQ VWeUiOiVaWiRQ 

(TXcNeU  et al., 2002) 

 FRRdV haYe beeQ cOaVVified b\ The UQiWed SWaWeV FRRd aQd DUXg 

AdPiQiVWUaWiRQ (FDA), iQ Whe fedeUaO UegiVWeUV (21 CFR PaUW 114), iQWR WhUee W\SeV 

deSeQdiQg RQ Whe SH (AZXah et al., 2007 aQd, LeadOe\ et al., 2008):  

(i) Acid foods: ZiWh Whe SH YaOXe iQ Whe UaQge 0 ± 4.6, fRU e[aPSOe RUaQgeV, 

OePRQ, aSSOe MXice aQd YiQegaU.   

(ii) Acidified food ZheUe Whe ZaWeU acWiYiW\ iV gUeaWeU WhaQ 0.85 aQd Whe 

fiQiVhed fRRd SURdXcW haYe Whe 4.6 SH YaOXeV RU ORZeU. FRU e[aPSOe 

cXcXPbeUV, cabbage, aUWichRNeV, caXOifORZeU, SXddiQgV, SeSSeUV, 

WURSicaO fUXiWV aQd fiVh.  

(iii) Low acid foods aUe fRRdV Zhich haYe SH YaOXeV higheU WhaQ 4.6 aQd a 

ZaWeU acWiYiW\ higheU WhaQ 0.85, fRU e[aPSOe Uice, bUead, PiON aQd 

aOcRhROic beYeUageV.  

FRRd VafeW\ XVXaOO\ fRcXVeV RQ Whe ORZ acid fRRdV becaXVe WhiV iV Whe RSWiPaO 

cRQdiWiRQ (fRRd aQd SH) fRU Whe daQgeURXV SaWhRgeQ WR VXUYiYeiQg aQd gURZ. The  
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iPSRUWaQce SaWhRgeQ PicURbiaO iV Clostidium  botulinum Zhich iW caQ SURdXce 

bRWXOiQXP WR[iQ, Zhich iV faWaO eYeQ iQ a VPaOO dRVe.   

 

ReceQWO\, iW haV beeQ UeVeaUched aQd UeSRUWed WhaW VSRUeV Rf C. botulinum ZiOO QRW 

deYeORS aQd gURZ beORZ a SH Rf 4.8. C. botulinum iV URd-VhaSed aQd SURdXceV 

VSRUeV. ThiV PicURRUgaQiVP caQ VXUYiYe XQdeU aQaeURbic cRQdiWiRQV, SURdXce Whe 

bRWXOiVP SRiVRQ, aQd iV aQ e[WUePeO\ heaW UeViVWaQW PicURRUgaQiVP (AZXah et al., 

2007). The heaW  UeViVWaQW ZiOO chaQge deSeQdiQg RQ Whe eQYiURQPeQW , VXch aV Whe 

SH, ZaWeU acWiYiW\, RU Whe chePicaO cRPSRViWiRQ;  aQd Whe chaQge iQ UeViVWaQce ZiOO 

affecW Whe WheUPaO SURceVV OeQgWh UeTXiUed (MiUi et al., 2008). AZXaha et al., (2007) 

added WhaW OeQgWh aW 4.6 SH RU ORZeU haV beeQ acceSWed aV Whe SH beORZ Zhich C. 

botulinum caQQRW gURZ aQd Whe\ caQQRW SURdXce aQ\ SRiVRQ. TheUefRUe, Whe 4.6 SH 

VWaQdV fRU a XQiTXe fRRd SURceVViQg cRQdiWiRQ beWZeeQ ORZ aQd high acid fRRdV.   

 

2.2.  Heat transfer in food processing 

TR eQVXUe fRRd VafeW\ iQ fRRd SURceVViQg, eVSeciaOO\ iQ WheUPaO fRRd SURceVViQg VXch 

aV iQ caQQiQg fRRd, fRRd iQ MaUV, caUWRQV MXice RU SRXcheV fRRd, fRRd SURceVViQg haV 

beeQ VWXdied b\ a QXPbeU Rf aXWhRUV.(VXch aV SiQgh aQd RaPaVZaP\, 2015; SiQgh 

eW aO., 2015: CheQ eW aO., 2015; KaQQaQ aQd SaQdaNa, 2008; Xie aQd SheaUd, 1996; 

SiPSVRQ eW aO.,2004; AbdXO GhaQi eW aO.,, 2001), aQd RSWiPaO heaWiQg cRQdiWiRQV ZeUe 

iQYeVWigaWed iQ WeUPV bRWh Rf iWV effecW aQd heaW WUaQVfeU efficieQc\ (LeZicNi eW aO., 

1983; LeZicNi, 1984; DiOa\  eW aO.,2006). HRZeYeU, QXWUiWiRQaO SURSeUWieV afWeU Whe eQd 

Rf SURceVViQg, iQ Whe fiQiVhed SURdXcWV iV aOZa\V a cRQceUQ. HeaW WUaQVfeU ZhiOe fRRd 
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iV SURceVVed iV iPSRUWaQW becaXVe iW iV QeceVVaU\ WR UedXce Whe bacWeUiaO, fXQgaO, aQd 

YiUaO ORad RQ Whe SURdXcW ± iW PXVW, hRZeYeU, QRW e[ceVViYeO\ UedXce Whe QXWUiWiRQaO 

aQd RUgaQROeSWic TXaOiWieV Rf Whe fRRd. HeaW WUaQVfeU iQfRUPaWiRQ iV XVed WR RSWiPi]e 

Whe SURceVViQg WiPe aQd WePSeUaWXUe SURfiOeV Rf WheUPaO SURceVV WR VaYe bRWh eQeUg\ 

aQd cRVW aQd aOVR Pa[iPi]e Whe TXaOiW\ Rf fRRd SURdXcWV. 

2.2.1 Mechanisms of heat transfer 

TheUe aUe WhUee baVic PechaQiVPV Rf heaW WUaQVfeU: cRQdXcWiRQ, cRQYecWiRQ, aQd 

UadiaWiRQ (IQcURSeUa eW. aO., 2006). 

 

Conduction  

EQeUg\ WUaQVfeU beWZeeQ WZR RbMecWV WhaW aUe iQ Sh\VicaO cRQWacW RccXU b\ cRQdXcWiRQ. 

The cRQdXcWiRQ Rf heaW iV PRVWO\ eYaOXaWed iQ WeUPV Rf FRXUieU'V LaZ fRU heaW 

cRQdXcWiRQ. FRXUieU deWeUPiQed WhaW Q/A, Whe heaW WUaQVfeU SeU XQiW aUea (W/P2), iV 

SURSRUWiRQaO WR Whe WePSeUaWXUe gUadieQW dT/d[. The cRQVWaQW Rf SURSRUWiRQaOiW\ iV 

caOOed Whe PaWeUiaO WheUPaO cRQdXcWiYiW\, N. 

 
Eq. (2.1) 

The PechaQiVP Rf cRQdXcWiRQ heaW WUaQVfeU iV eQeUg\ WUaQVSRUW dXe WR PROecXOaU 

PRWiRQ aQd iQWeUacWiRQ. IQ WhiV ZRUN cRQdXcWiRQ RccXUV ZiWhiQ VROidV VXch aV (i) Whe 

fRRd cRQWaiQeU, aQd (ii) VROid fRRd SaUWicOeV RU highO\ YiVcRXV fOXidV. 
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Convection  

CRQYecWiRQ heaW WUaQVfeU iV eQeUg\ WUaQVfeU caXVed b\ bXON fOXid PRYePeQW. 

CRQYecWiYe heaW WUaQVfeU WhURXgh fOXid, bRWh gaVeV aQd OiTXidV fURP a VROid bRXQdaU\ 

UeVXOWV fURP Whe fOXid PRYePeQW aORQgVide Whe VXUface. 

 

CRQYecWiRQ caQ be e[SUeVVed iQ WeUPV Rf Whe heaW fOX[, Q/A, Zhich iV SURSRUWiRQaO WR 

Whe fOXid VROid WePSeUaWXUe diffeUeQce (TV-Tf). The WePSeUaWXUe diffeUeQce QRUPaOO\ 

RccXUV acURVV a WhiQ Oa\eU (bRXQdaU\ Oa\eU) Rf fOXid QeaUb\ WR Whe VROid VXUface. The 

cRQVWaQW Rf SURSRUWiRQaOiW\ iV caOOed Whe heaW WUaQVfeU cRefficieQW, h,  VR WhaW: 

 

 
Eq. (2.2) 

 

The heaW WUaQVfeU cRefficieQW deSeQdV RQ Whe W\Se Rf fOXid aQd Whe fOXid YeORciW\. The 

heaW fOX[, deSeQdiQg RQ Whe aUea Rf iQWeUeVW, caQ be ORcaO RU aUea aYeUaged. IQ WhiV 

ZRUN cRQYecWiYe heaW WUaQVfeU RccXUV (i) beWZeeQ Whe RXWVide Rf a fRRd SacN aQd Whe 

heaWiQg RU cRROiQg fOXid, aQd (ii) ZiWhiQ Whe SacN. 

 

Radiation  

The WheUPaO UadiaWiRQ WUaQVfeU iV eQeUg\ WUaQVSRUW caXVed b\ ShRWRQ (RU ePiVViRQ Rf 

eOecWURPagQeWic ZaYeV) fURP aQ RbMecWV VXUface RU YROXPe. RadiaWiRQ caQ SaVV 

WhRXgh a YacXXP, iW dReV QRW Qeed a heaW WUaQVfeU PediXP. The UadiaWiRQ heaW 

WUaQVfeU iV SURSRUWiRQaO WR Whe fRXUWh SRZeU Rf Whe abVROXWe PaWeUiaO WePSeUaWXUe. The 

heaW WUaQVfeU b\ UadiaWiRQ deSeQdV RQ Whe SURSeUWieV Rf PaWeUiaO, Zhich iV UeSUeVeQWed 
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b\ Whe ePiVViYiW\ Rf Whe PaWeUiaO. IQ WhiV ZRUN Whe WePSeUaWXUe diffeUeQceV aUe VXch 

WhaW UadiaWiRQ caQ be QegOecWed 

2.2.2 Heat transfer coefficient and thermal condXctiYities. 

FacWRUV WhaW affecW Whe UaWe Rf heaW WUaQVfeU aUe (i) Whe dUiYiQg fRUce RU diffeUeQce iQ 

WePSeUaWXUe, (ii) heaW WUaQVfeU cRefficieQW, aQd/RU (iii) WheUPaO cRQdXcWiYiWieV Rf 

PaWeUiaO; aQd iWV eQYiURQPeQW. 

2.2.2.1 The driving force or difference in temperature 

IQ WhiV ZRUN heaWiQg WePSeUaWXUeV iV Whe UaQge 90-70 OC, SURYided b\ hRW ZaWeU fORZ. 

The fOXid beiQg heaWed iV iQ Whe UaQge 20-70 OC; iQ SUacWice; MaUV PighW be hRW RU cROd 

fiOOed befRUe VSUa\ SaVWeXUi]aWiRQ.  

2.2.2.2 Heat transfer coefficient  

TheUe aUe diffeUeQW cRUUeOaWiRQV fRU heaW WUaQVfeU cRefficieQW iQ diffeUeQW V\VWePV; 

cRUUeOaWiRQV aUe geQeUaOO\ e[SUeVVed iQ WeUPV Rf Whe Re\QROdV aQd PUaQdWO QXPbeUV 

fRU Whe fORZ. IQ WhiV caVe, heaW WUaQVfeU iV Yia iPSacW aQd fURP hRW ZaWeU iQ a faOOiQg fiOP 

RYeU Whe YeVVeO. HeaW WUaQVfeU cRefficieQW (hf) haV Whe XQiWV Rf W /P2 K. IQ VRPe caVeV 

Whe UeViVWaQce WR heaW WUaQVfeU iV YeU\ VPaOO, fRU e[aPSOe iQ cRQdeQViQg VWeaP, ZheQ 

Whe heaW WUaQVfeU cRefficieQW caQ be igQRUed (HROdVZRUWh aQd SiPSVRQ. 2007).  
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2.2.2.3 Thermal conductivities  

The WheUPaO cRQdXcWiYiW\ UeOaWeV Whe heaW fORZ WR Whe WePSeUaWXUe dUiYiQg fRUce. 

TheUPaO cRQdXcWiYiW\ YaOXeV caQ be deWeUPiQed e[SeUiPeQWaOO\. TheUPaO 

cRQdXcWiYiWieV Rf fOXidV aQd VROidV YaU\ aV iQ TabOe 2.1 (LeZiV et al, 2000). 

 Table 2. 1: Thermal condXctiYities of different materials. 

Material Temperature 
(0C) 

Thermal Conductivity 
(W m-1 K-1) 

SiOYeU 0 428 
CRSSeU 0 403 
CRSSeU 100 395 
AOXPiQXP 20 218 
SWaiQOeVV VWeeO 0 8-16 
GOaVV 0 0.1-1.0 
Ice 0 2.3 
WaWeU 0 0.573 
CRUQ RiO 0 0.17 
GO\ceURO 30 0.135 
EWh\O aOcRhRO 20 0.24 
AiU 0 2.42[10-2 
CeOOXOaU SRO\VW\UeQe 0 3.5[10-2 
FUee]e-dUied Seach(1 aWP) 0 4.18[10-2 
FUee]e-dUied Seach (10-2 TRUU) 0 1.35[10-2 
WhROe VR\a beaQV 0 0.097-0.133 
SWaUch (cRPSacW SRZdeUV) 0 0.15 
Beef, SaUaOOeO WR fibeUV 0 0.491 
FUR]eQ beef -10 1.37 
FiVh  0.0324+0.3294PZ 
SRUghXP  0.564+0.0858PZ 
PZ iV Whe PaVV fUacWiRQ Rf PRiVWXUe. 1 BWX h1 fW-1 degF-1 = 1.731 W m-1 K-1. 
 Source: Reprinted with permission from MJ. Lewis, Physical Properties of Foods and Food 
ProcessingSystems,p. 249, � 1990, Woodhead Publishing, Ltd. 
 

 

TheUPaO cRQdXcWiYiW\ Rf cRQWaiQeU PaWeUiaOV (W /P.K) aUe; feUURXV PeWaO cRQWaiQeUV, 

40±400 W /P.K; aOXPiQXP, 220 W /P.K, gOaVV, 1±2 W /P.K, SRO\YiQ\OchORUide, 0.29 

W /P, SRO\eWh\OeQe, 0.55 W /P.K (HROdVZRUWh aQd SiPSVRQ. 2007) 
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The baOaQce beWZeeQ e[WeUQaO aQd iQWeUQaO heaW WUaQVfeU iQ a VROid iV deVcUibed b\ Whe 

BiRW QXPbeU, hD/N, ZheUe h iV Whe VXUface heaW WUaQVfeU cRefficieQW, N Whe iQWeUQaO 

WheUPaO cRQdXcWiYiW\ aQd D VRPe chaUacWeUiVWic diPeQViRQ Rf Whe SacN. High Bi (> 10) 

iPSOieV e[WeUQaO heaW WUaQVfeU iV PXch faVWeU WhaQ Whe iQWeUQaO SURceVVeV, aQd WhXV 

WhaW Whe VORZeU cRQdXcWiRQ SURceVV cRQWUROV. LRZ Bi  (<0.1) iPSOieV Whe UeYeUVe, WhaW iW 

iV Whe e[WeUQaO heaW WUaQVfeU cRefficieQW WhaW iV Whe VORZeVW SURceVV. HeUe, fRU fRRd 

SURdXcWV, Bi iV geQeUaOO\ high; bXW if Whe fRRd SURdXcW iV UeSOaced b\ a high-

cRQdXcWiYiW\ PaWeUiaO VXch aV a PeWaO, Whe heaW WUaQVfeU cRefficieQW caQ be PeaVXUed 

fURP Whe WheUPaO UeVSRQVe Rf Whe VROid ± WhiV iV VRPeWiPeV XVed WR eVWiPaWe heaW 

WUaQVfeU cRefficieQWV iQ fRRd SURceVVeV (HROdVZRUWh aQd SiPSVRQ, 2007). 

 

2.3  PasteXrisation 

PaVWeXUiVaWiRQ deVcUibeV a PiOd heaW WheUPaO SURceVV XVed WR WR e[WeQd a VheOf Oife Rf 

fRRd SURdXcW ORQgeU WhaQ fUeVh fRRd. The SURceVV aOVR NeeSV Whe SURdXcW WR be PRUe 

OiNe QaWXUaO fRRd aV Whe high heaW WUeaWPeQW UeTXiUed fRU fXOO VWeUiOi]aWiRQ UeVXOWV iQ a 

OaUge ORVV Rf QXWUiWiRQaO YaOXe aQd TXaOiW\. PaVWeXUiVaWiRQ iV a PeWhRd Rf PicURbiaO 

UedXcWiRQ WhaW dReV QRW e[SRVe Whe fRRd WR YeU\ high WePSeUaWXUe (XS WR 100RC). FRU 

e[aPSOe, SaVWeXUi]ed PiON caQ be SaVWeXUiVed aW 62.8 �C fRU 30 PiQXWeV, WR deVWUR\ 

haUPfXO SaWhRgeQic bacWeUia aQd Whe eQ]\PeV WhaW caXVe fRRd VSRiOage. HRZeYeU, 

Whe UeVXOWiQg SaVWeXUiVed fRRd QeedV WR haYe iWV VXbVeTXeQW PicURbiaO ORad cRQWUROOed 

b\ VWRUiQg iW aW ORZ WePSeUaWXUeV VXch aV iQ a UefUigeUaWRU. ThiV ZiOO heOS WR SUeYeQW Whe 

gURZWh Rf PicURRUgaQiVPV. The fRRd QeedV WR be cRQVXPed RQce iW ZaV RSeQed, 

ZiWhiQ WhUee da\V WR a ZeeN. MaQ\ UeVeaUcheV VhRZ WhaW Whe SaVWeXUiVaWiRQ SURceVV 
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caQ PaiQWaiQ Whe TXaOiW\ Rf fRRd iQcOXdiQg iWV fUeVh WaVWe becaXVe Whe heaW ORad iV QRW 

YeU\ high (Uef). FRU WhiV UeaVRQ PRVW fRRdV VXch aV PiON RU MXice cRPPRQO\ XVe WhiV 

SaVWeXUiVaWiRQ SURceVV WR e[WeQd WheiU VheOf Oife. 

 

TheUe aUe WZR cRQceSWV Rf SaVWeXUiVaWiRQ, aW ORZ WePSeUaWXUe ORQg WiPe (LTLT) aQd a 

high WePSeUaWXUe VhRUW WiPe (HTST). 

 

Low temperature long time (LTLT) 

LRZ WePSeUaWXUe ORQg WiPe deVcUibeV Whe WheUPaO SURceVVeV XViQg ORZ heaW aQd ORQg 

WiPe WR NiOO aOO SaWhRgeQic bacWeUia. FRU e[aPSOe, PiON caQ be SaVWeXUi]ed aW 

62.5�C/144.5�F aQd fRU 30 PiQXWeV. 

 

 High temperature short time (HTST) 

High WePSeUaWXUe VhRUW WiPe iV Whe WheUPaO SURceVVeV XViQg a higheU WePSeUaWXUe 

WhaQ LTLT aQd WhXV Zhich QeedV OeVV WiPe WR NiOO aOO - SaWhRgeQic bacWeUia. FRU 

e[aPSOe, PiON caQ be SaVWeXUi]ed aW 72�C/161.5�F fRU 15 VecRQdV. The Oa\RXW Rf aQ 

HTST SaVWeXUiVeU caQ be VhRZQ iQ figXUe 2.1(LeZiV aQd HeSSeOO, 2000) 
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FigXre 2. 1: HTST pasteXriser schematic (LeZis and Heppell, 2000) 

2.3.1 PasteXrisation/ pasteXriser  

2.3.1.1 Pasteurisation steps 

TheUe aUe VeYeUaO NiQdV Rf fRRd WhaW aUe cRPPeUciaOO\ SaVWeXUi]ed,  fRU e[aPSOe: 

(i) MiON aQd PiON SURdXcWV ± bRWh ORZ WePSeUaWXUe aQd UHT (UOWUa-High-

TePSeUaWXUe (UHT) PaVWeXUi]aWiRQ).  

(ii)  JXiceV VXch aV RUaQge, gUaSe, SiQeaSSOe, aSSOe RU PaQgR MXice. 

(iii) SeafRRd  

(iY)  PRXOWU\ SURdXcW (SiOYa aQd GibbV, 2012) 
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(Y)  Beef aQd RWheU PeaW SURdXcWV 

(Yi)  BaNeU\ SURdXcW 

(Yii) DUiQNiQg beYeUageV;  beeU aQd RWheU aOcRhRO  

 

A SURceVV fRU SaVWeXUi]aWiRQ haV VeYeUaO VWeSV fURP a UaZ fRRd WR a SURceVVed 

SURdXcW. ZeNi BeUN (2016) deVcUibed Whe VWeSV Rf SaVWeXUiVaWiRQ aV fROORZV: 

(i) Filling  - fRRd caQ be fiOOed iQ WR cRQWaiQeUV b\ haQd fiOOiQg RU PXch PRUe 

cRPPRQO\ b\ PachiQe fiOOiQg.  

(ii)  Expelling air fURP Whe head-VSace abRYe Whe fRRd, eiWheU iQ a caQ head-

VSace RU beWZeeQ Oid aQd SURdXcW. If Whe VSace abRYe Whe hRW fRRd caQ be 

fiOOed ZiWh VWeaP RU hRW aiU Whe UeVXOWiQg cRROiQg ZiOO cUeaWe a SaUWiaO YacXXP 

abRYe Whe fRRd. SXch a YacXXP head VSace caQ be Pade b\ hRW fiOOiQg, 

VWeaP iQMecWiRQ RU b\ aSSO\iQg a PechaQicaO YacXXP. 

(iii)  Sealing: WhiV caQ be dRQe eiWheU b\ aWWachiQg a fi[ed Oid WR Whe SacN, Zhich 

cRXOd be PeWaO (aV iQ caQQiQg) RU SOaVWic, b\ heaW-VeaOiQg a SOaVWic SRXch, 

RU aWWachiQg a VcUeZ-WRS WR a MaU. 

(iY)  Heat processing: Whe fRRd caQ eiWheU be SaVWeXUi]ed befRUe SacNagiQg RU 

SURceVVed iQ-SacN (Vee beORZ); 

(Y) Cooling: afWeU WheUPaO SURceVV Whe fRRd SURdXcW QeedV WR be cRROed dRZQ 

iPPediaWeO\ WR VhRcN aOO UePaiQiQg PicURRUgaQiVPV aQd ORZeU Whe SURdXcW 

WePSeUaWXUe. 
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2.3.1.2 Pasteuriser 

(i) Batch pasteuriser.   

LeZiV aQd HeSSeOO (2000) diVcXVV eaUO\ baWch SURceVVeV; WhaW ZeUe highO\ OabRXU 

iQWeQViYe aQd iQYROYe fiOOiQg, heaWiQg, hROdiQg, cRROiQg, ePSW\iQg, aQd cOeaQiQg iQ Whe 

VaPe YeVVeO.  

ThiV W\Se Rf SURceVV iV VWiOO ZideO\ XVed, SaUWicXOaUO\ b\ VPaOO-VcaOe SURdXceUV aQd iQ 

Whe PaQXfacWXUe Rf SURdXcWV VXch aV Uead\ PeaOV (JaPeV aQd JaPeV, 2014) The\ 

aUe UeOaWiYeO\ VORZ becaXVe heaWiQg aQd cRROiQg WiPeV aUe cRQVideUabOe; Whe WRWaO 

WiPe fRU RQe baWch Pa\ be XS WR 2 hRXUV; SURdXcW iV WheQ SacNaged aQd eiWheU (i) 

SaVVed iQWR a UefUigeUaWed chiOO chaiQ, fRU e[aPSOe ZiWh Uead\ PeaOV, RU (ii) fiOOed iQWR 

YeVVeOV VXch aV MaUV WhaW caQ be VWRUed aW aPbieQW fRU a OiPiWed WiPe. The baWch 

SaVWeXUiVeU Oa\ RXW iV VhRZQ iQ FigXUe 2.2 

 

FigXre 2. 2: Batch pasteXriser, from LeZis and Heppell (2000) 
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(ii) Continuous pasteuriser 

IQ cRQWiQXRXV  SaVWeXUi]iQg RSeUaWiRQV, Whe SURceVV iV caUUied RXW iQ a V\VWeP 

cRQViVWiQg Rf heaW e[chaQgeUV aQd SiSiQg. The SURdXcW OeaYeV Whe V\VWeP afWeU 

cRQWiQXRXV VWeUiOi]aWiRQ RU SaVWeXUi]aWiRQ (deSeQdiQg RQ Whe WiPe WePSeUaWXUe SURfiOe), 

hROdiQg, aQd cRQWiQXRXV cRROiQg. If fiOOiQg aQd VeaOiQg RccXUV iQ aQ RSeQ VSace, 

UecRQWaPiQaWiRQ Rf Whe cROd SURdXcW Pa\ RccXU. ThiV Pa\ QRW be RbMecWiRQabOe if Whe 

SURdXcW iV WR be UefUigeUaWed aQd iWV SOaQQed VheOf Oife iV VXfficieQWO\ VhRUW, aV fRU 

SaVWeXUi]ed PiON aQd daiU\ SURdXcWV (WaOVWUa eW aO., 2005). 

 

A W\SicaO SURceVV fRU Whe cRQWiQXRXV SaVWeXUi]aWiRQ Rf OiTXid PiON iV VhRZQ 

VchePaWicaOO\ iQ FigXUe 2.3. 

x The SaVWeXUi]eU, iQ WhiV caVe, iV a SOaWe heaW-e[chaQgeU cRQViVWiQg Rf WhUee 

VecWiRQV. RaZ PiON iV adPiWWed WR SecWiRQ 1 (SUeheaWiQg, UegeQeUaWiRQ), ZheUe 

iW iV heaWed WR abRXW 55RC b\ hRW SaVWeXUi]ed PiON fORZiQg RQ Whe RWheU Vide Rf 

Whe SOaWeV 

x IW WheQ SaVVeV WR SecWiRQ 2 (heaWiQg), ZheUe iW iV heaWed WR Whe VSecified 

SURceVV WePSeUaWXUe, ZiWh hRW ZaWeU RQ Whe RWheU Vide. The hRW ZaWeU fRU WhiV 

SXUSRVe iV heaWed b\ VWeaP aQd ciUcXOaWed iQ cORVed ciUcXiW b\ aSSURSUiaWe 

SXPSV (QRW VhRZQ).  

x The PiON, WhXV SaVWeXUi]ed, SaVVeV WhURXgh a hROdiQg WXbe Rf aSSURSUiaWe 

diPeQViRQV (accRUdiQg WR Whe VSecified hROdiQg WiPe). (BeUN, 2013) 
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The V\VWeP iV efficieQW, aQd aV heaW iV Uec\cOed b\ XViQg hRW SURdXcW WR SUeheaW Whe 

feed, WheUPaOO\ efficieQW. The V\VWePV aUe ZideVSUead bXW OiPiWed WR ViQgOe-ShaVe aQd 

UeOaWiYeO\ ORZ YiVcRViW\ fOXidV. 

 

FigXre 2. 3: SchePaWic Rf Whe cRQWiQXRXV SaVWeXUi]aWiRQ Rf PiON. BeUN ( 2013) 

 

(iii) Tunnel Pasteuri]ation  

TXQQeO SaVWeXUiVaWiRQ iV PRVWO\ XVed iQ Whe fRRd iQdXVWU\ aV caQ deOiYeU a Vafe 

fiQiVhed fRRd SURdXcW aW high WhURXghSXW. ThiV SURceVV iV VXiWabOe fRU SaVWeXUiViQg 

fRRd iQ a VeaOed cRQWaiQeU VXch aV V, gOaVV MaUV , SRO\YiQ\O chORUide SacNageV, aQd a 

fOe[ibOe SacNagiQg  VXch aV SRXcheV, SOaVWicV, RU SaSeU cXSV. FRRd SaVWeXUiVed 

SURdXcWV, e[aPSOeV iQcOXde VRfW aQd caUbRQaWed dUiQNV, MXiceV, beeUV, aQd VaXceV 

(LeZiV aQd HeSSeOO, 2000; HRUQ eW aO; 1997) 

 

The WXQQeO SaVWeXUi]eU (HRUQ eW aO; 1997) aV VhRZQ iQ FigXUe 2.4 iV diYided iQWR WZR 

PaiQ SaUWV aV heaWiQg aQd cRROiQg VecWiRQ, hRZeYeU iQ each PaiQ SaUW Whe\ aUe 
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VeSaUaWed iQWR VeYeUaO ]RQeV ZiWh a diffeUeQW  ZaWeU WePSeUaWXUeV iQ each VecWiRQ. 

The heaW caQ be UecRYeUed beWZeeQ  heaWiQg aQd cRROiQg ]RQeV aV Whe\ aUe 

cRQQecWed a SXPS. AfWeU fiOOiQg fRRd iQ WheiU SacNageV, aXWRPaWicaOO\, WheVe fRRd 

cRQWaiQeUV aUe SaVVed WhURXgh bRWh heaWiQg aQd cRROiQg ]RQeV cRQWiQXRXVO\ b\ a 

cRQYe\RU beOW. AfWeU WhaW Whe\ aUe VeQW WR OabeOiQg aQd VWRUage . 

 

 

FigXre 2. 4: TXnnel pasteXri]ation, Horn eW aO; (1997)  

LeZiV aQd HeSSeOO (2000) QRWe WhaW WXQQeO (VSUa\) SaVWeXUi]eUV aUe ZideO\ fRU 

cRQWiQXRXV heaWiQg aQd cRROiQg Rf SURdXcWV iQ VeaOed cRQWaiQeUV, ideaOO\ fRU a YeU\ 

high-YROXPe WhURXghSXW Rf fRRd SURdXcW.  The\ UeSRUWed WhaW Whe WXQQeO SaVWeXUiVaWiRQ 

caQ be diYided iQWR WhUee PaiQ VWageV: heaWiQg, hROdiQg, aQd cRROiQg. SSUa\ ZaWeU aW 

Whe diffeUeQW WePSeUaWXUe ZaV VSUa\ RYeU Whe fRRd cRQWaiQeU iQ Whe diffeUeQW VWageV. 

TheVe SURceVVeV XVe ORQgeU WiPe/ORZeU WePSeUaWXUe SURceVVeV WhaQ SOaWe RU WXbXOaU 
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heaW e[chaQgeUV. BecaXVe WheiU heaWiQg UaWeV aUe QRW higheU aV SUeYiRXV WZR 

SURceVVeV, SOaWe RU WXbXOaU heaW e[chaQgeUV. The RYeUaOO SURceVViQg WiPe iV abRXW 1 

hRXU, iQcOXdiQg a hROdiQg VWage aW WePSeUaWXUeV beWZeeQ 60�C aQd 70RC fRU abRXW 20 

PiQXWeV.  

 

2.3.2 PasteXrisation of liqXid foods 

2.3.2.1 In-pack pasteurisation. 

SRPe SaVWeXUiVed OiTXidV, VXch aV beeU aQd VRPe MXiceV, aUe SaVWeXUiVed afWeU Whe\ 

aUe fiOOed iQWR Whe cRQWaiQeUV. IQ WhiV caVe, caUe haV WR be WaNeQ WR eQVXUe WhaW ZheQ 

Whe gOaVV iV fiOOed ZiWh OiTXid WhaW WheUe iV QR WheUPaO VhRcN, Zhich caQ caXVe cUacNV iQ 

Whe SacNagiQg. The Pa[iPXP WePSeUaWXUe diffeUeQce Zhich Whe gOaVV cRQWaiQeU caQ 

be UeViVWaQW WR iV 20 �C fRU heaWiQg aQd 10 �C fRU cRROiQg .  

 

The eQd Rf Whe SURceVV iQYROYeV cRROiQg WR <40 RC, WR VWRS fXUWheU UeacWiRQV WaNiQg 

SOace iQ Whe SURdXcW, aQd WR UePRYe ZaWeU WhaW caQ caXVe Rf PaWaO SacNagiQg RU 

OabeOV aWWached WR Whe Oid. ThiV SURceVV caQ be bRWh baWch aQd cRQWiQXRXV 

SaVWeXUiVaWiRQ SURceVV. A ViPSOe ZaWeU baWh RU UeWRUW, WhaW heaWV Whe SacNaged fRRd 

WhURXgh VRPe WePSeUaWXUe aQd WiPe SURceVV, fROORZed b\ cRROiQg.  

 

HRZeYeU, Whe V\VWeP Pa\ iQcOXde RWheU SaVWeXUiVaWiRQ WXQQeOV WhaW iV diYided iQWR 

PXOWiSOe Rf heaWiQg aQd cRROiQg XQiWV. A hRW VSUa\ Rf ZaWeU UaiQV RYeU Whe fRRd 
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SacNage RQ Whe beOW WhURXgh Whe XQiW. The fRRd WePSeUaWXUe WheQ UiVeV WR Whe 

eQYiURQPeQW WePSeUaWXUe aQd afWeU  SaVWeXUiVaWiRQ iV cRROed ZiWh ZaWeU iQ Whe eQd Rf 

Whe WXQQeO.  

 

The adYaQWage Rf XViQg WXQQeO SaVWeXUi]aWiRQ iV WhaW heaWiQg iV faVWeU WhaQ VRPe RWheU 

SaVWeXUiVaWiRQ PeWhRdV, VXch aV baWch heaWiQg iQ YeVVeOV. BeUN (2013) QRWeV WhaW Whe 

SaVWeXUiVed WePSeUaWXUe fRU fRRd SURdXcWV ZiWh a SH Rf ORZeU WhaQ 4.5 VXch aV 

WRPaWR SURdXcWV, YegeWabOe SicNOeV, fUXiW iQ V\UXS aQd aUWificiaOO\ acidified SURdXcWV, iV  

ORZeU WhaQ 100 0C. HRZeYeU Whe SURceVViQg WiPe iQWeUYaO fRU heaWiQg aQd cRROiQg 

VWage aORQg Whe WXQQeO WhaW deSeQdV RQ Whe NiQd Rf fRRd SURdXcWV aQd Whe cRQWaiQeU 

Vi]e.  

 

2.4 Heat transfer in packs 

TheUe haYe beeQ a QXPbeU Rf VWXdieV Rf heaW WUaQVfeU iQ SaVWeXUi]aWiRQ VXch aV: 

x IQ bRWWOed beeU (LeZicNi, eW aO, 1983; LeZicNi, 1984; DiOa\, eW aO, 2006)) 

x IQ caQV (KaQQaQ aQd SaQdaNa, 2008; SiQgh, eW aO, 2015; CheQ, eW aO, 2015),  

x IQ SRXcheV (Xie, aQd SheaUd, 1996; GhaQi, eW aO, 2001; SiPSVRQ, eW aO, 2004)  

 

HeaW WUaQVfeU iQ a VSUa\ SaVWeXUiVeU haV beeQ OeVV ZeOO VWXdied.  HeaW WUaQVfeU Rf beeU 

iQ a SaVWeXUiVaWiRQ WXQQeO ZaV VWXdied b\ LeZicNi, eW aO, (1983), aQd LeZicNi, (1984). 

IQ Whe fiUVW SaSeU a PRdeO Rf a SaVWeXUiVeU ZaV bXiOW aQd a QXPbeU Rf SaUaPeWeUV 

iQYeVWigaWed; bRWWOe VhaSe, hRW ZaWeU VSUa\ iQWeQViW\, ORcaWiRQ Rf bRWWOe iQ UeOaWiRQ WR 
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Whe VSUa\ QR]]Oe a[iV, aQd Whe VSUa\ QR]]Oe SaWWeUQ aQd Whe defOecWiRQ aQgOe Rf 

QR]]OeV ZiWh UeVSecW WR Whe YeUWicaO. AOO YaUiabOeV fRU WhiV e[SeUiPeQW affecW Whe heaWiQg 

UaWe Rf fOXid iQ bRWWOeV. The iPSRUWaQW facWRUV fRU WhiV SaVWeXUi]iQg aUe VSUa\ iQWeQViW\ 

aQd ORcaWiRQ Rf Whe bRWWOe iQ UeOaWiRQ WR Whe QR]]Oe a[iV. WhiOe, Whe bRWWOe VhaSe haV 

VPaOO effecW iQ Whe heaWiQg SURceVVeV. HRZeYeU, Whe aQgOe Rf Whe QR]]Oe effecW WR Whe 

hRUi]RQWaO ZaV XQcOeaU, dXe WR iWV UeVXOWiQg WR iPSURYe heaWiQg UaWe aW MXVW VRPe 

ORcaWiRQV aORQg Whe WXQQeO. 

 

LeZicNi, (1984) cRQWiQXed hiV VWXd\ RQ heaW WUaQVfeU iQ a WXQQeO SaVWeXUiVeU, aQd 

fRcXVed RQ heaW WUaQVfeU cRefficieQWV. ReVXOWiQg, WheUe ZeUe effecW Rf YaUiaWiRQ facWRUV; 

hRW ZaWeU VSUa\ iQWeQViW\, ORcaWiRQ Rf bRWWOe iQ UeOaWiRQ WR Whe VSUa\ QR]]Oe a[iV aQd Whe 

VhaSe Rf Whe bRWWOe; RQ Whe RYeUaOO heaW WUaQVfeU cRefficieQW Rf SURceVV. The heaWed 

fOXidV YiVcRViW\ had PRUe effecW RQ Whe RYeUaOO heaW WUaQVfeU cRefficieQW. The gOaVV Rf 

Whe MaU ZaV Whe OaUgeVW heaW WUaQVfeU UeViVWaQce ZheQ Whe OiTXid WR be heaWed iV ZaWeU. 

WiWh PRUe YiVcRXV fOXidV, Zhich had YiVcRViW\ higheU WhaQ 1ā1 î 10í3 Pa V, WhiV 

YiVcRViW\ caXVeV cRQdXcWiRQ iQWR Whe fOXid WR be Whe PaiQ UeViVWaQce iQ Whe heaWiQg 

OiTXid SURceVVeV. HRZeYeU, heaW WUaQVfeU UeViVWaQce fRU Whe VWage Rf heaW WUaQVfeU 

fURP Whe hRW VSUa\ Rf ZaWeU WR Whe cRQWaiQeU ZaOO iV VPaOOeU WhaQ Whe gOaVV ZaOO 

UeViVWaQce b\ aURXQd eighW WiPeV. IQ VhRUWO\, Whe fOXid Sh\VicaO SURSeUWieV WhaW beiQg 

SaVWeXUiVed heaWiQg ZeUe aQ e[WUePeO\ affecW heaW WUaQVfeU UaWe XQdeU WXQQeO 

SaVWeXUiVeU cRQdiWiRQV. 
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HRUQ, eW aO (1997) UeVeaUched Whe PRdeOOiQg aQd ViPXOaWiRQ Rf SaVWeXUi]aWiRQ aQd 

VWaOiQg effecWV dXUiQg WXQQeO b\ iQYeVWigaWed aQd ViPXOaWed a PRdeO fRU Whe YaUieV Rf 

XQVWead\ cRQYecWiYe heaW WUaQVfeU iQVide a bRWWOe Rf beeU. The ViPXOaWiRQ UeVXOWV VhRZ 

WhaW Whe PRdeO giYeV a gRRd cRUUeOaWiRQ beWZeeQ PRdeO aQd e[SeUiPeQW fRU bRWh 

OabRUaWRU\ aQd SURceVV daWa. The WUadiWiRQaO SURcedXUe, caQ be ViPXOaWed fRU 

deWeUPiQiQg SaVWeXUi]aWiRQ XQiWV (PU), VhRZV WhaW iW ZaV RYeUeVWiPaWe Whe acWXaO 

effecW VigQificaQWO\ if iW iV QRW chRVeQ Whe accXUaWe UefeUeQce SRiQW ZiWh UefeUeQce WR Whe 

bRWWOe Vi]e aQd VhaSe. 

 

DiOa\, eW aO (2006) VWXdied PRdeOiQg, ViPXOaWiRQ aQd RSWiPi]aWiRQ Rf a beeU 

SaVWeXUi]aWiRQ WXQQeO. A baVic Sh\VicaO PRdeO ZaV cRPbiQed ZiWh a fXQdaPeQWaO aQd 

ePSiUicaO cRUUeOaWiRQV, SUiQciSOeV Rf cOaVVicaO WheUPRd\QaPicV, aQd heaW WUaQVfeU 

cRQceSW deYeORSed aQd  Whe RXWcRPe UeVXOW Rf WhUee-diPeQViRQaO diffeUeQWiaO 

eTXaWiRQV aUe Ue-ViPXOaWiQg iQ VSace XViQg a WhUee-diPeQViRQaO ceOO ceQWeUed fiQiWe 

YROXPe VchePe.  

 

2.5   Modelling of heat transfer in spra\ pasteXrisation 

 
  
A PRdeO Rf a cRQdXcWiRQ/cRQYecWiRQ SURceVV ZaV bXiOW b\ KiWW (2015) aQd KiWW eW aO., 

(2015). The geRPeWU\ Rf Whe cRQWaiQeU XVed iQ Whe e[SeUiPeQWV (gOaVV MaU) caQ be 

aSSUR[iPaWed b\ a c\OiQdeU. FigXUe 2.5(a) VhRZV Whe WhUee-diPeQViRQaO geRPeWU\ 

cRQVideUed. IW UeSUeVeQWV Whe c\OiQdUicaO SacNage, ZiWh UadiXV r = R aQd heighW Rf 
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fiOOiQg ] = H. GiYeQ Whe a[iaO V\PPeWU\ Rf Whe c\OiQdeU, WhiV geRPeWU\ caQ be fXUWheU 

ViPSOified WR Whe WZR-diPeQViRQaO dRPaiQ deSicWed iQ FigXUe 2.5(b).  

 
The PRdeO aVVXPeV WhaW hRW ZaWeU fORZV dRZQ RYeU Whe SacNage, aQd WhaW: 
 

x CRQdXcWiRQ iV Whe gRYeUQiQg heaW WUaQVfeU PechaQiVP WhURXgh Whe fiOOiQg. 

x The faOOiQg fiOP haV a XQifRUP WePSeUaWXUe (iVRWheUPaO) iQ Whe UadiaO diUecWiRQ. 

x LaPiQaU fORZ iQ Whe faOOiQg fiOP. 

x NR heaW ZaV ORVW WR Whe VXUURXQdiQgV fURP Whe fiOP. 

 

 

FigXre 2. 5: (a) Three dimensional geometr\ representing the package (jar) considered. 

(b) A[ial s\mmetric tZo-dimensional domain emplo\ed for nXmerical simXlation, 

together Zith the imposed boXndar\ conditions. 

 

The PRdeO deYeORSed iV baVed RQ fiUVW SUiQciSOeV, aQd iW deVcUibeV heaW WUaQVfeU fURP 

Whe faOOiQg fiOP aQd WhURXgh Whe SacNage aQd SURdXcW SiQce Whe fiOOiQg cRQVideUed heUe 

iV chaUacWeUiVed b\ a high YiVcRViW\, cRQdXcWiRQ iV Whe PaiQ PechaQiVP iQYROYed iQ 

Whe SURdXcW heaWiQg XS (BiUd eW aO., 2007):  
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� �SUod
SUod SUod

T
Į T

W
w

 � �
w  Eq (2.3) 

 

ZheUe Tprod iV Whe WePSeUaWXUe Rf Whe fiOOiQg SURdXcW (RC), t UeSUeVeQWV Whe WiPe 

(VecRQdV) aQd Įprod (P2/V) iV Whe WheUPaO diffXViYiW\ Rf Whe fiOOiQg. OQ Whe RWheU haQd, 

Whe WePSeUaWXUe Rf Whe faOOiQg fiOP Tfilm (RC) ZiOO be giYeQ b\ Whe fROORZiQg diffXViRQ-

cRQYecWiRQ eTXaWiRQ: 

 

wTfilm

wW
 -aZ

wTfilm

wU
- X]

wTfilm

w]  Eq (2.4) 

 

ZheUe Įw (P2/V) iV Whe WheUPaO diffXViYiW\ Rf Whe fiOP ZaWeU aQd u] (P/V) iV Whe fiOP 

YeORciW\; i.e. Whe fiOP cRROV dRZQ aV iW PRYeV dRZQ Whe SacN.. The WhicNQeVV Rf Whe 

faOOiQg fiOP, į (P), iV a fXQcWiRQ Rf Whe PaVV fORZ , aQd iW caQ be cRPSXWed XViQg 

Whe Qe[W cRUUeOaWiRQ (SiQNXQaV eW aO., 2005): 

 
Eq (2.5) 

 

IQVXOaWiRQ haV beeQ iPSRVed RQ Whe WRS bRXQdaU\ Rf Whe dRPaiQ WR WaNe iQWR accRXQW 

Whe effecW Rf Whe headVSace: 

   

wT
SUod

w]
0,],W� �  0

 
Eq (2.6) 

 

The bRWWRP bRXQdaU\ iV aOVR defiQed aV aQ iQVXOaWed VXUface: 
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wT
SUod

w]
U,0,W� �  0

 
Eq. (2.7) 

 

A[iaO V\PPeWU\ iV cRQVideUed aW r = 0: 

   

wT
SUod

w]
0,],W� �  0

 
Eq. (2.8) 

 

ZhiOe Whe WePSeUaWXUe Rf Whe faOOiQg fiOP iV defiQiQg Whe cRQdiWiRQ RYeU Whe e[WeUiRU  ZaOO 

bRXQdaU\ aW r = R: 

  TSUod
R,],W� �  T

film Eq. (2.9) 

 

IQiWiaOO\, Whe WePSeUaWXUe Rf Whe SURdXcW iV cRQVideUed WR be cRQVWaQW: 

  

   TSUod
U,],0� �  T

ini  Eq. (2.10) 

 

The cRQdXcWiYe PRdeO deVcUibiQg heaW WUaQVfeU iQ Whe MaU fiOOiQg (V\VWeP fRUPed b\ ET. 

(2.3) aQd ETV. (2.5)-(2.10)) ZaV VROYed ePSOR\iQg Whe FiQiWe DiffeUeQce PeWhRd iQ a 

XQifRUP VSaWiaO 2D gUid aV Whe RQe deSicWed iQ FigXUe 2.6.  
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FigXre 2. 6: Schematic of a Xniform 2D spatial grid emplo\ed I the nXmerical 

simXlations. 

The PaVV fORZ UaWe Rf Whe ZaWeU faOOiQg fiOP, , YaUied fURP 1[10-2 Ng/V WR 1 [ 10-4 

Ng/V, aQd Whe iQiWiaO cRQdiWiRQV ZeUe VeW VXch WhaW eYeU\ SRiQW ZaV aW  TiQi = 20 RC. The 

fiOP ZaV giYeQ a WePSeUaWXUe TfiOP = 90 RC. WiWh WheVe SaUaPeWeUV Whe PRdeO ZaV 

YaOidaWed PaNiQg XVe Rf Whe aQaO\WicaO VROXWiRQ e[iVWiQg fRU ET. 2.3 (IQcURSeUa eW aO., 

2006): 

 
   Eq  (2.11  

ZheUe FR iV Whe FRXUieU QXPbeU Rf Whe V\VWeP, defiQed aV: 

  
F

o
 

Wa
SUod

R�  
Eq (2.12) 

aQd ș iV Whe diPeQViRQOeVV WePSeUaWXUe caOcXOaWed aV fROORZV: 

 
q  

T
SUod

- T
ini

T
f
- T

ini  
Eq (2.13) 
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The cRQVWaQWV  aQd  iQ ET. (2.11) ZeUe fRXQd WR be 1.6021 aQd 2.4048, 

UeVSecWiYeO\, aQd ZeUe cRQVideUed fRU aQ iQfiQiWe BiRW QXPbeU (IQcURSeUa eW aO. , 2006). 

The Biot QXPbeU iV XVXaOO\ ePSOR\ed XVed WR deWeUPiQe ZheWheU a V\VWeP iV OXPSed 

RU QRW, aQd iW iV defiQed aV fROORZV (IQcURSeUa et. al., 2006):  

                                                          Eq (2.14) 

 

ZheUe, Lc (P) iV Whe chaUacWeUiVWic OeQgWh Rf Whe VROid XQdeU VWXd\. High Biot QXPbeUV 

iPSO\ WhaW Whe heaW WUaQVfeU WR Whe V\VWeP iV faVWeU WhaQ WheUPaO cRQdXcWiRQ ZiWhiQ iW; 

RQ Whe RWheU haQd, a ORZ Bi iPSOieV Whe RSSRViWe. If Bi < 0.1, WheQ Whe V\VWeP iV 

cRQVideUed WR be a OXPSed heaW caSaciW\ V\VWeP aQd eTXaWiRQ (3.5) caQ be XVed WR 

caOcXOaWe Whe VROid WePSeUaWXUe. 

 The BeVVeO fXQcWiRQ  ZaV cRPSXWed XViQg MATLAB¶V iQbXiOW fXQcWiRQ Bessel j(nu,]) 

ZiWh aUgXPeQW QX beiQg ]eUR aQd ] beiQg .   

AQaO\WicaO UeVXOWV ZeUe gaWheUed RYeU Whe fROORZiQg UaQge Rf W aQd U YaOXeV: 

2000<W<4000 VecRQdV aQd  PeWeUV. The YaOidaWiRQ UeVXOWV aUe 

SUeVeQWed iQ FigXUe 2.7 fRU WZR diffeUeQW VSaWiaO gUidV, VhRZiQg iQ bRWh caVeV a YeU\ 

gRRd agUeePeQW beWZeeQ Whe aQaO\WicaO VROXWiRQ aQd Whe UeVXOWV RbWaiQed WhURXgh Whe 

QXPeUicaO VROXWiRQ Rf Whe SURSRVed cRQdXcWiYe PRdeO.  
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(a) 

 

(b) 

FigXre 2. 7: Comparison betZeen anal\tical solXtion and simXlated resXlts for a 2D 

spatial grid of (a) 21 [ 21 nodes (b) 10 [ 10 nodes. 

 

A QXPbeU Rf caVeV ZeUe PRdeOOed; cUiWicaO iV Whe effecW Rf diffeUeQW fORZ UaWeV: Whe 

V\VWeP RSeUaWeV: 

x AW YeU\ ORZ fORZ UaWe WheUe iV iQVXfficieQW heaW VXSSOied WR Whe YeVVeO; iQ Whe 

OiPiW, Whe µheaWiQg¶ fOXid ZiOO Ueach Whe VaPe WePSeUaWXUe aV Whe YeVVeO b\ Whe 

WiPe iW haV Ueached Whe bRWWRP Rf Whe YeVVeO; 

x WhiOVW aW high fORZ UaWe, be\RQd a ceUWaiQ SRiQW iQcUeaViQg Whe fORZ UaWe haV QR 

fXUWheU effecW RQ Whe heaW WUaQVfeU UeVSRQVe Rf Whe YeVVeO; WhiV aUiVeV becaXVe 

Whe V\VWeP iV cRQWUROOed b\ iQWeUQaO heaW WUaQVfeU (high Bi). IQcUeaViQg Whe fORZ 

UaWe be\RQd WhiV SRiQW haV QR effecW RQ Whe WePSeUaWXUe Rf Whe YeVVeO aQd 

ViPSO\ ZaVWeV ZaWeU aQd SXPSiQg cRVWV. 
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2.6 LXmped s\stem anal\sis 

IQ geQeUaO, Whe baVic PechaQiVPV Rf heaW WUaQVfeU haYe WhUee PechaQiVPV QaPeO\; 

cRQdXcWiRQ, cRQYecWiRQ, aQd UadiaWiRQ aV VhRZQ iQ SaUW 2.2.1 MechaQiVPV Rf heaW 

WUaQVfeU iQ ChaSWeU 2 (IQcURSeUa eW. aO., 2006). HRZeYeU, WheUe aUe RQO\ 2 PaiQ 

PechaQiVPV Rf heaW WUaQVfeU; cRQdXcWiRQ aQd cRQYecWiRQ WhaW aUe Whe fRcXV RQ WhiV 

UeVeaUch.  

HeaW WUaQVfeU cRQdXcWiRQ caQ be defiQed aV a heaW WUaQVfeU PechaQiVP fURP a UegiRQ 

Rf high WePSeUaWXUe WR aUegiRQ Rf ORZ WePSeUaWXUe ZiWhiQ a VROidPediXP. The 

cRQdXcWiRQ heaW WUaQVfeU iV PRVWO\ UefeUUed WR Whe WeUPV Rf FRXUieU'V LaZ fRU heaWiQg 

cRQdXcWiRQ aV SUeVeQWed iQ ET (2.1) [ ]. IQ WhiV UeVeaUch cRQdXcWiRQ Rf heaW 

caQ be RccXUUed ZiWhiQ VROidV VXch aV Whe cRQWaiQeU Rf fRRd aQd VROid fRRd SaUWicOeV RU 

highO\ YiVcRXV fOXidV. 

CRQYecWiRQ  caQ be WeUPed aV a SURceVV Rf a heaW WUaQVfeU beWZeeQ  a VROid VXUface 

aQd a fOXid; OiTXid RU gaV; PediXP, bXW Whe\ aUe aW diffeUeQW WePSeUaWXUeV. CRQYecWiRQ 

RccXUV WhURXgh fORZ iQ Whe fOXid PediXP. CRQYecWiRQ Rf heaW caQ be e[SUeVVed iQ 

WeUPV Rf Whe heaW fOX[ aQd Whe heaW WUaQVfeU cRefficieQW aV VhRZQ iQ ET. 

(2.2)[  ]. IQ WhiV UeVeaUch cRQYecWiYe Rf heaW WUaQVfeU caQ be RccXUUed 

beWZeeQ Whe RXWVide Rf a fRRd cRQWaiQeU aQd Whe heaWiQg RU cRROiQg fOXid, aQd ZiWhiQ 

Whe cRQWaiQeU. The heaW WUaQVfeU cRefficieQW facWRUV deSeQd RQ Whe fOXid W\Se aQd Whe 

YeORciW\ Rf fOXid. The heaW fOX[ aOVR baVed RQ Whe aUea Rf iQWeUeVW Zhich caQ be ORcaO RU 

aUea aYeUaged. 
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HeaW WUaQVfeU iQ SacNV haV beeQ VWXdied iQ beeU bRWWOeV (LeZicNi, eW aO, 1983; LeZicNi, 

1984; DiOa\, eW aO, 2006)), iQ caQV (KaQQaQ aQd SaQdaNa, 2008; SiQgh, eW aO, 2015; 

CheQ, eW aO, 2015; iQ SRXcheV (Xie, aQd SheaUd, 1996; GhaQi, eW aO, 2001; SiPSVRQ, 

eW aO, 2004).  MRdeOOiQg Rf heaW WUaQVfeU iQ VSUa\ SaVWeXUi]aWiRQ ZaV iQYeVWigaWed iQ 

WhiV UeVeaUch aQd deWaiOV aQd eTXaWiRQ aV iQ ChaSWeU 2 VecWiRQ 2.5. KiWW (2015) aQd 

KiWW eW aO., (2015) bXiOW a PRdeO Rf a cRQdXcWiRQ/cRQYecWiRQ SURceVV. The geRPeWU\ Rf 

Whe cRQWaiQeU aV SUeVeQWed iQ FigXUe 2.5(a) VhRZV Whe WhUee-diPeQViRQaO geRPeWU\ 

WhaW XVed iQ WhiVZRUN e[SeUiPeQWV (gOaVV MaU). IW caQ be aSSUR[iPaWed b\ a c\OiQdeU.  

The PRdeO aVVXPed WhaW hRW ZaWeU fORZV dRZQ RYeU Whe SacNage aV faOOiQg fiOP, aQd 

WhaW: 

� CRQdXcWiRQ iV Whe gRYeUQiQg heaW WUaQVfeU PechaQiVP WhURXgh Whe fiOOiQg. 

� The faOOiQg fiOP haV a XQifRUP WePSeUaWXUe (iVRWheUPaO) iQ Whe UadiaO diUecWiRQ. 

� LaPiQaU fORZ iQ Whe faOOiQg fiOP. 

� NR heaW ZaV ORVW WR Whe VXUURXQdiQgV fURP Whe fiOP. 

The eTXaWiRQ fRU WhiV PRdeO aV iQ eT. 2.1 WR 2.13  

The cRQVWaQWV  aQd  iQ ET. (2.11) ZeUe fRXQd aQd ZeUe cRQVideUed fRU aQ iQfiQiWe 

BiRW QXPbeU (IQcURSeUaeW aO., 2006). The BiRW QXPbeU iV Whe UaWiR Rf Whe iQWeUQaO 

UeViVWaQce (cRQdXcWiRQ) WR Whe e[WeUQaO UeViVWaQce WR heaW cRQYecWiRQ. The BiRW 
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QXPbeU iV XVed WR deWeUPiQe ZheWheU a V\VWeP iV OXPSed RU QRW, aQd VR iW caQ be 

defiQed aV iQ   ET. (2.14) [ ]      

2.7 Monitoring Thermal Processes 

The PaiQ NiQeWic SURceVV WR eQVXUe Whe VafeW\ Rf WheUPaO SURceVVeV iV Whe NiQeWic Rf 

Whe deaWh Rf PicURRUgaQiVPV. HeaW efficieQc\ RU SURceVV YaOXe caQ be caOcXOaWed iQ 

WeUP Rf F-YaOXeV (fRU VWeUiOiVaWiRQ) RU P-YaOXeV (fRU SaVWeXUiVaWiRQ) aV:  

 

  ORg                      Eq (2.15) 

ZheUe, T(t)  = Whe SURdXcW WePSeUaWXUe (RC) 

Tref  = Whe UefeUeQce WePSeUaWXUe fRU Whe DT YaOXe (RC) 

W = Whe SURceVV WiPe (PiQ) 

] = Whe QXPbeU Rf degUeeV ceQWigUade Qeeded WR bUiQg abRXW 10 WiPeV 

chaQge iQ Whe UaWe Rf UedXcWiRQ Rf PicURbiaO ORad   

N     = QXPbeU Rf PicUR RUgaQiVPV (-) 

D        = DeciPaO UedXcWiRQ WiPe: Whe WiPe QeceVVaU\ WR UedXce Whe QXPbeU Rf  

               PicURRUgaQiVPV b\ 90% (V) 

 

CRPPRQO\, a ] YaOXe Rf 10 �C iV XVed WR PRQiWRU VWeUiOi]aWiRQ VafeW\ aQd WaUgeW 

PicURRUgaQiVPV, aQd ] YaOXeV UaQge fURP 5 �C WR 12 �C fRU SaVWeXUi]aWiRQ (VaQ LRe\ 

et al., 1996).  
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The behaYiRXU Rf a V\VWeP caQ WhXV be XQdeUVWRRd if Whe WePSeUaWXUeV aUe accXUaWeO\ 

PeaVXUed, iQ Zhich caVe eTXaWiRQ (2.15) caQ be XVed WR caOcXOaWe P-YaOXeV. IQ PXch 

Rf WhiV WheViV, WheUPRcRXSOeV ZiOO be XVed aV Whe\ haYe adYaQWageV iQ VWaWic ViWXaWiRQV 

± hRZeYeU iQ PRYiQg V\VWePV Whe OeQgWh Rf ZiUeV Qeeded iV a PaMRU SURbOeP. OQe 

VROXWiRQ haV beeQ  SXW daWa UecRUdeUV WhURXgh WheUPaO SURceVVeV, bXW WhiV iV difficXOW 

becaXVe Rf WheiU bXON. MXch ZRUN haV WheUefRUe beeQ dRQe RQ WiPe-WePSeUaWXUe 

iQWegUaWRUV, eQ]\Pe PaUNeUV WhaW caQ be SaVVed WhURXgh a SURceVV aQd aVVa\ed 

afWeUZaUdV WR Vee ZhaW acWiYiW\ Whe\ UeWaiQ. The UaWiR Rf Whe iQiWiaO WR Whe fiQaO acWiYiW\ iV 

a PeaVXUe Rf Whe WheUPaO WUeaWPeQW WhaW Whe V\VWeP haV UeceiYed. 

 

VaQ LRe\ et at (1996) aQd VaQ LRe\ et al (1997) defiQed TTI  aV  µa VPaOO PeaVXUiQg 

deYice WhaW VhRZV a WiPe-WePSeUaWXUe deSeQdeQW, eaViO\, accXUaWeO\ aQd SUeciVeO\ 

PeaVXUabOe iUUeYeUVibOe chaQge WhaW PiPicV Whe chaQgeV Rf a WaUgeW aWWUibXWe 

XQdeUgRiQg Whe VaPe YaUiabOe WePSeUaWXUe e[SRVXUe¶.  AV aQ aOWeUQaWiYe WR 

WheUPRcRXSOeV, TTIV haYe beeQ deYeORSed RYeU Whe OaVW WZR decadeV fRU XVe iQ fRRd 

iQdXVWUieV fRU PRQiWRUiQg Whe heaW WUeaWPeQW iPSacW RQ PicURRUgaQiVPV aQd fRRd 

TXaOiW\ aV eQ]\PeV, cRORU aQd We[WXUe (VaQ LRe\ et al., 1996; HeQdUicN[ et al., 1995). 

TTI UeSOaced Whe cRQYeQWiRQaO PeWhRd RU WheUPRcRXSOeV, Zhich haYe Whe VeUiRXV 

OiPiWaWiRQ iQ WhaW Whe\ PXVW be cRQQecWed WR a ORggiQg V\VWeP. (HeQdUicN[ et al., 

1995). TTIV aUe a YeU\ VPaOO PeaVXUiQg WRRO ZhRVe behaYiRXUV deSeQd RQ WiPe aQd 

WePSeUaWXUe.  IQ Whe VaPe YaUiaWiRQ Rf WePSeUaWXUe cRQdiWiRQ, Whe\ caQ be eaV\, 

accXUaWe aQd VSecific deWeUPiQaWiRQ fRU iUUeYeUVibOe chaQge (VaQ LRe\ et al., 1996; 

VaQ LRe\ et al., 1997;  MehaXdeQ  et al., 2007).  
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IQ WeUPV Rf ZRUNiQg SUiQciSOe, TTIV caQ be cOaVVified iQ fiYe Za\V accRUdiQg WR WheiU 

ZRUNiQg SUiQciSOe, UeVSRQVe W\Se, RUigiQ, aSSOicaWiRQ iQ Whe fRRd PaWeUiaOV aQd  

SRViWiRQ  iQ  fRRdV (VaQ LRe\ et al., 1996) . OQ Whe RWheU haQd, iQ WeUPV Rf Whe 

VXbVWaQceV cRQWaiQed iQ Whe TTIV caQ be cOaVVified iQWR fRXU W\SeV; PicURbiRORgicaO, 

eQ]\PaWic, chePicaO RU Sh\VicaO (VaQ LRe\ et al., 1996; MehaXdeQ et al., 2007). 

Each PeWhRd (PicURbiRORgicaO, chePicaO aQd Sh\VicaO TTIV) haV OiPiWaWiRQ aQd 

diVadYaQWageV Rf  aSSOicaWiRQ iQ Whe fRRd SURceVV (VaQ LRe\ et al., 1997; MehaXdeQ 

et al., 2007), WhiV VWXd\ fRcXV RQ eQ]\PaWic TTIV. 

 

SeYeUaO eQ]\PeV haYe beeQ XVed iQ UeVeaUcheV fRU SaVWeXUiVaWiRQ VXch aV Į-

aP\OaVe fURP Bacillus VSecieV (VaQ LRe\ et al., 1997; MehaXdeQ et al., 2007; 

MehaXdeQ et al., 2008; TXcNeU et al., 2002; TXcNeU, 2009),  aQd 

SecWiQPeWh\OeVWeUaVeV (PMEV) fURP cXcXPbeU aQd WRPaWR fUXiWV (GXiaYaUc¶h et al., 

2003). HRZeYeU, high WheUPaO UeViVWaQce eQ]\PeV haYe beeQ XVed WR deYeORS TTIV 

fRU e[WUePeO\ heaW WUeaWPeQW aV VWeUiOiVaWiRQ SURceVV. TheVe eQ]\PeV aUe Į-aP\OaVe 

fURP B. lichenniformis (GXiaYaUc¶h et al., 2002a; GXiaYaUc¶h et al., 2004), Pyrococcus 

furiosus (TXcNeU et al., 2007) aQd ȕ-[\OaQaVeV fURP Thermomyces lanuginosus  

(GRgRX et al., 2010). SeYeUaO diffeUeQW W\SeV Rf eQ]\Pe haYe beeQ XVed iQ TTI 

UeVeaUch aV iQ TabOe 2.2. 
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Table 2. 2:  The application of the En]\matic TTIs.   

En]\me  Application 
description  

] (�C) Reference 

Į-aP\OaVe  

(B. 

amyloliquefaciens) 

YRghXUW baWcheV 

(TePS. 70-90 �C) 

]-YaOXe Rf 

9.7(�0.3)�C 

TXcNeU (1999) 

Į-aP\OaVe 

  

(B. 

amyloliquefaciens) 

 

 

(B. lichenniformis) 

 

The WXbXOaU 

SURceVV, baWcheV 

Rf fUXiW 

(TePS. 76-85 �C) 

 

 

(TePS. 85-95 �C) 

D85�C  -YaOXe Rf 6.8 

PiQ aQd ]-YaOXe Rf 

9.4(�0.3)�C 

D93�C  -YaOXe Rf 8.8 

PiQ aQd ]-YaOXe Rf 

9.1(�0.3)�C 

TXcNeU et al. (2002) 

Į-aP\OaVe      

(B. 

amyloliquefaciens) 

 

PeOWieU SWage, 

QRQiVRWheUPaO 

(TePS. 80-90 �C) 

D85�C  -YaOXe Rf 

6.1(�0.4) PiQ aQd  ]-

YaOXe Rf 12(�1.3)�C 

MehaXdeQ et al. 

(2007) 

Į-aP\OaVe      

(B. lichenniformis) 

 

PeOWieU SWage, 

QRQiVRWheUPaO 

(TePS. 85-95 �C) 

D85�C  -YaOXe Rf 

29.15(�4.7) PiQ aQd 

]-YaOXe Rf 10 

(�0.8)�C 

MehaXdeQ et al. 

(2008) 

Į-aP\OaVe      

(B. 

amyloliquefaciens) 

 

MiOd heaW 

SaVWeXUiVaWiRQ, iQ 

ZaWeU baWh aQd 

ViOicRQe baWh 

(TePS. 64-73 �C) 

D70�C  -YaOXe Rf 8.4 

PiQ aQd ]-YaOXe Rf 

8.9 �C 

TXcNeU et al. (2009) 

 

 

AccRUdiQg WR SUeYiRXV UeVeaUcheUV, eQ]\PaWic TTIV haYe PRUe SRWeQWiaO fRU 

eYaOXaWiRQ aQd aUe eaVieU WR haQdOe WhaQ SURWeiQ-baVed V\VWeP. ThiV haV Oed WR PRUe 
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aSSOicaWiRQV fRU eQ]\PaWic TTIV WhaQ RWheU W\SeV aV PicURbiRORgicaO TTIV aQd WheVe 

PRVW ZiOdO\ XVed iQ VeYeUaO UeVeaUcheV (VaQ LRe\ et al., 1996; MehaXdeQ et al., 

2007; TXcNeU, 2009). ThiV iV becaXVe Rf Whe VSeciaO VSecificaWiRQ Rf WheVe TTIV; VPaOO 

iQ Vi]e, UeOaWiYeO\ ORZ-SUiced aQd eaV\ WR SUeSaUe (bRWh eQ]\Pe acWiYiW\ aQd UeacWiRQ 

eQWhaOS\). IW iV aOVR SRVVibOe UaSidO\ aQd accXUaWeO\ WR PeaVXUe WheiU SURSeUWieV 

WheUPRVWabiOiW\ SURSeUWieV aQd WheiU heaW iQacWiYaWiRQ NiQeWicV caQ be haQdOed iQ 

YaUiRXV Za\V. (VaQ LRe\ et al., 1997) 

   

NeZ eQ]\PaWic TTIV haYe beeQ deYeORSed ZiWh aSSOicaWiRQV iQ SaVWeXUiVaWiRQ.  

MehaXdeQ et al., (2007a) eYaOXaWed Whe SRWeQWiaO Rf Į-aP\OaVe (B. amyloliquefaciens) 

WiPe WePSeUaWXUe iQWegUaWRUV (TTIV) XViQg a SeOWieU deYice WR geW cRQWUROOed heaWiQg 

aQd cRROiQg SURfiOeV. The VWXd\ fRXQd WhaW Whe NiQeWic SaUaPeWeUV Rf Whe eQ]\Pe ZeUe 

PeaVXUed aV D85 �C Rf 6.1 (�0.4) PiQXWeV aQd ] Rf 12 (�1.3) �C. TheVe TTIV caQ be 

cRQViVWeQWO\ XVed RYeU Whe UaQge fRU WheUPaO SaVWeXUiVaWiRQ VXch aV Whe QeZ 

eQ]\PaWic TTI Pade fURP Whe Į-aP\OaVe (fURP B. licheniformis) Zhich caQ be  XVed 

fURP 5 WR 30 PiQXWeV aW 85�C.  HRZeYeU, Whe WheUPaO UeViVWaQce Rf Whe eQ]\Pe iV Whe 

PaiQ facWRU fRU deWeUPiQed Whe UaQge Rf WiPe WePSeUaWXUe SURfiOeV XViQg eQ]\PaWic 

TTIV (MehaXdeQ, 2008). The OiPiWaWiRQ Rf eQ]\PaWic TTIV efficieQc\ deSeQdV RQ Whe 

chaQgiQg Rf eQ]\Pe cRQdiWiRQ (VXch aV eQ]\Pe iPPRbiOi]aWiRQ) aQd eQYiURQPeQW 

(VXch aV SH, ZaWeU acWiYiW\ aQd PRiVWXUe cRQWeQW) (VaQ LRe\, eO aO, 1996 aQd 

MehaXdeQ, 2008).  

 



ChaSWeU 2  LiWeUaWXUe UeYieZ 

 

-58- 

 

TXcNeU et al., (2009) deYeORSed a QeZ eQ]\PaWic WiPe±WePSeUaWXUe iQWegUaWRU (TTI) 

fRU PeaVXUePeQW Rf Whe heaW SURfiOe iQ PiOd SaVWeXUiVaWiRQ SURceVV aW 70�C, fRU feZ 

PiQXWeV. AfWeU WheVe WUeaWPeQWV, fRRd SURdXcWV VROd eiWheU XQdeU UefUigeUaWed 

cRQdiWiRQV (<10 da\V VWRUage), RU aUe high acid fRRd SURdXcWV WhaW caQ be VWRUed iQ a 

aPbieQW cRQdiWiRQ fRU PaQ\ PRQWhV. ThiV QeZ TTI ZaV UefeUUed WR aV BAA70 aQd 

cRQViVWed Rf 0.5Pg/PL Į-aP\OaVe fURP B. amyloliquefaciens iQ 10 PM aceWaWe bXffeU. 

The VWXd\ Rf BAA70 iQ a ZaWeU baWh VhRZV Whe DeciPaO UedXcWiRQ WiPe (D70 RC-YaOXe) 

Rf 8.4 PiQXWeV aQd ]-YaOXe Rf 8.9 �C. The Pa[iPXP P-YaOXeV Rf BAA70 ZeUe 

caOcXOaWed aW XS WR 25.2 PiQXWeV aW 70 �C.  The QeZ BAA70 TTIV ZeUe aSSOied fRU 

VXUface SaVWeXUiVaWiRQ iQ hRW-¿OOed PiQi MaP MaUV aQd fRU cRQWiQXRXV RYeQ cRRNiQg Rf 

TXicheV iQ iQdXVWUiaO SUacWice.  The UeVXOW VhRZV WhaW XViQg TTIV iQ bRWh WheVe 

RSeUaWiRQV cRXOd be giYe UeVXOWV fRU PeaVXUePeQW Rf P- YaOXeV, Zhich cRPSaUed ZeOO 

ZiWh cRQYeQWiRQaO WePSeUaWXUe VeQVRUV. 

 

GRgRX  et al. (2010) UeSRUWed WhaW Whe D-YaOXe aW 80 �C Rf  [\OaQaVeV TTI Pade fURP 

Thermomyces lanuginosus , ZaV fRXQd WR be 61.2, 46.0 aQd 50.6 PiQXWeV  fRU Whe 

WhUee eQ]\Pe VROXWiRQV (UQSXbOiVhed daWa). AfWeU VWXd\ WR iPSURYiQg Whe 

WheUPRVWabiOiW\ Rf [\OaQaVeV b\ UedXcWiRQ Rf ZaWeU acWiYiW\ WheQ XVed Whe QeZ 

deYeORSed TTIV WR be VWXd\ VWeUiOiVaWiRQ SURceVV iQ Whe WePSeUaWXUe UaQge Rf 100±130 

0C. The UeVXOW Rf  WhiV VhRZ Whe high iPSacW Rf Whe ZaWeU acWiYiW\  RQ Whe RbVeUYed D 

aQd ]-YaOXeV UedXciQg fURP 0.63 WR 0.13, Zhich ZeUe giYeQ Whe D120 C aQd ]-YaOXeV 

Rf Whe WhUee [\OaQaVeV UaQged fURP 20.4 WR 37.6 PiQXWeV aQd fURP 23.3 WR 28.9 C, 

UeVSecWiYeO\.  
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ReceQWO\ UeVeaUch RQ TTI YaOidaWiRQ VWXd\ iQ bRWh Oab VcaOe aQd SiORW SOaQW VcaOe haV 

beeQ cRQVideUed (GXiaYaUc'h  et al., 2002b; MehaXdeQ  et al., 2007; MehaXdeQ  et 

al., 2008; TXcNeU  et al., 2009). HRZeYeU, WheVe UeVeaUcheV VhRZ PRVWO\ D, ] aQd P 

YaOXe cRUUeOaWiRQ beWZeeQ WheUPRcRXSOe aQd aP\OaVe TTI Pade fURP B. 

amyloliquefaciens fRU SaVWeXUiVaWiRQ aW 85 �C (MehaXdeQ  et al., 2007, 2008) aQd 70 

�C (TXcNeU  et al., 2009). ThiV UeVeaUch aiPV WR eYaOXaWe heaW WUeaWPeQW XViQg Whe 

aOWeUQaWiYe aP\OaVe TTI fURP B. lichenniformis fRU SaVWeXUiVaWiRQ SURceVV aW 80�C. 

 

2.7. Comparison betZeen different monitoring methods 

TheUe aUe VeYeUaO Za\ WR YaOidaWe fRU Whe efficieQc\ Rf Whe WheUPaO SURceVVeV WR 

eQVXUe WhaW Whe fiQiVh fRRd SURdXcW iV Vafe eQRXgh fRU cRPPeUciaO aQd cRQVXPSWiRQ 

aV WheUPRPeWeU, WheUPRcRXSOe aQd daWa ORggeU (HeQdUicN[ eW aO., 1995; MehaXdeQ, 

2008; MaUUa aQd RRPaQR, 2003) aQd WiPe WePSeUaWXUe iQWegUaWRUV (TTI) (GXiaYaUc'h 

et al., 2002b; MehaXdeQ  et al., 2007; MehaXdeQ  et al., 2008; TXcNeU  et al., 2009).  

HRZeYeU, iQ WhiV ZRUN Ze fRcXV RQ WZR cRPPRQ WechQiTXeV WhaW XVed WR YaOidaWe 

WheUPaO WUeaWPeQW efficieQc\; (i) WheUPRcRXSOe aQd daWa ORggeU aQd (ii) eQ]\PaWic WiPe 

WePSeUaWXUe iQWegUaWRUV. The cRPSaUiVRQ Rf bRWh Rf WheP aV fROORZ: 

2.7.1 AdYantages of ThermocoXples and data loggers  

1) The\ caQ be SOaced iQVide Whe fRRd cRQWaiQeU WR UecRUd Whe WheUPaO WUeaWPeQW 

XQdeUgRQe b\ Whe fRRd.  

2) IW iV eaV\ aQd faVW WR aQaO\Ve Whe daWa aV Ze caQ dRZQORad aOO Whe daWa UecRUd 

diUecWO\.    
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2.7.2 DisadYantages of ThermocoXples and data loggers  

1) NRW cRQYeQieQW fRU VRPe W\Se Rf WheUPaO SURceVVeV VXch aV baWch SURceVVeV.  

2)  NRW RSWiPaO fRU PRYiQg SURceVVeV, fRU e[aPSOe a ZiUe daWa ORggeU iV QRW 

VXiWabOe fRU YaOidaWiRQ iQ MaU ZhiOe Whe MaU ZaV SaVWeXUiVed iQ a WXQQeO 

SaVWeXUiVaWiRQ.  

3) NRW VXiWabOe fRU VRPe QaUURZ ORcaWiRQV, VXch aV Whe cRUQeU Rf a MaU, Zhich ZaV 

WRR VPaOO WR fiW Whe ZiUeOeVV daWa ORggeU (HeQdUicN[ et al., 1995; MaUUa aQd 

RRPaQR, 2003).   

2.7.3 AdYantages of en]\matic time temperatXre integrators.  

The adYaQWageV Rf eQ]\PaWic TTIV aUe (TaRXNiV, 2012; MehaXdeQ  et al., 2007; 

TXcNeU  et al., 2009, VaQ LRe\ et al., 1996a; VaQ LRe\ et al., 1996b, Mai eW aO (2007)) 

1) AV 1-2 cP ORQg WXbeV iW iV YeU\ eaV\ WR aWWach aQd SOace WheP iQ iQ aQ\ 

cRQdiWiRQV Rf iQdiYidXaO fRRd SURceVViQg aQd SURdXcW.  

2) NRW QeceVVaU\ WR NQRZ Whe SURdXcW WiPe WePSeUaWXUe hiVWRU\ WR deWeUPiQe Whe 

WheUPaO WUeaWPeQW effecW RQ Whe fRRd SURdXcW.  

3) The\ aUe ZiUeOeVV aQd VhRcN UeViVWaQW. 

4) The\ caQ YaOidaWe iQ SRiQWV WhaW Whe WheUPRcRXSOeV aQd Whe daWa ORggeU caQQRW 

PeaVXUe. 

2.7.4 DisdYantages of en]\matic time temperatXre integrators.  

1) NRW cRQYeQieQW fRU VRPe W\Se Rf WheUPaO SURceVVeV VXch aV RQ-OiQe PRQiWRUiQg 

fRU Whe efficieQc\ Rf WheUPaO WUeaWPeQW becaXVe WheiU Qeed WiPe WR aQaO\ViV aQ 

eQ]\Pe acWiYiW\, QRW iPPediaWeO\ aQaO\ViV.  
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2)  The\ Qeed e[WeQViYe SUeOiPiQaU\ e[SeUiPeQWV WR caOibUaWe each baWch Rf 

befRUe XVe.  

3) The\ WeQd WR be iQaccXUaWe fRU VhRUW WePSeUaWXUe-WiPe SURceVVeV, RZiQg bRWh 

WR WheUPaO Oag beWZeeQ Whe RXWVide aQd iQVide Rf Whe TTI aQd WR eUURUV iQ 

PeaVXUePeQW aQd caOibUaWiRQ. 

 

2.8 ConclXsions 

ThiV chaSWeU haV iQWURdXced Whe VXbMecW Rf WhiV WheViV, Whe PRQiWRUiQg Rf WePSeUaWXUe 

SURfiOeV iQVide YeVVeOV XQdeUgRiQg SaVWeXUi]aWiRQ. The cUiWicaO facWRUV iQ heaW WUaQVfeU 

aUe: (i) VXSSO\ Rf heaW WR Whe V\VWeP b\ fOXidV fORZ, (ii) cRQdXcWiRQ aQd cRQYecWiYe 

SURceVVeV ZiWhiQ Whe RXWVide fOXid, Whe gOaVV ZaOO Rf Whe MaU aQd Whe fRRd SURdXcW. 

 

MRdeOV fRU heaW WUaQVfeU haYe beeQ deYeORSed iQ Zhich cRQdXcWiRQ iV aVVXPed ZiWhiQ 

Whe SacN, aQd WheVe PRdeOV haYe beeQ XVed WR ideQWif\ diffeUeQW heaWiQg UegiPeV. IQ 

PRVW cRPPeUciaO SURceVVeV, Whe BiRW QXPbeU Rf Whe PaWeUiaO iV VR OaUge WhaW iQWeUQaO 

SURceVVeV aUe cRQWUROOiQg Whe heaW WUaQVfeU UeVSRQVe. TheUPaO SURceVVeV caQ be 

YaOidaWed b\ XViQg WheUPRcRXSOeV iQ VWaWic ViWXaWiRQV, RU iQ SURceVV b\ XViQg V\VWePV 

VXch aV TTIV. 
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Chapter 3                                                                            

Materials and Methods 

3.1 IntrodXction  

ThiV chaSWeU diVcXVVeV Whe PaWeUiaOV aQd PeWhRdV XWiOiVed WhURXghRXW WhiV UeVeaUch. 

The fiUVW WhUee VecWiRQV cRQWaiQ iQfRUPaWiRQ UegaUdiQg Whe geQeUaO aSSURacheV RQ 

PaWeUiaOV aQd hRZ WR caOcXOaWe heaW WUaQVfeU efficieQc\, Whe heaW WUaQVfeU cRefficieQW iQ 

a SaVWeXUiVed SURceVV, Whe SUeSaUaWiRQ Rf TePSeUaWXUe TiPe IQWegUaWRUV (TTIV), aQ 

eQ]\Pe aP\OaVe acWiYiW\ aQaO\ViV aQd a SaVWeXUiVaWiRQ SURceVV YaOXe caOcXOaWiRQ 

(MehaXdeQ, 2007). The fRXUWh SaUW Rf WhiV ZRUN deVcUibeV aSSOicaWiRQV iQ a VWXd\ Rf 

Whe WheUPRcRXSOeV aQd TTI YaOidaWiRQ, XViQg bRWh a ZaWeU baWh aQd a VSUa\ 

SaVWeXUiVeU Uig aV iVRWheUPaO heaWiQg V\VWeP. SeYeUaO aVSecWV ZeUe iQYeVWigaWed 

iQcOXdiQg Whe heaW WUaQVfeU beWZeeQ a fRRd cRQWaiQeU aQd iWV eQYiURQPeQW, iWV effecW RQ 

WePSeUaWXUe, fOXid YiVcRViW\ aQd dUiYiQg fRUce. The heaW WUaQVfeU iQ a WZR-ShaVe OiTXid 

aQd VROid V\VWeP ZaV VWXdied bRWh iQ a ZaWeU baWh aQd a VSUa\ SaVWeXUiVaWiRQ 

e[SeUiPeQW. 

The SRWeQWiaO eQ]\PaWic acWiYiW\ Rf Whe WiPe WePSeUaWXUe iQWegUaWRUV (TTIV) Pade fURP 

BAA ( aV deVcUibed iQ ChaSWeU 2 ) ZaV eYaOXaWed XViQg a PeOWieU VWage, Zhich caQ 

deOiYeU defiQed QRQ-iVRWheUPaO WePSeUaWXUe SURfiOeV. The aiPV Rf Whe ZRUN cRQdiWiRQV 

aUe WR deOiYeU YaUiabOe WePSeUaWXUe SURfiOeV, XViQg cRQWUROOed WePSeUaWXUe-WiPe 

SURgUaPPe WhaW caQ be XVed WR deUiYe WR WeVW aQd aSSO\ TTIV fRU Whe PiOd WheUPaO 

SURceVVeV aW Whe VXUface Rf SaVWeXUiVed SURdXcWV. AV diVcXVVed, Whe aiP Rf Whe ZRUN 
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iV WR ideQWif\ TTIV fRU Whe PiOd WheUPaO SURceVVeV RQ Whe VXUface Rf SaVWeXUi]ed 

SURdXcWV ZheWheU iW iV SRVVibOe WR deWeUPiQe heaW WUaQVfeU aQd ZiWhiQ PRdeO 

eTXiSPeQW WR PiPic iQdXVWUiaO VXUface SaVWeXUiVaWiRQ.  

3.2 Materials 

3.2.1 Tris bXffer preparation  

A 0.05 M TUiV bXffeU, SH 8.6 ZaV SUeSaUed. A PaVV 6.057 g Rf TUi]Pa baVe 

(C4H11NO3) ZaV diVVROYed iQ diVWiOOed ZaWeU aQd adMXVWed WR Whe WaUgeWed SH YaOXe Rf 

8.6 XViQg h\dURchORUic acid. AfWeU WhaW, Whe UeTXiUed aPRXQW Rf diVWiOOed ZaWeU ZaV 

added WR Ueach a WRWaO YROXPe Rf 1000 PO aQd Whe VROXWiRQ ZaV WheQ VWRUed aW URRP 

WePSeUaWXUe. 

 3.2.2 Am\lase solXtions preparation 

A cRQceQWUaWiRQ 10 Pg/PO Rf Į-aP\OaVe VROXWiRQ ZaV SUeSaUed. ThiV ZaV dRQe b\ 

diVVROYiQg 200 Pg Rf Į- aP\OaVe SRZdeU (iVROaWed fURP Bacillus amyloliuefaciens 

(BAA: A6380, SigPa, UK) iQWR 20 PO Rf 0.05 M TUiV bXffeU VROXWiRQ. The SUeSaUed 

aP\OaVe VROXWiRQ ZaV VWRUed aW -18�C.  The SH acWiYiW\ UaQge fRU BAA ZaV beWZeeQ 

5.5 aQd 6.5, ZiWh Whe RSWiPXP acWiYiW\ UaWe beiQg UeSRUWed fRU a SH YaOXe Rf 5.9 aQd aW 

a WePSeUaWXUe Rf 65ÛC. 

3.2.3 TemperatXre Time Integrators (TTIs) preparation 

TePSeUaWXUe TiPe IQWegUaWRUV (TTIV) ZeUe SUeSaUed accRUdiQg WR Whe PeWhRd 

SURYided b\ TXcNeU (2002) aQd MehaXdeQ et al. (2007). BAA TTIV ZeUe SUeSaUed b\ 
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addiQg Whe aP\OaVe VROXWiRQ (20 �O) iQWR high VWUeQgWh, VPaOO Vi]ed ViOicRQe WXbeV. TZR 

diffeUeQW Vi]ed WXbeV ZeUe XVed (AOWec, CRUQZaOO, UK):  2.0 PP aQd 2.5PP bRUe 

UeVSecWiYeO\ ZiWh a 0.5 PP WhicN ZaOO. FiUVWO\, Whe WXbeV ZeUe cXW iQWR 1.5 cP 

VegPeQWV aV VhRZQ iQ FigXUe 3.1. TheQ, RQe eQd Rf each WXbe Siece ZaV diSSed iQWR 

a ViOicRQe eOaVWRPeU (S\OgaUd 170, DRZ CRUQiQg, USA) WR SURdXce a VeaO WhaW ZaV 

aSSUR[iPaWeO\ 2-3 PP WhicN. AfWeU WhaW, Whe WXbeV ZeUe WUeaWed iQ a hRW aiU RYeQ aW 

70RC fRU 30 PiQXWeV. A YROXPe Rf 20 �O Rf Whe BAA VROXWiRQ ZaV iQMecWed iQWR Whe 

WXbeV XViQg a V\UiQge aQd Whe WXbeV ZeUe WheQ VeaOed Rff XViQg Whe S\OgaUd ViOicRQe 

eOaVWRPeU (aW a cROd WePSeUaWXUe). The eQcORVed TTI WXbeV ZeUe WheQ Ue-heaWed iQ 

hRW aiU RYeQ aW 40�C fRU aQRWheU 30 PiQXWeV. GiYeQ WhaW Whe acWiYiW\ Rf aP\OaVe caQ 

eaViO\ be deVWUR\ed b\ heaW, iW iV iPSRUWaQW WR PaiQWaiQ heaWiQg WePSeUaWXUeV beORZ 

40�C aW a dXUaWiRQ QR ORQgeU WhaQ 30 PiQXWeV SeU VaPSOe (TXcNeU, 2008). The UeadiO\ 

SUeSaUed TTIV ZeUe WheQ VWRUed iQ TUiV bXffeU VROXWiRQ iQ a fUee]eU fRU XS WR 6 PRQWhV. 

 

 

FigXre 3. 1: PictXre shoZing real si]e TTI tXbe. 
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3.2.4 FlXids preparation 

FOXidV ZiWh ViPiOaU YiVcRViWieV WR WhRVe Rf UeaO fRRdV, cRUQ VWaUch aQd gXaU gXP, ZeUe 

VWXdied WR fiQd Whe effecW Rf YiVcRViW\ RQ WheUPaO SURceVV efficieQc\. The fOXidV XVed 

fRU Whe e[SeUiPeQWV ZeUe:  

(i) ZaWeU,  

(ii) a VROXWiRQ Rf 4% (Z/Y) Rf PRdified cRUQ VWaUch (CROfOR 67, NaWiRQaO 

SWaUch & ChePicaOV, MaQcheVWeU UK),  

(iii) a VROXWiRQ Rf 4% (Z/Y) Rf SUe-geOaWiQiVed PRdified cRUQ VWaUch,  

(iY)  a VROXWiRQ Rf 1% (Z/Y) Rf gXaU gXP (G4129, SigPa AOdUich, UK) aQd  

(Y) a VROXWiRQ Rf 3% agaU (Z/Y) 

CROfOR 67 aQd gXaU gXP aUe XVed aV WhicNeQiQg aQd VWabiOiViQg ageQWV iQ Whe fRRd 

iQdXVWU\ aQd WheUefRUe aUe diUecWO\ UeOeYaQW WR WhiV VecWiRQ Rf VWXd\. CROfOR 67 QRUPaOO\ 

VWaUWV WR geOaWiQiVe aW 69�C aQd iWV Pa[iPXP YiVcRViW\ iV Ueached aW 80-85�C. GXaU 

gXP VROXWiRQV aUe QRQ-NeZWRQiaQ fOXidV ZiWh a gRRd VWabiOiW\ beWZeeQ SH 1 aQd 11.  

The VROXWiRQV Rf iQWeUeVW (Whe 4% (Z/Y) cRUQ VWaUch VROXWiRQ, Whe VROXWiRQ Rf 4% (Z/Y) Rf 

SUe-geOaWiQiVed cRUQ VWaUch aQd Whe VROXWiRQ Rf 1% (Z/Y) Rf gXaU gXP) ZeUe SUeSaUed 

aV iW ZiOO be deVcUibed iQ SecWiRQ 3.7.1. 
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FRU e[SeUiPeQWV ZiWh VROidV, SRWaWReV ZeUe SXUchaVed fURP Whe Aldi cRQYeQieQW VWRUe 

ORcaWed QeaU Whe BiUPiQghaP UQiYeUViW\. The SRWaWReV ZeUe SeeOed aQd cXW iQWR 1 

cP3 SieceV, aQd ZeUe WheQ bOaQched fRU 5 PiQXWeV aW 80RC. FRU each VROXWiRQ, WZR 

VROidV fUacWiRQV Rf SRWaWR cXbeV ZeUe cRQVideUed, Zhich ZeUe 10% (Z/Z) aQd 50% 

(Z/Z). 

3.3 ConYectiYe heat transfer coefficient calcXlation 

AccRUdiQg WR IQcURSeUa et. al. (2006), WheUe aUe WhUee fXQdaPeQWaO fRUPV Rf heaW 

WUaQVfeU: cRQYecWiRQ, cRQdXcWiRQ aQd UadiaWiRQ. We caQ caOcXOaWed WheVe WhUee YaOXeV 

aV eTXaWiRQ aV eT 2.1 aQd eT.2.2  iQ VecWiRQ 2.2.1.  

GeQeUaOO\, heaWiQg iQ a VROid UeVXOWV iQ WePSeUaWXUe chaQgeV WhaW XVXaOO\ Oead WR 

iQWeUQaO WheUPaO gUadieQWV. If Whe VROid haV a high WheUPaO cRQdXcWiYiW\, hRZeYeU, Whe 

OXPSed aSSUR[iPaWiRQ caQ be XVed (IQcURSeUa et. al., 2006). A OXPSed heaW caSaciW\ 

V\VWeP PRdeO iV a ViPSOe V\VWeP iQ Zhich Whe WePSeUaWXUe chaQgeV Whe XQifRUPO\ 

WhURXghRXW a Siece Rf VROid (IQcURSeUa et. al., 2006). The OXPSed caSaciWaQce PeWhRd 

caQ be XVed WR VWXd\ heaW WUaQVfeU WR a VROid, iQ aQ e[SeUiPeQW ZheUe Whe VROid iV 

affecWed RQO\ b\ iWV WheUPaO eQYiURQPeQW. GiYeQ WhaW Whe VROid ZiOO e[hibiW aQd XQifRUP 

WePSeUaWXUe WhURXghRXW iQ, iW caQ be cRQVideUed a OXPSed V\VWeP. FURP Whe eQeUg\ 

baOaQce RQ Whe VROid aW a WiPe t, Whe UaWe Rf WheUPaO eQeUg\ giYeQ WR Whe fOXid PXVW 

eTXaO Whe UaWe Rf chaQge Rf Whe Whe iQWeUQaO eQeUg\. ThiV caQ be e[SUeVVed iQ Whe 

fROORZiQg fRUP: 

                       Eq (3.1) 
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ZheUe ȡ iV Whe deQViW\ (Ng/P3) Rf Whe VROid, Cp iV Whe VSecific heaW Rf Whe RbMecW (J/NgK) 

Vc iV Whe VROid YROXPe (P3) aQd T iV WePSeUaWXUe. CRQVecXWiYe PaQiSXOaWiRQ Rf 

eTXaWiRQ (3.1) ZiOO Oead WR Whe fROORZiQg WZR e[SUeVViRQV: 

           Eq (3.2) 

           Eq (3.3) 

ZheUe Ti iV Whe iQiWiaO WePSeUaWXUe Rf Whe RbMecW.  

3.4 Time TemperatXre Integrators (TTIs) 

3.4.1 Am\lase actiYit\ measXrement  

The RaQdR[ AP\OaVe TeVW PeWhRd (AY 1582 AP\OaVe; EWh\OideQe PNPG7 PeWhRd) 

(RaQdR[, 2010) ZaV XVed WR PeaVXUe aP\OaVe acWiYiW\. EWh\OideQe-bORcNed S-

QiWURSheQ\O-PaOWRheSWaRVide ZaV XVed aV Whe VXbVWUaWe, aQd ZaV UedXced b\ 

aP\OaVe. The UeVXOWiQg VROXWiRQ ZaV WheQ h\dURO\Ved b\ Į-gOXcRVidaVe WR \ieOd 

gOXcRVe aQd a \eOORZiVh VROXWiRQ Rf S-QiWURSheQRO. The cRQceQWUaWiRQ Rf S-QiWURSheQRO 

(\eOORZ cRORXU) ZaV deWeUPiQed b\ PeaVXUiQg Whe abVRUbaQce XViQg a 

VSecWURShRWRPeWeU. The fROORZiQg SURcedXUeV ZeUe XQdeUWaNeQ: 

1) A VaPSOe Rf 10 �O ZaV WaNeQ fURP Whe TTIV XViQg a V\UiQge; iW ZaV SOaced iQWR a 1 

PO cXYeWWe aQd diOXWed ZiWh 290 ȝO Rf Whe TUiV bXffeU.  A YROXPe Rf 1PO Rf Whe eQ]\Pe 

aVVa\ UeageQW fURP Whe RaQdR[ (UK) ZaV WheQ added. AfWeU WhaW, Whe cXYeWWe ZaV 

iPPediaWeO\ SOaced iQWR a VSecWURShRWRPeWeU ceOO aQd Whe abVRUbaQce aW a 
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ZaYeOeQgWh Rf 405 QP ZaV PeaVXUed. The abVRUbaQce YaOXeV ZeUe UecRUded aW 0, 1, 

2, 3 aQd 4 PiQXWe. The diffeUeQW abVRUbaQce YaOXe (ǻA)  caQ be caOcXOaWed fURP  Whe 

diffeUeQce Rf Whe fiQaO abVRUbaQce YaOXeV (A aW W=4 PiQ) aQd Whe iQiWiaO abVRUbaQce 

YaOXeV (A aW W=0 PiQ) 

2) The aP\OaVe acWiYiW\ (RaQdR[, 2010) caQ be caOcXOaWed aV:  

AP\OaVe acWiYiW\(U/O )  = 4712 [ (ǻA)            Eq (3.4) 

ZheUe 'A iV Whe diffeUeQce beWZeeQ Whe fiQaO aQd iQiWiaO abVRUbaQce YaOXeV aW 405 QP. 

AccRUdiQg WR MehaXdeQ et al., (2007) aQd MehaXdeQ (2008), Whe UeacWiRQ UaWe caQ be 

caOcXOaWed XViQg WheVe daWa. AW a cRQVWaQW cRQceQWUaWiRQ Rf aP\OaVe, Whe iQiWiaO 

UeacWiRQ UaWe iV giYeQ b\: 

  UA = N f CBAA        Eq (3.5) 

ZheUe UA iV Whe UeacWiRQ UaWe, Nf iV Whe fiUVW RUdeU UaWe cRQVWaQW,  aQd CBAA iV Whe 

cRQceQWUaWiRQ Rf BLA (CRUQiVh-BRZdeQ aQd WhaUWRQ, 1988). The abVRUbaQce VORSe 

aQd WiPe daWa ZeUe cROOecWed fURP Whe VSecWURShRWRPeWeU. TheQ Whe UeacWiRQ UaWe ZaV 

eVWiPaWed XViQg WhiV iQfRUPaWiRQ. HeQce, Whe iQiWiaO cRQceQWUaWiRQ Rf Whe VaPSOe 

(CBAA(0) )  aQd Whe iQiWiaO UaWe caQ be cRPSaUed.  

TheUefRUe, Whe iQiWiaO aQd Whe fiQaO eQ]\Pe acWiYiW\ UaWiR caQ be caOcXOaWed XViQg 

eTXaWiRQ (3.6): 
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                          Eq (3.6) 

3.4.2 Time TemperatXre Integrators (TTIs) calibration procedXre 

TR caOibUaWe Whe TTIV iV QeceVVaU\ WR VWXd\ WheiU behaYiRXU XQdeU NQRZQ cRQdiWiRQV 

(MehaXdeQ eW aO., 2007; MehaXdeQ eW aO., 2008; TXcNeU, 2009), Whe iQfOXeQce Rf WiPe 

aQd WePSeUaWXUe RQ eQ]\Pe acWiYiW\ ZaV WhXV iQYeVWigaWed.  The BAA TTIV ZeUe 

SOaced iQWR a ZaWeU baWh aW fiYe diffeUeQW WePSeUaWXUeV (65�C, 70�C, 75�C, 80�C, aQd 

85�C). The TTI VaPSOeV ZeUe UePRYed fURP Whe ZaWeU baWh aW diffeUeQW WiPe iQWeUYaOV 

VWaUWiQg aW 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25, 30, 35, 40 aQd 50 PiQXWeV, 

UeVSecWiYeO\. The\ ZeUe WheQ cRROed dRZQ iPPediaWeO\ iQ aQ ice-cROd ZaWeU baWh WR fi[ 

Whe aP\OaVe acWiYiW\ XQWiO VXch VaPSOeV cRXOd be aQaO\Ved. SXbVeTXeQWO\, a V\UiQge 

ZaV XVed WR WaNeQ Whe eQ]\Pe VROXWiRQ fURP Whe WXbe VR WhaW Whe aP\OaVe acWiYiW\ ZaV 

deWeUPiQed aV deVcUibed abRYe iQ SecWiRQ 3.4.1.  

3.4.3 TTIs calibration cXrYe 

TTI caOibUaWiRQ cXUYeV ZeUe SORWWed iQ Whe Za\ defiQed iQ SUeYiRXV VWXdieV (MehaXdeQ 

eW aO., 2007; MehaXdeQ eW aO., 2008; TXcNeU, 2009). UViQg Whe daWa Rf aOO e[SeUiPeQWV 

Whe caOibUaWiRQ cXUYe Rf TTI fURP BAA ZaV SORWWed VR WhaW Whe D aQd Z YaOXeV cRXOd be 

caOcXOaWed. The iQiWiaO eQ]\Pe acWiYiW\ (X0) iV Whe aYeUage Rf WhUee XQheaWed TTI 

VaPSOeV. The TTI caOibUaWiRQ cXUYe VhRZV Whe UeOaWiRQVhiS beWZeeQ log(X/X0) YeUVXV 

WiPe. The VORSe Rf each WePSeUaWXUe ZaV XVed WR deWeUPiQe Whe D YaOXe. The cXUYeV 

ZeUe fiWWed XViQg MicURVRfW E[ceO 2010 VRfWZaUe. 
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FigXUe 3.2 VhRZV Whe UeOaWiRQVhiS beWZeeQ Whe heaWiQg WiPeV aQd ORgaUiWhP Rf Whe 

fiQaO UaWe Rf eQ]\Pe acWiYiW\ diYided b\ Whe iQiWiaO UaWe Rf eQ]\Pe acWiYiW\ Rf TTIV Pade 

fURP BAA aW fiYe diffeUeQW WePSeUaWXUeV. The D YaOXeV ZeUe caOcXOaWed fURP ±1/VORSe.  

 

FigXre 3. 2: BAA TTIs calibration cXrYe. 

3.4.4 CalcXlating the D-YalXes and ] YalXes  

AccRUdiQg WR MehaXdeQ (2008), Whe ] YaOXe UeSUeVeQWV Whe UeOaWiRQVhiS beWZeeQ Whe 

DT YaOXeV aQd WePSeUaWXUe. IW caQ be caOcXOaWed XViQg eTXaWiRQ (3.7) VhRZQ beORZ. 

DT YaOXeV ZeUe deWeUPiQed aW WhUee diffeUeQW WePSeUaWXUeV (75, 80, aQd 85�C) aQd 

Whe ] YaOXeV ZeUe RbWaiQed fURP Whe YaUiaWiRQ Rf Whe DT YaOXe. HeQce, Whe ] YaOXe caQ 

be caOcXOaWed fURP Whe DT YaOXeV XViQg: 
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    ] =                    Eq  (3.7) 

ZheUe  DT2  aQd  DT1  aUe Whe deciPaO UedXcWiRQ WiPeV aW T2 aQd T1. 

FURP SecWiRQ 3.4.3, D YaOXeV fRU aOO WePSeUaWXUe aQd eQ]\Pe ZeUe caOcXOaWed fURP ±

1/VORSe Rf each OiQe iQ FigXUe 3.2. D YaOXeV Rf BAA caOcXOaWed aW 65�C, 70�C, 75�C, 

80�C, aQd 85�C aUe 48, 42, 25, 11, aQd 6 PiQXWeV, UeSecWiYeO\. A gUaSh VhRZiQg ORg 

DT agaiQVW Whe heaWiQg WePSeUaWXUe fRU TTI Pade fURP BAA iV VhRZQ beORZ iQ FigXUe 

3.3.  The VORSeV Rf WheVe gUaShV ZeUe XVed WR deWeUPiQe Whe ] YaOXe XViQg eTXaWiRQ 

(3.7) (MehaXdeQ et al., 2007; MehaXdeQ et al., 2008; TXcNeU, 2009). The YaUiaWiRQV 

Rf D YaOXeV ZeUe XVed WR caOcXOaWe Whe Z YaOXeV, UeVXOWiQg iQ 16.0 �C aW 80�C fRU WhiV 

UeVeaUch.   

 

FigXre 3. 3: Logarithm of the DT YalXes against temperatXre for Z YalXe calcXlation. 
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3.4.5 P- YalXe calcXlation 

The PaiQ NiQeWic SaUaPeWeU XVed WR eQVXUe VafeW\ iV WhaW Rf Whe NiQeWicV Rf WheUPaO 

deaWh Rf PicURRUgaQiVPV. TTIV VhRXOd haYe WePSeUaWXUe-iQdXced deQaWXUaWiRQ 

NiQeWicV WhaW aUe cORVe WR Whe deaWh NiQeWicV Rf Whe WaUgeWed PicURRUgaQiVPV; ideaOO\ 

Whe WePSeUaWXUe VeQViWiYiW\ Rf Whe UaWe cRQVWaQW (] RU Ea YaOXe) Rf Whe TTI aQd Whe 

PicURRUgaQiVPV VhRXOd be eTXaO (MehaXdeQ et al., 2007; MehaXdeQ et al., 2008; 

TXcNeU, 2009). HeaW efficieQc\ RU SURceVV YaOXeV caQ be caOcXOaWed iQ WeUPV Rf F-

YaOXeV (fRU VWeUiOiVaWiRQ) RU P-YaOXeV (fRU SaVWeXUiVaWiRQ) aV fROORZV: 

                 Eq  (3.8) 

ZheUe, T(t)  iV  Whe SURdXcW WePSeUaWXUe (RC), Tref  iV Whe UefeUeQce WePSeUaWXUe fRU 

Whe DT YaOXe (RC), W iV Whe SURceVV WiPe (PiQXWeV), ] iV Whe ] YaOXeV Whe QXPbeU Rf 

degUeeV ceQWigUade Qeeded WR bUiQg abRXW 10 WiPeV chaQge iQ deciPaO UedXcWiRQ 

WiPe. The P YaOXeV Rf a SURceVV haYe Whe diPeQViRQ Rf WiPe;, aV iW iV Whe WiPe WhaW Whe 

SURceVV ZRXOd WaNe if caUUied RXW aW Whe UefeUeQce WePSeUaWXUe. AV ZeOO aV fURP Whe 

iQWegUaO fRUP SUeVeQWed abRYe, Whe P YaOXeV caQ be caOcXOaWed fURP Whe UeOaWiYe 

cRQceQWUaWiRQ Rf RUgaQiVPV WRR, aV VhRZQ iQ Whe VecRQd SaUW Rf Whe eTXaWiRQ (3.8). 

TheUe, N iV QXPbeU Rf PicURRUgaQiVPV, DT(V) iV (deciPaO UedXcWiRQ WiPe) WiPe 

QeceVVaU\ WR UedXce Whe QXPbeU Rf PicURRUgaQiVPV b\ 90%.  
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3.5 E[perimental apparatXs 

3.5.1 InstrXmentation of Yessel  

ThiV UeVeaUch ZaV VeW XS WR iQVWUXPeQW ZiWh bRWh WheUPRcRXSOeV iQWR a YeVVeO aQd iWV 

eQYiURQPeQW (bRWh a ZaWeU baWh aQd a PXWi MeW). A 330 PO gOaVV MaP MaU (76 PP iQ 

diaPeWeU [ 95 PP iQ OeQgWh [ 3 PP WhicNQeVV) ZaV XVed aV cRQWaiQeU. The bRWWRP Rf 

MaU haYe a cRQcaYe bRWWRP. A VPaOO hROe ZaV Pade iQ Whe cRQWaiQeU Oid WR aOORZ a 

WUaQVSaUeQW SRO\YiQ\OchORUide WXbe WR SaVV WhURXgh WR fiW Whe K-W\Se WheUPRcRXSOeV. 

The MaU ZaV ViiWiQg RQ Whe bRWWRP Rf Whe ZaWeU baWh. The heaWiQg aQd cRROiQg 

WePSeUaWXUeV ZeUe PeaVXUed iQ eighW ORcaWiRQV VhRZQ iQ FigXUe 3.4 aQd aOVR OiVWed 

Qe[W: 

1) ORcaWiRQ 1 iV aW Whe ceQWUe (R) aQd Whe bRWWRP (1/4H), 

2) ORcaWiRQ 2 iV aW Whe ceQWUe (R)  aQd Whe haOf heighW (1/2H),  

3) ORcaWiRQ 3 iV aW ceQWUe (R) aQd Whe WRS Rf MaU (3/4H), 

4) ORcaWiRQ 4 iV aW Whe ò Rf UadiXV(1/2R) aQd Whe haOf heighW (1/2H),  

5) ORcaWiRQ 5 iV aW Whe ó Rf UadiXV(1/4R) aQd Whe haOf heighW (1/2H),  

6) ORcaWiRQ 6 iV aW Whe iQVide MaU ZaOO , 

7) ORcaWiRQ 7 iV aW Whe  RXWVide MaU ZaOO aQd, 

8) ORcaWiRQ 8 iV aW ZaWeU iQ ZaWeU baWh 
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FigXre 3. 4:  ThermocoXples set Xp for the jar Yessel emplo\ed in the pasteXrisation 

e[periments. 

EighW caOibUaWed WheUPRcRXSOeV (W\Se K) aQd daWa ORggeUV (PRdeO: USB TC-08 

TheUPRcRXSOe DaWa LRggeU, PicR TechQRORg\, UK, haYiQg a WePSeUaWXUe accXUac\ Rf 

�1ÛC) ZeUe XVed. SaPSOe VROXWiRQV ZeUe added iQWR Whe cRQWaiQeUV aW aPbieQW 

WePSeUaWXUe, ZiWh 5% headVSaceV.  HeaWiQg ZaV SURYided eiWheU b\ iPPeUViRQ iQWR a 

ZaWeU VSUa\ RU b\ SOaciQg Whe YeVVeO XQdeU a ZaWeU baWh aW 60RC, 70RC, aQd 80RC. 

Each e[SeUiPeQW iQYROYed heaWiQg fRU 30 PiQXWeV aQd VXbVeTXeQWO\ cRROiQg dRZQ fRU 

10 PiQXWeV.  

3.5.2 Water bath  

GeQeUaOO\, WheUPRcRXSOeV aUe XVed WR PeaVXUe Whe effecWV Rf WheUPaO SURceVVeV. 

BefRUe XWiOiViQg Whe TTIV, Whe fiUVW VWeS iQ Whe VWXd\ XVed RQO\ WheUPRcRXSOeV WR 

chaUacWeUiVe heaW WUaQVfeU iQ a gOaVV cRQWaiQeU dXUiQg SaVWeXUiVaWiRQ. The aiP Rf WhiV 
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fiUVW SaUW Rf Whe VWXd\ ZaV WR eYaOXaWe Whe WePSeUaWXUe SURfiOeV aQd heaW WUaQVfeU 

behaYiRXU beWZeeQ Whe hRW ZaWeU baWh, Whe gOaVV MaU cRQWaiQeU, Whe fOXid iQVide Whe MaU 

aQd Whe P YaOXeV. The ZaWeU baWh e[SeUiPeQWaO VeW XS iV VhRZQ iQ FigXUe 3.5. 

PaUaPeWeUV iQYeVWigaWed iQ VXbVeTXeQW ChaSWeUV iQcOXde (i) WePSeUaWXUe Rf Whe ZaWeU 

baWh, (ii) ZaWeU baWh cRQdiWiRQ RU cRQYecWiRQ PRde effecW (fRUced aQd QaWXUaO 

cRQYecWiRQ, i.e. ZiWh RU ZiWhRXW ZaWeU baWh VWiUUiQg), (iii) YiVcRViW\ Rf Whe fOXid iQVide Whe 

MaU cRQWaiQeU, (iY) cRQWaiQeU Vi]e aQd (Y) SeUceQWage Rf headVSace (VSace beWZeeQ 

VXUface Rf VROXWiRQ aQd Oid Rf cRQWaiQeU). FROORZiQg, TTIV ZeUe aSSOied aOVR WR Whe 

cRQdiWiRQV aQaO\Ved iQ Whe fiUVW VWeS, aQd Whe accXUac\ beWZeeQ TTIV aQd 

WheUPRcRXSOeV ZaV cRPSaUed.    

 

FigXre 3. 5:  Water bath e[perimental set Xp emplo\ed in this stXd\. 
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3.5.2.1 Effect of temperature, solution viscosity, convection mode, and container si]e 

on heat transfer in a water bath 

TheUPRcRXSOeV ZeUe XVed WR PeaVXUe Whe WheUPaO UeVSRQVe Rf Whe V\VWeP dXUiQg 

SaVWeXUiVaWiRQ. WaWeU aQd a 3% agaU VROXWiRQ, Zhich UeSUeVeQW Whe ViQgOe ShaVe fRU 

OiTXid (cRQYecWiRQ) aQd VROid (geO; cRQdXcWiRQ), ZeUe XVed WR iQYeVWigaWe Whe 

WePSeUaWXUe chaQgeV befRUe aQd afWeU Whe WheUPaO SURceVVeV. A 330 PO MaP MaU 

(76PP iQ diaPeWeU [ 95PP iQ OeQgWh) ZaV XVed aV a gOaVV cRQWaiQeU. The 

e[SeUiPeQWV ZeUe VeW XS aV deWaiOed iQ SecWiRQV 3.5.1 aQd 3.5.2. Each e[SeUiPeQW 

iQYROYed a heaWiQg VWage fRU 30 PiQXWeV fROORZed b\ a cRROiQg VWeS Rf 10 PiQXWeV.  

3.5.2.2 Effect of the container¶s headspace percentage on heat transfer in a water 

bath 

The iQYeVWigaWiRQ aOVR iQcOXded Whe effecW Rf diffeUeQW SeUceQWageV Rf Whe cRQWaiQeU¶V 

headVSace RQ Whe V\VWePV heaWiQg UaWe. FRU WhiV Siece Rf Whe VWXd\, e[SeUiPeQWV 

ZeUe cRQdXcWed iQ a VWiUUiQg ZaWeU baWh aW 70RC. FigXUe 3.6 VhRZV Whe fRXU ORcaWiRQV 

ZheUe WheUPRcRXSOeV ZeUe SRiQWed:  

1) ORcaWiRQ A: aW head VSace aQd iQQeU ZaOO Rf YeVVeO, 

2) ORcaWiRQ B: aW a cRQWaiQeU Oid,  

3) ORcaWiRQ C: aW fOXid VXUface, ceQWUe Rf MaU, aQd 
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4) ORcaWiRQ D: ZaWeU baWh  

AV dRQe SUeYiRXVO\, Whe WePSeUaWXUe SURfiOeV, P YaOXeV aQd heaW WUaQVfeU cRefficieQWV 

ZeUe RbWaiQed fRU YaUiRXV WheUPaO WUeaWPeQWV fROORZiQg Whe SURcedXUe deWaiOed iQ 

SecWiRQ 3.5.2. 

 

FigXre 3. 6: locations of thermocoXples for an effect of percentage of headspace stXd\. 

3.5.2.3 Repeatability 

TR PaNe VXUe WhaW Whe UeVXOWV RbWaiQed WUXWhfXOO\ deVcUibe Whe behaYiRXU Rf Whe V\VWeP 

aQ e[SeUiPeQWaO eUURUV aQd VaPSOe YaUiabiOiW\ effecW RQ Whe PeaVXUePeQWV aUe 

PiQiPiVed, eYeU\ e[SeUiPeQW ZaV cRQdXcWed iQ WUiSOicaWe. FigXUe 3.7 VhRZV a W\SicaO 

e[aPSOe Rf Whe WUiSOicaWe WePSeUaWXUe SURfiOeV RbWaiQed dXUiQg Whe e[SeUiPeQWV. AV 

caQ be VeeQ, aOO WheP UeSUeVeQW Whe VaPe WheUPaO behaYiRXU ZiWhRXW VigQificaQW 

YaUiaWiRQV. 



ChaSWeU 3   MaWeUiaOV aQd MeWhRdV 

 

 

-78- 

 

 

(a) 

 

(b) 

FigXre 3. 7: TemperatXre profiles in triplicates: replication 1 (solid), replication 2 (dotted) and 
replication 3 (dashed) obtained dXring the pasteXrisation e[periments condXcted in the Zater 
bath for jars containing (a) Zater and (b) 3% (Z/Y) agar solXtion. The temperatXre of the Zater 
bath Zas 70oC in all cases. All the temperatXre profiles shoZn correspond to the center of the 
jar (location 1). 
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3.5.2.4 Heat transfer coefficient in the water bath 

TR caOcXOaWe Whe cRQYecWiYe heaW WUaQVfeU cRefficieQW chaUacWeUiVWic Rf Whe ZaWeU baWh 

RSeUaWiRQ Whe eQeUg\ baOaQce aURXQd Whe MaU ZaOO haV beeQ ePSOR\ed. The iQZaUd 

heaW fOX[ UiViQg Whe WePSeUaWXUe Rf Whe MaU iV a cRQYecWiYe fOX[ ± heaW WUaQVfeUUed fURP 

Whe heaWiQg PediXP (ZaWeU baWh) WR Whe MaU ZaOO: 

 Eq (3.9) 

ZhiOe Whe heaW WUaQVfeUUed WhURXgh Whe gOaVV ZaOO WR Whe MaU fiOOiQg SURdXcW iV a 

cRQdXcWiYe WeUP: 

 Eq (3.10) 

AV iQZaUd aQd RXWZaUd fOX[eV PXVW be eTXaO, Whe fROORZiQg UeOaWiRQVhiS iV RbWaiQed:  

 Eq (3.11) 

fURP ZheUe Whe heaW WUaQVfeU cRefficieQW h caQ be RbWaiQed RQce Whe e[WeUQaO aQ 

iQWeUQaO ZaOO WePSeUaWXUe WRgeWheU ZiWh Whe WePSeUaWXUe Rf Whe ZaWeU baWh aUe NQRZQ. 

IQ WhiV VWXd\, Whe UeadiQg Rf Whe WheUPRcRXSOeV ZiOO SURYide Whe UeTXiUed   ,   

aQd  daWa. 
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FigXre 3. 8: EqXiYalent thermal circXit considered in the calcXlations for conYectiYe heat 

transfer coefficient in the Zater bath. 

3.5.3 ShoZer spra\ Yessel 

FigXUe 3.9 VhRZV Whe VSUa\ SaVWeXUiVeU Uig bXiOW WR PiPic aW Oab VcaOe Whe RSeUaWiRQ Rf 

a UeaO SaVWeXUiVaWiRQ WXQQeO.  The VSUa\ VhRZeU XQiW cRQViVW Rf a PeWaOOic bR[ Rf 

diPeQViRQV 50cP [ 50 cP [ 100 cP (OeQgWh [ ZidWh [ heighW). TePSeUaWXUe Rf Whe 

V\VWeP ZaV cRQWUROOed b\ a WheUPRVWaW aW Whe feed WaQN. The hRW ZaWeU ZaV SXPSed 

WR a PXOWiMeW head.  The WePSeUaWXUe aW Whe QR]]Oe ZaV PeaVXUed aQd cRQWUROOed. HRW 

ZaWeU afWeU Whe SaVWeXUiVaWiRQ SURceVV  ZaV WheQ UeciUcXOaWed WR feed WaQN. WaWeU 

fORZUaWe ZaV cRQWUROOed b\ SXPS VSeed.  MXOWiMeW VSecificV aUe aV fROORZV; VSUa\ 

QR]]Oe ZaV a 120 degUee VSUa\ aQgOe 

-single jet iV a fUee eQd QR]]Oe ZiWh 1.5 PP diaPeWeU  

-multijet : aOO ZaWeU fORZ ZaV cRQWUROOed fORZ diUecWO\ WR Whe WRS Rf MaU. The ZaWeU fORZ 

aUea ZaV OiPiWed WR 7.6 PP diaPeWeU. 
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The ZaWeU WePSeUaWXUe afWeU Whe SURceVV dURSSed b\ aURXQd 2-4 0C 

 

FigXre 3. 9: Spra\ pasteXrisation rig bXilt for this stXd\. 

 

FigXre 3. 10: PictXre of one of the spra\ pasteXrisation e[periments performed in the 

spra\ rig shoZing the placement of the jar and the operation of the s\stem. 
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3.5.3.1 Effect of temperature, solution viscosity, and container arrangement on the 

spray pasteurisation heat transfer dynamics 

TR VWXd\ aQd beWWeU XQdeUVWaQd Whe fXQdaPeQWaO aVSecWV Rf heaW WUaQVfeU iQ a VSUa\ 

SaVWeXUiVaWiRQ SURceVV, a ViPSOe VhRZeU ZaV aSSOied WR ViPXOaWe a SaVWeXUiVaWiRQ 

WXQQeO. 

IQ WhiV SaUW Rf UeVeaUch, WePSeUaWXUe SURfiOeV aQd heaW WUaQVfeU behaYiRXU Rf Whe 

VhRZeU, Whe MaU cRQWaiQeU aQd Whe fOXid iQVide Whe MaU ZeUe iQYeVWigaWed, aV dRQe ZiWh 

Whe ZaWeU baWh e[SeUiPeQW iQ SecWiRQ 3.5.2.  ReVXOWV RbWaiQed ZeUe WheQ cRPSaUed WR 

Whe heaW WUaQVfeU SURfiOe acTXiUed dXUiQg Whe VSUa\-SaVWeXUiVed SURceVV.  

JaUV ZeUe eTXiSSed ZiWh WheUPRcRXSOeV aQd ZeUe fiOOed ZiWh (i) ZaWeU (ii) 3% (Z/Y) 

agaU VROXWiRQ aQd (iii) 3% (Z/Y) cRUQ VWaUch VROXWiRQ. E[SeUiPeQWaO YaUiabOeV 

SRWeQWiaOO\ affecWiQg Whe heaW WUaQVfeU d\QaPicV dXUiQg Whe VSUa\ SaVWeXUiVaWiRQ 

SURbOeP iQcOXde YiVcRViW\ (ZaWeU, 3% (Z/Y) agaU aQd 3% cRUQ-VWaUch VROXWiRQ), 

WePSeUaWXUe (60, 70 aQd 80RC) aQd VhRZeU fORZ UaWe (fURP 0.5 O/PiQ WR 1 O/PiQ) ZeUe 

aOO iQYeVWigaWed. The P YaOXeV ZeUe caOcXOaWed aV e[SOaiQed iQ SecWiRQ 4.3.5.  

3.5.3.2 Heat transfer coefficient of a falling film 

A OXPSed SaUaPeWeU e[SeUiPeQW ZaV VeW XS fRU Whe deWeUPiQaWiRQ Rf Whe cRQYecWiYe 

heaW WUaQVfeU cRefficieQW beWZeeQ VSUa\ fiOP aQd YeVVeO. AQ aOXPiQXP bORcN ZaV XVed 

iQ WhiV OXPSed VWXd\. The heaWiQg WaQN WePSeUaWXUe ZaV VeW XS WR aSSUR[iPaWeO\ 

45RC. SSUa\ ZaWeU fURP Whe heaWiQg WaQN ZaV VSUa\ed RQWR Whe aOXPiQiXP bORcN aW a 
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VeW fORZ UaWe, ZhiOVW WePSeUaWXUe UeadiQgV aQd WiPe ZeUe ViPXOWaQeRXVO\ b\ Whe 

VRfWZaUe PRQiWRUiQg Whe WheUPRcRXSOeV. The aOXPiQiXP bORcN ZaV SOaced iQWR Whe 

YeVVeO afWeU Whe fORZ UaWe aQd UecRUdiQgV had begXQ. A QRWe Rf Whe WiPe aW Zhich Whe 

aOXPiQiXP bORcN ZaV eQWeUed ZaV Pade aQd daWa befRUe WhiV WiPe ZaV OaWeU 

diVUegaUded. OQce a VWead\ WePSeUaWXUe Rf 45RC ZaV Ueached, Whe SOaWe ZaV 

UePRYed fURP Whe VSUa\ aQd OefW WR cRRO WR URRP WePSeUaWXUe. TePSeUaWXUe ZaV 

PeaVXUed RQ Whe VXUface aQd iQ Whe ceQWUe Rf Whe aOXPiQiXP bORcN WhURXghRXW Whe 

heaWiQg aQd cRROiQg SURceVVeV.  

The heaW WUaQVfeU cRefficieQW ZaV caOcXOaWed XViQg Whe OXPSed caSaciWaQce PeWhRd aV 

VhRZQ iQ eTXaWiRQ (3.12) beORZ (IQcURSeUa et. al., 2006):  

 

Eq (3.12) 

ZheUe ȡ  aQd Cp aUe Whe deQViW\ (Ng/P3) aQd heaW caSaciW\ (J/NgK) Rf aOXPiQiXP, 

UeVSecWiYeO\, aQd Tinf iV Whe WePSeUaWXUe Rf Whe ZaWeU iQ Whe heaWiQg WaQN iQ WhiV 

SaUWicXOaU caVe. 

 FURP VecWiRQ 2.5 chaSWeU 2, Eq (2.14) The Biot QXPbeU iV XVXaOO\ ePSOR\ed 

XVed WR deWeUPiQe ZheWheU a V\VWeP iV OXPSed RU QRW, aQd iW iV defiQed aV fROORZV 

(IQcURSeUa et. al., 2006):  

                                                         Eq (2.14) 

 



ChaSWeU 3   MaWeUiaOV aQd MeWhRdV 

 

 

-84- 

 

3.6 Heat transfer in a tZo-phase (solid-liqXid) s\stem  

AV diVcXVVed iQ ChaSWeUV 1 aQd 2, PaQ\ fRRd PaWeUiaOV aUe WZR-ShaVe. IQ WhiV SaUW Rf 

Whe e[SeUiPeQW, a WZR-ShaVe VROid-OiTXid V\VWeP ZaV XVed aV a VXbVWiWXWiRQ WR PiPic 

Whe SURSeUWieV Rf UeaO fRRd WhaW haYe ViPiOaU VROid aQd OiTXid SURSRUWiRQV OiNe WhaW aV 

VRXS, VaOVa, aQd VaXceV. The aiP Rf WhiV UeVeaUch ZaV aOVR WR eYaOXaWe Whe XVe Rf 

TTIV aV a SRWeQWiaO iQdXVWUiaO WRRO WhaW caQ be aSSOied dXUiQg PiOd SaVWeXUiVaWiRQ aQd 

caQ be XVed WR RSWiPiVe WheUPaO SURceVVeV iQ fRRd iQdXVWUiaO fOXid VWXdieV. The 

YaUiaWiRQ iQ WePSeUaWXUe fRU fOXidV Rf diffeUeQW YiVcRViWieV aQd diffeUeQW aPRXQWV Rf 

VROidV ZiOO be iQYeVWigaWed aV iQ SecWiRQ 3.5. The iQYeVWigaWed SaUaPeWeUV iQcOXde fOXid 

YiVcRViW\ aQd SURSRUWiRQ Rf VROid aQd OiTXid. 

3.6.1 Solid-liqXid e[perimental set Xp 

FRU WhiV VecWiRQ, Whe aiP ZaV WR iQYeVWigaWe heaW WUaQVfeU iQ VROid- OiTXid Pi[WXUeV 

dXUiQg PiOd WheUPaO SURceVViQg cRQdXcWed iQ a ZaWeU baWh. FigXUe 3.11 VhRZ Whe 

cRQWaiQeU Zhich ZaV SUeSaUed aQd fiWWed ZiWh QiQe caOibUaWed WheUPRcRXSOeV (W\Se K) 

Rf Zhich fiYe Rf WhRVe ZeUe XVed WR PeaVXUe Whe WePSeUaWXUe Rf Whe cRQWaiQeU aQd Whe 

fOXid. The UePaiQiQg fRXU WheUPRcRXSOeV ZeUe XVed WR PeaVXUe Whe WePSeUaWXUe Rf 

Whe SRWaWR aW YaU\iQg ORcaWiRQV (ceQWUe bRWWRP, haOf heighW aQd WRS Rf Whe cRQWaiQeU 

aQd ò Rf UadiXV) aV VhRZQ iQ FigXUe 3.11.  PaVWeXUiVaWiRQ e[SeUiPeQWV ZeUe caUUied 

RXW iQ Zhich: (i) Whe cRQWaiQeU ZaV SOaced iQ a Pi[iQg ZaWeU baWh aW 70RC, aV 

deVcUibed iQ SecWiRQ 3.5.2 (ii) Whe cRQWaiQeU ZaV SOaced XQdeU Whe VSUa\ headV aV 

deVcUibed iQ SecWiRQ 5.3.5. 
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FigXre 3. 11: Schematics of the Yessel emplo\ed dXring the tZo-phase pasteXrisation 

e[periments shoZing the locations Zhere the temperatXre has been measXred for both 

solid and liqXid phases. 
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Chapter 4                                                                                

EYalXation of mild thermal processes for food    

decontamination: Zater bath stXd\ 

4.1 IntrodXction  

PaVWeXUiVaWiRQ iV a PiOd heaW WUeaWPeQW caUUied RXW aW WePSeUaWXUeV ORZeU WhaQ 100RC 

ZiWh Whe aiP Rf PiQiPiViQg cRQceQWUaWiRQV Rf PicURRUgaQiVPV ZiWhiQ Whe fRRd SURdXcW 

aQd WhXV iQcUeaViQg iWV VheOf Oife (FeOORZV, 2000). IQdXVWUiaOO\, WhiV RSeUaWiRQ WaNeV 

SOace iQ ORQg WXQQeOV ZheUe Whe aOUead\ SacNaged fRRd SURdXcWV gR WhURXgh a VeUieV 

Rf ZaWeU MeWV/VSUa\V, Zhich aUe VeSaUaWed iQWR a QXPbeU Rf heaWiQg aQd cRROiQg ]RQeV 

(LeZicNi, 1983a, HRUQ eW. aO., 1997). ThiV iV a ZideO\ ePSOR\ed WechQRORg\, Zhich 

fiQdV aSSOicaWiRQV iQ aUeaV VXch aV bUeZiQg (HRUQ eW. AO., 1997, DiOa\ eW. aO., 2006, 

BhXYaQeVZaUi aQd AQaQdhaUaPaNUiVhQaQ, 2014), MXiceV (AgaQRYic eW. aO., 2014, 

SaiNia eW. aO., 2015, EVcXdeUR-LySe], eW, aO., 2016) RU VaXceV (FeOORZV, 2000). 

 

AOWhRXgh VSUa\ SaVWeXUiVaWiRQ iV cRQVideUed WR be a Vafe aQd UeOiabOe PeWhRd Rf fRRd 

aQd SacNage decRQWaPiQaWiRQ (BUiggV eW aO., 2004), iW iV aOVR aQ e[SeQViYe RSeUaWiRQ. 

AccRUdiQg WR BUiggV eW aO. (2004), iQ Whe bUeZiQg iQdXVWU\, iW iV Whe PRVW e[SeQViYe 

PeWhRd Rf SaVWeXUiVaWiRQ iQ WeUPV Rf bRWh caSiWaO aQd RSeUaWiQg cRVWV. Whe ZaWeU aQd 

eQeUg\ UeTXiUed WR heaW Whe VSUa\ ZaWeU defiQe Whe RSeUaWiQg cRVW, aQd Whe\ aUe 

cORVeO\ UeOaWed WR Whe efficieQc\ Rf Whe V\VWeP: WRR ORZ a ZaWeU fORZ SeU SacN ZRXOd 

giYe VORZ heaWiQg WR Whe SURceVV, Zhich cRXOd Oead WR biRORgicaO UiVNV, ZhiOVW WRR high 

a ZaWeU fORZ ZRXOd UeVXOW iQ heaW efficieQcieV WhaW ZRXOd be e[ceVViYe fRU a SURfiWabOe 
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RSeUaWiRQ. IQ WhiV SURceVViQg VceQaUiR, Whe RSWiPiVaWiRQ Rf Whe VWaQdaUd RSeUaWiRQ ± b\ 

iQcUeaViQg Whe RSeUaWiRQ efficieQc\ - cRXOd Oead WR VigQificaQW VaYiQgV iQ eQeUg\ aQd 

ZaWeU.  

 

HRZeYeU, WR cRQWURO Whe heaW WUaQVfeU UaWeV aQd RbWaiQ Whe deViUed ± RSWiPaO ± heaWiQg 

UaWeV aQd Vafe SURceVViQg YaOXeV, a deeSeU XQdeUVWaQdiQg Rf Whe V\VWeP heaWiQg 

d\QaPicV iV UeTXiUed. TR heOS ZiWh WhiV, a fiUVW aSSURach Rf SaVWeXUiVaWiRQ XViQg a 

ZaWeU baWh aV heaWiQg PediXP iV SUeVeQWed iQ WhiV chaSWeU. The ZaWeU baWh caQ be 

VeeQ aV Whe YeU\ XSSeU OiPiW Rf Whe VSUa\ SaVWeXUi]aWiRQ WXQQeO RSeUaWiRQ, ZheUe Whe 

heaW WUaQVfeU UaWe iV iQdeSeQdeQW Rf Whe VSUa\ fORZ (i.e. iQfiQiWe PaVV fORZ heaWiQg XS 

Whe SURdXcW aQd high BiRW QXPbeUV), VR heaW WUaQVfeU iV iQWeUQaOO\ cRQWUROOed.  

 

TR aQaO\Ve Whe heaWiQg d\QaPicV Rf Whe ZaWeU baWh V\VWeP, a VeUieV Rf e[SeUiPeQWV 

cRYeUiQg diffeUeQW SURceVV cRQdiWiRQV, cRQWaiQeU geRPeWUieV aQd fiOOiQg SURdXcW 

YiVcRViWieV haYe beeQ SeUfRUPed aW Oab VcaOe, aQd Whe UeVXOWV aUe SUeVeQWed Qe[W. 

 

The chaSWeU iV RUgaQi]ed aV fROORZV: SecWiRQ 4.2 SUeVeQWV Whe WheUPaO UeVSRQVe 

(e[SeUiPeQWaO WePSeUaWXUe-WiPe SURfiOeV) Rf Whe V\VWeP XQdeU diffeUeQW heaWiQg 

cRQdiWiRQV fRU a UaQge Rf fiOOiQg SURdXcWV e[hibiWiQg diffeUeQW YiVcRViWieV. The effecW Rf 

bRWh cRQWaiQeU Vi]e aQd headVSace RQ Whe heaWiQg d\QaPicV Rf Whe ZaWeU baWh 

V\VWeP iV aOVR aVVeVVed iQ WhiV VXbVecWiRQ. The SURceVV YaOXeV (P YaOXeV) UeVXOWiQg 

Rf iQWegUaWiQg WhRVe e[SeUiPeQWaOO\ RbWaiQed WePSeUaWXUe SURfiOeV aUe VhRZQ iQ 

SecWiRQ 4.3. IQ SecWiRQ 4.4 Whe TTI¶V SeUfRUPaQce iV eYaOXaWed aQd fiQaOO\ iQ SecWiRQ 

4.5 Whe heaWiQg d\QaPicV Rf a WZR-ShaVe (VROid-OiTXid) V\VWeP aUe diVcXVVed.  
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4.2 Characteri]ation of the thermal response of the Zater bath 

s\stem 

The WheUPaO UeVSRQVe Rf Whe V\VWeP WiPe-WePSeUaWXUe SURfiOeV - haV beeQ 

chaUacWeUi]ed WhURXgh a VeUieV Rf e[SeUiPeQWV cRQdXcWed iQ a ZaWeU baWh fRU a UaQge 

Rf diffeUeQW heaWiQg cRQdiWiRQV. The e[SeUiPeQWaO VeW XS fROORZV Whe deVigQ VhRZed iQ 

SecWiRQ 3.5. aQd FigXUe 3.4 

 

The heaWiQg aQd cRROiQg WePSeUaWXUeV ZeUe PeaVXUed iQ eighW ORcaWiRQV, aV VhRZQ iQ 

FigXUe 3.4, XViQg caOibUaWed WheUPRcRXSOeV (W\Se K) aQd daWa ORggeUV (PRdeO: USB 

TC-08 TheUPRcRXSOe DaWa LRggeU, PicR TechQRORg\, UK, haYiQg a WePSeUaWXUe 

accXUac\ Rf �0.5ÛC). The WePSeUaWXUe SURfiOeV ZeUe UecRUded eYeU\ VecRQd fRU 30 

PiQXWeV dXUiQg heaWiQg aQd 10 PiQXWeV cRROiQg. 

 

Table 4. 1: S\stems and e[perimental conditions emplo\ed in the Zater bath stXd\ 

 

SolXtion Container si]es (ml) ConYection mode T (oC) 

WaWeU 330 aQd 660 
FRUced aQd QaWXUaO 

cRQYecWiRQ 
60, 70, 80 

3%(Z/Y) AgaU 330 aQd 660 
FRUced aQd QaWXUaO 

cRQYecWiRQ 
60, 70, 80 

10%(Z/Y) SXgaU 330 aQd 660 
FRUced aQd QaWXUaO 

cRQYecWiRQ 
60, 70, 80 
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TabOe 4.1 VhRZV Whe diffeUeQW V\VWePV aQd cRQdiWiRQV ePSOR\ed dXUiQg Whe 

SaVWeXUiVaWiRQ e[SeUiPeQWV caUUied RXW iQ Whe ZaWeU baWh.  TePSeUaWXUe SURfiOeV, 

SURceVV YaOXeV (P YaOXeV) aQd heaW WUaQVfeU cRefficieQWV ZeUe RbWaiQed fRU aOO WheVe 

WheUPaO WUeaWPeQWV.  

 

The effecW Rf fiYe facWRUV - OiVWed Qe[W- RQ Whe WheUPaO UeVSRQVe Rf Whe V\VWeP ZaV 

eYaOXaWed: 

(i)  WaWeU baWh WePSeUaWXUe: 60RC, 70RC aQd 80RC.  

(ii) ViVcRViW\: XViQg ZaWeU, a 10% (Z/Y) VXgaU VROXWiRQ aQd a 3% (Z/Y) agaU 

VROXWiRQ aV fiOOiQgV.  

(iii) CRQYecWiRQ PRde: QaWXUaO cRQYecWiRQ aQd fRUced cRQYecWiRQ (i.e. VWiUUiQg ZaWeU 

baWh).  

(iY) CRQWaiQeU Vi]e: 330 PO (7.6 cP diaPeWeU [ 9.5 cP heighW) aQd 660 PO (8.7 cP 

diaPeWeU [ 15.7 cP heighW). 

(Y) HeadVSace: 5% aQd 10% Rf Whe cRQWaiQeU YROXPe. 

4.2.1 Effect of the heating temperatXre and fill liqXid Yiscosit\ 

FigXUe 4.1 VhRZV Whe PeaVXUed WePSeUaWXUe SURfiOeV fRU WhUee heaWiQg WePSeUaWXUeV 

iQ Whe ZaWeU baWh fRU (a) ZaWeU, (b) Whe 10 (Z/Y) % VXgaU VROXWiRQ aQd (c) Whe 3 % (Z/Y) 

agaU VROXWiRQ ZiWh 5% headVSace. The iQiWiaO WePSeUaWXUe iQ Whe WhUee V\VWePV ZaV 

aSSUR[. 20RC (URRP WePSeUaWXUe). TheVe WePSeUaWXUe SURfiOeV VhRZ:  

 

A UaSid heaWiQg fRU Whe ZaWeU fiOOiQg beWZeeQ Whe begiQQiQg Rf Whe e[SeUiPeQW XS WR 

aSSUR[. 800V, ZiWh Whe V\VWeP UeachiQg Whe ZaWeU baWh WePSeUaWXUe befRUe 1500V; a 
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UaSid cRROiQg caQ be aOVR RbVeUYed RQce Whe MaU ZaV UePRYed fURP Whe baWh (afWeU 

1800 V).  

 

FRU Whe 10% VXgaU VROXWiRQ, VOighWO\ VORZeU heaWiQg UaWe, ZiWh a VORZeU aSSURach WR 

Whe ZaWeU baWh WePSeUaWXUe (afWeU 1700V). 

 

FRU Whe 3% (Z/Y) agaU fiOOiQg, Whe gUaSh VhRZV (i) Whe VORZeVW WheUPaO UeVSRQVe, 

chaUacWeUiVWic Rf V\VWeP ZiWh high YiVcRViW\ RU VROidV (aQd cORVeU WR cRQdXcWiRQ-dUiYeQ 

d\QaPicV), ZiWh Whe V\VWeP WePSeUaWXUe VWiOO aSSURachiQg Whe ZaWeU baWh VeW SRiQW b\ 

Whe eQd Rf e[SeUiPeQWV (ii) QR cRROiQg VWage. 

 

FigXUe 4.2 VhRZV WePSeUaWXUe SURfiOeV fRU (a) Whe ZaWeU V\VWeP (ZiWh 5% headVSace), 

(b) Whe 10 (Z/Y)% VXgaU VROXWiRQ aQd (c) 3% (Z/Y) agaU VROXWiRQ. TabOe 4.2 OiVWV Whe 

YiVcRViW\ YaOXeV Rf each fiOOiQg SURdXcW. The VWaUWiQg WePSeUaWXUe Rf each e[SeUiPeQW 

ZaV aSSUR[. 20RC iQ aOO caVeV. The ZaWeU baWh ZaV heaWiQg XS Whe V\VWeP fRU 30 PiQ 

aW 70RC, ZhiOe Whe cRROiQg VWage ZaV VeW XS fRU 10 PiQXWeV. 

Table 4. 2: Fillings emplo\ed in tZo-phase e[periments and their Yiscosit\ YalXes (at 20oC.) 

Jar filling Viscosit\ (Pa s) Reference 

WaWeU 1.002[ 10-3 DeeQ (2016) 

10%(Z/Y) VXgaU 1.96[ 10-3 TeOiV eW aO (2007) 

3%(Z/Y) AgaU 1450 KaVaSiV (2009) 

Note: the 3% (w/v) agar had a hard gel texture. 
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(a) 

  

(b) 

 

(c) 
 

FigXre 4. 1 TemperatXre profiles obtained for heating temperatXres of 60 oC (dashed-dot), 70oC 

(dashed) and 80oC  (solid) in three different s\stems: (a) Zater, (b) 10% sXgar and (c) 3% agar. 
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IQ bRWh ZaWeU aQd VXcURVe V\VWePV Whe cROdeVW SRiQW ZaV fRXQd aW Whe bRWWRP Rf Whe 

MaU (ORcaWiRQ 1). TePSeUaWXUe YaOXeV iQcUeaVe ZiWh heighW (hRW VSRW aW ORcaWiRQ 3, WRS 

Rf Whe MaU), ZhiOe WheUe aUe QR VigQificaQW WePSeUaWXUe gUadieQWV RQ Whe UadiaO diUecWiRQ 

(ViPiOaU WePSeUaWXUe SURfiOeV aW ORcaWiRQV 2, 3, 4, aQd 5). The RbVeUYed heaWiQg 

d\QaPicV cRUUeVSRQd WR a V\VWeP ZheUe cRQYecWiRQ dUiYeV heaW WUaQVfeU iQ Whe 

SURdXcW: Whe fiOOiQg ZaWeU iV heaWed, WheQ e[SaQdV aQd UiVeV beiQg UeSOaced b\ cRROeU 

ZaWeU, fURP Whe Vide Rf ZaOO WR Whe ceQWUe Rf MaU.  

 

OQ Whe RWheU haQd, Whe 3% (Z/Y) agaU VROXWiRQ SUeVeQWV WePSeUaWXUe YaOXeV higheU aW 

Whe MaU ZaOO - i.e. cORVeU WR Whe heaW VRXUce - WhaW decUeaVe RQ Whe UadiaO diUecWiRQ, ZiWh 

Whe cROdeVW SRiQW ORcaWed aW Whe ceQWUe Rf Whe cRQWaiQeU (ORcaWiRQ 2). SXch heaWiQg 

d\QaPicV aUe chaUacWeUiVWic Rf cRQdXcWiRQ dUiYeQ heaWiQg VceQaUiRV, aV cRXOd be 

e[SecWed fRU a YiVcRXV fiOOiQg aV Whe 3% agaU VROXWiRQ VWXdied.  AV caQ be VeeQ iQ 

FigXUe 4.2(c) Whe WheUPaO UeVSRQVe iV Whe VORZeVW Rf Whe WhUee V\VWePV SUeVeQWed iQ 

WhiV VecWiRQ, ZiWh Whe SURdXcW WePSeUaWXUe VWiOO iQcUeaViQg (aQd Whe iQWeUiRU SRiQWV 20RC 

beORZ Whe ZaWeU baWh WePSeUaWXUe) b\ Whe fiQaO WiPe Rf Whe e[SeUiPeQW. 

 

FigXUe 4.3 iOOXVWUaWeV Whe diffeUeQceV beWZeeQ Whe heaWiQg d\QaPicV Rf Whe SURdXcW 

fiOOiQg e[hibiWiQg a higheU YiVcRViW\, i.e. Whe agaU VROXWiRQ, aQd Whe behaYiRXU Rf Whe 3% 

ZaWeU aQd VXgaU VROXWiRQ. IQ WhiV gUaSh Whe WePSeUaWXUe SURfiOeV cRUUeVSRQdiQg WR Whe 

ceQWUe Rf Whe MaU (ORcaWiRQ 2) fRU Whe WhUee SURdXcW fiOOiQgV aUe cRPSaUed. A faVWeU 

WheUPaO UeVSRQVe ZaV RbVeUYed aOVR fRU bRWh ZaWeU aQd a 10% VXgaU V\VWePV ± Whe 

RQeV ZiWh ORZeU YiVcRViWieV - dXUiQg Whe cRROiQg VWage, ZhiOe Whe 3% agaU ZaV VWiOO 

UeachiQg iWV higheVW WePSeUaWXUe aW Whe VaPe SURceVViQg WiPeV. 
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(a) 

 

(b) 

 

(c) 

FigXre 4. 2: TemperatXre profiles for three different solXtion s\stems: (a) Zater, (b) 10% (Z/Y) 

sXgar and (c) 3% (Z/Y) agar. The Zater bath heating temperatXre Zas 70oC. 
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FigXre 4. 3: TemperatXre profiles for s\stems e[hibiting different Yiscosit\ YalXes: Zater 

(solid), 10% sXgar (dotted) and 3% agar (dashed). The heating temperatXre Zas 70oC in all 

cases. The temperatXre profiles shoZn correspond to the centre of the jar (location 2). 
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(a) 

 

(b) 

 

(c) 

FigXre 4. 4:TemperatXre profiles at location 2 for forced (solid) and natXral (dashed) conYection 

in jars containing: (a) Zater, (b) 10% sXgar solXtion and (d) 3% agar solXtion for heating 

temperatXres of 60oC (blXe), 70oC (red) and 80oC (green). 
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4.2.3 Effect of conYection 

 

FigXUe 4.4 VhRZV Whe WiPe-WePSeUaWXUe SURfiOeV RbWaiQed fRU fRUced (VROid) aQd QaWXUaO 

(daVhed) cRQYecWiRQ PechaQiVPV iQ MaUV cRQWaiQiQg: (a) ZaWeU, (b) 10% VXgaU VROXWiRQ 

aQd (d) 3% agaU VROXWiRQ. The e[SeUiPeQWV ZeUe SeUfRUPed fRU heaWiQg WePSeUaWXUeV 

iQ Whe ZaWeU baWh Rf 60RC (bOXe), 70RC (Ued) aQd 80RC (gUeeQ) iQ Whe WhUee V\VWePV. IQ 

aOO caVeV, Whe SURfiOeV VhRZQ cRUUeVSRQd WR Whe ceQWUe Rf Whe MaU (ORcaWiRQ 2).  

 

The daWa Rf FigXUe 4.4 VhRZ Whe VaPe behaYiRXU iQ aOO e[SeUiPeQWV, fRU aOO heaWiQg 

WePSeUaWXUe aQd V\VWeP YiVcRViWieV, ZiWh faVWeU WheUPaO UeVSRQVeV fRU fRUced 

cRQYecWiRQ cRQdiWiRQV. AV e[aPSOe, V\VWeP iQ FigXUe 4.4(a) ± ZaWeU ± ZheUe Whe 

SURdXcW WePSeUaWXUe UeacheV Whe ZaWeU baWh YaOXe afWeU 1200V; fRU QaWXUaO cRQYecWiRQ 

Whe ZaWeU baWh WePSeUaWXUe ZaV Ueached aURXQd 1500V. 

4.2.3.1 Convective heat transfer coefficient in the water bath 

AV PeQWiRQed SUeYiRXVO\ (Vee SecWiRQ 3.3, heaW fURP Whe ZaWeU baWh PediXP ± ZaWeU 

± WR Whe SURdXcW cRQWaiQeU iV WUaQVfeUUed b\ cRQYecWiRQ. TR SURSeUO\ chaUacWeUiVe Whe 

WheUPaO UeVSRQVe Rf Whe V\VWeP, iW iV QeceVVaU\ WR PeaVXUe Whe cRQYecWiYe heaW 

WUaQVfeU cRefficieQW, aV WhiV SaUaPeWeU iV cRQWUROOiQg Whe iQcRPiQg heaW fOX[ (ET. 3.3).  

 

IQ WhiV VWXd\, Whe cRQYecWiYe heaW WUaQVfeU cRefficieQW fRU Whe ZaWeU baWh, hbath (W/P2K) 

iV eVWiPaWed fRU bRWh fUee aQd fRUced PechaQiVPV, i.e. QR VWiUUed aQd VWiUUed ZaWeU 

baWh, UeVSecWiYeO\, XViQg a WheUPaO UeViVWaQce aSSURach (IQcURSeUa aQd DeZiWW, 2002). 

UViQg Whe UecRUded WePSeUaWXUe SURfiOeV fRU Whe ZaWeU baWh aQd, Whe RXWeU aQd iQQeU 
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cRQWaiQeU ZaOOV, Whe heaW WUaQVfeU cRefficieQW hbath caQ be caOcXOaWed fURP Whe eQeUg\ 

baOaQce acURVV Whe cRQWaiQeU ZaOO: 

 
k

glaVV

T
Zall
oXW - T

Zall
in� �

d
glaVV

 h
baWh

T
baWh

- T
Zall
oXW� �

 
Eq. (4.1) 

TePSeUaWXUe SURfiOeV UecRUded fRU MaUV ZiWh (i) ZaWeU aQd (ii) agaU fiOOiQgV ZeUe 

ePSOR\ed fRU Whe heaW WUaQVfeU cRefficieQW caOcXOaWiRQV aQd UeVXOWV aUe SUeVeQWed 

beORZ iQ TabOe 4.3. AV e[SecWed, Pi[iQg cRQdiWiRQV iQ Whe ZaWeU baWh - fRUced 

cRQYecWiRQ - Oed WR a higheU heaW WUaQVfeU cRefficieQW hbath iQ aOO caVeV.  

 

The RUdeU Rf PagQiWXde fRXQd fRU hbath OieV ZiWhiQ Whe bRXQdV e[SecWed fRU Whe 

RSeUaWiRQ Rf a ZaWeU baWh. SigQificaQW eUURUV iQ Whe eVWiPaWiRQV aUe dXe WR Whe 

VeQVibiOiW\ Rf Whe caOcXOaWiRQ PeWhRd ZiWh UeVSecW WR WePSeUaWXUe RVciOOaWiRQV, aQd WR 

Whe faVW eTXiOibUaWiRQ Rf Whe V\VWeP WePSeUaWXUeV, aV caQ be dedXced b\ Whe ORZeU 

eUURUV cRPPiWWed ZheQ Whe daWa Rf Whe agaU VROXWiRQ ZaV cRQVideUed. 

 

Table 4. 3: ConYectiYe heat transfer coefficient in the Zater bath 

hbaWh (W/m2K) 

 Water Agar 

Tbath(oC) Free Forced Free Forced 

60 750 � 250 1600 � 730 430 � 200 1250 � 60 

70 1000 � 400 1880 � 730 440 � 200 1700 � 500 

80 700 � 280 1700 � 800 550 � 90 1550 � 570 

 

 



ChaSWeU 4         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: ZaWeU baWh VWXd\ 

    - 98 -

4.2.4 Effect of Container si]e 

FigXUe 4.5 VhRZV WePSeUaWXUe SURfiOeV cRUUeVSRQdiQg WR Whe V\VWePV ZiWh Whe ORZeVW 

aQd Whe higheVW YiVcRViW\ YaOXeV iQ WhiV VWXd\ ± i.e. ZaWeU aQd agaU, UeVSecWiYeO\ - fRU 

WZR diffeUeQW MaU Vi]eV:  330 PO (VROid) aQd 660 PO (daVhed) aQd fRU Whe WZR diffeUeQW 

cRQYecWiRQ PRdeV iQ Whe ZaWeU baWh (a) QaWXUaO cRQYecWiRQ aQd (b) fRUced cRQYecWiRQ. 

The heaWiQg WePSeUaWXUe Rf Whe ZaWeU baWh ZaV 70RC iQ aOO Whe e[SeUiPeQWV VhRZQ, 

aQd Whe daWa cRUUeVSRQdV WR Whe WheUPRcRXSOe SOaced aW Whe ceQWUe Rf Whe MaU (ORcaWiRQ 

2). 

 

The daWa cRUUeVSRQdiQg WR WheVe V\VWePV WheUPaO UeVSRQVe VhRZ WhaW MaUV Rf 330 PO 

YROXPe ZeUe heaWed faVWeU WhaQ Whe OaUgeU RQeV (600 PO) fRU bRWh ZaWeU aQd a 3% 

agaU caVeV. NR VigQificaQW diffeUeQceV iQ Whe heaWiQg d\QaPicV Rf Whe ZaWeU V\VWeP 

caQ be RbVeUYed. FRU agaU, Whe WheUPaO UeVSRQVe Rf Whe OaUge cRQWaiQeU ZaV PXch 

VORZeU, ZiWh a WePSeUaWXUe 15RC ORZeU WhaQ Whe VPaOO MaU YaOXe b\ Whe eQd Rf Whe 

e[SeUiPeQW, VhRZiQg Whe effecW Rf YiVcRViW\ RQ heaWiQg d\QaPicV.  
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(a) 

 

(b) 

FigXre 4. 5: TemperatXre profiles for tZo different jar si]es:  330 ml (solid) and 660 ml (dashed) 

and for (a) natXral conYection and (b) forced conYection in the Zater bath. The heating 

temperatXre of the Zater bath Zas 70oC in all the e[periments shoZn, and the data 

corresponds to the thermocoXple placed at the centre of the jar (location 2). 
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4.2.5 Effect of percentages of headspace  

 

IQ WhiV VXbVecWiRQ, Whe effecW RQ diffeUeQW SeUceQWageV Rf headVSace iQ Whe MaU haV 

beeQ iQYeVWigaWed fRU Whe caVe Rf a VWiUUiQg ZaWeU baWh ZiWh a heaWiQg WePSeUaWXUe Rf 

70RC; Whe heaWiQg aQd cRROiQg WiPeV ZeUe 30 PiQ aQd 10 PiQ, UeVSecWiYeO\. 

 

FigXre 4. 6: Location of thermocoXples for an effect of percentage of headspace stXd\. 

 

FigXUe 4.6 VhRZV Whe fRXU ORcaWiRQV ZheUe Whe WePSeUaWXUe haV beeQ PeaVXUed: Pid-

head VSace iQ cRQWacW ZiWh Whe iQQeU ZaOO Rf YeVVeO (ORcaWiRQ A), Oid (ORcaWiRQ B), aW 

fOXid VXUface (ORcaWiRQ C) aQd ZaWeU iQ ZaWeU baWh (ORcaWiRQ D). TePSeUaWXUe UeadiQgV 

ZeUe UecRUded eYeU\ VecRQd, aQd Whe WePSeUaWXUe SURfiOeV RbWaiQed aUe SUeVeQWed 

Qe[W iQ FigXUe 4.7. A VOighWO\ VORZeU heaWiQg caQ be VeeQ fRU Whe MaU ZiWh 5% 

headVSace, aOWhRXgh Whe diffeUeQceV iQ Whe headVSace SeUceQWage dR QRW VeeP WR 

haYe aQ\ effecW RQ Whe ORQg WiPe WheUPaO UeVSRQVe Rf Whe V\VWeP (VWaWiRQaU\ VWaWe 

Ueached aURXQd 1100V iQdeSeQdeQWO\ Rf Whe headVSace SeUceQWage).   
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(a) 

 

(b) 

 

(c) 

FigXre 4. 7: Time-TemperatXre profiles for tZo different percentages of headspace:  5% (solid) 
and 10% (dashed) and for all heating conditions in the natXral conYection Zater bath 
conYection: a) location A, b) location B, and c) location C; the inner Zall of Yessel (location A), 
lid (location B), at flXid sXrface (location C). 
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4.3 PasteXrisation YalXes (P YalXes) in the Zater bath 

The WiPe-WePSeUaWXUe daWa cRUUeVSRQdiQg WR aOO Whe heaWiQg cRQdiWiRQV VhRZQ iQ 

SUeYiRXV VecWiRQV - (i) effecW Rf WePSeUaWXUe, (ii) VROXWiRQ YiVcRViW\, (iii) cRQYecWiRQ 

PRde, (iY) cRQWaiQeU Vi]e aQd (Y) SeUceQWageV Rf headVSace ± haYe beeQ cRQYeUWed 

iQWR SURceVV YaOXeV (P-YaOXeV), fROORZiQg Whe SURcedXUe e[SOaiQed iQ SecWiRQ 3.4.5, 

aQd WheQ UeVcaOed aV P/PPa[ XViQg Whe Pa[iPXP P-YaOXe SRVVibOe iQ Whe V\VWeP (i.e. 

Whe cRUUeVSRQdiQg WR Whe ZaWeU baWh). The diffeUeQce beWZeeQ Whe Pa[iPXP P YaOXe 

fRU Whe WhUee heaWiQg WePSeUaWXUe UefOecWV Whe WePSeUaWXUe deSeQdeQce Rf Whe UaWe 

SURceVVeV. 

4.3.1 Effect of the heating temperatXre and fill liqXid Yiscosit\ 

 

FigXUe 4.8 VhRZV Whe QRUPaOiVed SURceVViQg YaOXeV fRU WhUee heaWiQg WePSeUaWXUeV: 

60RC (OiQeV), 70RC (VROid) aQd 80RC (dRWV) fRU MaUV cRQWaiQiQg (a) ZaWeU, (b) a VROXWiRQ 

Rf 10% VXgaU aQd (c) a VROXWiRQ Rf 3% agaU. The VWaUWiQg WePSeUaWXUe ZaV 20RC iQ aOO 

caVeV, aQd Whe Z-YaOXe cRQVideUed iQ Whe caOcXOaWiRQV ZaV ] = 10RC. The daWa VhRZQ 

cRUUeVSRQdV WR QaWXUaO cRQYecWiRQ cRQdiWiRQV iQ Whe ZaWeU baWh.  

OYeUaOO, higheU V ZeUe RbWaiQed ZheQ WePSeUaWXUe iQcUeaVed fURP 60RC WR 70RC aQd 

80RC, UeVSecWiYeO\ iQ Whe WhUee V\VWeP VWXdied, aV VhRZQ iQ ASSeQdi[ I. NRWe WhaW Whe 

SURceVV YaOXeV SUeVeQWed iQ FigXUe 4.8 aUe Whe QRUPaOiVed RQeV, Zhich ZRXOd QRW 

QeceVVaUiO\ fROORZ Whe VaPe WUeQdV. 

(i) FRU ZaWeU: P/PPa[ aW ORcaWiRQ 1 (bRWWRP Rf MaU) iV Whe VPaOOeVW RQe. VeU\ ViPiOaU 

P/PPa[ RbWaiQed aORQg Whe UadiaO diUecWiRQ (Vee ORcaWiRQV 2, 4 aQd 5).  
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(ii) FRU Whe 10% VXgaU VROXWiRQ, Whe caOcXOaWed P/PPa[ YaOXeV aUe abRXW 10% VPaOOeU 

WhaW WhRVe RbWaiQed fRU Whe ZaWeU V\VWeP, ViQce Whe WheUPaO UeVSRQVe Rf Whe V\VWeP 

ZaV VOighWO\ VORZeU. 

(iii) IQ Whe 3% agaU V\VWeP, P/PPa[ aW ORcaWiRQ 2 (ceQWUe Rf MaU) iV Whe VPaOOeVW, aV iW 

cRUUeVSRQdV WR Whe cROdeVW SRiQW Rf WhiV cRQdXcWiRQ-dUiYeQ V\VWeP. AccRUdiQgO\, 

P/PPa[ YaOXeV iQcUeaVed aORQg Whe UadiaO diUecWiRQ (Vee ORcaWiRQV 2, 3, 4, 5 aQd 6). 

 

FigXUe 4.9 VXPPaUiVeV Whe effecW Rf Whe WhUee fOXidV, VhRZiQg QRUPaOiVed SURceVViQg 

YaOXeV caOcXOaWed XQdeU QaWXUaO cRQYecWiRQ cRQdiWiRQV iQ Whe ZaWeU baWh fRU WhUee 

V\VWePV ZiWh diffeUeQW YiVcRViW\ YaOXeV: ZaWeU, 10% VXgaU aQd 3% agaU. The heaWiQg 

WePSeUaWXUe ZaV 70RC iQ aOO Whe caVeV.  DaWa UeSUeVeQWed iQ WhiV figXUe VhRZV WhaW Whe 

V\VWeP ZiWh Whe higheVW YiVcRViW\ ± Whe 3% agaU VROXWiRQ - SUeVeQWV ORZeU aVVRciaWed 

QRUPaOiVed P-YaOXeV (P/PPa[) WhaQ Whe V\VWePV ZiWh ORZeU YiVcRViW\ - ZaWeU aQd 10% 

VXgaU VROXWiRQ.  

IQ Whe ZaWeU aQd VXcURVe V\VWePV, heaW iV WUaQVfeUUed fURP eQYiURQPeQW (ZaWeU baWh) 

b\ cRQdXcWiRQ WhURXgh Whe MaU ZaOOV aQd b\ cRQYecWiRQ WhURXgh Whe fiOOiQg fOXid. 

CRQYecWiYe heaW WUaQVfeU iQ bRWh V\VWeP OeadV WR higheU WePSeUaWXUeV ± aV VeeQ iQ 

FigXUe 4.3 ± aQd WheUefRUe higheU QRUPaOiVed P- YaOXeV, aQd iW UiVeV Whe hRW fOXidV WR 

Whe WRS Rf Whe MaU, UeVXOWiQg iQ Whe higheVW P/PPa[ YaOXeV WheUe (ORcaWiRQ 3). 
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(a) 

 

(b) 

 

(c) 

FigXre 4. 8: Normalised P YalXes for the three heating temperatXres of the Zater bath: 60oC 
(lines), 70oC (solid) and 80oC (dots) for jars containing (a) Zater, (b) 10% sXgar solXtion and (c) 
3% agar solXtion. The Z-YalXe considered in the calcXlations Zas ] = 10oC and the reference 
temperatXre Zas Tref = 80oC. 
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FigXre 4. 9: Normalised processing YalXes calcXlated Xnder natXral conYection conditions in 

the Zater bath for three s\stems Zith different Yiscosit\ YalXes: (sqXares) Zater, (lines) 10% 

sXgar and (dots) 3% agar. The heating temperatXre Zas 70oC in all the cases. Tref = 80oC, ] 

YalXe= 10 

 

FRU Whe 3% agaU VROXWiRQ, ZiWh a high YiVcRViW\, Whe V\VWeP chaQgeV fURP beiQg dUiYeQ 

b\ cRQYecWiRQ WR beiQg dUiYeQ b\ cRQdXcWiRQ, aQd e[hibiWV PXch ORZeU WePSeUaWXUeV 

WhaW Oead WR Whe ORZeVW QRUPaOiVed P-YaOXeV (P/PPa[) Rf Whe WhUee V\VWePV VWXdied. 

 

AV cRUUeVSRQdV WR a cRQdXcWiYe V\VWeP, ZheUe WePSeUaWXUe gUadieQWV iQcUeaVe iQ Whe 

UadiaO diUecWiRQ, Whe caOcXOaWed P/PPa[ YaOXeV VhRZ iQcUeaViQg YaOXeV aV 

PeaVXUePeQWV SRiQWV (ORcaWiRQV 2, 4, 5 aQd 6) UadiaOO\ aSSURach Whe ZaOO Rf Whe MaU. 

 

The cROdeVW SRiQW Rf ZaWeU aQd 10% VXgaU V\VWePV ZaV fRXQd aW Whe VaPe ORcaWiRQ 

(ORcaWiRQ 1) fRU aOO Whe ZaWeU baWh WePSeUaWXUeV VWXdied; fRU Whe 3% agaU VROXWiRQ Whe 
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cROdeVW SRiQW ZaV ORcaWed aW Whe ceQWeU (ORcaWiRQ 2). The diffeUeQW ORcaWiRQ fRU Whe 

cROdeVW SRiQWV iV e[SOaiQed b\ Whe heaW WUaQVfeU PechaQiVP dRPiQaQW iQ each V\VWeP 

(SiQgh aQd RaPPaVZa\, 2016), ZiWh Whe OeVV YiVcRXV V\VWePV - ZaWeU aQd Whe 

10%(Z/Y) VXgaU VROXWiRQ ± beiQg dUiYeQ b\ cRQYecWiRQ, aQd cRQdXcWiRQ gRYeUQiQg 

heaW WUaQVfeU iQ Whe agaU VROXWiRQ (Whe PRUe YiVcRXV fiOOiQg).   

4.3.3 Effect of conYection mode 

 

FigXUe 4.10 VhRZV SURceVV YaOXeV caOcXOaWed fRU fRUced aQd QaWXUaO cRQYecWiRQ 

PechaQiVPV iQ Whe ZaWeU baWh fRU MaUV cRQWaiQiQg: (a) ZaWeU, (b) 10% VXgaU VROXWiRQ 

aQd (c) 3% agaU VROXWiRQ. The heaWiQg WePSeUaWXUe ZaV 70RC iQ aOO caVeV.  

The daWa SUeVeQWed iQ FigXUe 4.10 VhRZ Whe VaPe behaYiRXU fRU Whe WhUee V\VWePV 

VWXdied, ZiWh higheU SURceVViQg YaOXeV RbWaiQed fRU fRUced cRQYecWiRQ cRQdiWiRQV (dXe 

WR Pi[iQg iQ Whe ZaWeU baWh), aQd Whe VaPe WUeQdV RbVeUYed fRU bRWh fRUced aQd 

QaWXUaO cRQYecWiRQ cRQdiWiRQV: (i) iQcUeaViQg P/PPa[ YaOXeV iQ Whe UadiaO diUecWiRQ fRUP 

Whe ceQWeU WR Whe ZaOO Rf Whe MaU iQ Whe agaU V\VWeP (ii) P/PPa[ YaOXeV iQcUeaViQg iQ Whe 

a[iaO diUecWiRQ fRU Whe ZaWeU aQd VXgaU VROXWiRQ. HRZeYeU, aW Whe ceQWeU Rf Whe MaU 

cRQWaiQiQg Whe agaU VROXWiRQ Whe effecW iV PiQiPaO. 
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(a) 

 
(b) 

 
(c) 

 

FigXre 4. 10:Normalised process YalXes for forced (pattern) and natXral (solid) conYection 
mechanisms in the Zater bath for jars containing: (a) Zater, (b) 10%(Z/Y) sXgar solXtion and (c) 
3%(Z/Y) agar solXtion. The heating temperatXre Zas 70oC in all cases. Tref = 80oC, ] YalXe= 10. 
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4.3.4 Effect of Container si]e 

 

FigXUe 4.11 VhRZV Whe QRUPaOiVed P-YaOXeV caOcXOaWed fRU Whe V\VWePV ZiWh Whe 

ORZeVW aQd Whe higheVW YiVcRViW\ YaOXeV ± i.e. ZaWeU aQd agaU, UeVSecWiYeO\ - fRU WZR 

diffeUeQW MaU Vi]eV:  330 PO aQd 660 PO. DaWa SUeVeQWed iQ FigXUe 4.12 (a) cRUUeVSRQd 

WR QaWXUaO cRQYecWiRQ cRQdiWiRQV iQ Whe ZaWeU baWh, ZhiOe FigXUe 4.12 (b) VhRZV P/PPa[ 

YaOXeV UeVXOWiQg fRU fRUced cRQYecWiRQ cRQdiWiRQV. The heaWiQg WePSeUaWXUe ZaV 70RC 

iQ bRWh caVeV. 

LaUge MaUV (660 PO) SUeVeQW ORZeU SURceVV YaOXeV fRU bRWh ZaWeU aQd a 3% agaU 

V\VWePV.  

The ZaWeU V\VWeP SUeVeQWV PXch higheU QRUPaOiVed P-YaOXeV WhaQ Whe 3% agaU 

VROXWiRQ, cRQViVWeQWO\ ZiWh Whe WePSeUaWXUe SURfiOeV VhRZQ iQ SecWiRQ 4.2.2 aQd Whe 

heaW WUaQVfeU PechaQiVPV defiQiQg Whe d\QaPicV Rf WhRVe V\VWePV ± i.e. cRQdXcWiRQ 

fRU agaU aQd cRQYecWiRQ fRU ZaWeU.  

The ORcaWiRQ Rf Whe cROdeVW SRiQW Rf Whe MaUV haV QRW beeQ affecWed b\ Whe Vi]e Rf Whe 

cRQWaiQeU, beiQg ORcaWiRQ 1 fRU ZaWeU aQd ORcaWiRQ 2 fRU Whe agaU VROXWiRQ.  
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(a)  

 

(b)  

 

(c)  

 

(d) 

FigXre 4. 11:- NRUPaOiVed P-YaOXeV fRU Whe V\VWePV ZiWh ZaWeU aQd Whe VROXWiRQ Rf 3% (Z/Y) agaU, fRU WZR 

diffeUeQW MaU Vi]eV:  330 PO aQd 660 PO. (a) QaWXUaO cRQYecWiRQ cRQdiWiRQ iQ Whe ZaWeU baWh, (b) fRUced 

cRQYecWiRQ cRQdiWiRQV iQ ZaWeU baWh. The heaWiQg WePSeUaWXUe ZaV 70RC iQ bRWh caVeV. TUef = 80RC, ] 

YaOXe= 10. 

** 1) location 1 is at the centre (R) and the bottom (1/4H), 
2) location 2 is at the centre (R)  and the half height (1/2H),  
3) location 3 is at centre (R) and the top of jar (3/4H), 
4) location 4 is at the ò of radius(1/2R) and the half height (1/2H),  
5) location 5 is at the ó of radius(1/4R) and the half height (1/2H),  
6) location 6 is at the inside jar wall , 
7) location 7 is at the  outside jar wall and, 
8) location 8 is at water in water bath 

 

  

 

4.3.5 Effect of percentages of head space  

 

The QRUPaOiVed P-YaOXeV caOcXOaWed fURP Whe WiPe-WePSeUaWXUe SURfiOeV cRUUeVSRQdiQg 

WR Whe ZaWeU V\VWeP ZheQ Whe WZR diffeUeQW SeUceQWageV Rf headVSace (5% aQd 10%) 
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ZeUe cRQVideUed aUe SUeVeQWed iQ FigXUe 4.12. The daWa VOighWO\ ORZeU P/PPa[ YaOXeV 

fRU Whe MaUV ZiWh 5% headVSace WhaQ fRU Whe RQeV ZiWh 10% headVSace. The Oid Rf Whe 

MaU (ORcaWiRQ B iQ WhiV caVe) haV Whe higheVW P/PPa[ YaOXeV ± aV iW iV Pade fURP a high 

cRQdXcWiYe PaWeUiaO - ZhiOe Whe ORZeU SURceVV YaOXeV cRUUeVSRQd WR Whe ZaWeU VXUface 

(ORcaWiRQ 3 iQ FigXUe 4.12). SiQgh aQd RaPPaVZa\ (2016) fRXQd WhaW Whe headVSace 

WePSeUaWXUe iQcUeaVeV UaSidO\ dXe WR ORZeU heaW caSaciW\ aQd YiVcRViW\ Rf aiU, 

UeVXOWiQg iQ beWWeU heaW WUaQVfeU cRefficieQWV. ThiV ZRUNV aOVR UeSRUWV aQ effecW Rf Whe 

caQ headVSace RQ Whe heaW WUaQVfeU cRefficieQW: higheU headVSace gaYe higheU heaW 

WUaQVfeU cRefficieQW dXe WR a higheU PRbiOiW\ Rf aiU. 

 

 
 

FigXre 4. 12: Normalised P-YalXes for tZo different percentages of headspace: 5% (Z/Y) and 

10% (Z/Y). The heating temperatXre Zas 70oC in all the cases presented. Tref = 80oC, ] YalXe= 

10oC. Pma[= 34.20 min 
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4.4 Application of TTIs in the Zater bath pasteXrisation s\stem 

IQ WhiV VecWiRQ, a YaOidaWiRQ VWXd\ fRU Whe XVe Rf TTIV dXUiQg Whe WheUPaO e[SeUiPeQWV 

caUUied RXW iQ Whe ZaWeU baWh iV SUeVeQWed. The BAA TTIV ZeUe SOaced iQ Whe VaPe 

eighW ORcaWiRQV WhaQ iQ SUeYiRXV e[SeUiPeQWV, aV VhRZQ iQ FigXUe 4.13, ZheUe 

ORcaWiRQV fRU bRWh WheUPRcRXSOeV aQd TTIV aUe iQdicaWed. The cRQWaiQeU ZaV 

VXbVeTXeQWO\ SRViWiRQed iQ Whe Pi[iQg ZaWeU baWh aW diffeUeQW WiPe iQWeUYaOV ZiWh 

YaU\iQg WePSeUaWXUe, aV VXPPaUiVeV iQ TabOe 3.3. The QRUPaOiVed P YaOXeV ZeUe 

caOcXOaWed WRR b\ iQWegUaWiQg Whe WePSeUaWXUeV RbWaiQed fURP Whe PeaVXUed daWa aQd 

VcaOiQg XViQg aV UefeUeQce Whe P YaOXe Rf Whe ZaWeU baWh (heaWiQg PediXP), aQd ZeUe 

WheQ cRPSaUed ZiWh Whe P/PPa[ YaOXeV caOcXOaWed fURP Whe WheUPRcRXSOe WePSeUaWXUe 

UeadiQgV.  

 

 

FigXre 4. 13: Container thermocoXples and TTIs set Xp. 
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(a) 

 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

FigXre 4. 14: Comparison of the process YalXes calcXlated from the temperatXres measXred Xsing 
thermocoXples (solid) Zith those calcXlated emplo\ing the TTIs data (line) for different heating 
scenarios: heating temperatXre of 60oC dXring 60 min for (a) Zater and (b) 3% agar solXtion; 
heating temperatXre of 70oC dXring 15 min for (c) Zater  (d) 3% agar solXtion and finall\ Zater bath 
at 80oC dXring 15 min for (e) Zater  (f) 3% agar. Tref = 80oC, ] YalXe = 8.9oC 
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SXch cRPSaUiVRQ iV SUeVeQWed iQ FigXUe 4.14, ZheUe OaUgeU P/PPa[ cRUUeVSRQd iQ aOO 

caVeV WR Whe TTIV. HRZeYeU, Whe diffeUeQceV beWZeeQ TTI aQd WheUPRcRXSOeV aUe 

cRQVideUabOe OaUgeU WhaQ Whe XVXaOO\ acceSWed 10% e[SeUiPeQWaO eUURU, VhRZiQg WhaW 

eiWheU Whe TTI RU Whe WheUPRcRXSOe daWa UecRYeUed fRUP WheVe e[SeUiPeQWV ZeUe QRW aV 

accXUaWe aV e[SecWed. 

 

4.5 Solid-liqXid phase stXd\ 

NRZada\V aQ iQcUeaViQg QXPbeU Rf cRPPeUciaO fRRd SURdXcWV aUe Pade fURP a 

cRPbiQaWiRQ Rf OiTXid aQd VROid iQgUedieQWV, aV fRU e[aPSOe VRXSV RU diSSiQg VaXceV 

(D¶addiR eW. aO., 2014, TROaVa eW. aO., 2012). IQ WhiV VecWiRQ, heaW WUaQVfeU - cRQYecWiRQ 

aQd cRQdXcWiRQ - iQ caQQed fRRd iV VWXdied fRU VXch VROid-OiTXid V\VWePV. ReVXOWV 

RbWaiQed ZiOO be aOVR XVed fRU cRPSaUiVRQ ZiWh Whe VSUa\ SaVWeXUiVaWiRQ SURceVV 

SUeVeQWed iQ Whe  Qe[W ChaSWeU.  

 

The e[SeUiPeQWV XVed fOXidV iQ a ViPiOaU UaQge Rf YiVcRViW\ YaOXeV WhaQ Whe fRRd 

SURdXcWV XVXaOO\ fRXQd iQ WheVe fRRd Pi[WXUeV, VXch aV cRUQ VWaUch aQd gXaU gXP, 

Zhich ZeUe ePSOR\ed WR VWXd\ Whe effecW Rf YiVcRViW\ RQ WheUPaO SURceVVeV efficieQc\.  

The e[SeUiPeQWaO VeW XS iV Whe RQe SUeVeQWed iQ SecWiRQ 3.6, aQd aOVR deSicWed iQ 

FigXUe 4.16. IQ aOO Whe e[SeUiPeQWV a cRQWaiQeU Rf 330PO YROXPe ZaV XVed aQd heaWed 

XS iQ Whe ZaWeU baWh aW a WePSeUaWXUe Rf 70RC. DXUiQg Whe e[SeUiPeQWV, Whe 

WePSeUaWXUe ZaV UecRUded aW fRXU diffeUeQW ORcaWiRQV iQ Whe MaU, aV iQdicaWed aOVR iQ 

FigXUe 4.16. PRWaWR cXbeV Rf a YROXPe Rf 1 cP3, aQd aOZa\V ViW iQ Whe VaPe SRViWiRQV, 

ZeUe ePSOR\ed aV VROid ShaVe iQ WhiV VeUieV Rf e[SeUiPeQWV.  
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TabOe 4.4 VXPPaUiVeV Whe facWRUV cRQVideUed iQ Whe VWXd\ Rf Whe WZR-ShaVe V\VWeP 

heaW WUaQVfeU (i) YiVcRViW\ OiTXid ShaVe, XViQg fRXU diffeUeQW VROXWiRQV aQd (ii) 

VROid/OiTXid fUacWiRQ, cRQVideUiQg eiWheU 10% RU 50% (Z/Y). AV iQ SUeYiRXV VecWiRQV, 

WePSeUaWXUe WiPe SURfiOeV aORQgVide ZiWh Whe cRUUeVSRQdiQg P/PPa[ YaOXeV ZiOO be 

SUeVeQWed aQd diVcXVVed.  

 

 

 

FigXre 4. 15: Set Xp for the tZo-phase s\stem in the Zater bath. 

 

Table 4. 4: TZo-phase e[perimental s\stems. 

Carrier flXid %(Z/Y) Potato CXbes 

WaWeU 
10 

50 

4% CRUQ VWaUch 
10 

50 

4% PUe-geOaWiQiVed cRUQ VWaUch 
10 

50 

1% GXaU 
10 

50 
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4.5.1 Effect of FlXid Yiscosit\ 

 

TR VWXd\ Whe effecW Rf Whe fiOOiQg fOXid YiVcRViW\ RQ Whe heaW WUaQVfeU UaWeV Rf Whe ZaWeU 

baWh V\VWeP, fRXU diffeUeQW VROXWiRQV ± OiVWed iQ TabOe 4.5 aORQgVide Whe cRUUeVSRQdiQg 

YiVcRViW\ YaOXeV - ZeUe ePSOR\ed. The YiVcRViW\ Rf aOO Whe VROXWiRQV ZaV PeaVXUed 

iPPediaWeO\ afWeU SUeSaUaWiRQ, accRUdiQg WR Whe SURcedXUe e[SOaiQed iQ SecWiRQ 3.2.4, 

aQd Whe YiVcRViW\ cRQVideUed fRU ZaWeU haV beeQ WaNeQ fURP PeUU\ aQd GUeeQ( 1999). 

AOO Whe daWa SUeVeQWed iQ TabOe 4.3 cRUUeVSRQd WR a WePSeUaWXUe Rf 20RC. 

 

Table 4. 5: Fillings emplo\ed in tZo-phase e[periments and their Yiscosit\ YalXes (at 20oC.) 

Jar filling Viscosit\ (Pa s) 

WaWeU 1.002[ 10-3 

4% PUegeOaWiQiVed cRUQ VWaUch 0.002 

4% CRUQ VWaUch 0.45 

1% GXaU 0.15 

 

The WePSeUaWXUe SURfiOeV RbWaiQed fRU each Rf Whe WZR-ShaVe V\VWePV aUe SUeVeQWed 

iQ FigXUe 4.16 (a). CRQViVWeQWO\ ZiWh UeVXOWV VhRZQ iQ SecWiRQ 4.2.2, Whe V\VWeP ZiWh a 

ZaWeU fiOOiQg VhRZV Whe faVWeVW WheUPaO UeVSRQVe, ZiWh Whe VORZeVW heaW WUaQVfeU UaWe 

cRUUeVSRQdiQg WR Whe PRUe YiVcRXV OiTXid ShaVe, i.e. Whe 4%(Z/Y) cRUQ VWaUch VROXWiRQ. 

AV caQ be VeeQ aOVR iQ FigXUe 4.18, Whe 4% SUegeOaWiQiVed cRUQ VWaUch VROXWiRQ 

e[hibiWV a behaYiRXU cORVe WR Whe SXUe ZaWeU, aV YiVcRViW\ YaOXeV aUe ViPiOaU iQ bRWh 

V\VWePV.  
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(a) 

 

(b) 

 

(c) 

FigXre 4. 16: TemperatXre profiles for the tZo-phase s\stem for: (a) flXid temperatXre, (b) 
potato temperatXre and c) solid and non solid Zhen the liqXid phase presents different 
Yiscosit\ YalXes: Zater (solid), 4%(Z/Y) starch (dotted-dashed), 4%(Z/Y) pregelatinised 
starch (dotted), and 1%(Z/Y) gXar gXm (dashed). The heating temperatXre Zas 70 oC in all 
cases and the initial temperatXre of the tZo-phase filling Zas appro[. 20 oC. The 
temperatXre profiles shoZn correspond to the centre of the jar (location 1). 
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IQ beWZeeQ bRWh YiVcRViW\ bRXQdV OieV Whe 1 % gXaU gXP, Zhich VhRZed a VOighWO\ 

faVWeU heaW WUaQVfeU UaWe WhaQ Whe 4% VWaUch VROXWiRQ iQ Whe fiUVW 800 VecRQdV, WhaW 

iQcUeaVed aQd afWeU WhaW iQiWiaO VWage XQWiO Whe eQd Rf Whe heaWiQg SeUiRd RYeU 1800V. 

SXch behaYiRXU iV UeOaWed WR Whe WePSeUaWXUe effecW RQ Whe geOaWiRQ bRQd Rf Whe gXaU 

gXP, aQd effecW WhaW iV QRW VigQificaQW iQ Whe 4% cRUQ VWaUch VROXWiRQ. OYeUaOO PRUe 

YiVcRXV fiOOiQgV/OiTXid ShaVeV SUeVeQW a VORZeU heaW WUaQVfeU UaWe WhaQ Whe ORZ YiVcRViW\ 

VROXWiRQV.  

 

TePSeUaWXUe-WiPe SURfiOeV cRUUeVSRQdiQg WR Whe VROid ShaVe (Whe SRWaWR cXbeV) aUe 

aOVR SUeVeQWed iQ FigXUe 4.16(b) WhaW VhRZV ViPiOaU WUeQdV iQ heaW WUaQVfeU aV iQ Whe 

fOXid ShaVe fRU aOO Whe V\VWePV.  

 

FigXUe 4.17 VhRZV Whe QRUPaOiVed SURceVV YaOXeV caOcXOaWed fRU each RQe Rf Whe 

V\VWePV XViQg Whe WePSeUaWXUe PeaVXUePeQWV VhRZed abRYe. AV caQ be e[SecWed, 

Whe V\VWeP ZiWh Whe higheVW YiVcRViW\ ± Whe 4% VWaUch VROXWiRQ - SUeVeQWV VPaOOeU 

aVVRciaWed P/PPa[ YaOXeV WhaQ Whe V\VWePV ZiWh ORZeU YiVcRViW\ (1% gXaU gXP 

VROXWiRQ, a 4% SUegeOaWiQiVed VWaUch VROXWiRQ aQd ZaWeU). 

IW PXVW be QRWed WhaW aOO Whe SURceVV YaOXeV RbWaiQed fRU Whe VROid ShaVe ZeUe VOighWO\ 

VPaOOeU WhaQ iQ Whe fiOOiQg.  AOVR, Whe VROid ShaVe VeePV WR haYe QR VigQificaQW effecW 

RQ Whe heaW WUaQVfeU PechaQiVP WhURXgh Whe OiTXid ShaVe, aV caQ be cRQcOXded fURP 

Whe cRPSaUiVRQ Rf Whe P YaOXeV aW diffeUeQW ORcaWiRQV: cROdeVW SRiQW VWiOO ORcaWed aW Whe 

bRWWRP Rf Whe MaU fRU Whe OeVV YiVcRXV fiOOiQgV aQd aW Whe ceQWUe fRU Whe cRQdXcWiRQ-

dUiYeQ PRUe YiVcRXV OiTXid ShaVeV. 
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4.5.2 Effect of solid/liqXid phase fractions 

IQ WhiV VXbVecWiRQ Whe effecW Rf Whe fUacWiRQ Rf VROid ShaVe SUeVeQW iQ Whe WZR-ShaVe 

V\VWeP iV VWXdied. TZR VROid/OiTXid fUacWiRQV (Z/Y) ZeUe ePSOR\ed (i) 10%  (ii) 50% 

aQd aOO Whe e[SeUiPeQWV ZeUe SeUfRUPed fROORZiQg Whe SURWRcRO defiQed iQ SecWiRQ.  

 

 
 

FigXre 4. 17:  Normalised process YalXes for both liqXid and solid phases Zhen the flXid filling 
presents different Yiscosit\ YalXes: Zater (line), 4%(Z/Y) starch (solid), 4%(Z/Y) pregelatinised starch 
(dotted), and 1%(Z/Y) gXar gXm (diamond). 

 

 

(a) 

 

(b) 

FigXre 4. 18: TZo-phase s\stem Zith different solid/liqXid ratios (Z/Y): (a) 10% and (b) 50% 
potato cXbes in the 4% starch solXtion. 
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3.5.3. The OiTXid ShaVe cRQViVWed Rf Whe fRXU fiOOiQgV XVed iQ Whe SUeYiRXV VXbVecWiRQ, 

aQd fRU aOO Whe caVeV Whe e[SeUiPeQWV iQYROYed 30 PiQXWeV Rf heaWiQg fROORZed b\ 10 

PiQXWeV Rf cRROiQg. The ZaWeU baWh heaWiQg WePSeUaWXUe ZaV 70 0C aQd WePSeUaWXUe 

ZaV UecRUded eYeU\ 1 VecRQd, bRWh iQ fOXid aQd SRWaWR SaUWicOeV. 

The WePSeUaWXUe SURfiOeV UecRUded aW ORcaWiRQ 1 (bRWWRP Rf Whe MaU) dXUiQg WhiV QeZ 

VeUieV Rf e[SeUiPeQWV aUe SUeVeQWed iQ FigXUe 4.19. FRU ZaWeU aQd fRU Whe 4% VWaUch 

VROXWiRQ, FigXUe 4.19 (a) aQd (b) UeVSecWiYeO\, Whe UeVXOWV VhRZ WhaW diffeUeQW VROid-

OiTXid fUacWiRQV haYe QR effecW RQ Whe heaW WUaQVfeU d\QaPicV Rf Whe OiTXid ShaVe.  

  

(a) 

 

 (b) 

  

(c) 

  

(d) 

FigXre 4. 19:  TemperatXre time profiles for tZo different solid/liqXid fraction s\stems:  10%(Z/Y) 
(solid) and (b) 50%(Z/Y) (dotted) Xsing potato cXbes as solid phase and (a) Zater, (b) 4%(Z/Y) 
starch, (c) 4%(Z/Y) pregelatinised starch (d) 1%(Z/Y) gXar gXm. The heating temperatXre Zas 70oC 
in all cases and the initial temperatXre of the tZo-phase filling Zas appro[. 20oC. The temperatXre 
profiles shoZn correspond to the bottom of the jar (location 1) in flXid. 
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OQ Whe RWheU haQd, QRWiceabOe diffeUeQceV RQ Whe WePSeUaWXUe YaOXeV UecRUded iQ Whe 

fiOOiQg aQd iQ Whe VROid SaUWicOeV caQ be VeeQ iQ Whe WePSeUaWXUe SURfiOeV SUeVeQWed iQ  

FigXUe 4.19 (c) aQd (d) fRU Whe 4% SUegeOaWiQiVed VWaUch aQd Whe 1% gXaU gXP 

V\VWePV, UeVSecWiYeO\, ZiWh higheU VROid fUacWiRQV (50%Z/Y) VhRZiQg faVWeU heaWiQg 

VWageV WhaQ Whe ORZ VROid fUacWiRQ V\VWePV (10%Z/Y), aQd ZiWh WePSeUaWXUe YaOXeV 

aURXQd 4-7 0C ORZeU iQ Whe OaWWeU RQeV.  

 

OYeUaOO, WheVe WePSeUaWXUe WUeQdV VhRZ a VigQificaQW effecW Rf Whe VROid/OiTXid fUacWiRQ 

iQ WhRVe V\VWePV ZheUe cRQdXcWiRQ iV Whe gRYeUQiQg heaW WUaQVfeU PechaQiVP, ZhiOe 

VXch effecW caQ be QegOecWed iQ Whe OeVV YiVcRXV aQd cRQYecWiRQ-dUiYeQ caVeV.  

FigXUe 4.20 VhRZV Whe QRUPaOiVed SURceVV YaOXeV (P/PPa[) Rf Whe WZR SRWaWR cRQWeQWV 

± 10% (Z/Y) aQd 50% (Z/Y) SRWaWR  ± WhaW ZeUe cRPSaUed WR VWXd\ Whe effecW Rf Whe 

VROid fUacWiRQ iQ Whe WheUPaO UeVSRQVe Rf Whe WZR ShaVe V\VWeP.  

 

FigXUe 4.20 (a) SUeVeQWV Whe QRUPaOiVed SURceVV YaOXeV cRUUeVSRQdiQg WR Whe V\VWeP 

ZheUe ZaWeU ZaV ePSOR\ed aV OiTXid ShaVe. VeU\ ViPiOaU P/PPa[ YaOXeV fRU bRWh VROid 

fUacWiRQV ZeUe RbWaiQed, aV Whe WheUPaO UeVSRQVe Rf Whe V\VWeP ZaV QRW affecWed b\ 

Whe iQcUeaVed VROid fUacWiRQ (Vee FigXUe 4.19). SiPiOaU SURceVV YaOXeV ZeUe RbWaiQed 

fRU Whe WZR VROid fUacWiRQV iQ Whe 4% VWaUch VROXWiRQ WRR - ZiWh Whe e[ceSWiRQ Rf ORcaWiRQ 

4 ZheUe Whe YaOXeV RbWaiQed PXVW be affecWed b\ aQ eUURU iQ Whe e[SeUiPeQWaO 

PeaVXUePeQW - aV VhRZQ iQ FigXUe 4.20 (b). The higheU diffeUeQceV iQ Whe QRUPaOiVed 

SURceVV YaOXeV caOcXOaWed fRU Whe WZR VROid fUacWiRQV ZheUe fRXQd iQ Whe 1% gXaU gXP 

VROXWiRQ, aV VhRZQ iQ FigXUe 4.20 (d); iQ Whe 4% SUegeOaWiQiVed 4% VWaUch Whe effecW Rf 

Whe VROid fUacWiRQ  
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(a) 

 

(b) 

 

(c) 

                   

(d)  

FigXre 4. 20:  Normalised process YalXes calcXlated for the liqXid phase Zhen tZo different 
solid fractions Zere considered:  10%(Z/Y) (line) and 50%(Z/Y) (solid). Potato cXbes Zere 
emplo\ed as solid phase in all cases, being the liqXid phase is (a) Zater, (b) 4%(Z/Y) starch, (c) 
4%(Z/Y) pregelatinised starch, (d) 1%(Z/Y) gXar gXm. The temperatXre profiles shoZn 
correspond to the bottom of the jar (location 1) in flXid. 
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 FiQaOO\, iQ FigXUe 4.21 a cRPSaUiVRQ Rf Whe QRUPaOiVed SURceVV YaOXeV (P/PPa[) 

caOcXOaWed fRU Whe fOXid aQd VROid ShaVeV iQ Whe fRXU V\VWePV VWXdied iQ WhiV VecWiRQ iV 

SUeVeQWed. NRUPaOiVed P YaOXeV cRUUeVSRQdiQg WR Whe ZaWeU fiOOiQg caVe ± iQ FigXUe 

4.21 (a) - SUeVeQW a YeU\ ViPiOaU V\VWeP behaYiRXU, ZiWh cORVe SURceVV YaOXeV iQ bRWh 

VROid aQd OiTXid ShaVeV fRU aOO Whe ORcaWiRQV ZheUe Whe WePSeUaWXUe ZaV PeaVXUed. 

AgaiQ, Whe QRUPaOiVed SURceVViQg YaOXeV RbWaiQed PXVW be iQfOXeQced b\ Whe eUURU Rf 

Whe e[SeUiPeQWaO PeaVXUePeQWV ± eiWheU caXVed b\ Whe accXUac\ Rf Whe 

WheUPRcRXSOeV RU b\ WheiU PiVSOacePeQW ± aV WePSeUaWXUeV iQ Whe VROid aUe VOighWO\ 

higheU iQ Whe VROid WhaQ iQ Whe OiTXid ShaVe. 

  

 (a) (b) 

 (c)  (d) 

  

FigXre 4. 21:  Comparison of the normalised process YalXes calcXlated for the flXid (solid) and 
potato (line) in a jar contain 10%(Z/Y) of potato cXbes and (a) Zater, (b) 4%(Z/Y) starch, (c) 4%(Z/Y) 
pregelatinised starch, and (d) 1%(Z/Y) gXar gXm. The heating temperatXre Zas 70 oC in all cases 
and the initial temperatXre of the tZo-phase filling Zas appro[. 20 oC. 
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4.6 SXmmar\ 

IQ-cRQWaiQeU SaVWeXUiVaWiRQ e[SeUiPeQWV haYe beeQ cRQdXcWed RYeU a UaQge Rf 

heaWiQg cRQdiWiRQV, fiOOiQg YiVcRViWieV aQd cRQWaiQeU geRPeWUieV XViQg Whe ZaWeU baWh 

deVcUibed iQ SecWiRQ 3.5.2, ZiWh aQ acceSWabOe UeSURdXcibiOiW\. TheVe VeUieV Rf 

e[SeUiPeQWV haYe aOVR iQcOXded Whe VWXd\ Rf a WZR-ShaVe V\VWeP, ZheUe SRWaWR 

cXbeV ZeUe ePSOR\ed aV a VROid ShaVe ZhiOe diffeUeQW fOXidV Rf YaUiRXV YiVcRViWieV 

ZeUe XVed aV Whe OiTXid ShaVe.  

The ZaWeU baWh V\VWeP ZaV chRVeQ aV a fiUVW aSSURach WR Whe VWXd\ Rf Whe heaWiQg 

d\QaPicV Rf VSUa\ SaVWeXUiVaWiRQ V\VWePV, aQd iW haV beeQ SURYided YaOXabOe 

iQfRUPaWiRQ WhaW caQ be cRUUeOaWed WR Whe XSSeU OiPiW RSeUaWiRQ Whe VSUa\ WXQQeOV, 

ZheUe PaVV fORZV aUe VR high WhaW heaWiQg UaWeV becRPe iQdeSeQdeQW Rf Whe VSUa\ 

fORZ. 

The WheUPaO UeVSRQVe Rf Whe V\VWePV SaVWeXUiVed iQ Whe ZaWeU baWh haV beeQ 

UeSUeVeQWed b\ PeaQV Rf Whe WePSeUaWXUe SURfiOeV UecRUded dXUiQg each e[SeUiPeQW 

aW diffeUeQW ORcaWiRQV, cRYeUiQg fiOOiQg, cRQWaiQeU aQd eQYiURQPeQW (ZaWeU baWh). 

NRUPaOiVed SaVWeXUiVaWiRQ YaOXeV ZeUe RbWaiQed b\ iQWegUaWiQg iQ WiPe WhRVe 

WePSeUaWXUe SURfiOeV aQd XViQg Whe Pa[iPXP P YaOXe Rf Whe V\VWeP ± cRUUeVSRQdiQg 

WR Whe heaWiQg PediXP ± aV UefeUeQce (Vee SecWiRQ 3.4.5 fRU PRUe deWaiOV RQ WheVe 

caOcXOaWiRQV). 

DiffeUeQW SaVWeXUiVaWiRQ YaOXeV aURVe fRU Whe diffeUeQW cRQdiWiRQV iQYeVWigaWed (aOO P-

YaOXeV aYaiOabOe iQ ASSeQdi[ I), VhRZiQg Whe UaQge Rf heaWiQg UaWeV defiQed b\ bRWh 

fiOOiQg aQd eQYiURQPeQW cRPbiQaWiRQV. ViVcRViW\ Rf Whe fiOOiQg, WRgeWheU ZiWh Whe 

cRQYecWiRQ PRded iQ Whe ZaWeU baWh ZeUe UeYeaOed aV Whe PRVW iQfOXeQciQg facWRUV 
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affecWiQg Whe heaWiQg UaWe Rf Whe SURceVV, aOVR fRU Whe WZR-ShaVe V\VWeP. OYeUaOO, Whe 

fROORZiQg cRQcOXViRQV caQ be Pade: 

� HigheU WePSeUaWXUeV Rf Whe heaWiQg PediXP ± ZaWeU baWh WePSeUaWXUe 

iQcUeaViQg fURP 50RC WR 70RC  ± UeVXOWed iQ higheU SaVWeXUiVaWiRQ YaOXeV, fRU aOO Whe 

V\VWePV VWXdied.  

� IQ aOO caVeV, aQ iQcUeaVe Rf Whe fiOOiQg YiVcRViW\ VORZed dRZQ Whe heaWiQg 

d\QaPicV, aQd cRQVeTXeQWO\ aOVR affecWiQg Whe SURceVViQg YaOXeV, Zhich ZeUe fRXQd 

WR be geQeUaOO\ ORZeU ZheQ Whe YiVcRViW\ Rf Whe SURdXcW ZaV higheU. 

�  UQdeU aOO Whe heaWiQg cRQdiWiRQV aQd fRU aOO Whe fiOOiQgV VWXdied, Whe Vi]e Rf Whe  

cRQWaiQeU RQO\ had a VPaOO  effecW iQ Whe WheUPaO UeVSRQVe aQd VXbVeTXeQWO\ iQ Whe 

SURceVV YaOXeV caOcXOaWed, aV QeiWheU had Whe headVSace YROXPe. 

ReVXOWV SUeVeQWed RQ Whe SeUfRUPaQce Rf TTIV ZeUe cRQdiWiRQed b\ Whe TXaOiW\ Rf Whe 

e[SeUiPeQWaO UeVXOWV, ViQce aV PeQWiRQed befRUe iQ SecWiRQ 4.4, Whe diffeUeQce 

beWZeeQ Whe SaVWeXUiVed YaOXeV caOcXOaWed XViQg Whe TTI daWa ZeUe OaUgeU WhaQ 

e[SecWed ZheQ cRPSaUed WR Whe P YaOXeV RbWaiQed XViQg Whe WePSeUaWXUe SURfiOeV 

PeaVXUed ZiWh Whe WheUPRcRXSOeV VeW. 

 

SRPe RbVeUYaWiRQV PXVW be Pade UegaUdiQg Whe accXUac\ Rf Whe WePSeUaWXUe 

UecRUdiQgV. AOWhRXgh aOO Whe e[SeUiPeQWV ZeUe cRQdXcWed iQ WUiSOicaWe aQd SURYed WR 

be UeSURdXcibOe, iQheUeQW PeaVXUePeQW eUURUV ± i.e. WheUPRcRXSOe UeadiQg aQd 

ORcaWiRQ eUURUV WRgeWheU ZiWh WheUPaO QRiVe - cRXOd e[SOaiQ Whe UeVXOWV RbWaiQed fRU Whe 

WZR ShaVe-V\VWeP, ZheUe VROid aQd OiTXid ShaVeV aSSeaUed WR RffeU a YeU\ ViPiOaU 

WheUPaO UeVSRQVe WR Whe diffeUeQW SaVWeXUiVaWiRQ cRQdiWiRQV. The VaPe UeaVRQiQg 

ZRXOd aSSO\ WR Whe eVWiPaWiRQV Rf Whe heaW WUaQVfeU cRefficieQW, ZheUe Whe caOcXOaWed 
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VWaQdaUd deYiaWiRQV aUe VigQificaQW. NRWe WhaW Whe PeWhRd ePSOR\ed WR eVWiPaWe Whe 

cRQYecWiYe heaW WUaQVfeU cRefficieQW iQ Whe ZaWeU baWh iV e[WUePeO\ VeQViWiYe WR WheUPaO 

QRiVe, aQd a ceUWaiQ WePSeUaWXUe gUadieQW beWZeeQ Whe SRiQWV ePSOR\ed iQ Whe 

caOcXOaWiRQV ZRXOd be deViUabOe fRU higheU accXUac\. 

 

HRZeYeU, Whe WheUPaO UeVSRQVe UecRYeUed fURP WheVe VeUieV Rf e[SeUiPeQWV UeYeaOed 

Whe cRQdiWiRQV ZheUe Whe WZR SRVVibOe PechaQiVPV gRYeUQiQg heaW WUaQVfeU WhURXgh 

Whe cRQWaiQeU fiOOiQg ± i.e. cRQdXcWiRQ aQd cRQYecWiRQ ± ZeUe dUiYiQg Whe heaWiQg 

d\QaPicV. The UeVXOWV fRUP WhiV VWXd\ ZiOO heOS iQ Whe XQdeUVWaQdiQg Rf SaVWeXUiVaWiRQ 

SURceVVeV e[hibiWiQg iQWeUQaOO\ cRQWUROOed heaWiQg d\QaPicV, aQd Whe\ ZiOO be aOVR 

YaOXabOe iQ Whe SURceVV Rf chaUacWeUiVaWiRQ Rf Whe VhRZeU VSUa\ SaVWeXUiVaWiRQ 

RSeUaWiRQV. 
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Chapter 5                                                                             

EYalXation of mild thermal processes for food    

decontamination: Spra\ pasteXriser stXd\ 

 

5.1 IntrodXction 

CRPPeUciaO VSUa\ SaVWeXUi]eU V\VWePV aV deVcUibed iQ ChaSWeUV 1 aQd 2 XVe a faOOiQg 

VSUa\ Rf ZaWeU aV Whe heaWiQg PediXP. ChaSWeU 4 haV SUeVeQWed daWa fRU Whe aQaO\ViV 

Rf heaWiQg iQ a ZaWeU baWh, VhRZiQg Whe diffeUeQceV beWZeeQ diffeUeQW fOXidV aQd 

cRQdiWiRQV. ThiV chaSWeU diVcXVVeV Whe UeVXOW Rf eYaOXaWiRQ Rf a P YaOXe deWeUPiQaWiRQ 

fRU PiOd WheUPaO SURceVVeV XViQg a VSUa\ Rf ZaWeU fURP QR]]OeV aQd VhRZeUheadV, 

XViQg Whe WheUPRcRXSOeV. The aiPV Rf WhiV SaUW Rf Whe ZRUN aUe WR deOiYeU YaUiabOe 

WePSeUaWXUe SURfiOeV fRU Whe PiOd WheUPaO SURceVVeV aQd VWXd\ Whe effecW UeVXOWV Rf WhiV 

ZiWhiQ aQd aW Whe VXUface Rf SaVWeXUiVed SURdXcWV. A QeZ VSUa\ SaVWeXUiVaWiRQ XQiW 

ZaV deVigQed aQd cUeaWed iQ Whe XQiYeUViW\¶V ZRUNVhRS, aQd diffeUeQW W\SeV Rf QR]]Oe 

(ViQgOe MeW aQd PXWi MeW) XVed. A VeUieV Rf SURceVV cRQdiWiRQV RQ bRWh QeZ 

VhRZeUheadV XViQg iQ a VSUa\ SaVWeXUiVeU ZeUe VWXdied, aQd Whe P YaOXeV caOcXOaWed.  

ThiV ChaSWeU iV RUgaQi]ed iQWR WhUee PaiQ VecWiRQV: 

(i) IQ SecWiRQ 5.2 Whe fiUVW QR]]Oe, Zhich had a 120-degUee Rf aQgOe Rf VSUa\ ZaWeU, iV 

VWXdied. ReVXOWV VhRZ Whe geQeUaO WUeQdV fRU Whe effecWV Rf fORZ aQd fRRd fOXid. 
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HRZeYeU, becaXVe Whe QR]]Oe had a YeU\ Zide VSUead Rf VSUa\ ZaWeU aQgOe, QR]]OeV 

WhaW gaYe a QeZ VWUaighW fORZ Rf ZaWeU RQ WR Whe YeVVeO ZeUe deYeORSed.   

(ii) SecWiRQ 5.3, WhXV VWXdieV WZR diffeUeQW ZaWeU fORZV ZiWh bRWh a ViQgOe MeW QR]]Oe aQd 

a VhRZeUhead.  

(iii) SecWiRQ 5.4 VWXdieV WZR-ShaVe VROid-OiTXid Pi[WXUeV ZiWhiQ Whe YeVVeO. 

The iQVWUXPeQWaWiRQ Rf a VhRZeUhead e[SeUiPeQW ZaV VeW XS aV iQ ChaSWeU 3 

(SecWiRQ 3.5.3) aQd VhRZQ iQ FigXUe 3.9 aQd FigXUe 3.10. The e[SeUiPeQWaO VeW XS iV 

deSicWed iQ FigXUe 5.1 WRgeWheU ZiWh Whe SRViWiRQ Rf Whe WheUPRcRXSOeV ePSOR\ed WR 

PeaVXUe Whe WePSeUaWXUe iQ Whe V\VWeP. 

 

 

FigXre 5. 1: Schematic of spra\ Yessel and position 

 

TePSeUaWXUe SURfiOeV ZeUe UecRUded fRU 60 PiQXWeV Rf heaWiQg WiPe aQd 10 PiQXWeV Rf 

cRROiQg WiPe XViQg VeYeQ caOibUaWed WheUPRcRXSOeV (W\Se K) aQd daWa ORggeUV (PRdeO: 

USB TC-08 TheUPRcRXSOe DaWa LRggeU, PicR TechQRORg\, UK, haYiQg a WePSeUaWXUe 

accXUac\ Rf �0.5ÛC). Each WePSeUaWXUe ZaV UecRUded eYeU\ 15 VecRQdV.  
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The VaPSOe VROXWiRQV ZeUe added iQWR Whe cRQWaiQeUV aW aPbieQW WePSeUaWXUe, ZiWh 5 

%(Y/Y) headVSaceV.  The cRQWaiQeUV ZeUe WheQ SOaced iQWR Whe VSUa\ SaVWeXUiVeU XQiW 

aQd Whe UeVXOWV cRPSaUed bRWh Whe effecWV Rf diffeUeQW VSUa\ cRQdiWiRQV aQd Rf 

diffeUeQW V\VWeP YiVcRViWieV aQd VROid fUacWiRQV. 

5.2. Spra\ Yessel design 1: A 120o spra\ shoZer set Xp. 

ThiV VecWiRQ SUeVeQWV Whe e[SeUiPeQWaO UeVXOWV cRUUeVSRQdiQg WR Whe RSeUaWiRQ Rf a 

VSUa\ YeVVeO ZiWh a VhRZeUhead SRXUiQg ZaWeU XS WR aQ aQgOe Rf 120R RYeU Whe MaU. A 

VeUieV Rf RSeUaWiRQ cRQdiWiRQV haYe beeQ VWXdied, aVVeVViQg Whe effecW Rf Whe 

fROORZiQg SURceVV YaUiabOeV iQ Whe heaW efficieQc\ Rf Whe V\VWeP: 

x fORZ UaWe  

x VSUa\ WePSeUaWXUe  

x YiVcRViW\ Rf Whe fiOOiQg fOXid  

DiffeUeQW heighWV fRU Whe QR]]Oe, aV ZeOO aV diffeUeQW cRQWaiQeU SRViWiRQV aQd QXPbeU Rf 

WUeaWed MaUV haYe beeQ aOVR cRQVideUed WR eYaOXaWe Whe effecW Rf Whe YeVVeO geRPeWU\. 

FigXUe 5.2 cRPSaUeV Whe WePSeUaWXUe SURfiOeV PeaVXUed iQ (a) Whe ZaWeU baWh aQd (b) 

Whe VSUa\ YeVVeO fRU a MaU cRQWaiQiQg ZaWeU. MeaVXUePeQWV iQcOXde aOVR Whe MaU 

eQYiURQPeQW.  

The UeVXOWV fRU Whe e[SeUiPeQW cRQdXcWed iQ Whe ZaWeU baWh e[SeUiPeQW VhRZ a 

UeOaWiYeO\ UaSid heaWiQg Rf Whe MaU fiOOiQg, ZiWh Whe V\VWeP UeachiQg Whe ZaWeU baWh 

WePSeUaWXUe aURXQd 1800V. The WheUPaO UeVSRQVe Rf Whe V\VWeP ZaV aOVR faVW dXUiQg 

Whe cRROiQg VWage, ZiWh Whe WePSeUaWXUe iQ aOO Whe PeaVXUed SRiQWV faOOiQg dRZQ WR 

YaOXeV cORVe WR 35RC aSSUR[. 600 VecRQdV afWeU Whe MaU ZaV UePRYed fURP Whe baWh. 



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 129 -

The VSUa\ YeVVeO ZiWh Whe 120 VSUa\ QR]]Oe e[hibiWV a VORZeU WheUPaO UeVSRQVe ZheQ 

cRPSaUe WR Whe ZaWeU baWh ± iW WaNeV abRXW 2100V WR Ueach a WePSeUaWXUe cORVe WR Whe 

60RC ZhiOe iQ Whe ZaWeU baWh WhaW YaOXe iV Ueached afWeU RQO\ 900 VecRQdV. AfWeU WhRVe 

fiUVW 2100 VecRQdV Whe WePSeUaWXUe iQ Whe VSUa\ YeVVeO V\VWeP NeeSV VORZO\ 

iQcUeaViQg UaWe, PaiQWaiQiQg YaOXeV cORVe WR 65RC XQWiO Whe begiQQiQg Rf Whe cRROiQg 

VWage (aURXQd 3600V). The V\VWeP dReV QRW Ueach Whe WePSeUaWXUe Rf Whe VhRZeU 

VSUa\ dXe WR Whe ORZeU heaW WUaQVfeU cRPSaUed WR Whe ZaWeU baWh ± WheUe iV bRWh OeVV 

PaVV Rf hRW ZaWeU SURYidiQg heaW WR Whe V\VWeP, aQd gUeaWeU heaW ORVVeV WR Whe 

eQYiURQPeQW ZhiOe VSUa\iQg.  

IQ bRWh V\VWePV - ZaWeU baWh aQd VSUa\ YeVVeO - Whe fiOOiQg WePSeUaWXUe SURfiOeV 

SUeVeQW Whe VaPe behaYiRU: 

(i) WePSeUaWXUe iQcUeaVeV ZiWh heighW, ZiWh ORcaWiRQ 3 ideQWified aV Whe hRW VSRW; 

(ii) ViPiOaU WePSeUaWXUe YaOXeV aORQg Whe UadiaO diUecWiRQ (ORcaWiRQV 2, 4 aQd 5). 

ThiV iQdicaWeV WhaW deVSiWe Whe diffeUeQce iQ Whe heaW WUaQVfeU UaWe fURP Whe 

eQYiURQPeQW WR Whe MaU, cRQYecWiRQ iV gRYeUQiQg Whe heaW WUaQVfeU iQVide Whe 

cRQWaiQeU iQ bRWh V\VWePV (hRW ZaWeU UiVeV aQd UeSOaced b\ cRROeU ZaWeU fURP 

Vide Rf ZaOO WR Whe ceQWeU Rf MaU). 
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(a) 

 

 

(b) 

FigXre 5. 2: Comparison of the temperatXre profiles measXred for all the locations in the 
s\stem (jar and its enYironment) in (a) Zater bath and in (b) spra\ Yessel. The jars contained 
Zater in both cases, Zith bath and spra\ no]]le temperatXres of 70oC. The filling Zas initiall\ at 
room temperatXre (i.e. aroXnd 20oC). The data shoZn in (b) for the spra\ Yessel corresponds to 
a mass floZ rate of 1.09 l/min. 
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5.2.1 Effect of floZ rate 

E[SeUiPeQWV ZeUe cRQdXcWed (iQ WUiSOicaWe) fRU WhUee diffeUeQW fORZ UaWeV (i) 0.53 O/PiQ, 

(ii) 0.78 O/PiQ, (iii) 1.09 O/PiQ aQd ZaWeU baWh, aQd Whe UeVXOWiQg WePSeUaWXUe SURfiOeV fRU 

fRXU ORcaWiRQV iQVide Whe MaU aUe VhRZQ iQ FigXUe 5.3. 

HeaW WUaQVfeU iQ Whe ZaWeU baWh iV faVWeVW iQ bRWh ORcaWiRQ 1 aQd 2. The WePSeUaWXUe 

SURfiOeV UecRUded fRU Whe 0.78 O/PiQ aQd Whe 1.09 O/PiQ fORZ UaWeV aUe YeU\ ViPiOaU, ZiWh 

a UaSid heaWiQg beWZeeQ 100 aQd 1800 VecRQdV aQd fiQaOO\ UeachiQg WePSeUaWXUeV 

cORVe WR Whe PXWi MeW aURXQd 2500 VecRQdV. OQ Whe RWheU haQd Whe ORZeVW fORZ UaWe 

(0.53 O/PiQ) VhRZV a VORZeU WheUPaO UeVSRQVe, ZiWh WePSeUaWXUeV aOPRVW 20RC ORZeU 

fRU WiPeV cORVe WR 1000 VecRQdV. OYeUaOO, Whe UeVXOWV VhRZ cOeaUO\ hRZ Whe heaW 

WUaQVfeU UaWeV iQcUeaVe ZiWh Whe fORZ UaWe. The ViPiOaUiW\ beWZeeQ Whe UeVXOWV Rf Whe WZR 

higheVW fORZ UaWeV iQdicaWe WhaW bRWh aUe RYeU Whe iQWeUQaOO\ cRQWUROOed OiPiW, i.e WhaW 

WheUPaO cRQdXcWiRQ ZiWhiQ Whe YeVVeO iV Whe VORZeVW SURceVV. 

FigXUe 5.4 cRPSaUeV Whe QRUPaOiVed SURceVV YaOXeV (P/PPa[) fRU aOO Whe ORcaWiRQV 

ZheUe Whe WePSeUaWXUe ZaV PeaVXUed dXUiQg Whe fORZ UaWe e[SeUiPeQWV (SURceVViQg 

YaOXeV SUeVeQWed iQ ASSeQdi[ II). AV e[SecWed, Whe higheU P/PPa[ YaOXeV cRUUeVSRQd 

WR UaWeV Rf 0.78 O/PiQ aQd 1.09 O/PiQ, ZiWh YaOXeV WhaW aUe aOPRVW WZice WhRVe 

cRUUeVSRQdiQg WR Whe ORZeVW fORZ UaWe (0.58 O/PiQ). 

The YaOXeV aUe VigQificaQWO\ OeVV WhaQ 0.1 VhRZiQg Whe SURbOePV Rf geWWiQg gRRd heaW 

WUaQVfeU (iQ cRPSaUe WR FigXUe 4.10) heaW WUaQVfeU fURP Whe ZaWeU baWh iV VWXdied. 

 

 



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 132 -

  

 

 

(a) 

 

(b) 

FigXre 5. 3: TemperatXre profiles corresponding to tZo locations (a) location 1 and, (b) location 
2 inside the jar for foXr different floZ rate conditions: 0.53 l/min (dashed), 0.78 l/min (dotted) 
and 1.09 l/min (solid) and Zater bath (dashed and dotted) The temperatXre of the spra\ no]]le 
Zas 60oC , Zhile the Zater filling the jar Zas initiall\ at 20oC. 
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FigXre 5. 4: Processing YalXes for three different floZ rate YalXes: (a) 0.53 l/min (lines), (b) 0.78 
l/min (solid) and (c) 1.08 l/min (diamond). The temperatXre of the spra\ no]]le Zas 60oC in all 
cases, Zith an initial temperatXre of the filling Zater of 20oC. The ]-YalXe considered in the 
calcXlations Zas ] = 10oC and the  YalXe of the temperatXre reference Xsed Zas Tref = 70oC. 

 

5.2.1.1 Convective heat transfer coefficients in the spray shower rig 

HeaW WUaQVfeU cRefficieQW YaOXeV ZeUe caOcXOaWed fURP Whe e[SeUiPeQWV ZiWh Whe 

aOXPiQiXP bORcN XViQg Whe OXPSed caSaciWaQce PeWhRd e[SOaiQed iQ SecWiRQ 3.3 aQd 

aUe VhRZQ iQ TabOe 5.1. IQ RUdeU WR caOcXOaWe Whe BiRW QXPbeUV fRU Whe e[SeUiPeQWaO 

V\VWePV, a WheUPaO cRQdXcWiYiW\ Rf 0.58 W/PK ZaV XVed fRU ZaWeU (Ramires, 1995) 

aQd 0.26 W/PK fRU bRWh VWaUch VROXWiRQV (Fricke, 2001). TheVe aUe Whe UeOeYaQW 

YaOXeV aW Whe VWaUWiQg WePSeUaWXUe 21RC aQd iW ZaV aVVXPed WhaW WheUPaO cRQdXcWiYiW\ 
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dReV QRW chaQge ZiWh WePSeUaWXUe. The YaOXeV Rf BiRW QXPbeUV fRU Whe e[SeUiPeQWaO 

VeW XS iQYROYiQg Whe WhUee WeVW PaWeUiaOV aUe aOVR VhRZQ iQ TabOe 5.1. 

Table 5. 1: Heat Transfer Coefficients and Corresponding Biot NXmbers 

FloZ rates  0.1 kg/s 0.233 kg/s 
HeaW TUaQVfeU CRefficieQW (W/m2 K) 1605 1619 

BiRW NXPbeU: WaWeU 35.1 35.4 

BiRW NXPbeU: SWaUch SROXWiRQV 78.2 78.9 

 

TR checN Whe RUdeU Rf PagQiWXde Rf Whe heaW WUaQVfeU cRefficieQWV, a ViPSOified 

cRUUeOaWiRQ fRU heaW WUaQVfeU iQ faOOiQg fiOPV ZaV XVed (Eu]en, 2004) fRU a UaQge Rf fORZ 

UaWeV, aQd iW cRXOd be cRQfiUPed WhaW heaW WUaQVfeU cRefficieQW YaOXeV acURVV Whe eQWiUe 

UaQge Rf fORZ UaWeV cRQVideUed e[SeUiPeQWaOO\ ZeUe iQ Whe cRUUecW RUdeU Rf PagQiWXde. 

The BiRW QXPbeUV acURVV Whe OaUge UaQge aUe cRQVideUabO\ gUeaWeU WhaQ 0.1. IW caQ 

WheUefRUe be cRQcOXded WhaW acURVV Whe cRQVideUed e[SeUiPeQWaO UaQge, Whe SURceVV 

iV iQWeUQaOO\ cRQWUROOed.  

5.2.2 Effect of temperatXre  

 

The effecW Rf Whe VSUa\ WePSeUaWXUe RQ Whe heaWiQg d\QaPicV Rf Whe V\VWeP ZaV 

VWXdied b\ UXQQiQg e[SeUiPeQWV XViQg WhUee diffeUeQW VSUa\ QR]]Oe WePSeUaWXUeV (i) 

50RC (ii) 60RC aQd (iii) 70RC aQd MaUV cRQWaiQiQg ZaWeU. The WePSeUaWXUe SURfiOeV 

RbWaiQed fURP WhiV VeUieV Rf e[SeUiPeQWV aUe SUeVeQWed iQ FigXUe 5.5, ZheUe Whe WhUee 

V\VWePV VhRZ cRQViVWeQW WUeQdV iQ WheiU WheUPaO UeVSRQVeV. LRZeU VSUa\/WaQN 

WePSeUaWXUeV UeVXOWed iQ ORZeU fiOOiQg WePSeUaWXUeV; Whe higheVW WePSeUaWXUe YaOXeV 

aUe RQO\ 5RC ORZeU WhaQ Whe VSUa\ WePSeUaWXUe aQd cRUUeVSRQd WR Whe e[SeUiPeQWV 



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 135 -

UaQ aW 70RC. The dUiYiQg fRUce Rf Whe V\VWeP iV WePSeUaWXUe, VR higheU WePSeUaWXUeV 

ZiOO Oead WR faVWeU heaW WUaQVfeU UaWeV.  

  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

FigXre 5. 5: Time-temperatXre profiles corresponding to foXr locations inside the jar (a) location 1, 

(b) location 2 (c) location 3 and (d) location 4 for three different spra\ no]]le temperatXres: (a) 

50oC (solid), (b) 60oC (dotted) and (c) 70oC (dashed). The initial temperatXre of the Zater filling the 

jars Zas 20oC. The data shoZn Zas measXred for a mass floZ rate throXgh the no]]le of 1.09 

l/min. 

 

  



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 136 -

 

FigXre 5. 6: Processing YalXes calcXlated for three different spra\ no]]le temperatXres: (a) 50oC 

(lines), (b) 60oC (solid) and (c) 70oC (oXt lined diamond) in a jar filled Zith Zater. The starting 

temperatXre Zas 20oC in all cases, and the Z-YalXe considered in the calcXlations Zas ] = 10oC. 

The reference temperatXre considered Zas Tref = 70oC. The data shoZn Zas measXred for a mass 

floZ rate throXgh the no]]le of 1.09 l/min. 

 

5.2.3 Effect of solXtion Yiscosit\ 

TR VWXd\ Whe effecW WhaW Whe YiVcRViW\ Rf Whe fiOOiQg haV RQ Whe heaW WUaQVfeU UaWeV Rf Whe 

VSUa\ YeVVeOV V\VWeP, fiYe diffeUeQW VROXWiRQV ZeUe heaW XS iQ Whe YeVVeO VSUa\ aW a 

fi[ed fORZ UaWe Rf 1.08 O/PiQ aQd ZiWh a VSUa\ QR]]Oe WePSeUaWXUe Rf 70RC. TabOe 5.2 

OiVWV Whe fiOOiQgV XVed iQ WhiV VeUieV Rf e[SeUiPeQWV, aORQgVide WheiU YiVcRViW\ YaOXeV. 

FigXUe 5.7 VhRZV Whe WePSeUaWXUe SURfiOeV cRUUeVSRQdiQg WR fiYe diffeUeQW fiOOiQgV: 

ZaWeU, 5%(Z/Y) SUe-geOaWiQiVed VWaUch, 5%(Z/Y) cRUQ VWaUch, 1%(Z/Y) gXaU gXP aQd 

3%(Z/Y) agaU.  
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Table 5. 2: Fillings emplo\ed in the spra\ Yessel e[periments and their Yiscosit\ YalXes. 

Jar filling Viscosit\ (Pa s) Reference 

WaWeU 1.002[ 10-3  DeeQ (2016) 

5%(Z/Y) SUe-geOaWiQiVed cRUQ VWaUch 1.96[ 10-3  TeOiV eW aO (2007) 

5%(Z/Y) cRUQ VWaUch 0.45 MehXadeQ (2008) 

1%(Z/Y) gXaU gXaP 0.75 ThiV ZRUN 

3%(Z/Y) agaU 1450 KaVaSiV (2009) 

 

The daWa VhRZV: 

 (i) FRU ZaWeU, aV iQ FigXUe 5.2 Whe WePSeUaWXUe iQcUeaVeV UaSidO\ WhURXghRXW Whe 

begiQQiQg Rf VSUa\iQg SURceVV, aQd afWeU 2800 VecRQdV Whe heaWiQg UaWe VORZV dRZQ. 

The V\VWeP WePSeUaWXUe UeacheV 65RC RYeU heaWiQg SeUiRd fRU RQe hRXU.  

(ii) The 5% (Z/Y) SUe-geOaWiQiVed VWaUch VROXWiRQ e[hibiWV VOighWO\ VORZeU heaWiQg 

d\QaPicV, ZiWh a VORZeU aSSURach WR Whe VSUa\ WePSeUaWXUe afWeU aSSUR[. 3000 

VecRQdV. 

(iii) The WePSeUaWXUe SURfiOe cRUUeVSRQdiQg WR Whe 1%(Z/Y) gXaU gXP VROXWiRQ VhRZV 

Whe VaPe WUeQd WhaQ ZaWeU aQd Whe SUe-geOaWiQiVed VWaUch, bXW ZiWh a VORZeU heaWiQg 

UaWe befRUe 2000 VecRQdV. 

(iY) The 5% (Z/Y) VWaUch aQd Whe 3% (Z/Y) agaU VROXWiRQV, SUeVeQW a ViPiOaU behaYiRU, 

ZiWh Whe VORZeVW WheUPaO UeVSRQVeV aQd QR cRROiQg VWage: i.e. heaWiQg iV VR VORZ WhaW 

iW cRQWiQXeV afWeU Whe e[WeUQaO heaWiQg haV VWRSSed. 
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(Y) TheUPaO UeVSRQVeV ZeUe VORZeU iQ WhRVe fiOOiQgV ZiWh higheU YiVcRViW\, iQ Zhich 

cRQdXcWiRQ iV PechaQiVP dUiYiQg heaW WUaQVfeU, iQ cRPSaUiVRQ ZiWh Whe faVW heaWiQg 

VhRZ b\ ZaWeU aQd Whe 10% VXgaU VROXWiRQ ± V\VWeP ZheUe cRQYecWiRQ iV dRPiQaWiQg 

heaW WUaQVfeU iQVide Whe MaU. 

 

 

FigXre 5. 7: TemperatXre profiles measXred inside the jar for fiYe fillings of different Yiscosit\: 

Zater (solid), 5% (Z/Y) pre-gelatinised starch (dotted), 5%(Z/Y) corn starch (sqXares), 1%(Z/Y) 

gXar gXm (dashed), and 3%(Z/Y) agar (dash-dotted). The temperatXre of the spra\ no]]le Zas 

70oC in all cases the shoZn, Zith an initial temperatXre of the fillings of appro[. 20oC. The data 

corresponds to a mass floZ rate throXgh the no]]le of 1.09 l/min. 
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FigXre 5. 8: Normalised P YalXes for fiYe different solXtion s\stems: Zater (line), 5%(Z/Y) pre-

gelatinised starch (solid), 5%(Z/Y) corn starch (diamond), 1%(Z/Y) gXar gXm (dotted) and 

3%(Z/Y) agar (Zide doZnZard). The spra\ no]]le temperatXre Zas 70oC in all cases, Zith a 

starting temperatXre for the filling of 20oC. The Z-YalXe considered in the calcXlations Zas ] = 

10oC, Tref =70oC. The data shoZn Zas recorded for a mass floZ rate throXgh the no]]le of 1.1 

l/min. 

 

The QRUPaOiVed P YaOXeV fRU Whe fiYe diffeUeQW VROXWiRQV aUe SUeVeQWed iQ FigXUe 5.8.  

DaWa VhRZV WhaW Whe higheVW P/PPa[ YaOXeV cRUUeVSRQd WR Whe V\VWeP ZiWh Whe ORZeVW 

YiVcRViW\ ± ZaWeU. LRZeU heaW WUaQVfeU  (aV cRQVeTXeQce Rf iQcUeaViQg YiVcRViW\ 

YaOXeV) UeVXOWV iQ ORZeU P/PPa[ YaOXeV, aV caQ be VeeQ iQ FigXUe 5.8 fRU Whe 3%(Z/Y) 

agaU VROXWiRQ. VeU\ ORZ P YaOXeV UeVXOW fURP Whe SURceVViQg Rf agaU (ca. 0.05 aV 

RSSRVed WR 0.2 fRU ZaWeU fRU e[aPSOe). 
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5.2.4 Effect of no]]le position  

IQ a UeaO WXQQeO SaVWeXUiVeU aV VhRZQ iQ ChaSWeU 1, a fXOO ORad Rf MaUV SaVVeV WhURXgh 

Whe WXQQeO WR e[WeQd VheOf Oife fRU Whe fRRd b\ ORZeUiQg Whe PicURbiaO ORad. HRZeYeU, 

WheUe ZiOO be heaW ORVW aORQg Whe WXQQeO aQd RYeU ZaV cRQdXcWed ORad Rf MaUV. A VWXd\ 

Rf heaW WUaQVfeU iQ diffeUeQW SRViWiRQV iQVide a VSUa\ WR XQdeUVWaQd iWV behaYiRU aQd 

fiQd RXW RSWiPaO ORcaWiRQ Rf caQ RU MaUV. ThiV VecWiRQ deVcUibeV e[SeUiPeQWV VhRZeU 

WheUe ZaV aQ Vee Whe effecW Rf: 

(i) UeOaWiYe SRViWiRQ Rf QR]]Oe aQd YeVVeO  

(ii) heighW Rf YeVVeO, aQd  

(iii) cRQWaiQeU VeW XS. 

 The MaUV ZeUe VeW XS ZiWh WheUPRcRXSOeV aQd WePSeUaWXUeV ZeUe UecRUded aV 

e[SOaiQed iQ SecWiRQ 3.5.3. 

5.2.4.1 Effect of holi]ontal distance between no]]le and container   

IW iV QRW cOeaU ZhaW effecW Whe diVWaQce beWZeeQ QR]]Oe aQd YeVVeO ZiOO haYe RQ heaW 

WUaQVfeU behaYiRXU aQd Whe heaW ORVW iQ iWV eQYiURQPeQW. ThiV e[SeUiPeQW ZaV VeW XS 

ZiWh diffeUeQW ORcaWiRQV Rf Whe MaU iQ Whe SaVWeXUiVeU Uig XQiW aV VhRZQ iQ FigXUe 5.10.  

TheUe aUe fRXU ORcaWiRQV Rf Whe MaU VhRZQ fRU fRXU diffeUeQW hROi]RQWaO diVWaQce SRViWiRQ 

beWZeeQ Whe QR]]Oe aQd a YeVVeO V\VWePV; SRiQW 1 (25 cP), SRiQW 2 (18.5 cP.), SRiQW 3 

(12 cP.), aQd SRiQW 4 (25 cP). The VSUa\ QR]]Oe WePSeUaWXUe ZaV 60RC iQ aOO caVeV, 

ZiWh a fORZ UaWe Rf 0.78 O/PiQ. 
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FigXre 5. 9: Schematic of the distance betZeen no]]le and Yessel. 

 

FigXUe 5.10 VhRZV Whe WePSeUaWXUe SURfiOeV RbWaiQed aW fRXU diffeUeQW ORcaWiRQV iQ Whe 

MaU fRU fRXU diffeUeQW UeOaWiYe SRViWiRQV Rf QR]]Oe aQd YeVVeO. 

x The diVWaQce beWZeeQ QR]]Oe aQd YeVVeO V\VWePV aW SRiQW 4 gaYe Whe VORZeVW 

heaWiQg SURfiOe, ZhiOe aW SRiQW 1 ZaV Whe higheVW heaWiQg. HRZeYeU, Whe 

behaYiRXU aW SRiQW 2 aQd 3 had WePSeUaWXUe SURfiOeV WhaW ZeUe YeU\ ViPiOaU. 

x IQ aOO caVeV, Whe fiQaO WePSeUaWXUe iV Ueached aW cORVe WR 56RC aW Whe VaPe 

WiPe, afWeU heaWiQg fRU 3000V. 

x The daWa VXggeVWV, aV e[SecWed, WhaW Whe fXUWheU Whe YeVVeOV aUe fURP Whe 

QR]]Oe Whe VORZeU Whe heaWiQg UaWe. ThiV ZiOO be VigQificaQW iQdXVWUiaOO\ iQ Whe 

caVe Rf effecW Rf URZV Rf caQ/MaUV RU if Whe fORZ SaWWeUQ iV Whe SaVWeXUiVeU iV QRW 

XQifRUP. 
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FigXre 5. 10:  TemperatXre profiles obtained at foXr locations in jar for foXr different relatiYe position 

of no]]le and Yessel: (a) point 1 (dashed), (b) point 2 (sqXare dots),  (c) point 3 (roXnd dots), and (d) 

point 4 (solid). The temperatXre of the heating tank Zas 60oC, Zith a starting temperatXre aroXnd 

20oC in all cases. The data shoZn Zas measXred for a mass floZ rate throXgh the no]]le of 0.78 

l/min. 

 

FigXUe 5.11 SUeVeQWV Whe P/PPa[ YaOXeV fRU Whe fRXU diffeUeQW UeOaWiYe SRViWiRQV Rf 

QR]]Oe aQd YeVVeO. AV VeeQ iQ Whe WePSeUaWXUe-WiPe SURfiOeV iQ FigXUe 5.11, Whe 

diVWaQce beWZeeQ QR]]Oe aQd YeVVeO aW SRiQW 4 gaYe Whe VORZeVW heaW WUaQVfeU aQd Whe 

caOcXOaWed P/PPa[ YaOXed gaYe Whe ORZeVW P YaOXeV, ZhiOVW ZiWh Whe ORcaWiRQ aW SRiQW 1 

gaYe Whe higheVW P YaOXeV. TheUe ZeUe QR VigQificaQW diffeUeQceV beWZeeQ SRiQWV 2 

aQd 3. 
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FigXre 5. 11: the P/Pma[ YalXes for foXr different relatiYe positions of no]]le and Yessel: (a) 

point 1 (dots), (b) point 2 (diamond), (c) point 3 (solid), and (d) point 4 (line). The heating 

temperatXre Zas 60oC and floZ rate 0.78 l/min in all cases. The starting temperatXre Zas 20oC, 

the ]-YalXe considered in the calcXlations Zas ] = 10oC and Tref = 70oC. 

5.2.5 Effect of Yertical distance betZeen no]]le and container  

The RWheU aVVXPSWiRQ abRXW Whe effecW Rf QR]]Oe SRViWiRQ RQ heaW WUaQVfeU ZaV Whe 

effecW Rf Whe heighW beWZeeQ a QR]]Oe aQd MaU. The e[SeUiPeQW WheQ ZaV VeW XS ZiWh 

YaUiRXV ORcaWiRQV Rf MaU iQ a SaVWeXUiVeU Uig XQiW aV VhRZQ iQ FigXUe 5.12.  ThUee 

heighWV (18.6 cP, 26.8 cP, aQd 35 cP.) beWZeeQ QR]]Oe aQd MaU ZeUe VWXdied. The 

VSUa\ QR]]Oe WePSeUaWXUe ZaV 60RC iQ aOO caVeV. The VSUa\ QR]]Oe fORZ UaWe ZaV 0.78 

O/PiQ. The WePSeUaWXUe ZaV UecRUded fRU eYeU\ 15 VecRQdV. 
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(a) 

 

(b) 

FigXre 5. 12: Schematic of the distance Yariations betZeen no]]le and jar. 

 

FigXUe 5.13 VhRZV Whe WiPe-WePSeUaWXUe SURfiOeV fRU Whe WhUee diffeUeQW diVWaQceV 

beWZeeQ QR]]Oe aQd MaU VWXdied: (a) 35 (daVhed), (b) 26.5 (dRWV) aQd (c) 18.6 (VROid) 

cP. The figXUe VhRZV WhaW: 
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The 18.6 cP diVWaQce gaYe Whe faVeVW heaWiQg SURfiOe, ZhiOe fRU a diVWaQce beWZeeQ 

QR]]Oe aQd MaU Rf 26.8 cP Whe heaWiQg WePSeUaWXUe SURfiOe RbWaiQed VhRZed Whe 

VORZeVW YaOXeV. 

x VOighWO\ diffeUeQceV iQ Whe WePSeUaWXUeV Rf Whe MaU ORcaWiRQV 1, 2, aQd 4 (UadiaO 

diVWUibXWiRQ) ZeUe fRXQd ZheQ Whe VPaOOeVW aQd biggeVW diVWaQceV beWZeeQ 

QR]]Oe aQd MaU ZeUe cRPSaUed. 

x OQ Whe cRQWUaU\, iW VeePV WhaW Whe faOOiQg heighW Rf Whe VSUa\ had a ceUWaiQ 

UiViQg effecW RQ Whe WePSeUaWXUe SURfiOeV UegiVWeU aW ORcaWiRQ 3  (Whe WRS Rf MaU). 

x IQ aOO caVeV, Whe V\VWePV Ueached Whe WheiU higheVW WePSeUaWXUe YaOXe abRXW 

57RC afWeU heaWiQg fRU 2800V. 

x IW ZaV fRXQd WhaW diffeUeQW diVWaQceV beWZeeQ QR]]Oe aQd MaUV had QR XQifRUP 

effecW RQ heaW WUaQVfeU. 
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(a) 

 

(b) 

 

  
(c) 

 

(d) 

FigXre 5. 13: Time-temperatXre profile for three different heights of the no]]le Zith respect the 

jar top: (a) 35 cm (dashed), (b) 26.5 cm (dots) and (c) 18.6 cm (solid). The jars contained Zater 

initiall\ at a temperatXre of 20oC. The temperatXre of the heating spra\ appro[. Zas 60oC and 

its floZ rate Zas 0.78 l/min in all cases. 

 

FigXUe 5.14 VhRZV Whe P/PPa[ YaOXeV fRU Whe WhUee diffeUeQW heighWV Rf Whe QR]]Oe (Vee 

ASSeQdi[ II fRU Whe P YaOXeV ZiWhRXW QRUPaOiVaWiRQ). The ]-YaOXe cRQVideUed iQ Whe 

caOcXOaWiRQV ZaV ] = 10RC aQd Whe UefeUeQce WePSeUaWXUe cRQVideUed ZaV TUef = 70RC. 

AccRUdiQgO\ WR Whe WePSeUaWXUe-SURfiOeV VhRZed iQ FigXUe 5.13, Whe P/PPa[ YaOXeV fRU 

Whe 18.6 cP diVWaQce beWZeeQ QR]]Oe aQd MaU ZeUe Whe higheVW RQeV, ZhiOVW WhRVe 

caOcXOaWed fRU Whe 35 cP diVWaQce ZeUe Whe ORZeVW RQeV.  
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FigXre 5. 14: Normalised pasteXrisation YalXes for three different heights of the no]]le: (a) 35 

cm (line), (b) 26.5 cm (solid) and (c) 18.6 cm (oXt lined diamond). The ]-YalXe considered in the 

calcXlations Zas ] = 10oC, and the reference temperatXre Zas Tref = 70 0C. 

 

5.2.6 Container set Xp  

The OaVW VeW Rf WeVWV WR aVVeVV Whe effecW Rf Whe QR]]Oe SRViWiRQ RQ heaW WUaQVfeU Rf Whe 

V\VWeP ORRNed aW diffeUeQW cRQWaiQeU VeW XSV: i.e. diffeUeQW QXPbeU Rf MaUV (1, 2, 3, 4, 

aQd 9) iQVide Whe SaVWeXUiVeU Uig XQiW, aV VhRZQ iQ FigXUe 5.15.  The VSUa\ QR]]Oe 

WePSeUaWXUe ZaV 70RC iQ aOO caVeV, ZiWh a fORZ UaWe Rf 0.78 O/PiQ, aQd WePSeUaWXUeV 

ZeUe UecRUded eYeU\ 15V. IQ a cRPPeUciaO WXQQeO, MaUV aUe cORVe WRgeWheU, aQd WhiV 

PighW affecW heaWiQg cRQdiWiRQ. 
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FigXre 5. 15: PictXres of the spra\ rig shoZing the disposition of the s\stem for different jet 

arrangements. 

 

FigXUe 5.16 VhRZV Whe WePSeUaWXUe SURfiOeV RbWaiQed fRU Whe fiYe diffeUeQW cRQWaiQeU 

VeW XSV cRPSaUed iQ Whe VSUa\ V\VWeP: 1 MaU (bOacN VROid), (b) 2 MaUV (Ued dRWV),  (c) 3 

MaUV (bOacN VTXaUeV), (d) 4 (daVhed) aQd 9 (daVhed-dRWWed. IW WhiV gUaSh iW caQ be VeeQ 

WhaW: 

(i) The ViQgOe cRQWaiQeU VeW XS gaYe Whe PRVW UaSid heaWiQg SURfiOe, ZhiOe Whe 9 

cRQWaiQeUV VeW XS ZaV Whe ORZeVW heaWiQg WePSeUaWXUe SURfiOe. 

(ii) AV Whe QXPbeU Rf cRQWaiQeUV iQ Whe VeW XS iQcUeaVed, Whe UaWe heaW WUaQVfeU 

decUeaVed. 

(iii)  IQ aOO caVeV (bXW Whe 9 MaUV VeW-XS), Whe fiQaO V\VWeP caQ Ueach Whe WePSeUaWXUe 

aW ViPiOaU WiPeV; aOWhRXgh Whe heaW WUaQVfeU UaWe deSeQd RQ a QXPbeU Rf MaUV, aOO 

WheP Ueached Whe higheVW WePSeUaWXUe (aSSUR[. 65RC) afWeU 3200V.  
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 IQ Whe 9 MaUV VeW XS Whe Pa[iPXP WePSeUaWXUe Ueached iV ORZeU WhaQ iQ Whe RWheU MaU 

aUUaQgePeQWV VWXdied. ThiV PighW be dXe WR Whe aPRXQW Rf ZaWeU VXSSOied WR each MaU 

beiQg iQVXfficieQW fRU heaWiQg - aV QRWed iQ ChaSWeU 2, Whe VXSSO\ Rf iQVXfficieQW aPRXQW 

Rf heaW ZiOO VigQificaQWO\ UedXce Whe heaWiQg UaWeV 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

FigXre 5. 16: TemperatXre profiles obtained for heating temperatXres at foXr different locations 

inside the jar in container set Xp consisting of: (a) 1 jar (black solid), (b) 2 jars (red dots),  (c) 3 

jars (black sqXares), (d) 4 jars (dashed) and 9 jars (dashed-dotted). The heating temperatXre 

Zas 70oC and the mass floZ rate Zas 0.78 l/min. The starting temperatXre Zas aroXnd 20oC. 

 

IQ FigXUe 5.17: Whe QRUPaOi]ed P YaOXeV fRU WheVe fiYe diffeUeQW cRQWaiQeU VeW XSV aUe 

VhRZQ. IW ZRXOd be e[SecWed WhaW: 
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(i) The ViQgOe cRQWaiQeU VeW XS UeVXOWed iQ Whe higheVW P YaOXeV, ZhiOe Whe 9 

cRQWaiQeUV VeW XS ZaV Whe ORZeVW P YaOXeV fROORZ aV WePSeUaWXUe-WiPe 

SURfiOe iQ FigXUe 5.16. 

(ii) AV Whe QXPbeU Rf cRQWaiQeUV iQ Whe VeW XS iQcUeaVed, P YaOXeV decUeaVed.   

(iii) HRZeYeU, Whe 2 aQd 3 cRQWaiQeUV VeW XS ZeUe QRW VigQificaQWO\ diffeUeQW iQ 

QRUPaOiVed P YaOXeV. 

CRQcOXViRQV WhaW caQ be dUaZQ fURP WheVe e[SeUiPeQWV aUe: 

x P/PPa[ YaOXeV iQcUeaVe ZiWh Whe WePSeUaWXUe Rf Whe heaWiQg PediXP aQd Whe 

OiTXid fORZ UaWe.  

x SiPiOaUO\, P P/PPa[ YaOXeV iQcUeaVed aV YiVcRViW\ Rf Whe fRRd decUeaVed. 

x HRZeYeU, Whe QRUPaOiVed P YaOXeV decUeaVe ZheQ Whe QXPbeU Rf MaU 

iQcUeaVed. 

x P/PPa[ YaOXeV aW a VeSaUaWiRQ Rf QR]]Oe aQd MaU Rf heighW Rf 18.6 cP aUe Whe 

higheVW; hRZeYeU, P YaOXeV aW Whe heighW Rf 18.6 cP aQd 35 cP aUe aOPRVW Whe 

VaPe.  

x A WaUgeW Rf 70RC fRU 5 PiQ iV achieYabOe ZiWh aQ RSWiPaO deVigQ XViQg UaWe 70 

RC Rf 30 PiQ.  

x TheUe iV a VWURQg effecW Rf YiVcRViW\ RQ Whe V\VWeP iQWeUQaO WePSeUaWXUe bXW WhiV 

RQO\ ZeaNO\ affecWV Whe VXUface. 
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FigXre 5. 17: Normalised P YalXes for fiYe different container set Xp s\stems: (a) 1 jar (line), (b) 2 jars 

(solid),  (c) 3 jars  (oXt lined diamond),  (d) 4 jars (dots) and (e) 9 jars  (Zide doZnZard). The ]-YalXe 

considered in the calcXlations Zas ] = 10oC and Tref = 70 0C. 

 

5.3   Spra\ Yessel design 2: Straight Zater floZ no]]le set Xp 

IQ SecWiRQ 5.2 Whe efficieQc\ Rf a QR]]Oe WhaW VSUa\iQg iQ a 120-degUee Zide aQgOe RQ 

Whe heaW WUaQVfeU iQ MaU dXUiQg SaVWeXUiVaWiRQ ZaV iQYeVWigaWed, aQd UeVXOWV ZeUe 

VhRZed hRZ SaUaPeWeUV VXch aV Whe ORcaWiRQ Rf MaUV affecW heaW WUaQVfeU. HRZeYeU, 

WhiV 120-degUee QR]]Oe SUeVeQWed a Zide VSUa\ diVWUibXWiRQ, aQd WhiV PighW be affecW 

Whe heaW ORVW beWZeeQ QR]]Oe, YeVVeO aQd iWV eQYiURQPeQW.  

TR ideQWif\ hRZ PXch heaW cRXOd be ORVW, WZR RWheU W\SeV Rf QR]]Oe ZeUe VWXdied fRU 

cRPSaUiVRQ: (i) a ViQgOe MeW QR]]Oe aQd (ii) a VWUaighW-OiQe VhRZeUhead, bRWh VhRZQ iQ 

FigXUe 5.18 (a) aQd (b) UeVSecWiYeO\. The ViQgOe MeW QR]]Oe UeSUeVeQWV a YeU\ VWUaighW 

YeUWicaO fORZ, iQ Zhich aOO Whe OiTXid UeacheV diUecWO\ WR Whe WRS Rf a YeVVeO, aQd Whe 

VhRZeUhead ZaV UeSUeVeQWaWiYe aV a UaiQiQg fORZ RQWR a YeVVeO.   The e[SeUiPeQW 
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ZaV VeW XS aQd e[SeUiPeQWV caUUied RXW aV deWaiOed iQ SecWiRQ 3.5.3.  The 

e[SeUiPeQWaO VeW XS iV Whe VaPe aV VhRZQ SUeYiRXVO\ iQ SecWiRQ 5.2. 

 

 
(a) 

 

(b) 

FigXre 5. 18: NeZ shoZerheads: (a) single jetsingle jet and (b) MXlti jet. 

 

Table 5. 3: E[periment plan for the spra\ e[periments condXcted Zith the single jet and the 

shoZer head no]]les. 

T\pe of No]]le FloZ rate (l/min) Filling 

SiQgOe MeW 0.92 - 1.91 

ZaWeU 

5% cRUQ VWaUch 

MXWi MeW 0.98 - 1.71 

ZaWeU 

5% cRUQ VWaUch 
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TabOe 5.3 VhRZV Whe SaUaPeWeUV VWXdied: 

(i) EffecW Rf a VSUa\ fORZ UaWe (0.92 aQd 1.91 O/PiQ fRU ViQgOe MeW QR]]Oe aQd 0.98 

aQd 1.78 O/PiQ fRU a PXWi MeW QR]]Oe). 

(ii) EffecW Rf W\Se Rf QR]]Oe. 

(iii) EffecW Rf YiVcRViW\ Rf fRRd fOXid (ZaWeU aQd 5%(Z/Y) cRUQ VWaUch). 

AOO e[SeUiPeQWV ZeUe cRQdXcWed fRU 60 PiQ heaWiQg aQd 10 PiQ cRROiQg. The heaWiQg 

WePSeUaWXUe aW Whe QR]]Oe ZaV 70RC aQd WePSeUaWXUe ZaV UecRUded eYeU\ 15 

VecRQdV. 

5.3.1 Time temperatXre profile  

FigXUe 5.19 cRPSaUeV Whe WiPe - WePSeUaWXUe SURfiOeV beWZeeQ WZR QR]]OeV PeaVXUed 

aW eighW ORcaWiRQV iQ bRWh MaU aQd iWV eQYiURQPeQW. FRU bRWh QR]]OeV, Whe behaYiRXU Rf 

Whe V\VWeP ZaV YeU\ ViPiOaU: 

(i) TheUe ZaV VORZ heaWiQg aW Whe ceQWUe Rf Whe MaU ORcaWiRQV 1, 2 aQd 3. 

(ii) HRZeYeU, Whe WePSeUaWXUeV ZeUe YeU\ ViPiOaU fRU aOO Whe ORcaWiRQV aORQg Whe 

a[iaO diUecWiRQ: bRWWRP (ORcaWiRQ 1), haOf heighW (ORcaWiRQ 2) aQd WRS Rf Whe MaU 

(ORcaWiRQ 3). ThiV behaYiRXU iV QRW ViPiOaU WR Whe ZaWeU baWh e[SeUiPeQWV, iQ 

Zhich Whe WePSeUaWXUe decUeaVed fURP WRS WR bRWWRP Rf MaU (Vee ChaSWeU 4).  

(iii)  The WePSeUaWXUe SURfiOe ZaV ORZeU fURP Whe ceQWUe Rf MaU (ORcaWiRQ 2) WR 

Vide Rf MaU (ORcaWiRQ 4) (Zhich ZaV Whe VORZeVW SRiQW) bXW iQcUeaVed fURP WR 

iQQeU ZaOO Rf MaU (ORcaWiRQ 5) aQd Whe RXWeU ZaOO Rf MaU (ORcaWiRQ 6). 
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(iY)  The WePSeUaWXUe iQ Whe MaU cRXOd QRW Ueach Whe heaWiQg WePSeUaWXUe; MaU 

WePSeUaWXUeV ZeUe 2-3RC ORZeU, VhRZiQg heaW ORVVeV iQ Whe VSUa\ V\VWeP. 

 

(a)  

 

(b)  

FigXre 5. 19: TemperatXre profiles measXred for eight locations in the s\stem (jar and its 

enYironment) Xnder a spra\ pasteXriser Xnit Xsing 2 different no]]le (a) single jet (ma[imXm 

floZ rate at 1.91 l/min) and (b) mXti jet (ma[imXm floZ rate at 1.78 l/min). The jars contained 

Zater and heating no]]le temperatXres of 70oC. The filling Zas initiall\ at room temperatXre (i.e. 

aroXnd 20oC). 
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5.3.2 Effect of floZ rate  

The daWa Rf FigXUe 5.20 VhRZ WePSeUaWXUe SURfiOeV fRU WZR diffeUeQW fORZ UaWeV 

(PiQiPaO fORZ UaWe aQd Pa[iPXP fORZ UaWe) fRU each W\Se Rf QR]]Oe (ViQgOe MeW QR]]Oe 

aQd PXWi MeW). The UeVeaUch fRXQd WhaW WheUe ZeUe Whe VaPe behaYiRXU iQ aOO 

e[SeUiPeQWV, fRU aOO fORZ UaWeV aW QR]]Oe aQd NiQd Rf QR]]Oe, ZiWh faVWeU WheUPaO 

UeVSRQVeV fRU Pa[iPXP fORZ UaWe WUeaWPeQWV. 

 

 

(a)                                                                             (b) 

 

(c) 

FigXre 5. 20: TemperatXre profiles for tZo different floZ rate of conditions: minimXm floZ rate 

(dashed) and ma[imXm floZ rate (solid) for tZo t\pes of no]]le: (a) single jet no]]le and (b) 

mXlti jet, and (c) single jet and mXti jet. TemperatXre of the heating spra\ Zas 70oC, Zhile the 

Zater filling the jar Zas initiall\ at appro[. 20oC 
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AV e[aPSOe, V\VWeP iQ FigXUe 5.20(a) ± ViQgOe MeW QR]]Oe ZiWh Pa[iPXP fORZ UaWe 

cRQdiWiRQ  ± ZheUe Whe WePSeUaWXUe UaSid UeacheV YaOXeV cORVe WR Whe QR]]Oe 

WePSeUaWXUe dXUiQg iQiWiaO heaWiQg SeUiRd (800V); fRU Whe PiQiPXP fORZ UaWe Whe ZaWeU 

iQ Whe MaU Ueached Whe VaPe WePSeUaWXUe YaOXeV afWeU abRXW 1000V.  

ShRZeUhead aQd ViQgOe MeW QR]]Oe VhRZed YeU\ ViPiOaU WheUPaO UeVSRQVeV, fRU bRWh 

Pa[iPXP aQd PiQiPXP fORZ UaWeV, ZiWh WePSeUaWXUeV iQ Whe MaUV beWZeeQ 2-5RC 

ORZeU WhaQ Whe heaWiQg WePSeUaWXUe. 

FigXUe 5.21 SUeVeQWV Whe QRUPaOi]ed P YaOXeV fRU PiQiPaO fORZ UaWe (VROid) aQd 

Pa[iPXP fORZ UaWe (OiQe) fRU each W\Se Rf QR]]Oe: (a) ViQgOe MeW aQd (b) PXWi MeW.  

x FRU bRWh W\SeV Rf QR]]OeV, Whe QRUPaOiVed P YaOXeV iQcUeaVed ZiWh Whe fORZ 

UaWe.  TheUe iV a higheU heaW WUaQVfeU UaWe fRU Whe Pa[iPXP fORZ UaWe, aV VeeQ 

iQ FigXUe 5.20. 

x FROORZiQg Whe WUeQd VeeQ iQ Whe WePSeUaWXUe SURfiOeV, WheUe aUe QR VigQificaQW 

diffeUeQceV beWZeeQ Whe SaVWeXUi]aWiRQ YaOXeV iQ Whe UadiaO diUecWiRQ, cRQWUaU\ 

WR ZhaW ZaV fRXQd fRU Whe ZaWeU baWh e[SeUiPeQWV iQ ChaSWeU 4. 

x AOVR iQ Whe ZaWeU baWh Whe MaU ZaV cRPSOeWeO\ iPPeUVed iQ Whe heaWiQg PediXP 

(ZaWeU), aQd Whe WheUPaO WUaQVfeU iQ RccXUUed WhURXgh fURP WRS aQd ZaOOV Rf Whe 

MaU, UeVXOWiQg iQ P YaOXeV WhaW decUeaVed accRUdiQgO\ fURP Whe WRS WR Whe bRWWRP 

Rf Whe MaU.  
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(a) 

 

(b) 

FigXre 5. 21:  Normalised P YalXes for tZo different floZ rate of conditions: minimal floZ rate 

(solid) and ma[imXm floZ rate (line) for each t\pe of no]]le: (a) single jet and (b) mXti jet. The 

]-YalXe considered in the calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 

70oC. Pma[ = 65 min. 

 

OQ Whe RWheU haQd, iQ Whe VSUa\ V\VWeP - fRU bRWh ViQgOe MeW aQd PXWi MeW - Whe MaU ZaV 

VaW XQdeU Whe UaiQ VhRZeU ZiWh ZaWeU faOOiQg diUecWO\ WR VRPe SRiQW Rf Whe MaU Oid, aQd 

WheQ fORZiQg dRZQ RQ Whe Vide Rf Whe MaU aV a WhiQ faOOiQg fiOP. The heaW WUaQVfeUUed 

fURP Whe faOOiQg fiOP iV VXbMecWed WR ORVVeV (eYaSRUaWiRQ) aQd aV Whe PaVV Rf ZaWeU 

iQYROYed iQ Whe heaWiQg SURceVV iV PXch OeVV WhaQ iQ Whe ZaWeU baWh, Whe heaW WUaQVfeU 

UaWe iV VORZeU iQ WhiV caVe.  AV a UeVXOW WRR, WheUe ZaV a chaQge iQ Whe ORcaWiRQ Rf Whe 



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 158 -

cROdeVW SRiQW Rf Whe fiOOiQg, fURP ORcaWiRQ 1 iQ Whe ZaWeU baWh WR ORcaWiRQ 4 iQ Whe VSUa\ 

VhRZeU V\VWeP. 

5.3.3 Effect of t\pe of no]]le 

The daWa fURP FigXUe 5.22 VhRZV Whe cRPSaUiVRQ Rf WePSeUaWXUe WiPe SURfiOeV 

beWZeeQ Whe WZR diffeUeQW W\Se Rf QR]]Oe aW Whe PiQiPXP aQd Pa[iPXP fORZ UaWe. 

BRWh QR]]Oe V\VWePV gaYe eVVeQWiaOO\ ideQWicaO WePSeUaWXUe-WiPe SURfiOeV fRU aOO fORZ 

UaWe cRQdiWiRQV, SUeVeQWed iQ FigXUeV 5.22 (a) aQd (b). 

CRPSaUiVRQ beWZeeQ WhUee diffeUeQW QR]]OeV - a ViQgOe MeW (fORZ UaWe aW 0.92 O/PiQ), a 

VhRZeUhead (fORZ UaWe aW 0.98 O/PiQ), aQd a 1200 (fORZ UaWe 1.09 O/PiQ) QR]]Oe) - iV 

VhRZQ iQ FigXUe 5.22 (c). OYeUaOO, Whe daWa cROOecWed iQ WheVe e[SeUiPeQWV VhRZed 

WhaW:  

(i) The ViQgOe MeW aQd Whe VhRZeUhead had QR VigQificaQWO\ diffeUeQceV iQ 

Whe WePSeUaWXUe-WiPe WUeQdV iQ bRWh ORcaWiRQ 1 aQd 5. 

(ii) The WePSeUaWXUe fRU bRWh Whe ViQgOe MeW aQd Whe VhRZeUhead QR]]OeV 

iQcUeaVeV UaSidO\ iQ Whe begiQQiQg Rf VSUa\iQg SURceVV XS WR 1200 

VecRQdV, aQd afWeU WhaW Whe heaWiQg UaWe VORZV dRZQ. The V\VWeP 

WePSeUaWXUe UeacheV aURXQd 67RC aW Whe eQd Rf heaWiQg SeUiRd.  

(iii) The 120R QR]]Oe SUeVeQWV a VigQificaQWO\ VORZeU heaWiQg WhaQ Whe ViQgOe 

MeW aQd Whe PXWi MeW QR]]OeV, ZiWh a VORZeU aSSURach WR Whe VSUa\ 

WePSeUaWXUe afWeU aSSUR[. 2000 VecRQdV. The higheVW WePSeUaWXUe WhaW 

Whe V\VWeP Ueached iV aURXQd 65RC  
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(a) 

 

(b) 

 
(c) 

FigXre 5. 22: TemperatXre-time profiles for the three different t\pes of no]]le. A comparison 
betZeen single jet (dashed) and mXti jet (solid) is shoZn in (a) for the loZest floZ rate and in 
(b) for the ma[imXm floZ rate. The three no]]les: mXlti jet (blXe), single jet (black) and the 1200 
no]]le (red) are shoZn in (c) for locations 1 (dashed) and 5 (solid). 
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(a) 

(b) 

(c) 
 

FigXre 5. 23: Normalised P YalXes Zere calcXlated for tZo different t\pe of no]]le s\stem: (a) 
single jet (solid), and (b) a mXti jet  (line) for (a) the minimXm floZ rate, and (b) ma[imXm floZ 
rate. The ]-YalXe considered in the calcXlations Zas ] = 10oC and the reference temperatXre 
Zas Tref = 70oC. Pma[ = 65 min. 
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FigXUe 5.23 VhRZV Whe QRUPaOi]ed P YaOXeV caOcXOaWed fRU Whe ViQgOe MeW QR]]Oe aQd 

Whe VhRZeUhead. TheUe ZaV QR VigQificaQW diffeUeQce beWZeeQ P-YaOXeV fRU Whe 

VhRZeU aQd ViQgOe MeW QR]]Oe. FigXUe 5.23(c) cRPSaUeV Whe P/PPa[ YaOXeV fRU Whe WhUee 

diffeUeQW QR]]OeV XVed iQ WhiV ZRUN, VhRZiQg WhaW Whe QRUPaOiVed P-YaOXeV Rf Whe 120R 

QR]]Oe aUe ORZeU (aOPRVW haOf) WhaQ Whe RWheU QR]]OeV. AOO Whe caOcXOaWed P YaOXeV fRU 

Whe VSUa\ V\VWeP aUe giYeQ iQ ASSeQdi[ II). 

5.3.4 Effect of solXtion Yiscosities 

FigXUe 5.24 VhRZV WiPe-WePSeUaWXUe SURfiOeV fRU WZR diffeUeQW VROXWiRQ YiVcRViWieV - 

ZaWeU aQd a VROXWiRQ Rf 5% (Z/Y) VWaUch - fRU each W\Se Rf QR]]Oe (ViQgOe MeW QR]]Oe, 

aQd PXWi MeW). The daWa VhRZV:  

(a) FRU ZaWeU, (i) Whe V\VWeP UaSidO\ UeacheV a XQifRUP WePSeUaWXUe afWeU abRXW 

1000V; (ii) WheUe iV UaSid cRROiQg afWeU Whe MaU iV UePRYed fURP Whe VSUa\.  

(b) FRU a VROXWiRQ Rf 5% VWaUch, Whe daVhed gUaSh VhRZV (i) a YeU\ VORZ WheUPaO 

UeVSRQVe:  Whe V\VWeP WePSeUaWXUe iV VWiOO aSSURachiQg Whe ZaWeU baWh VeW SRiQW 

b\ Whe eQd Rf e[SeUiPeQWV; (ii) WheUe iV VOighWO\ VORZ cRROiQg VWage. 
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(a) 

(b) 

(c) 

 

FigXre 5. 24:  TemperatXre-time profiles for tZo different solXtion Yiscosities: (a) Zater (solid), 

and (b) a solXtion of 5%(Z/Y) starch (dashed) for (a) single jet no]]le, and (b) mXti jet no]]le, (c) 

single and mXti-jet. TemperatXre of the heating no]]le Zas 70oC , Zhile the Zater filling the jar 

Zas initiall\ at appro[. 20oC.  
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The daWa fURP FigXUe 5.25 VhRZV WhaW Whe YiVcRViW\ Rf Whe VROXWiRQ haV affecWed Whe 

P/PPa[ YaOXeV fRU bRWh W\SeV Rf QR]]Oe (ViQgOe MeW aQd VhRZeUhead). The ORZeVW 

YiVcRViW\ V\VWeP (ZaWeU) dePRQVWUaWeV ZiWh iWV higheU P-YaOXeV WhaW Whe PRUe YiVcRXV 

V\VWePV (aV Whe 5% VWaUch VROXWiRQ VWXdied heUe) ZiOO Qeed ORQgeU WiPeV WR achieYe 

Whe deViUed decRQWaPiQaWiRQ, i.e. WaUgeWed eTXiYaOeQW WUeaWPeQW.  

 

CRQcOXViRQV fRU WhiV VecWiRQ WhaW caQ be dUaZQ fURP WheVe e[SeUiPeQWV aUe:  

x FRU bRWh ViQgOe MeW aQd PXWi MeW, aV Whe fORZ UaWe iQcUeaVed Whe P YaOXeV 

iQcUeaVed aV ZeOO, ZiWh a XQifRUP SaWWeUQ acURVV Whe MaUV. 

x TheUe ZaV QR effecW Rf Whe W\Se Rf QR]]Oe RQ Whe heaW WUaQVfeU iQ Whe V\VWeP ± 

aOWhRXgh Whe 120R QR]]Oe XVed iQ eaUOieU VecWiRQV VhRZed WhaW SRRU VSUa\ caQ 

UedXce bRWh Whe heaW VXSSOied WR Whe V\VWeP aQd Whe UaWe Rf heaWiQg. 

x P/PPa[ YaOXeV decUeaVed ZheQ Whe VROXWiRQ YiVcRViW\ iQcUeaVed ± iQ aOO caVeV 

Whe SURceVV iV cRQWUROOed heUe b\ iQ-SacN behaYiRXU.  
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(a) 

 

(b) 

FigXre 5. 25:  Effect on the normalised P YalXes of the solXtion Yiscosit\: Zater (line) and a 

solXtion of 5% starch (solid) for (a) single jet no]]le and (b) mXti jet. The ]-YalXe considered in 

the calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 70oC. Pma[ = 65 min. 

 

5.4 TZo phase solid liqXid phase stXd\ 

The SUeYiRXV e[SeUiPeQWV iQ SecWiRQV 5.2 aQd 5.3 haYe VWXdied VSUa\ head 

cRQdiWiRQV XViQg ViQgOe ShaVe Rf VROXWiRQV. IQ facW, PRVW Rf Whe SURdXcWV Pade b\ Whe 

fRRd iQdXVWU\ aQd VROd iQ MaUV, VXch aV, VRXS, VaXceV, VXch aV VaOVa RU NXUPa VaXce 

aUe WZR ShaVeV ±OiTXid VROid VROXWiRQ Zhich Whe\ XVXaOO\ added VRPe VPaOO SieceV Rf 

YegeWabOeV OiNe SRWaWR, caUURW RU cRUQV. PaUWicOe Vi]e caQ YaU\ fURP a feZ PP WR 
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SeUhaSV a cP VcaOe. TheUefRUe, Whe heaW WUaQVfeU behaYiRU fRU WZR ShaVe fRRdV XQdeU 

Whe VSUa\ head cRQdiWiRQV ZaV Rf iQWeUeVW aQd iW haV beeQ iQYeVWigaWed WhURXgh a 

VeUieV Rf e[SeUiPeQWV XViQg Whe WhUee QR]]OeV: 120R VSUa\ head, ViQgOe MeW aQd Whe 

VhRZeUhead. 

 

 

FigXre 5. 26: Schematic of 2 phase test set Xp in spra\ pasteXri]er 

 

5.4.1 TZo-phase stXd\ Xsing 120-degree spra\ head 

The e[SeUiPeQWaO SOaQ fRU Whe WZR-ShaVe VWXd\ XViQg Whe 120-degUee VSUa\ head iV 

giYeQ iQ TabOe 5.4.  
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Table 5. 4: TZo phase stXd\ Xsing 120 degree spra\ head e[periments; roXnd (75.2 mm height 

[ 85.8 mm diameter) and he[agonal (86.0 mm height X 9.40 mm diameter) jar, as shoZn in 

FigXre 5.28. 

Treatment Geometr\ of jar Carrier flXid 
% 1 cm3 

potato cXbes 

1 RRXQd ZaWeU 10 

2 RRXQd ZaWeU 50 

3 RRXQd 5% cRUQ VWaUch 10 

4 RRXQd 5% cRUQ VWaUch 50 

5 He[agRQaO ZaWeU 10 

6 He[agRQaO ZaWeU 50 

7 He[agRQaO 5% cRUQ VWaUch 10 

8 He[agRQaO 5% cRUQ VWaUch 50 

 

TabOe 5.4 VhRZV WhaW Whe SaUaPeWeUV VWXdied heUe ZeUe: 

(i) EffecW Rf VROid-OiTXid fUacWiRQ (10 aQd 50 %(Z/Y)), 

(ii) EffecW Rf YiVcRViW\ Rf fRRd fOXid (ZaWeU, aQd  5%(Z/Y) cRUQ VWaUch),  

(iii) EffecW Rf geRPeWU\ Rf SacNageV 

The e[SeUiPeQW VeW XS aQd SURWRcROV ZeUe deVcUibed iQ SecWiRQ 3.5.3, aQd a 

VchePaWic Rf Whe VSUa\ XQiW iV SUeVeQWed iQ FigXUe 5.26 fRU iOOXVWUaWiRQ. AV iQ SUeYiRXV 

VecWiRQV, aOO Whe e[SeUiPeQWV cRQdXcWed iQYROYed 60 PiQXWeV Rf heaWiQg fROORZed b\ 

10 PiQXWeV Rf cRROiQg. The heaWiQg WePSeUaWXUe Rf Whe VSUa\ fORZ ZaV 70RC, ZiWh a 
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PaVV fORZ UaWe Rf 1.09 O/PiQ. Whe WePSeUaWXUe iQ Whe V\VWeP (MaU aQd eQYiURQPeQW) ZaV 

UecRUded eYeU\ 15 VecRQdV. 

 

FigXre 5. 27:  PictXre of the tZo different jars emplo\ed in the tZo-phase e[periments: 

roXnd  (left) jar and he[agonal jar (right). 

 

5.4.1.1 Temperature time profiles 

FigXUe 5.28 VhRZV WePSeUaWXUe WiPe SURfiOeV fRU a URXQd MaU cRQWaiQiQg  (a) ZaWeU aQd 

(b) 5%(Z/Y) VWaUch VROXWiRQ ZiWh 10%(Z/Y) SRWaWR cXbeV iQ 9 ORcaWiRQV bRWh iQ VROXWiRQ 

(bOacN) aQd SRWaWR (Ued).  

FRU ZaWeU:  

(i) FOXid WePSeUaWXUe iV higheU WhaQ SRWaWR WePSeUaWXUe iQ aOO ORcaWiRQV (1-4) aQd 

4-5RC diffeUeQW fURP Whe begiQQiQg Rf Whe heaWiQg VWageV aQd becRPe cORVeU 

iQ Whe eQd Rf SURceVV. AQd WePSeUaWXUe VORZ decUeaVed iQ cRROiQg VWage if 

cRPSaUed ZiWh ViQgOe ShaVe aV VhRZQ iQ FigXUe 5.2.  
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(ii) The cROdeVW SRiQW ZaV fRXQd aW Whe bRWWRP Rf Whe MaU (ORcaWiRQ 1). TePSeUaWXUe 

YaOXeV iQcUeaVe ZiWh heighW (hRW VSRW aW ORcaWiRQ 3, WRS Rf Whe MaU), ZhiOe 

WheUe aUe QR VigQificaQW WePSeUaWXUe gUadieQWV iQ Whe UadiaO diUecWiRQ (ViPiOaU 

WePSeUaWXUe SURfiOeV aW ORcaWiRQV 2, 3 aQd 4). The RbVeUYed heaWiQg 

d\QaPicV cRUUeVSRQd WR a V\VWeP ZheUe cRQYecWiRQ dUiYeV heaW WUaQVfeU iQ 

Whe SURdXcW: Whe fiOOiQg ZaWeU iV heaWed, WheQ e[SaQdV aQd UiVeV beiQg 

UeSOaced b\ cRROeU ZaWeU, fURP Whe Vide Rf ZaOO WR Whe ceQWeU Rf MaU.  

 

FRU 5% VWaUch: 

(i) The V\VWeP haV ViPiOaU WUeQdV iQ Whe WePSeUaWXUe-WiPe SURfiOeV aV ZaWeU, iQ 

Zhich fOXid WePSeUaWXUe iV higheU WhaQ SRWaWR WePSeUaWXUe abRXW 2-3RC 

diffeUeQW  

(ii) The WePSeUaWXUe Rf fOXid aQd SRWaWR iQ Whe 5% VWaUch V\VWePV aUe cORVeU WhaQ 

iQ ZaWeU V\VWePV ± RYeUaOO Whe heaW WUaQVfeU UaWeV aUe VORZeU. 

(iii)  The cROdeVW SRiQW ZaV fRXQd aW Whe ceQWeU Rf Whe MaU (ORcaWiRQ 2).  
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(a) 

 
(b) 

 

FigXre 5. 28:  TemperatXre time profiles for a roXnd jar containing  (a) Zater and (b) 5%(Z/Y) 

starch solXtion Zith 10%(Z/Y) potato cXbes in nine locations both in solXtion (black) and 

potato (red) Xsing 120 degree spra\ no]]le. TemperatXre of the heating no]]le Zas 70oC, 

Zhile the Zater filling the jar Zas initiall\ at appro[. 20oC. No]]le floZ rate 1.09 l/min. 
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5.4.1.2 Effect of solid-liquid fraction 

FigXUe 5.29 VhRZV WePSeUaWXUe WiPe SURfiOeV fRU Whe effecW Rf WZR diffeUeQW fUacWiRQV Rf 

SRWaWR: 10% (Z/Y) aQd a 50% (Z/Y) SRWaWR cXbeV iQ bRWh ZaWeU aQd VWaUch. UViQg a 

URXQd MaU iQ eighW ORcaWiRQV iW ZaV fRXQd WhaW:  

x FRU a ZaWeU fiOOiQg, Whe high VROid fUacWiRQ (50%Z/Y) had VOighWO\ PRUe UaSid heaW 

WUaQVfeU WhaQ Whe ORZ VROid fUacWiRQ (10%Z/Y), aQd WheUe ZaV 1-2RC diffeUeQce 

beWZeeQ high aQd ORZ VROid fUacWiRQV. 

x FRU Whe 5% VWaUch VROXWiRQ fiOOiQg, Whe UeVXOWV VhRZed QR effecW Rf VROid-OiTXid 

fUacWiRQ iQ WeUPV Rf heaW WUaQVfeU behaYiRU, bRWh iQ fOXid aQd SaUWicOeV. 

The QRUPaOiVed P YaOXeV (P/PPa[) fRU Whe WZR diffeUeQW fUacWiRQV Rf SRWaWR (10% (Z/Y) 

aQd 50% (Z/Y) SRWaWR) iQ ZaWeU aQd 5% VWaUch VROXWiRQ aUe VhRZQ iQ FigXUe 5.31. 

DaWa VhRZV WhaW: 

x FRU ZaWeU, iQ FigXUe 5.30(a), Whe QRUPaOiVed P YaOXeV iQcUeaVed ZheQ Whe 

VROid-OiTXid fUacWiRQ iQcUeaVed. P/PPa[ YaOXeV Rf fOXid ZeUe higheU WhaQ WhRVe 

fRU Whe SRWaWR iQ aOO Whe MaU ORcaWiRQV (1-4). The cROdeVW SRiQW ZaV fRXQd aW Whe 

bRWWRP Rf Whe MaU (ORcaWiRQ 1).  

x FRU a 5% VWaUch VROXWiRQ VhRZQ iQ FigXUe 5.30(b), WheUe ZeUe QR VigQificaQW 

diffeUeQceV beWZeeQ Whe P/PPa[ YaOXeV iQ WhiV caVe. TheVe UeVXOWV cRQfiUP WhaW 

WheUe ZaV QR VROid-OiTXid fUacWiRQ effecW RQ Whe WheUPaO UeVSRQVe Rf Whe 

V\VWeP, aV VeeQ iQ Whe FigXUe 5.29. 
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(a) 

 
(b) 

FigXre 5. 29: TemperatXre-time profiles recorded at location 1 for tZo different fractions of 

potato: (a) 10% (Z/Y) (black), and (b) 50% (Z/Y) potato cXbes (red) in both flXid (solid line) 

and potato (dotted) Xsing a roXnd jar in eight locations: (a) Zater and (b) 5% starch. 

TemperatXre of the Zater at the heating no]]le (120 degree spra\ no]]le) Zas 70oC, Zhile 

the Zater filling the jar Zas initiall\ at appro[.  20oC. No]]le floZ rate 1.1 l/min. 
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(a) 

 
(b) 

 

FigXre 5. 30: Normalised P ValXes for tZo different factions of potato 10% (Z/Y) (solid) and 

50% (Z/Y) potato (dotted) for  (a) Zater, and (b) 5%(Z/Y) starch solXtion Xsing a roXnd jar 

Zith thermocoXples in eight locations. The ]-YalXe Xsed in the calcXlations Zas ] = 10oC 

and the reference temperatXre considered Zas Tref = 70oC. 

5.4.1.3 Effect of viscosity of food fluid 

FigXUe 5.31 fXUWheU iOOXVWUaWeV Whe WePSeUaWXUe WiPe SURfiOeV fRU Whe effecW Rf WZR 

diffeUeQW YiVcRViWieV Rf VROXWiRQ: ZaWeU aQd a 5% VWaUch VROXWiRQ.  AV ZRXOd be 

e[SecWed, ZaWeU (ORZ YiVcRViW\) haV a faVWeU WheUPaO UeVSRQVe WhaQ a 5% VWaUch 
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VROXWiRQ iQ bRWh fOXid aQd VROid SaUWicOeV abRXW 5-8RC diffeUeQW aW Whe heaWiQg SeUiRd 

RYeU 3600 VecRQdV. The WheUPaO WUaQVfeU fRU ZaWeU gaYe a UaSid iQcUeaVe iQ 

WePSeUaWXUe heaWiQg VWage fRU 2500 VecRQdV. The heaW WUaQVfeU iQ Whe fOXid iV higheU 

WhaQ iQ Whe VROid SaUWicOe, becaXVe Rf Whe cRQYecWiYe PechaQiVP iQ Whe fOXid, bXW 

cRQdXcWiRQ PechaQiVP iQ Whe VROid.  

HRZeYeU, Whe WheUPaO WUaQVfeU fRU bRWh iQ fOXid aQd VROid iQ a 5% VWaUch VROXWiRQ 

V\VWeP aOPRVW Whe VaPe WUeQdV. ThiV becaXVe heaW WUaQVfeU iQ a high YiVcRXV VROXWiRQ 

iV VORZeU WhaQ iQ ORZ YiVcRXV VROXWiRQ; Whe OiTXid behaYeV PRUe aV a VROid, VR Whe 

ZhROe V\VWeP iV cRQWUROOed b\ WheUPaO cRQdXcWiRQ, giYiQg VPaOOeU WheUPaO cRQYecWiRQ 

PRdeV iQ WhiV figXUe. The 50 % VROid fUacWiRQ had ViPiOaU WePSeUaWXUe WiPe SURfiOeV aV 

Whe 10% VROid-OiTXid fUacWiRQ. 

 

IQ FigXUe 5.32 Whe cRUUeVSRQdiQg QRUPaOiVed P YaOXeV fRU Whe WZR fOXidV VWXdied: 

ZaWeU aQd a 5% VWaUch, aQd Whe WZR fUacWiRQ Rf VROid ShaVe (10% SRWaWR, aQd 50% 

SRWaWR) aUe SUeVeQWed.  P/PPa[ YaOXeV fRU ZaWeU aUe WZR WiPeV higheU WhaQ P YaOXeV Rf 

a 5% VWaUch VROXWiRQ iQ a 10% VROid OiTXid fUacWiRQ, aQd 2.5 WiPeV higheU iQ a 50% 

VROid OiTXid fUacWiRQ. The SeUceQWageV Rf SRWaWR had QR effecW RQ P/PPa[ YaOXeV iQ Whe 

5% VWaUch VROXWiRQ (high YiVcRViW\), ZiWh P YaOXeV iQ bRWh iQ fOXid aQd VROid aOPRVW Whe 

VaPe. 
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(a) 

 
(b) 

 

FigXre 5. 31: TemperatXre-time profiles for the tZo-phase s\stem Zith flXids being either 

Zater (black) or 5% starch solXtion (red) measXred in the roXnd jar at location 1: (a) 10% 

(Z/Y) potato and (b) 50% (Z/Y) potato. TemperatXre of the heating no]]le (120 degree spra\ 

no]]le) Zas 70oC , Zhile the Zater filling the jar Zas initiall\ at appro[. 20oC. No]]le floZ 

rate 1.1 l/min. 
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. 

 

 

(a) 

 
(b) 

 

FigXre 5. 32: P YalXes effect of tZo Yiscosit\ of food flXid: (a) Zater (solid), and (b) a 5% 

starch (dotted) in tZo different s\stems; (a) 10% (Z/Y), (and (b) 50% (Z/Y) potato. The ]-

YalXe considered in the calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 

70oC. 
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5.4.1.4 Effect of geometry of packages 

FigXUe 5.33 VhRZV WePSeUaWXUe-WiPe SURfiOeV fRU WZR diffeUeQW SacNage geRPeWUieV: (a) 

URXQd (bOacN), aQd (b) he[agRQaO (Ued).  

FRU 10% VROid OiTXid fUacWiRQ (FigXUe 5.33(a)): Whe WheUPaO WUaQVfeU Rf he[agRQaO MaU iV 

VORZeU WhaQ WhaW fRU Whe URXQd MaU iQ Whe fiUVW 1200 VecRQdV Rf heaWiQg V\VWeP. TheQ 

Whe heaW WUaQVfeU UaWe becaPe faVWeU UaWe. TheUe ZaV a feZ degUee CeOViXV Rf 

diffeUeQce aW Whe eQd Rf heaWiQg VWage RYeU 3600 VecRQdV, Zhich Pa\ UefOecW VOighWO\ 

diffeUeQW heaWiQg WePSeUaWXUeV. TePSeUaWXUe Rf Whe heaWiQg fOXid ZaV aURXQd 2-4RC 

higheU WhaQ Whe WePSeUaWXUe Rf VROXWiRQ iQ bRWh MaU geRPeWUieV. 

FRU 50% VROid OiTXid fUacWiRQ (FigXUe 5.33(b)), Whe daWa VhRZV ViPiOaU heaWiQg 

behaYiRXU fRU bRWh W\Se Rf geRPeWU\ Rf MaU aV VhRZQ iQ a 10% VROid OiTXid fUacWiRQ 

V\VWeP. AfWeU 2000 VecRQdV Rf heaWiQg, WheUe ZaV QR VigQificaQW diffeUeQW aW Whe eQd Rf 

heaWiQg VWage fRU bRWh he[agRQaO aQd URXQd MaU. 

FigXUe 5.34 VhRZV Whe cRUUeVSRQdiQg P/PPa[ YaOXeV fRU Whe WZR diffeUeQW geRPeWUieV 

Rf Whe SacNage: URXQd aQd he[agRQaO MaUV. FRU 10% SRWaWR, Whe P/PPa[ YaOXeV Rf 

URXQd MaU aUe ORZeU WhaQ Whe QRUPaOi]ed P YaOXeV RbWaiQed fRU Whe he[agRQaO MaU b\ 

ca. 2-1.5 WiPeV, ZiWh Whe ORZeVW P/PPa[ YaOXeV cRUUeVSRQdiQg WR ORcaWiRQ 1 (bRWWRP Rf 

MaU) fRU bRWh MaUV. FRU 50% SRWaWR, Whe QRUPaOiVed P YaOXeV Rf URXQd MaU ZeUe agaiQ 

VOighWO\ ORZeU WhaQ P YaOXeV Rf he[agRQaO MaU WiPeV iQ aOO ORcaWiRQV, aQd Whe cROdeVW 

SRiQW ZaV Whe VaPe ORcaWiRQ aV iQ a 10% VROid fUacWiRQ, i.e. aW ORcaWiRQ 1. The UeVXOWV 

VhRZed WheUe ZaV a VPaOO effecW Rf Whe MaU geRPeWU\ RQ Whe P YaOXeV, ZiWh Whe 

he[agRQaO MaU giYiQg higheU P YaOXeV. 
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(a) 

 
(b) 

FigXre 5. 33: TemperatXre-time profiles recorded at location 1 for tZo different package 

geometr\: (a) roXnd (black), and (b) he[agonal (red) both in flXid (solid line) and potato 

(dotted) for solid fractions of (a) 10% (Z/Y) potato and (b) 50% (Z/Y) potato. TemperatXre of 

the heating Zater Zas 70oC, Zhile the Zater filling the jar Zas initiall\ at appro[. 20oC. FloZ 

rate Zas 1.1 l/min throXgh the 120-degree spra\ no]]le. 
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(a) 

 
(b) 

FigXre 5. 34: Normalised P YalXes obtained for roXnd (solid) and (b) he[agonal (dotted) jars 

in Xsing (a) 10% (Z/Y) potato and (b) 50% (Z/Y) potato as solid phase. The ]-YalXe 

considered in the calcXlations Zas ]= 10oC and the reference temperatXre Zas Tref = 70oC. 

 

ThiV VecWiRQ haV VhRZQ WhaW iQ a ORZ VROidV fUacWiRQ V\VWeP aQd fRU ORZ VROXWiRQ 

YiVcRViWieV, Whe P YaOXeV iQcUeaVed aV %VROid fUacWiRQ Rf Whe fRRd iQcUeaVed; WhiV 

UefOecWed Whe UedXced cRQYecWiRQ effecWV WhaW aUe SRVVibOe iQ a high VROid fUacWiRQ. 

HRZeYeU, fRU Whe high YiVcRViW\ fOXid, ZheUe cRQdXcWiRQ iV Whe SUiPaU\ PechaQiVP, 

WheUe iV QR effecW Rf %VROid OiTXid fUacWiRQ. High YiVcRViW\ Rf fOXid UeVXOWV iQ ORZeU 

P/PPa[ YaOXeV WhaQ ORZ YiVcRViW\. FeZ QRUPaOi]ed P YaOXeV Rf URXQd MaU aUe ORZeU WhaQ 

P/PPa[ YaOXeV Rf he[agRQaO MaU. 
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5.4.2 TZo-phase stXd\ Xsing single jet no]]le 

 

IQ Whe SUeYiRXV VWXd\ iQ SecWiRQ 5.3.3 RQ effecW Rf W\Se Rf QR]]Oe, iW ZaV fRXQd WhaW 

WheUe ZeUe QR VigQificaQW diffeUeQceV beWZeeQ a ViQgOe MeW QR]]Oe aQd a VhRZeUhead, 

aV caQ be VeeQ iQ FigXUe 5.23. TheUefRUe, Whe ViQgOe MeW QR]]Oe ZaV chRVeQ WR be 

XVed iQ WhiV VecWiRQ. The higheVW VROid OiTXid fUacWiRQ Rf 50%(Z/Y) ZaV aOVR VeOecWed 

fRU WhiV VecWiRQ VWXdied becaXVe (i) Whe cROdeVW SRiQW iV aV VaPe ORcaWiRQ WhaQ iQ Whe 

ORZ VROid OiTXid fUacWiRQ aQd (ii) WheUe aUe PRUe effecWV Rf heaW WUaQVfeU iQ Whe higheU 

VROidV fUacWiRQV.   SR WhiV VecWiRQ ZiOO deVcUibe e[SeUiPeQWV WhaW VWXd\ heaW WUaQVfeU 

PechaQiVP iQ a WZR-ShaVe Pi[WXUe XViQg Whe ViQgOe MeW QR]]Oe.  

TR VWXd\ Whe effecW Rf fORZ UaWe RQ Whe heaW WUaQVfeU Rf Whe VROid-OiTXid V\VWeP, Whe 

fROORZiQg cRQdiWiRQ ZeUe SaUaPeWeUV ZeUe cRQVideUed: 

(i)  EffecW Rf VROXWiRQ YiVcRViW\ (ZaWeU aQd a 5% VWaUch VROXWiRQ) aQd 

(ii) EffecW Rf fRXU diffeUeQW fORZ UaWeV. 

Table 5. 5: Parameters for the tZo-phase e[periments Xsing the single jet no]]le. 

FloZ rate (l/min) FlXid carrier % of 1 cm3 potato cXbes 

0.92 � 0.03 WaWeU aQd 5%(Z/Y) VWaUch 50% 

1.91 � 0.03 WaWeU aQd 5% (Z/Y)VWaUch 50% 

2.56 � 0.03 WaWeU 50% 

10.57 � 0.10 ZaWeU 50% 
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5.4.2.1 Temperature time profile 

FigXUe 5.35 VhRZV WePSeUaWXUe WiPe SURfiOeV fRU a MaU cRQWaiQiQg (a) ZaWeU aQd (b) 5% 

(Z/Y) VWaUch VROXWiRQ ZiWh 50%( Z/Y) SRWaWR cXbeV bRWh iQ VROXWiRQ (bOacN) aQd SRWaWR 

(Ued). DaWa VhRZV WhaW: 

x FRU ZaWeU: Whe cROdeVW SRiQW ZaV fRXQd aW Whe bRWWRP Rf Whe MaU (ORcaWiRQ 1). 

TePSeUaWXUe YaOXeV iQcUeaVe ZiWh heighW (hRW VSRW aW ORcaWiRQ 3, WRS Rf Whe MaU), 

ZhiOe WheUe aUe QR VigQificaQW WePSeUaWXUe gUadieQWV RQ Whe UadiaO diUecWiRQ 

(ViPiOaU WePSeUaWXUe SURfiOeV aW ORcaWiRQV 2, 3 aQd 4). The RbVeUYed heaWiQg 

d\QaPicV cRUUeVSRQd WR a V\VWeP ZheUe cRQYecWiRQ dUiYeV heaW WUaQVfeU iQ Whe 

SURdXcW: Whe fiOOiQg ZaWeU iV heaWed, WheQ e[SaQdV aQd UiVeV beiQg UeSOaced b\ 

cRROeU ZaWeU, fURP Whe Vide Rf ZaOO WR Whe ceQWeU Rf MaU.  

 

x FRU 5% VWaUch: Whe WePSeUaWXUe Rf Whe fOXid aQd SRWaWR aUe cORVeU WhaQ iQ Whe 

ZaWeU V\VWeP, beiQg higheU iQ Whe OiTXid ShaVe (abRXW 2-3RC) WhaQ iQ Whe SRWaWR 

PeaVXUed SRiQWV. AV cRUUeVSRQdV WR a V\VWeP ZheUe cRQdXcWiRQ gRYeUQV Whe 

heaW WUaQVfeU iQ Whe OiTXid ShaVe, Whe cROdeVW SRiQW ZaV fRXQd aW Whe ceQWeU Rf 

Whe MaU (ORcaWiRQ 2).  
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(a) 

 

(b) 

FigXre 5. 35:  TemperatXre-time profiles for a jar containing  (a) Zater and (b) 5%(Z/Y) 

starch solXtion Zith 50%(Z/Y) potato cXbes both in solXtion (black) and potato (red) Xsing 

the single jet no]]le.  TemperatXre of the heating no]]le Zas 70oC, Zhile the Zater filling 

the jar Zas initiall\ at appro[. 20oC. No]]le floZ rate 0.92 l/min. 
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5.4.2.2 Effect of viscosity of food fluid 

FigXUe 5.36 iOOXVWUaWeV Whe WePSeUaWXUe-WiPe SURfiOeV fRU effecW Rf WZR diffeUeQW 

YiVcRViWieV Rf VROXWiRQ: ZaWeU aQd a 5% VWaUch VROXWiRQ.  WaWeU (ORZ YiVcRViW\) haV a 

faVWeU WheUPaO UeVSRQVe WhaQ a 5% VWaUch VROXWiRQ, iQ bRWh fOXid aQd VROid SaUWicOeV 

ZiWh a diffeUeQce Rf abRXW 5-8RC aW Whe heaWiQg SeUiRd RYeU 3600 VecRQdV. The heaW 

WUaQVfeU d\QaPicV fRU ZaWeU SUeVeQWV a UaSid iQcUeaVe iQ Whe begiQQiQg Rf Whe heaWiQg 

VWage beORZ 1500 VecRQdV, ZiWh Whe heaW WUaQVfeU UaWe iQ Whe fOXid beiQg higheU WhaQ iQ 

Whe VROid SaUWicOeV. ThiV becaXVe cRQYecWiRQ PechaQiVP iV dUiYiQg heaW WUaQVfeU iQ Whe 

fOXid, ZhiOe cRQdXcWiRQ iV Whe dRPiQaQW PechaQiVP iQ Whe VROid.  

OQ Whe RWheU haQd, Whe WheUPaO UeVSRQVe fRU bRWh iQ fOXid aQd a VROid iQ Whe 5% VWaUch 

VROXWiRQ VhRZ aOPRVW Whe VaPe WUeQdV, aV ZRXOd be e[SecWed iQ a V\VWeP ZheUe Whe 

dRPiQaQW heaW WUaQVfeU PechaQiVP iQ bRWh VROid aQd OiTXid (bXW YiVcRXV) ShaVe iV 

cRQdXcWiRQ. ThiV gUaSh aOVR VhRZV WhaW Whe 50 % (Z/Y) VROid fUacWiRQ had ViPiOaU 

WePSeUaWXUe WiPe SURfiOeV WhaQ Whe 10% VROid-OiTXid fUacWiRQ. 

FigXUe 5.37 VhRZV Whe QRUPaOi]ed P YaOXeV RbWaiQed WhaW VhRZ Whe effecW Rf YiVcRViW\ 

iQ Whe fOXid ShaVe. The P YaOXeV Rf ZaWeU dRXbOe Whe P YaOXeV cRUUeVSRQdiQg WR Whe 

5% VWaUch VROXWiRQ fRU Whe WZR-ShaVe V\VWeP ZiWh 10% Rf VROid fUacWiRQ, aQd WheUe aUe 

>2.5 WiPeV iQ Whe V\VWeP ZiWh 50% VROid fUacWiRQ. 

IW ZaV fRXQd WhaW Whe SeUceQWage Rf SRWaWR had QR effecW RQ Whe P YaOXeV Rf Whe WZR-

ShaVe V\VWeP ZiWh Whe 5% VWaUch VROXWiRQ (high YiVcRViW\) aV fOXid, beiQg Whe P YaOXeV 

Rf aW aOO ORcaWiRQV, bRWh iQ fOXid aQd VROid ShaVeV aOPRVW Whe VaPe. 
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FigXre 5.36: TemperatXre-time profiles at location 1 for tZo different flXid phase Yiscosities: 

Zater (black) and a 5% starch solXtion (red), both in the flXid (solid) and potato cXbes 

(dotted). TemperatXre of the heating spra\ Zas 70oC, Zhile the Zater filling the jar Zas 

initiall\ at appro[. 20oC. No]]le floZ rate 1.1 l/min. 

 

 

FigXre 5.37: Normalised P YalXes effect for Zater (solid) and the 5% starch solXtion (dotted) 

in a 50% (Z/Y) potato fraction s\stem. The ]-YalXe considered in the calcXlations Zas ] = 

10oC and the reference temperatXre Zas Tref = 70oC. 
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5.4.2.3 Effect of flow rate 

FigXUe 5.38 VhRZV Whe WePSeUaWXUe-WiPe SURfiOeV UecRUded ZheQ fRXU diffeUeQW fORZ 

UaWeV (0.92 O/PiQ, 1.91 O/PiQ, 2.56 O/PiQ, aQd 10.57 O/PiQ) ZeUe XVed iQ Whe 

e[SeUiPeQWV. The SURfiOeV cRUUeVSRQdiQg WR Whe fOXid ShaVe aUe SUeVeQWed iQ FigXUe 

5.38(a), ZheUe iV VhRZQ WhaW Whe WheUPaO UeVSRQVe fRU Whe 10 O/PiQ fORZ iV VOighWO\ 

faVWeU iQ Whe fiUVW 1200 VecRQdV Rf Whe SURceVV. AW WhiV SRiQW, WePSeUaWXUeV fRU WhiV fORZ 

UaWe aUe abRXW 2RC, 2.5RC, aQd 6RC higheU WhaQ iQ Whe 2.56 O/PiQ, 1.91 O/PiQ aQd 0.92 

O/PiQ fORZ UaWeV, UeVSecWiYeO\. IW caQ be VeeQ aOVR WhaW Whe 1.91 O/PiQ aQd 2.56 O/PiQ 

fORZ UaWeV haYe a YeU\ ViPiOaU behaYiRXU. SaPe WUeQdV RQ heaW WUaQVfeU fRU Whe SRWaWR 

cXbeV ZeUe fRXQd WhaW aUe VhRZQ iQ FigXUe 5.38(b). 

 

FigXUe 5.39 VhRZV Whe QRUPaOi]ed P YaOXeV fRU Whe fRXU fORZ UaWeV cRPSaUed, VhRZiQg 

WhaW Whe higheU P/PPa[ YaOXeV cRUUeVSRQd WR Whe higheU fORZ UaWeV. IW aOVR UeSRUWed WhaW 

QRUPaOiVed P YaOXeV Rf Whe VROid ShaVe aUe ORZeU WhaQ Whe cRUUeVSRQdiQg fOXid ShaVe, 

aV e[SecWed fURP Whe WePSeUaWXUe SURfiOeV. 
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(a) 

 
(b) 

 

FigXre 5. 38: TemperatXre-time profiles effect of foXr different floZ rate: both in flXid (solid) 

and potato (dotted) Xsing a roXnd jar at locations 1. TemperatXre of the heating no]]le (120 

degree spra\ no]]le) Zas 70oC , Zhile the Zater filling the jar Zas initiall\ at appro[. 20oC. 
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FigXre 5. 39: Normalised P YalXes at location 1 for the foXr floZ rates stXdied both in the 

solXtion and in the potato cXbes Zhen a roXnd jar Zas Xsed. The ]-YalXe considered in the 

calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 70oC. 

5.4.2.4 Effect of no]]le type 

FigXUe 5.40 cRPSaUeV Whe WePSeUaWXUe WiPe SURfiOeV beWZeeQ Whe 1200 aQd Whe ViQgOe 

MeW QR]]Oe. IW iV VhRZQ WhaW: 

x The ViQgOe MeW QR]]Oe haV a faVWeU WheUPaO UeVSRQVe WhaQ Whe 120R QR]]Oe iQ 

bRWh fOXid aQd VROid SaUWicOeV, ZiWh WePSeUaWXUeV abRXW 10-18RC higheU. 

x The heaW WUaQVfeU UaWe fRU ViQgOe MeW QR]]Oe iQcUeaVed UaSidO\ iQ Whe begiQQiQg Rf 

Whe heaWiQg VWage befRUe Whe 1500 VecRQdV.  

x The heaW WUaQVfeU d\QaPicV fRU Whe ViQgOe MeW QR]]Oe aUe YeU\ ViPiOaU iQ bRWh 

VROid aQd fOXid ShaVeV.  

 

IQ FigXUe 5.41 Whe P/PPa[ YaOXeV fRU Whe WZR W\SeV Rf QR]]Oe fRU a 50% (Z/Y) SRWaWR 

fUacWiRQ V\VWeP aUe VhRZQ. The QRUPaOi]ed P YaOXeV Rf ViQgOe MeW QR]]Oe aUe PRUe 



ChaSWeU 5         EYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd decRQWaPiQaWiRQ: VSUa\ VhRZeU VWXd\ 

    - 187 -

WhaQ 1.5-2 WiPeV higheU WhaQ Whe P/PPa[ YaOXeV Rf Whe 120R QR]]Oe aW ORcaWiRQ 1,2 aQd 

4 aQd higheU WhaQ 3.5 WiPeV aW ORcaWiRQ 3. ThiV becaXVe aW Whe WRS SRiQW Rf MaU (ORcaWiRQ 

3), Whe VSUa\ ZaWeU fORZ diUecWO\ RQWR WRS Rf Oid MaU, ZhiOe fRU Whe RWheU SRiQWV heaW iV 

WUaQVfeUUed fURP Whe faOOiQg fiOP aQd SaVVeV WhRXgh Whe MaU ZaOO aQd WhXV QRW VR 

efficieQW. 

 

 

 

FigXre 5. 40: TemperatXre-time profiles at location 1 comparing the 120 degree no]]le 
(black) and the single jet (red) no]]les in the 50% (Z/Y) potato fraction s\stem. FlXid phase 
is plotted Xsing solid lines, Zhile the potato profiles are the dotted lines. TemperatXre of 
the heating Zater Zas 70oC, Zhile the Zater filling the jar Zas initiall\ at appro[. 20oC. The 
floZ rate Zas 1.0�0.1 l/min. 
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FigXre 5. 41: Comparison of the P/Pma[ betZeen the single jet (solid) and the 120 degree 

no]]le (dotted) no]]le in the 50% (Z/Y) potato fraction s\stem. The ]-YalXe considered in 

the calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 70oC. Pma[  = 64.75 

min. 

 

CRQcOXViRQV Rf WhiV VecWiRQ ZeUe: 

x P YaOXeV iQcUeaVed aV fORZ UaWe Rf Whe fRRd iQcUeaVed iQ a ORZ VROXWiRQ 

YiVcRViW\ V\VWeP.  

x High YiVcRViW\ Rf fOXid giYeV a ORZeU P YaOXe WhaQ ORZ YiVcRViW\. 

 

5.5 SXmmar\ 

ChaSWeU 4 iQYeVWigaWed Whe heaWiQg d\QaPic iQ a ZaWeU baWh, iQ WeUPV Rf Whe 

diffeUeQceV iQ WePSeUaWXUe aQd P-YaOXe caOcXOaWed fRU diffeUeQW fOXidV aQd SURceVV 

cRQdiWiRQV. The UeVXOWV haYe beeQ XVed aV Whe baViV fRU WhiV VecWiRQ. ThiV chaSWeU haV 

fRcXVVed RQ Whe eYaOXaWiRQ Rf a WiPe WePSeUaWXUe hiVWRU\ fRU PiOd WheUPaO SURceVVeV 

XViQg VSUa\ Rf ZaWeU fURP QR]]OeV aQd PXWi MeWV, XViQg WheUPRcRXSOeV.  
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The aiPV Rf WhiV chaSWeU ZeUe (i) WR PeaVXUe YaUiabOe WePSeUaWXUe SURfiOeV fRU Whe PiOd 

WheUPaO SURceVVeV aQd (ii) WR VWXd\ Whe effecW Rf SURceVV facWRUV RQ Whe UeVXOWV Rf WhiV 

ZiWhiQ aQd aW Whe VXUface Rf SaVWeXUiVed SURdXcWV. A QeZ Uig, (a VSUa\ SaVWeXUiVaWiRQ 

XQiW) ZaV deVigQed aQd bXiOW, aQd diffeUeQW W\SeV Rf QR]]Oe (ViQgOe MeW aQd PXWi MeW) 

ZeUe XVed aQd VWXdied aV SURceVV cRQdiWiRQV, ZiWh P/PPa[ YaOXeV PeaVXUed.  

 

TheUe aUe WhUee PaiQ VecWiRQV Rf ZRUN  

(i)  PUeOiPiQaU\ ZRUN XVed a VSUa\ ZiWh a 120-degUee Rf aQgOe Rf VSUa\. The 

effecW a Zide UaQge Rf SURceVV YaUiabOeV RQ Whe heaW efficieQc\ Rf Whe 

V\VWeP ZeUe VWXdied: fORZ UaWe, VSUa\ WePSeUaWXUe, YiVcRViW\ Rf Whe fiOOiQg 

fOXid, diffeUeQW heighWV fRU Whe QR]]Oe, diffeUeQW cRQWaiQeU SRViWiRQV aQd 

QXPbeU Rf WUeaWed MaUV. The UeVXOWV VhRZed ViPOOaU geQeUaO WUeQdV aV 

SUeYiRXV ZRUN fRU Whe effecWV Rf fORZ aQd fOXid. 

(ii)  The QR]]Oe had a YeU\ Zide VSUead Rf VSUa\ ZaWeU aQgOe, Zhich UeVXOWed iQ 

high heaW ORVVeV. TZR aOWeUQaWiYe QR]]OeV, RQe ZiWhRXW VSUa\, ZiWh Whe fORZ 

faOOiQg VWUaighW RQWR Whe YeVVeO diUecWO\, aQd a VhRZeUhead ZeUe deYeORSed 

aQd iQYeVWigaWed.  

(iii)  The SaUaPeWeUV VWXdied ZeUe VSUa\ fORZ UaWe (0.92 aQd 1.91 O/PiQ fRU ViQgOe 

MeW QR]]Oe aQd 0.98 aQd 1.78 O/PiQ fRU a PXWi MeW QR]]Oe), W\Se Rf QR]]Oe, aQd 

YiVcRViW\ Rf fRRd fOXid (ZaWeU aQd 5 %(Z/Y) cRUQ VWaUch). 

(iY)  WZR-ShaVe VROid-OiTXid Pi[WXUeV ZiWhiQ Whe YeVVeO ZeUe aOVR VWXdied iQ WeUPV 

Rf Whe effecW Rf VROid-OiTXid fUacWiRQ (10 aQd 50 %(Z/Y)), YiVcRViW\ Rf fRRd 

fOXid (ZaWeU, aQd  5%(Z/Y) cRUQ VWaUch), aQd geRPeWU\ Rf SacNageV. 
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CRQcOXViRQV WhaW caQ be dUaZQ fURP WheVe e[SeUiPeQWV aUe: 

x P/PPa[ YaOXeV iQcUeaVe ZiWh Whe WePSeUaWXUe Rf Whe heaWiQg PediXP aQd Whe 

OiTXid fORZ UaWe fRU aOO caVeV. 

x SiPiOaUO\, fRU aOO W\Se Rf QR]]OeV VWXdieV, P P/PPa[ YaOXeV iQcUeaVed aV YiVcRViW\ 

Rf Whe fRRd decUeaVed. IQ aOO caVeV Whe SURceVV iV cRQWUROOed heUe b\ iQ-SacN 

behaYiRXU.  

x HRZeYeU, Whe QRUPaOiVed P YaOXeV decUeaVe ZheQ Whe QXPbeU Rf MaU 

iQcUeaVed. 

x P/PPa[ YaOXeV aW a VeSaUaWiRQ Rf QR]]Oe aQd MaU Rf heighW Rf 18.6 cP aUe Whe 

higheVW; hRZeYeU, P YaOXeV aW Whe heighW Rf 18.6 cP aQd 35 cP aUe aOPRVW Whe 

VaPe.  

x A WaUgeW Rf 70RC fRU 5 PiQ iV achieYabOe ZiWh aQ RSWiPaO deVigQ XViQg UaWe 70 

RC Rf 30 PiQ.  

x TheUe iV a VWURQg effecW Rf YiVcRViW\ RQ Whe V\VWeP iQWeUQaO WePSeUaWXUe bXW WhiV 

RQO\ ZeaNO\ affecWV Whe VXUface WePSeUaWXUe 

x FRU bRWh ViQgOe MeW aQd PXWi MeW, aV Whe fORZ UaWe iQcUeaVed Whe P YaOXeV 

iQcUeaVed aV ZeOO, ZiWh a XQifRUP SaWWeUQ acURVV Whe MaUV. 

x FRU VROid OiTXid V\VWeP, a ORZeU VROidV fUacWiRQ V\VWeP aQd fRU ORZeU VROXWiRQ 

YiVcRViWieV, Whe P YaOXeV decUeaVed aV %VROid fUacWiRQ Rf Whe fRRd iQcUeaVed; 

WhiV UefOecWed Whe UedXced cRQYecWiRQ effecWV WhaW aUe SRVVibOe iQ a high VROid 

fUacWiRQ. WhiOe QR effecW Rf %VROid OiTXid fUacWiRQ fRU high YiVcRViW\ fOXid, Zhich 

cRQdXcWiRQ d\QaPicV. HRZeYeU, High YiVcRViW\ Rf fOXid UeVXOWV iQ ORZeU P/PPa[ 
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YaOXeV WhaQ ORZ YiVcRViW\. FeZ QRUPaOi]ed P YaOXeV Rf URXQd MaU aUe ORZeU WhaQ 

P/PPa[ YaOXeV Rf he[agRQaO MaU. 

x The ViQgOe MeW QR]]Oe ZaV chRVeQ WR be XVed iQ a WZR-ShaVe Pi[WXUe VWXdied 

iQVWead a PXWi MeW becaXVe (i) Whe cROdeVW SRiQW iV aV VaPe ORcaWiRQ WhaQ iQ Whe 

ORZ VROid OiTXid fUacWiRQ aQd (ii) WheUe aUe PRUe effecWV Rf heaW WUaQVfeU iQ Whe 

higheU VROidV fUacWiRQV. The UeVXOWV SUeVeQWV P YaOXeV iQcUeaVed aV fORZ UaWe Rf 

Whe fRRd iQcUeaVed iQ a ORZ VROXWiRQ YiVcRViW\ V\VWeP. High YiVcRViW\ Rf fOXid 

giYeV a ORZeU P YaOXe WhaQ ORZ YiVcRViW\, aV VaPe aV SUeYiRXV ZRUN UeVXOW 

WUeQdV.  
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Chapter 6                                                                            

ConclXsions and FXtXre Work 

 

6.1 ConclXsions 

ThiV WheViV deVcUibeV aQ e[SeUiPeQWaO VWXd\ Rf Whe WheUPaO aQd VSUa\ SaVWeXUiVaWiRQ 

SeUfRUPaQce Rf gOaVV YeVVeOV. The W\Se Rf V\VWeP VWXdied iV UeOeYaQW WR Whe cRPPRQ 

iQdXVWUiaO SURbOeP Rf gOaVV MaUV Rf SURdXcW beiQg SaVWeXUiVed iQ a VSUa\ WXQQeO; VXch 

WXQQeOV aUe XVed bRWh WR SaVWeXUiVe SURdXcWV WhaW ZeUe QRW SUe-SaVWeXUiVed, aQd WR 

µWRS-XS¶ SaVWeXUiVaWiRQ fRU SURdXcWV WhaW haYe beeQ SaVWeXUiVed bXW aUe WheQ fiOOed iQWR 

MaUV WhaW haYe QRW beeQ. TheUe aUe VRPe iQdXVWUiaO iVVXeV ZiWh Whe fRUPaWiRQ Rf PRXOd 

RU Whe gURZWh Rf bacWeUia aURXQd Whe headVSace RU Oid Rf VRPe MaUV aV a UeVXOW Rf 

iQcRPSOeWe SaVWeXUiVaWiRQ. 

 

The OiWeUaWXUe RQ VSUa\ SaVWeXUiVaWiRQ aQd RQ WheUPaO WUaQVfeU iQWR SacNV haV beeQ 

bUiefO\ UeYieZed. GeQeUaOO\ iW ZRXOd be e[SecWed WhaW heaW WUaQVfeU iV VORZeVW ZiWhiQ 

Whe SacNV, i.e. WhaW eiWheU cRQYecWiRQ (iQ ORZ-YiVcRViW\ V\VWePV) RU cRQdXcWiRQ (fRU high 

YiVcRViW\ SURdXcWV) iV Whe cRQWUROOiQg SURceVV. IW iV iPSRUWaQW WhaW Whe VSUa\ iV cRUUecWO\ 

deVigQed, aQd WhaW WheUe aUe QR UegiRQV Rf ORZ ZaWeU fORZ UaWe. MRdeOV fRU Whe 

SURceVV VhRZ WhaW XQdeU VRPe cRQdiWiRQV Rf YeU\ ORZ fORZ WheUe iV iQVXfficieQW heaW 

SURYided, VR Whe heaWiQg UaWe iV XQacceSWabO\ VORZ. CRQYeUVeO\, aW WRR high a fORZUaWe 

Whe VXSSO\ Rf heaW PighW be WRR OaUge ± WhiV cRXOd Oead WR e[ceVViYe SXPSiQg aQd 

heaWiQg cRVWV.  
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IW iV SRVVibOe WR PRQiWRU heaWiQg iQ a QXPbeU Rf diffeUeQW Za\V ± WheUPRcRXSOeV aUe 

Whe eaVieVW PeWhRd, iQ WhaW Whe\ giYe a diUecW Uead RXW Rf WePSeUaWXUe WhaW caQ be 

added WR Whe eTXaWiRQ WhaW deVcUibeV PicURbiaO iQacWiYaWiRQ aQd giYe a SUedicWiRQ Rf 

Whe effecW Rf Whe SURceVV. TiPe-WePSeUaWXUe iQdicaWRUV aUe VPaOO WXbeV RU SacNeWV Rf 

heaW-VeQViWiYe eQ]\Pe WhaW caQ be SOaced iQ a fRRd SURdXcW aQd WheQ SaVVed WhURXgh 

Whe SURceVV; ZheQ aVVa\ed, Whe diffeUeQce beWZeeQ iQiWiaO aQd fiQaO YaOXe iV a 

PeaVXUe Rf WheUPaO WUeaWPeQW. TTIV aUe PRUe cRPSOe[ WhaW WheUPRcRXSOeV WR XVe iQ 

VWaWic ViWXaWiRQV, bXW aUe ideaOO\ VXiWed WR caVeV ZheUe Whe SURdXcW iV SaVVed WhURXgh 

a UeaO V\VWeP.  

 

A VeUieV Rf e[SeUiPeQWV ZeUe deVigQed WR WeVW Whe UeVSRQVe Rf YeVVeOV WR VSUa\V, 

XViQg a YaUieW\ Rf e[SeUiPeQWaO VeWXSV. IQ aOO caVeV a VeUieV Rf WheUPRcRXSOeV ZeUe 

SOaceV iQ VSecified SRViWiRQV iQVide a gOaVV MaU, fiOOed ZiWh RQe Rf a YaUieW\ Rf fOXidV, 

UaQgiQg fURP ZaWeU WR highO\ YiVcRXV CMC. TZR W\SeV Rf heaWiQg PediXP ZeUe XVed; 

a heaWed ZaWeU baWh aQd RQe Rf a VeUieV Rf VSUa\ headV. 

 

The UeVXOWV dePRQVWUaWed WhaW 

(i)  IQ aOO caVeV VWXdied Whe heaW WUaQVfeU ZaV SUiPaUiO\ cRQWUROOed b\ Whe 

iQWeUQaO behaYiRXU Rf Whe V\VWeP. The gUeaWeVW effecW RQ Whe RYeUaOO heaWiQg 

UaWe ZaV giYeQ b\ Whe YiVcRViW\ Rf Whe V\VWeP ± Whe higheVW YiVcRViW\ giYeV a 

UeVSRQVe WhaW iV PXch cORVeU WR Whe caVe ZheUe Whe V\VWeP behaYeV aV if iW 

ZeUe a VROid.  
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(ii)  HRZeYeU, e[WeUQaO fORZ RU WePSeUaWXUe had VRPe effecW; heaWiQg iQ Whe 

ZaWeU baWh ZaV iQ aOO caVeV faVWeU WhaQ heaWiQg fURP Whe UaQge Rf VSUa\V  

XVed; 

(iii)  The W\Se Rf VSUa\ XVed aQd Whe diVWUibXWiRQ Rf Whe VSUa\ had aQ effecW, bRWh 

iQ Whe UaWe Rf heaWiQg aQd Whe fiQaO WePSeUaWXUe. WiWh a diffXVe (120R) VSUa\, 

Whe heaWiQg UaWe ZaV VORZeU aQd Whe fiQaO heaWiQg WePSeUaWXUe ORZeU WhaQ 

ZheQ beWWeU diUecWed VSUa\V ZeUe XVed. 

(iY)  WheQ SaUWicOeV ZeUe Pade SaUW Rf Whe PRdeO SURdXcW, Whe heaWiQg UaWe 

VORZed, eYeQ iQ ZaWeU, UefOecWiQg Whe baUUieUV WR Pi[iQg aQd cRQYecWiYe heaW 

WUaQVfeU. IQ highO\ YiVcRXV V\VWePV, Whe Oag beWZeeQ OiTXid aQd VROid 

WePSeUaWXUe ZaV YeU\ VPaOO; iQ WheVe V\VWePV, PRVW Rf Whe heaW fORZ iV dXe 

WR cRQdXcWiRQ. 

P YaOXeV ZeUe caOcXOaWed RQ Whe baViV Rf WheUPRcRXSOe PeaVXUePeQWV ± iW ZaV fRXQd 

WhaW fRU Whe ORZ P-YaOXeV VWXdieV heUe TTIV did QRW aSSeaU accXUaWe. E[SeUiPeQWV 

WeQded WR XVe ORZeU heaWiQg WePSeUaWXUeV WhaQ ZRXOd be Qeeded fRU SaVWeXUiVaWiRQ 

aV Whe aiP Rf Whe e[SeUiPeQWV ZaV ViPSO\ WheUPaO PRQiWRUiQg. DaWa iV RfWeQ SORWWed aV 

Whe UaWiR P/PPa[, ZheUe Whe PPa[ iV caOcXOaWed fURP Whe WePSeUaWXUe Rf Whe baWh RU 

VSUa\, aQd UeSUeVeQWV Whe effecW Rf Whe heaWiQg WePSeUaWXUe fRU Whe ZhROe SURceVV 

WiPe.  

The daWa VhRZV WhaW: 
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x IQ aOO caVeV, aV ZRXOd be e[SecWed, ZheQ Whe heaWiQg PediXP WePSeUaWXUe 

ZaV higheU, fRU e[aPSOe ZheQ Whe V\VWeP WePSeUaWXUe iQcUeaVed fURP 50RC WR 

80RC, higheU SaVWeXUiVaWiRQ YaOXeV UeVXOWed.  

x AQ iQcUeaVe Rf Whe fiOOiQg YiVcRViW\ VORZed Whe heaWiQg d\QaPicV Rf Whe V\VWeP, 

aQd cRQVeTXeQWO\ aOVR affecWed P/PPa[ YaOXeV, Zhich ZeUe ORZeU ZheQ Whe 

YiVcRViW\ ZaV high. 

x IQ Whe ZaWeU baWh, fRU aOO Whe heaWiQg cRQdiWiRQV aQd fRU aOO Whe fiOOiQgV VWXdied, 

Whe Vi]e Rf cRQWaiQeU aQd headVSace YROXPe had QR VigQificaQW effecW RQ Whe 

WheUPaO UeVSRQVe aQd VXbVeTXeQWO\ iQ Whe UaWiR P/PPa[ YaOXeV caOcXOaWed,. 

x FRU Whe VSUa\ V\VWeP, P/PPa[ YaOXeV iQcUeaVe ZiWh Whe WePSeUaWXUe Rf Whe 

heaWiQg PediXP aQd Whe OiTXid fORZ UaWe. HRZeYeU, Whe QRUPaOiVed P YaOXeV 

decUeaVe ZheQ Whe QXPbeU Rf MaUV iQcUeaVed. 

x A WaUgeW Rf 70RC fRU 5 PiQ iV achieYabOe ZiWh aQ RSWiPaO deVigQ XViQg UaWe 70 

RC Rf 30 PiQ.  

x IQ aOO caVeV, fRU VROid OiTXid V\VWePV fRU ORZeU VROXWiRQ YiVcRViWieV, Whe P YaOXeV 

decUeaVed aV %VROid fUacWiRQ Rf Whe fRRd iQcUeaVed; WhiV UefOecWed Whe UedXced 

cRQYecWiRQ effecWV WhaW aUe SRVVibOe iQ a high VROid fUacWiRQ. NR effecW Rf %VROid 

OiTXid fUacWiRQ RQ P YaOXeV ZaV VeeQ fRU high YiVcRViW\ fOXidV, dePRQVWUaWiQg 

cRQdXcWiRQ d\QaPicV. High YiVcRViW\ Rf fOXid UeVXOWV iQ ORZeU P/PPa[ YaOXeV WhaQ 

ORZ YiVcRViW\.  
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x The ViQgOe MeW QR]]Oe ZaV chRVeQ fRU XVe UaWheU WhaQ Whe PXWi MeW becaXVe (i) 

Whe cROdeVW SRiQW iV aV VaPe ORcaWiRQ WhaQ iQ Whe ORZ VROid OiTXid fUacWiRQ aQd (ii) 

WheUe aUe PRUe effecWV Rf heaW WUaQVfeU iQ Whe higheU VROidV fUacWiRQV. The 

UeVXOWV SUeVeQWV P YaOXeV iQcUeaVed aV fORZ UaWe Rf Whe fRRd iQcUeaVed iQ a ORZ 

VROXWiRQ YiVcRViW\ V\VWeP. High YiVcRViW\ Rf fOXid giYeV a ORZeU P YaOXe WhaQ ORZ 

YiVcRViW\.  

 

OYeUaOO Whe ZRUN haV VhRZQ WhaW iW iV SRVVibOe WR VWXd\ VSUa\ heaWiQg XViQg 

WheUPRcRXSOeV aQd caOcXOaWe P YaOXeV iQ Whe VaPe Za\ aV haV beeQ dRQe fRU 

UeWRUWiQg V\VWePV. The daWa VhRZ hRZ Whe WheUPaO SaWWeUQ caQ be ideQWified fURP Whe 

e[SeUiPeQWV, aQd WhaW iW iV SRVVibOe WR RbWaiQ SaVWeXUiVaWiRQ. The e[SeUiPeQWV RffeU 

Whe baViV fRU a PRUe cRPSOeWe VWXd\ Rf VSUa\ SaVWeXUiVaWiRQ aQd SRVVibOe 

RSWiPiVaWiRQ. 

 

6.2 FXtXre Zork 

 

ThiV ZRUN haV VWXdied VSUa\ SaVWeXUiVaWiRQ aQd SUeVeQWed iQYeVWigaWiRQV Rf Whe 

YaUiRXV facWRUV WhaW affecW WheUPaO WUaQVfeU iQWR SacNV. HRZeYeU WheUe VRPe fXWXUe 

VWXdieV WhaW caQ be VXggeVWed heUe: 

x CRPSaUiVRQ Rf Whe PRQiWRUiQg PeWhRd ZiWh RWheU SRVVibOe PeWhRd VXch aV Whe 

eQ]\PaWic TTI,  WR RbWaiQ beWWeU eYaOXaWiRQ Rf PiOd WheUPaO SURceVVeV fRU fRRd 

SaVWeXUiVaWiRQ.  
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x TTIV ZRXOd eQabOe e[SeUiPeQWV WR be dRQe RQ SURceVV OiQeV. BefRUe WheQ iW 

ZRXOd be XVefXO WR VWXd\ RQ a VPaOO VcaOe Whe effecWV Rf VSUa\ SaVWeXUiVaWiRQ 

facWRUV VXch aV diffeUeQW W\SeV Rf QR]]Oe, a ZideU UaQge Rf SURceVV heaWiQg 

cRQdiWiRQV aQd Whe iQWegUaWed P YaOXeV WhaW UeVXOW. 

x ThiV ZRUN iV XVed a cROd- fiOOed PeWhRd iQ Whe SacNV VWXdied, WhiV iV VhRXOd be 

eQRXgh daWa fRU OabRUaWRU\ VcaOe. HRW- fiOOiQg iV geQeUaOO\ XVed iQ UeaO 

SaVWeXUiViQg SURceVV iQdXVWU\ cRQdiWiRQ aQd WhiV VhRXOd be VWXdied WR cRPSaUe 

ZiWh WhiV cROd fiOOiQg.  

x The SiORW SOaQW RU fXOO-VcaOe e[SeUiPeQWV ZRXOd be iQWeUeVWiQg WR VWXd\ ± heUe 

TTIV ZRXOd be YeU\ YaOXabOe aV WheUPRcRXSOeV ZRXOd be difficXOW WR XVe iQ a 

PRYiQg ViWXaWiRQ. SXch ZRUN ZRXOd aOVR XVe diffeUeQW W\SeV Rf fRRd aQd 

SacNage aV caQV, SOaVWicV RU SRXcheV iQVWead Rf Whe gOaVV MaU iQ WhiV ZRUN aQd 

ZRXOd be UeSUeVeQWaWiYe Rf RWheU VXUface SaVWeXUiVed fRRd facWRU\ SURbOePV. 

x The PRdeOOiQg PaWhePaWicV fRU WhiV ZRUN caQ be PRUe deYeORSed - iW ZRXOd be 

XVefXO WR ideQWif\ Whe RSWiPaO SRViWiRQV SUedicWed b\ Whe PRdeO aQd ZheWheU 

WheVe cRQdiWiRQV aUe fRXQd RQ UeaO SOaQW. 
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Appendi[ I: 

Table A.I. 1: PasteXrisation YalXes corresponding to Zater bath temperatXres of 60oC, 70oC and 

80oC for a 660 ml jar containing a 3% agar solXtion.  

 

Forced conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.00 � 
0.00 

0.00 � 
0.00 

0.01 � 
0.00 

0.00 � 
0.00 

0.00 � 
0.00 

0.20 � 
0.01 

0.40 � 
0.01 

0.45 � 
0.02 

70 0.00 � 
0.00 

0.00 � 
0.00 

0.07 � 
0.01 

0.01 � 
0.00 

0.02 � 
0.00 

1.54 � 
0.13 

3.56 � 
0.42 

4.50 � 
0.12 

80 0.01 � 
0.00 

0.00 � 
0.00 

0.26 � 
0.23 

0.03 � 
0.01 

0.10 � 
0.04 

13.24 
� 1.94 

33.55 
� 5.97 

43.13 
� 0.95 

NatXral conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.00 � 
0.00 

0.00 � 
0.00 

0.01 � 
0.00 

0.00 � 
0.00 

0.01 � 
0.00 

0.15 � 
0.02 

0.28 � 
0.03 

0.45 � 
0.03 

70 0.00 � 
0.00 

0.00 � 
0.00 

0.02 � 
0.00 

0.01 � 
0.00 

0.02 � 
0.00 

1.15 � 
0.08 

2.36 � 
0.16 

4.15 � 
0.31 

80 0.01 � 
0.00 

0.00 � 
0.00 

0.12 � 
0.01 

0.02 � 
0.00 

0.09 � 
0.00 

9.76 � 
0.40 

23.44 
� 0.77 

41.39 
� 1.18 
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Table A.I. 2: PasteXrisation YalXes corresponding to Zater bath temperatXres of 60oC, 70oC and 

80oC for a 330 ml jar containing a 3% agar solXtion.  

 

Forced conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.02 � 
0.00 

0.01 � 
0.00 

0.03 � 
0.01 

0.04 � 
0.01 

0.09 � 
0.02 

0.14 � 
0.02 

0.31 � 
0.02 

0.34 � 
0.00 

70 0.09 � 
0.01 

0.06 � 
0.01 

0.17 � 
0.03 

0.23 � 
0.06 

0.71 � 
0.10 

1.19 � 
0.30 

3.00 � 
0.21 

3.36 � 
0.05 

80 0.52 � 
0.02 

0.30 � 
0.03 

0.93 � 
0.26 

1.62 � 
0.46 

7.82 � 
3.90 

9.99 � 
2.14 

25.77 
� 2.02 

32.97 
� 0.99 

NatXral conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.01 � 
0.00 

0.01 � 
0.00 

0.03 � 
0.02 

0.02 � 
0.00 

0.07 � 
0.01 

0.11 � 
0.01 

0.19 � 
0.03 

0.34 � 
0.00 

70 0.07 � 
0.01 

0.04 � 
0.00 

0.13 � 
0.00 

0.16 � 
0.03 

0.53 � 
0.03 

0.90 � 
0.10 

1.71 � 
0.22 

3.25 � 
0.04 

80 0.31 � 
0.06 

0.19 � 
0.04 

0.73 � 
0.10 

0.98 � 
0.16 

4.15 � 
0.65 

7.35 � 
0.95 

16.75 
� 0.79 

30.90 
� 0.32 
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Table A.I. 3: PasteXrisation YalXes corresponding to Zater bath temperatXres of 60oC, 70oC and 

80oC for a 660 ml jar containing Zater.  

 

Forced conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.14 � 
0.00 

0.16 � 
0.00 

0.22 � 
0.02 

0.15 � 
0.00 

0.15 � 
0.00 

0.19 � 
0.02 

0.29 � 
0.02 

0.34 � 
0.00 

70 1.30 � 
0.02 

1.47 � 
0.02 

1.91 � 
0.04 

1.32 � 
0.02 

1.32 � 
0.02 

1.60 � 
0.09 

2.72 � 
0.16 

3.37 � 
0.05 

80 12.25 
� 0.16 

13.91 
� 0.15 

18.12 
� 0.38 

12.50 
� 0.17 

12.31 
� 0.08 

14.63 
� 0.76 

26.39 
� 2.06 

33.27 
� 0.82 

NatXral conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.09 � 
0.00 

0.11 � 
0.00 

0.19 � 
0.00 

0.10 � 
0.00 

0.10 � 
0.00 

0.12 � 
0.00 

0.20 � 
0.01 

0.33 � 
0.01 

70 0.76 � 
0.02 

1.00 � 
0.03 

1.66 � 
0.06 

0.92 � 
0.02 

0.87 � 
0.03 

0.59 � 
0.02 

2.27 � 
0.39 

3.14 � 
0.11 

80 5.68 � 
0.35 

7.41 � 
0.54 

12.22 
� 1.62 

6.65 � 
0.60 

6.42 � 
0.51 

8.33 � 
0.54 

15.53 
� 1.31 

23.40 
� 2.03 
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Table A.I. 4: PasteXrisation YalXes corresponding to Zater bath temperatXres of 60oC, 70oC and 

80oC for a 330 ml jar containing Zater. 

 

Forced conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.19 � 
0.00 

0.20 � 
0.01 

0.22 � 
0.01 

0.19 � 
0.01 

0.19 � 
0.00 

0.22 � 
0.01 

0.30 � 
0.03 

0.34 � 
0.01 

70 1.88 � 
0.04 

1.96 � 
0.07 

2.11 � 
0.09 

1.81 � 
0.07 

1.85 � 
0.05 

2.08 � 
0.09 

3.10 � 
0.21 

3.37 � 
0.09 

80 18.21 
� 0.66 

18.89 
� 0.73 

20.79 
� 1.17 

17.48 
� 0.69 

17.62 
� 0.69 

19.64 
� 0.68 

29.93 
� 2.17 

32.24 
� 1.47 

NatXral conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.14 � 
0.01 

0.15 � 
0.01 

0.18 � 
0.02 

0.14 � 
0.01 

0.14 � 
0.00 

0.15 � 
0.02 

0.22 � 
0.03 

0.32 � 
0.01 

70 1.39 � 
0.02 

1.52 � 
0.12 

1.78 � 
0.15 

1.40 � 
0.11 

1.41 � 
0.16 

1.57 � 
0.06 

2.33 � 
0.06 

3.20 � 
0.23 

80 15.12 
� 2.12 

16.13 
� 2.28 

18.97 
� 2.09 

15.17 
� 2.33 

14.77 
� 1.77 

17.24 
� 1.31 

24.09 
� 4.01 

33.69 
� 2.16 
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Table A.I. 5: PasteXrisation YalXes corresponding to Zater bath temperatXres of 60oC, 70oC and 

80oC for a 330 ml jar containing a 10% sXcrose solXtion. 

 

Forced conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.19 � 
0.01 

0.20 � 
0.01 

0.22 � 
0.02 

0.19 � 
0.01 

0.19 � 
0.00 

0.21 � 
0.02 

0.31 � 
0.01 

0.34 � 
0.00 

70 1.86 � 
0.08 

1.94 � 
0.07 

2.08 � 
0.11 

1.78 � 
0.11 

1.81 � 
0.06 

1.99 � 
0.15 

3.01 � 
0.04 

3.41 � 
0.07 

80 18.11 
� 0.21 

18.54 
� 0.08 

19.65 
� 0.14 

17.43 
� 0.40 

17.45 
� 0.38 

18.56 
� 1.15 

30.99 
� 1.35 

32.87 
� 0.26 

NatXral conYection 

T(oC) Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 

60 0.14 � 
0.01 

0.15 � 
0.01 

0.18 � 
0.02 

0.15 � 
0.01 

0.14 � 
0.01 

0.15 � 
0.00 

0.22 � 
0.00 

0.33 � 
0.00 

70 1.27 � 
0.19 

1.36 � 
0.18 

1.57 � 
0.15 

1.31 � 
0.19 

1.31 � 
0.12 

1.42 � 
0.07 

2.03 � 
0.11 

3.27 � 
0.12 

80 13.18 
� 0.50 

14.06 
� 0.39 

16.27 
� 0.09 

13.65 
� 0.98 

13.65 
� 0.29 

14.78 
� 0.93 

20.57 
� 0.65 

31.64 
� 1.13 
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Table A.I. 6: PasteXrisation YalXes for tZo different percentages of headspace: 5% (Z/Y) and 

10% (Z/Y) in a jar filled Zith Zater. The heating temperatXre Zas 70 oC in all the cases 

presented. Tref = 80 0C, ] YalXe= 10 0C. 

 

% Headspace Loc 1 Loc 2 Loc 3 Loc 8 

5 23.41 � 0.47 28.42 � 1.76 22.75 � 2.91 34.20 � 2.37 

10 27.76 � 0.87 31.78 � 1.07 23.85 � 3.62 34.20 � 2.38 
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Table A.I. 7: PasteXrisation YalXes calcXlated from the temperatXres measXred Xsing 

thermocoXples Zith those calcXlated emplo\ing the TTIs data for different heating scenarios: 

heating temperatXre of 60oC dXring 60 min, heating temperatXre of 70oC dXring 15 and finall\ 

Zater bath at 80oC dXring 15 min for Zater and a 3%(Z/Y) agar. Tref = 80 oC, ] YalXe = 8.9 oC  

Water, heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 2.325 2.837 3.010 3.009 3.661 4.372 - 

TheUPRcRXSOe 1.2514 1.2588 1.2798 1.1559 1.3241 1.3885 1.5336 

A 3%(Z/Y) agar,  heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 3.264 2.098 1.410 1.629 3.345 4.231 - 

TheUPRcRXSOe 0.4858 0.2736 0.2785 0.4332 0.4190 0.9894 1.5860 

Water ,  heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 3.992 4.964 5.243 5.441 4.372 4.900 - 

TheUPRcRXSOe 0.6804 0.7797 1.0202 0.7472 2.5608 3.0532 2.4710 

A 3%(Z/Y) agar,  heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 2.649 1.814 1.564 1.064 1.719 3.107 - 

TheUPRcRXSOe 0.0002 0.0026 0.0010 0.0017 0.6040 0.5817 3.2814 

Water ,  heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 7.327 8.105 10.646 9.290 8.248 12.504 - 

TheUPRcRXSOe 4.2747 4.8935 6.3501 4.8878 5.6614 20.2344 15.9322 

A 3%(Z/Y) agar,  heating temperatXre of 60oC dXring 60 min 

MRQiWRUiQg W\Se ORc. 1 ORc. 2 ORc. 3 ORc. 4 ORc. 6 ORc. 7 ORc. 8 

TTI 2.273 2.426 2.980 2.070 3.550 15.804 - 

TheUPRcRXSOe 0.0002 0.0205 0.0042 0.0031 2.7539 2.8705 19.1147 
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Table A.I. 8: PasteXrisation YalXes for both liqXid and solid phases Zhen the flXid filling presents different  Yiscosit\ YalXes: Zater, 4%(Z/Y) 
starc , 4%(Z/Y) pregelatinised starch, and 1%(Z/Y) gXar gXm . 

Water 

% SROid fUacWiRQ ORc 1 ORc 2 ORc 3 ORc 4 ORc 5 ORc 6 ORc 7 ORc 8 ORc 9 

10 15.08 � 0.28 17.15 � 0.24 19.87 � 0.37 17.89 � 0.23 17.42 � 0.39 19.55 � 0.34 20.08 � 0.63 16.83 � 0.42 29.90 � 0.13 

50 13.42 � 0.85 15.59 � 1.58 18.43 � 1.21 17.14 � 0.60 15.34 � 1.05 17.52 � 1.55 18.20 � 1.53 16.22 � 0.42 28.97 � 0.47 

4%(Z/Y) starch 

% SROid fUacWiRQ ORc 1 ORc 2 ORc 3 ORc 4 ORc 5 ORc 6 ORc 7 ORc 8 ORc 9 

10 0.68 � 0.08 0.37 � 0.07 0.35 � 0.11 5.77 � 2.64 0.78 � 0.15 0.48 � 0.05 0.26 � 0.08 0.62 � 0.21 29.16 � 0.57 

50 0.71 � 0.16 0.32 � 0.11 0.31 � 0.04 4.86 � 6.81 0.75 � 0.17 0.42 � 0.10 0.30 � 0.02 0.97 � 0.41 28.75 � 0.17 

4%(Z/Y) pregelatinised starch 

% SROid fUacWiRQ ORc 1 ORc 2 ORc 3 ORc 4 ORc 5 ORc 6 ORc 7 ORc 8 ORc 9 

10 6.33 � 0.13 6.91 � 0.30 13.54 � 1.12 18.37 � 2.33 6.86 � 0.26 8.08 � 0.50 12.57 � 0.37 8.52 � 0.25 29.02 � 0.22 

50 4.31 � 1.58 7.03 � 1.34 11.22 � 1.90 10.55 � 3.40 4.83 � 1.83 6.41 � 1.91 10.63 � 1.22 8.25 � 2.75 28.61 � 0.25 

1% gXar gXm 

% SROid fUacWiRQ ORc 1 ORc 2 ORc 3 ORc 4 ORc 5 ORc 6 ORc 7 ORc 8 ORc 9 

10 1.90 � 0.18 4.32 � 0.38 7.54 � 0.30 4.08 � 0.45 1.74 � 0.05 3.85 � 0.21 8.53 � 0.37 16.23 � 4.79 28.90 � 0.23 

50 0.65 � 0.03 0.41 � 0.00 0.46 � 0.10 0.71 � 0.03 0.55 � 0.02 0.39 � 0.02 0.54 � 0.14 0.78 � 0.26 28.80 � 0.53 
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Appendi[ II 

 

Table A.II. 1: Processing YalXes for three different floZ rate YalXes: 0.53, 0.78  and 1.08 l/min. 

The temperatXre of the spra\ no]]le Zas 60oC in all cases, Zith an initial temperatXre of the 

filling Zater of 20oC. The ]-YalXe considered in the calcXlations Zas ] = 10oC and the  YalXe of 

the temperatXre reference Xsed Zas Tref = 70oC. 

 

Location 
FloZ rate (l/min) 

0.53 0.78 1.1 

LRc 1 0.71 � 0.03 2.36 � 0.21 2.09 � 0.30 

LRc 2 0.73 � 0.05 2.30 � 0.21 2.13 � 0.30 

LRc 3 0.79 � 0.07 2.43 � 0.23 2.15 � 0.27 

LRc 4 0.61 � 0.05 2.09 � 0.19 1.87 � 0.21 

LRc 5 0.64 � 0.02 3.24 � 0.30 2.13 � 0.54 

LRc 6 0.78 � 0.02 2.80 � 0.26 2.46 � 0.24 

LRc 7 1.53 � 0.03 2.92 � 0.27 2.83 � 0.53 

LRc 8 6.13 � 0.61 7.28 � 0.65 6.83 � 0.25 

LRc 9 3.71 � 0.06 2.15 � 0.20 3.63 � 0.33 
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Table A.II. 2: Processing YalXes calcXlated for three different spra\ no]]le temperatXres: 50,  

60, and  70oC  in a jar filled Zith Zater. The starting temperatXre Zas 20oC in all cases, and the 

Z-YalXe considered in the calcXlations Zas ] = 10oC. The reference temperatXre considered 

Zas Tref = 70oC. The data shoZn Zas measXred for a mass floZ rate throXgh the no]]le of 1.09 

l/min. 

 

Location 
Spra\ no]]le temperatXres (oC) 

50 60 70 

LRc 1 0.24 � 0.03 2.21 � 0.29 13.12 � 2.84 

LRc 2 0.24 � 0.02 2.24 � 0.27 12.85 � 2.74 

LRc 3 0.27 � 0.03 2.38 � 0.28 13.57 � 2.47 

LRc 4 0.23 � 0.04 1.95 � 0.23 11.82 � 2.06 

LRc 5 0.24 � 0.03 2.05 � 0.20 13.36 � 2.41 

LRc 6 0.27 � 0.04 2.29 � 0.30 13.82 � 2.92 

LRc 7 0.38 � 0.03 2.93 � 0.06 19.63 � 3.51 

LRc 8 0.64 � 0.03 6.43 � 0.10 64.75 � 3.89 

LRc 9 0.35 � 0.01 3.71 � 0.34 17.93 � 0.41 
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Table A.II. 3: Processing YalXes for fiYe different solXtion s\stems: Zater, 5%(Z/Y) pre-

gelatinised starch, 5% corn starch , 1%(Z/Y) gaXr gXm  and 3%(Z/Y) agar. The spra\ no]]le 

temperatXre Zas 70oC in all cases, Zith a starting temperatXre for the filling of 20oC. The Z-

YalXe considered in the calcXlations Zas ] = 10oC, Tref = 70oC. The data shoZn Zas recorded for 

a mass floZ rate throXgh the no]]le of 1.1 l/min. 

Location 
SolXtion s\stem 

ZaWeU 
SUe-

geOaWiQiVed 
VWaUch 

5% cRUQ 
VWaUch 

1%(Z/Y) gaXU 
gXP 3%(Z/Y) agaU 

LRc 1 13.12 � 2.84 9.24 � 1.54 3.26 � 0.25 7.10 � 0.22 2.39 � 0.09 

LRc 2 12.85 � 2.74 10.06 � 1.46 2.45 � 0.20 7.15 � 0.22 1.77 � 0.08 

LRc 3 13.57 � 2.47 11.10 � 1.52 2.26 � 0.11 9.14 � 0.28 2.20 � 0.11 

LRc 4 11.82 � 2.06 9.66 � 1.33 3.58 � 0.19 8.06 � 0.24 2.79 � 0.10 

LRc 5 13.36 � 2.41 12.18 � 1.10 8.52 � 0.30 15.26 � 0.46 7.81 � 0.63 

LRc 6 13.82 � 2.92 13.65 � 1.48 12.04 � 2.18 14.09 � 0.43 11.41 � 0.49 

LRc 7 19.63 � 3.51 18.77 � 1.86 17.88 � 2.33 20.26 � 0.61 14.79 � 1.32 

LRc 8 64.75 � 3.89 63.10 � 3.59 60.77 � 1.59 68.53 � 2.13 66.79 � 1.90 

LRc 9 17.93 � 0.41 18.94 � 1.44 19.13 � 1.08 19.38 � 1.29 18.48 � 0.67 
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Table A.II. 4: PasteXrisation YalXes for foXr different relatiYe positions of no]]le and Yessel. 

The heating temperatXre Zas 60 oC and floZ rate 0.78 l/min in all cases. The starting 

temperatXre Zas 20oC, the ]-YalXe considered in the calcXlations Zas ] = 10oC and Tref = 70oC. 

 

Location 

RelatiYe positions of no]]le and Yessel at point 

1 2 3 4 

LRc 1 2.78 � 0.26 2.36 � 0.21 2.44 � 0.22 2.17 � 0.20 

LRc 2 2.82 � 0.26 2.30 � 0.21 2.47 � 0.23 2.26 � 0.21 

LRc 3 2.82 � 0.26 2.43 � 0.23 2.56 � 0.24 2.40 � 0.22 

LRc 4 2.41 � 0.23 2.09 � 0.19 2.19 � 0.20 1.99 � 0.18 

LRc 5 3.22 � 0.30 3.24 � 0.30 2.30 � 0.21 2.23 � 0.21 

LRc 6 3.15 � 0.30 2.80 � 0.26 2.62 � 0.25 2.51 � 0.24 

LRc 7 2.75 � 0.26 2.92 � 0.27 3.48 � 0.32 3.93 � 0.36 

LRc 8 7.15 � 0.64 7.28 � 0.65 7.55 � 0.68 8.29 � 0.74 

LRc 9 1.99 � 0.18 2.15 � 0.20 2.35 � 0.21 2.25 � 0.20 

 

Note: point 1 (25 cm), point 2 (18.5 cm.), point 3 (12 cm.), and point 4 (25 cm) 
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Table A.II. 5: PasteXrisation YalXes for three different heights of the no]]le: 35 , 26.5, and 18.6 

cm. The ]-YalXe considered in the calcXlations Zas ] = 10oC, and the reference temperatXre 

Zas Tref = 70 0C.  

 

Location 
Heights of the no]]le (cm) 

18.5 26.5 35 

LRc 1 2.32 � 0.22 2.28 � 0.21 13.12 � 2.84 

LRc 2 2.41 � 0.22 2.30 � 0.21 12.85 � 2.74 

LRc 3 2.50 � 0.23 2.37 � 0.22 13.57 � 2.47 

LRc 4 2.16 � 0.20 1.85 � 0.17 11.82 � 2.06 

LRc 5 2.47 � 0.23 2.15 � 0.20 13.36 � 2.41 

LRc 6 2.97 � 0.28 2.20 � 0.21 13.82 � 2.92 

LRc 7 3.04 � 0.28 2.82 � 0.26 19.63 � 3.51 

LRc 8 6.96 � 0.62 7.29 � 0.65 64.75 � 3.89 

LRc 9 2.14 � 0.19 2.20 � 0.20 17.93 � 0.41 
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Table A.II. 6 PasteXrisation YalXes for fiYe different containers set Xp s\stems: 1, 2, 3, 4, and 9 

jars. The ]-YalXe considered in the calcXlations Zas ] = 10oC and Tref = 70oC. 

 

 

Location 
Containers set Xp (jars) 

1 2 3 4 9 

Loc 1 2.17 � 0.20 2.44 � 0.22 2.36 � 0.21 2.78 � 0.26 2.78 � 0.26 

Loc 2 2.26 � 0.21 2.47 � 0.23 2.30 � 0.21 2.82 � 0.26 2.82 � 0.26 

Loc 3 2.40 � 0.22 2.56 � 0.24 2.43 � 0.23 2.82 � 0.26 2.82 � 0.26 

Loc 4 1.99 � 0.18 2.19 � 0.20 2.09 � 0.19 2.41 � 0.23 2.41 � 0.23 

Loc 5 2.23 � 0.21 2.30 � 0.21 3.24 � 0.30 3.22 � 0.30 3.22 � 0.30 

Loc 6 2.51 � 0.24 2.62 � 0.25 2.80 � 0.26 3.15 � 0.30 3.15 � 0.30 

Loc 7 3.93 � 0.36 3.48 � 0.32 2.92 � 0.27 2.75 � 0.26 2.75 � 0.26 

Loc 8 8.29 � 0.74 7.55 � 0.68 7.28 � 0.65 7.15 � 0.64 7.15 � 0.64 

Loc 9 2.25 � 0.20 2.35 � 0.21 2.15 � 0.20 1.99 � 0.18 1.99 � 0.18 
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Table A.II. 7: PasteXrisation YalXes for tZo different floZ rate of conditions: minimal floZ rate and ma[imXm floZ rate  for each t\pe of no]]le: 
single jet and mXti jet. The jars contained Zater and heating no]]le temperatXres of 70oC. The ]-YalXe considered in the calcXlations Zas ] = 
10oC and the reference temperatXre Zas Tref = 70oC. 

 

Single jet no]]le 

FloZ rate 

(/min) 
Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 Loc 9 

0.92 35.09 � 0.00 34.38 � 0.00 34.98 � 0.00 31.15 � 0.00 29.00 � 0.00 39.97 � 0.00 26.02 � 0.00 66.27 � 0.00 12.74 � 11.08 

1.91 54.00 � 0.00 55.05 � 0.00 54.37 � 0.00 48.93 � 0.00 44.03 � 0.00 54.37 � 0.00 51.51 � 0.00 65.35 � 0.00 12.74 � 11.08 

MXti jet 

FloZ rate 

(/min) 
Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 Loc 8 

0.98 34.74 � 0.00 34.05 � 0.00 34.66 � 0.00 30.85 � 0.00 28.74 � 0.00 39.75 � 0.00 27.56 � 0.00 67.35 � 0.00 12.74 � 11.08 

1.78 52.20 � 0.00 53.21 � 0.00 52.51 � 0.00 47.28 � 0.00 42.49 � 0.00 52.45 � 0.00 49.76 � 0.00 64.62 � 0.00 12.74 � 11.08 
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Table A.II. 8: PasteXrisation YalXes for tZo different floZ rate of conditions: minimal floZ rate and ma[imXm floZ rate  for each t\pe of no]]le: 
single jet and mXti jet. The jars contained a 5%(Z/Y) starch and heating no]]le temperatXres of 70oC. The ]-YalXe considered in the 
calcXlations Zas ] = 10oC and the reference temperatXre Zas Tref = 70oC. 

Single jet no]]le 

FloZ rate 

(/min) 
Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 Loc 9 

0.92 3.04 � 0.00 1.85 � 0.00 2.89 � 0.00 1.98 � 0.00 18.54 � 0.00 25.49 � 0.00 1.22 � 0.00 67.15 � 0.00 12.74 � 11.08 

1.91 10.85 � 0.00 10.23 � 0.00 10.47 � 0.00 10.65 � 0.00 23.89 � 0.00 41.07 � 0.00 0.85 � 0.00 65.45 � 0.00 12.74 � 11.08 

MXti jet 

FloZ rate 

(/min) 
Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7 Loc 8 Loc 8 

0.98 14.13 � 0.00 11.67 � 0.00 11.57 � 0.00 13.80 � 0.00 25.61 � 0.00 41.42 � 0.00 24.52 � 0.00 64.93 � 0.00 12.74 � 11.08 

1.78 15.06 � 0.00 13.80 � 0.00 12.76 � 0.00 15.27 � 0.00 27.98 � 0.00 48.07 � 0.00 43.92 � 0.00 67.17 � 0.00 12.74 � 11.08 
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Table A.II. 9: PasteXrisation YalXes for a roXnd jar containing  Zater and a 5%(Z/Y) starch solXtion Zith 10 and 50 %(Z/Y) potato cXbes in nine 
locations both in solXtion and potato  Xsing 120 degree spra\ no]]le. TemperatXre of the heating no]]le Zas 70oC, Zhile the flXid filling the 
jar Zas initiall\ at appro[. 20oC. No]]le floZ rate 1.09 l/min. The ]-YalXe Xsed in the calcXlations Zas ] = 10oC and the reference temperatXre 
considered Zas Tref = 70oC. 

Water 

% Solid 
fraction 

Loc 1, 
SolXtion 

Loc 2, 
SolXtion 

Loc 3, 
SolXtion 

Loc 4, 
SolXtion 

Loc 1,  
Potato 

Loc 2, 
 Potato 

Loc 3,  
Potato 

Loc 4, 
 Potato 

loc 8 

10 5.00 � 0.06 5.35 � 0.59 5.73 � 0.30 4.92 � 0.59 3.66 � 1.22 4.02 � 1.43 4.10 � 1.58 4.17 � 1.53 68.53 � 2.13 

50 6.22 � 0.10 6.79 � 0.75 8.25 � 0.21 7.01 � 0.13 4.45 � 1.85 5.03 � 2.26 5.38 � 2.81 5.15 � 2.37 65.27 � 2.09 

5%(Z/Y) Starch 

% Solid 
fraction 

Loc 1, 
SolXtion 

Loc 2, 
SolXtion 

Loc 3, 
SolXtion 

Loc 4, 
SolXtion 

Loc 1, 
 Potato 

Loc 2, 
 Potato 

Loc 3,  
Potato 

Loc 4,  
Potato 

loc 8 

10 2.11 � 0.28 1.86 � 0.50 2.25 � 0.44 2.12 � 0.30 2.02 � 0.08 1.56 � 0.16 1.81 � 0.27 1.83 � 0.32 60.77 � 1.59 

50 2.06 � 0.38 1.78 � 0.57 2.10 � 0.38 2.12 � 0.31 2.11 � 0.05 1.59 � 0.28 1.74 � 0.18 1.85 � 0.05 63.10 � 3.59 
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Table A.II. 10: PasteXrisation YalXes for a he[agonal jar containing  Zater and a 5%(Z/Y) starch solXtion Zith 10 and 50 %(Z/Y) potato cXbes 
in nine locations both in solXtion and potato  Xsing 120 degree spra\ no]]le. TemperatXre of the heating no]]le Zas 70oC, Zhile the flXid 
filling the jar Zas initiall\ at appro[. 20oC. No]]le floZ rate 1.09 l/min. The ]-YalXe Xsed in the calcXlations Zas ] = 10oC and the reference 
temperatXre considered Zas Tref = 70oC. 

Water 

% Solid 
fraction 

Loc 1, 
SolXtion 

Loc 2, 
SolXtion 

Loc 3, 
SolXtion 

Loc 4, 
SolXtion 

Loc 1,  
Potato 

Loc 2, 
 Potato 

Loc 3,  
Potato 

Loc 4, 
 Potato 

loc 8 

10 7.21 � 2.45 7.91 � 3.47 8.55 � 3.41 7.47 � 3.47 5.81 � 3.03 6.26 � 3.45 6.41 � 3.48 5.93 � 3.17 66.79 � 1.90 

50 7.21 � 0.13 7.09 � 0.09 7.65 � 0.40 6.93 � 0.57 4.78 � 2.30 4.95 � 2.29 5.07 � 2.52 5.02 � 2.28 70.64 � 15.07 

 5%(Z/Y) starch 

% Solid 
fraction 

Loc 1, 
SolXtion 

Loc 2, 
SolXtion 

Loc 3, 
SolXtion 

Loc 4, 
SolXtion 

Loc 1, 
 Potato 

Loc 2, 
 Potato 

Loc 3,  
Potato 

Loc 4,  
Potato 

loc 8 

10 3.09 � 0.18 2.36 � 0.66 2.31 � 0.57 2.45 � 0.55 2.68 � 0.30 2.22 � 0.23 2.82 � 0.90 2.95 � 0.97 64.75 � 3.89 

50 2.62 � 0.32 2.38 � 0.05 2.86 � 0.61 3.34 � 0.00 3.06 � 0.08 2.40 � 0.39 2.68 � 0.45 3.09 � 0.28 64.75 � 3.89 
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Table A.II. 11: PasteXrisation YalXes for a jar containing  Zater and a 5%(Z/Y) starch solXtion Zith 50 %(Z/Y) potato cXbes in nine locations 
both in solXtion and potato  Xsing a single jet no]]le. TemperatXre of the heating no]]le Zas 70oC, Zhile the flXid filling the jar Zas initiall\ at 
appro[. 20oC. No]]le floZ rate 0.92  l/min. The ]-YalXe Xsed in the calcXlations Zas ] = 10oC and the reference temperatXre considered Zas 
Tref = 70oC.  

Water 

FloZ rate 

(/min) 
Loc 1, 

SolXtion 
Loc 2, 

SolXtion 
Loc 3, 

SolXtion 
Loc 4, 

SolXtion 
Loc 1, 
Potato 

Loc 2, 
Potato 

Loc 3, 
Potato 

Loc 4, 
Potato loc 8 

0.92  18.35 � 10.09 22.33 � 11.41 27.34 � 13.30 21.15 � 11.15 14.72 � 7.25 19.01 � 9.20 28.48 � 14.66 22.75 � 10.66 62.75 � 7.70 

1.91  33.89 � 17.08 38.62 � 17.12 33.43 � 29.61 34.02 � 15.07 23.67 � 9.62 30.00 � 12.08 41.03 � 17.09 38.23 � 14.95 67.19 � 2.37 

2.56  32.55 � 5.69 40.43 � 2.11 42.12 � 1.14 36.83 � 1.46 32.71 � 7.06 33.63 � 0.93 42.98 � 4.34 39.97 � 1.61 64.75 � 3.89 

10.57  49.49 � 6.05 55.41 � 1.47 53.74 � 1.74 47.05 � 2.24 36.06 � 3.00 42.22 � 2.65 55.42 � 7.80 49.86 � 5.06 68.82 � 11.73 

5%(Z/Y) starch 

FloZ rate 

(/min) 
Loc 1, 

SolXtion 
Loc 2, 

SolXtion 
Loc 3, 

SolXtion 
Loc 4, 

SolXtion 
Loc 1, 
Potato 

Loc 2, 
Potato 

Loc 3, 
Potato 

Loc 4, 
Potato loc 8 

0.98 3.85 � 1.25 4.44 � 2.36 3.00 � 1.16 3.70 � 1.86 3.58 � 0.83 3.39 � 1.32 5.30 � 1.20 4.10 � 2.52 60.17 � 1.74 

1.78 2.00 � 1.97 2.42 � 2.43 0.00 � 0.00 2.49 � 2.43 1.81 � 1.83 1.80 � 1.82 2.70 � 2.76 2.56 � 2.55 64.55 � 5.42 
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