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ABSTRACT

This research aimed to study and to describe the influence of surface
temperature (60 - 80°C) on the mechanism of egg yolk deposits formation on the heat
transfer surface in real time using a heat flux sensor. In addition, the cleaning
mechanism of fouling deposits formed on hot surfaces at different temperatures was
also explained. It was found that egeg yolk fouling curves exhibited an asymptotic
pattern. The asymptotic fouling factor (Rf*) and time () increased, the induction period
of egg yolk proteins formation in the bulk of the fluid decreased, and the transport of
the fouling deposits in the bulk of the fluid to the heat transfer surface increased with
the increasing surface temperature. The fouling deposits formed at the high surface
temperature could be considered as non-solubility foulants. For cleaning by immersion
of egg yolk deposits in NaOH solution, the diffusive dissolution was the main
mechanism. The deposits formed on the surface heated at a temperature higher than
70°C had a strong network structure of proteins. This causes the swelling and the
reducing of cohesive force took a longer time comparing to the deposits formed at a

lower temperature.
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2.1 NISHNAASIUBIMISELENUUNURILaNIUAsUAIINS DU

2.1.1 nSNAASIU

Tnevhly “msifnAsu (Fouling)” munefis msavauuaznefvosoymafilsfisuszasd
vuiufvesgunsal annsaietulduuiuiale q Aduiatuserisweuduazvoanan 39
uenanvilgunsaiuaniasuamdougn doanuainsaluasiiomeuieunds nsiia
psrunzUuufasiliiiuiinidaanss prsduanaseugUnsaaufinty maiAaasuly
gunsaluanivAsuanufeudunildutigmddglugnamnssuidslilafunsudle uazen
fagidila esnaududaunensyuiums Seusgneusenatenssuaumsaniu liun
NITUINNITMUAT AFINAINTAIUATALAIY ATAANTOU WAENTEUIUAITNNTIN N 1ng
U51n9)N150i983n1540AT 1005 UElARIENSNNITONELMLILLUAL N1SE18MNIA LaLNTS

answauseunteldanziliasia (Bott, 1995, Awad, 2011) 9na1%nITue1MILTU

=

gaamnssundei lisunansynuaINsAnasIu Taolanizes 1984 as1uiiiAnainnga
ansburidvideasTuemnslunszuaunsulssUiagnssdiedegUnsaiuaniUdeunudon
FsenadsnarionuUaanisveserms (Bansal and Chen, 2006)
naifnasudna1eUsEay (Awad, 2011) #uFun19Liaas e suui Ui
uaniaguamdeu dnngiduussanufizeamaiadl (Chemical reaction fouling) laedl
museududnginisiinufizen sibilusiuluemsiBuaninssstsfnaziinnisinizfn
Uuﬁ%}uﬂ’; (Bott, 1995) AzUAUN5LANAIIU (Fouling processes) UszNounae ATzUIUNTT
\nATIUEEEN (Deposition process WagNs¥UIUNITUGADDN (Removal process) UazLdYn
fievadl
1) nszvuMsinasIvasay Usenausiy nalnnisnedvessynialuvetiva naln
nsthemnaveseumaluvesvalugsiufinfidudaduuediva uagnaln nisne
fa/nsingiin eseumAnTIUULUALanUABuA T uTiduiaturesiva
2) NIBUIUMINGARDN Us¥Naume NalNN1saAeenuednTIu kasueI0uNIALLYel

1% '
v v v

Tnalugaiuiindunanuvesiva



2.1.2 AMUAUNUANNTIULRIATIU (Fouling resistance)
Snsnafinsiuinvesnsuasan (Deposit growth rate) Aa1sauldaNnNas15EMIng
PNI1NSINAATIVELEN (Deposition rate, @) LA¥ONIINTUANRENYBIATIU (Removal rate,
®,) FsduiustiumauiunIuAuSeuvensIu (Fouling resistance 38 Fouling factor,
R) 4avUIATDIATIU Tnadlonsusunemarvauuuiuiuntudefiinavesasuiinannty
ﬁhmmé’humumm%@umaqﬂiw%l,ﬁ'uqﬁu deswntumesasuiiimuanuisalunisi

mudoush dwalilszansamlunsanemeudeuriuituioanas
Arwdutusszinnavetsauliazauendsiiefiud (m) fudiauduniy

AUTDUVDIATIU WEAIAIEUNISTH 2.1 uag 2.2

My = prXy = prArRy (2.1)
Ry £ G \ % (2.2)
prds  As

Tng?l P Ao MATERLILLILIDIATIY 4 fiD A1N15UIANNSEUTRIATIU Lag X Ap A
NUIUDIATIU

AsTUIUNISARATIUEVAIESULUY aasafiarsanlianAuduius senind1AIy
AUUAINTUVRIATIVAUEN U3BIRENIT WUNSIAnATIY (Fouling curve) fauandlugy
q' ! = | a w a e{' ° .
7 2.1 TaBA0 ty AD 998N UAUTOINTZVIUAIT WI9358x1He11 (Delay or Initial or

[
% A a

Induction period, ty) F9g4liUsngnrsneiivesnsIvuUi Ui maniUdsuaiusou lny
a ¥/ a 1 a o &J
TYavlduavaduNIsinas I ULAREFULUY Hinell
sULUU A Ldunsivinisiinasiuluuldunse (Linear fouling curve) idnwazn1sLAn
ATIUinINNsEUINNMSinATuasaudundn Tnelir1dnsinisiinasivasauaIiiuas A
gnIIN1IvaneentesnuselndiAes “Aud” n1siinATugULULll 1IaveIRTUETaNaY
a X < a £ 1 c{'
Wi T U adUeg19ANn I

sULUU B ldunsminsiiaas Iukuuwdulas (Falling rate fouling curve) N5¥UIUNNT

nAsTUFULULIUSENRUMEY N1SIRATIVAYANLAZNITIAARDN TTNTINARATIVAL ALY



anadluragiidnnmananesnasiiviafiudulaglifiannudgaunasevinmaiansy

LarmagAnen MafnATUULULnaTesesUarauInduumunae sl dubad
sUuUY C dunsminsiiaasuuuuidngauga (Asymptotic fouling curve) onsiin

AT ANAaTENI1ENIINITIAATIVATANLAZENITIN1TNAABEN (Asymptotic fouling

factor, Ry) ASIUNALALUUNURILAIUNUIAT

AAINATUN TUVD AU, Ry

1

@Y,
5U# 2.1 W@unsnvimsiianIy

flun: Fauvasann Bott (1995) thay Awad (2011)

2.1.3 nalnnsfinnsuaLaNLaENITNEADNYBIATIVBTNIT

nzUIUNTARATIVUSTNaUMIEatYnaln TneUssLaNUINISAnATIULAaZUTZLAN
fniinalnianeildmalaense nsdluesnisinasvemsuLi uRwanadsunnudou di
TwgjUsznousnenaln (Awad 2011) sedeluil

1) M3nedivatounialuvediva (Formation of the foulant materials in the bulk of
the fluid) WunalnusnfiAntulunssuiumaifinasiu neuflazdufioynianafluuuiiuin
Hlefiasanainnsnuenisinasiu (gﬂﬁ 2.1) ﬂﬁlﬂﬂﬂidaﬁaagﬂmﬁﬁwsL’%Né}’umaq
A32UIUNITUS0T2 LT 821 (Initial or Induction period, t4) Yasuidinanadieszey t,

loun gaumgll pmnusivesvedlia sllanwazesdusznouvendniarivedlva viavesian



[

NURT WAL NWULIDINURAILANUAIUAIUS DU AYTTELTYIUNYINISAAATIVUSELAN

¥ ' £

Ufisemanil Tunlduanas WegunInuRiuyy

2) mimamasuaqaumﬂiumaﬁwa (Transport of the fouling species in the bulk of

¥ '

the fluid) TUgauRwanasuanusau naknnisateuladinnannatngesvilanalnmse
patenalngIuiu Wwu

2.1) NMswnsnszane (Diffusion) WendaInUNNSaNemMLIaTeInUsenauluvaslnaly

¥
v

SNuRanUasNAINNS oY L1D99NAMULTNTUYR9RIAUSENaUTuYe LA LaL AT UTY

a a1 |

UShunagRntuiuRafiAuaneng
2.2) Buannsinida (Electrophoresis) teatpsriuusenszyiinmaluin lneaeslvasi
a ISP N 1 [ a A A v A v dy a o A
yiln denusegluihiunnsduuelisanandeuidivvsendnesndniuiy Jadendana
sanabnil laun Anistlnfivesvesive dreaulunsadiivesvesiua aumgll uas
< & a \ ¢ ¢ @ v
ANLFIVIVDIA_KAZHIINURT 1YL aaunau-kIUnasIIad tWusy

3) miLmzamJaﬂaumﬂuuﬁuﬂa (Attachment of the fouling species to the surface)

[y v

AU IAUNINTZUIUNITN N8N LaENwed Tagnalnddeluiduiidnladufdn Jads

Y

o w Aa [ 1S3 L I .—.:91/ a [ a ad a
AAQINIUNUIMABNIZUIUAITEANE IOlA BAINNWRY  (WANIUBaTEINURNY (Surface free

energy) ARasalunalenid (Wettability)) 2e9ui wagantiazdulunisinizin

1% 1%
|

lnetadensanutinseyhsiuiaznioudune iAnnIsin1EAnvesoyNALUNIRD NuR7Il

1% 1 1 ¥
A A [ = a a a o

fanuanusalunsonindunuinNinas Ui agiiszegmnieninuiuniinuiiMdeniin
A a U a a v 1 -&J o -&J a Y A A a0

V3RINGNINE LaulinnTsineAnvesetnAtoEnd1 wenaini nisviiuRalnseunIeden
AMUNYIURLAY 98 I8anANETLIsA LAY enUY inlvnisinnzinanas wsardunisin
SE8LANMTYIUIUBINTTUINANSAAASIULULDY

a4) qummﬂiwasauaaﬂmﬂﬁuﬁ’s (Removal of the fouling deposits from the
surface) nalnilonaindundoudunisiiansivazauvionialiiiadundeuduils n1suga
panvarsuinAINnabnlanalnuilansenatanalniuiu 1wy

4.1) wsadeou Wunawiannanurudsunvedluanszyuutuvesnsivazay 1aeiile

a J Y & A Y o a 1 @) 14 < a
LANNITINDAIVDIATIIUGS T Wuwwmmwuaqvmaiwammza@aq LUUL%G}IMV‘W’]M@?LQ@‘H%@Q

£ ' [
= a = a1

vadlvaiiugundnsnisivaldanani aAnuaudeuduiudy nusudeuniinduilan

WNNILsIEANIEnEly ATIUUNEILNARRY UL gRREN



4.2) nMsazanegndu (Re-solution) As1uazaus1azatenaulldwedlva wnasivazay

IS va v a {

wudautfnisazans (Solubility) Inevialuasvavaniiveduiivgiuinlidantfinisazaielu
Yurfinem Nsazangendnndulunsaifauifvesasiuiinisasunias vsaveslualinig

a' A a v} | = & a' & a <
Waguklas #IBNANYINED19818 FLUUNAINNITUAIULUANI VUL UDIDUNAL ALY

a

) 1 Y = A v Y 1 1 =
ANULUUATY LaEAILUTOU 9 MNYIVBI AIBDYNLYU ASNUALANUTLLANTININ NINYUNNN

Y

gafianesuauisodnddidiafavanduasuld wssdainzuuiuinazdesas iliasu

avauvannauguettnadnas

4.3) Mafiawgne (Erosion) MalnHYuegiuaI udnsira9nsIu 53ua5URUUTBINURY

wWaNUABUANS U (O131) @1ulnNATUAUASIVUTLANNITANREN

o

'
a v

5) nsenewinanfiuRanduiaveslualddmesiua (Transport from the deposit-
fluid interface to the bulk of the fluid) ﬂalﬂffs'ﬁyuaaj ”umaLLazU'%mmsuaq%umwﬁwqm
aeneenifisLsIInaveseslua wintuvesnsuitaensendawialuaiisswe enadied
TUimguuiiuiagndulussuy fudsddniidmananismanoonuasesu Ao Anue1uy

YIASIUAAZ AN TI91RVNIAATIUTAN LTS ILINTUNS D D198 aURIA

2.2 WwuwasIanandausautuumasiulng

e SIANangANToU (Heat flux senson) tlugunsalildindnsnnisaiainaiy
% | o ! = 1 & a % Aw vy v v
Sounrudagmenimilgnun (W/m?) lesuTinamnusouninlaaslasunisudadlvegly
sUnvuvedy gl e sTaidndausausuumesiulng Ussnaumewesluduila

vanefLeNsaiukuuaunTY (SUN 2.2)

N

&)
AAAAAARIAANNAN T

®

+1

©

JUN 2.2 lassadunmeludueesinndndannuiou

17;31’1: User Manual Hukseflux FHF02
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lassadanglugugesinndndaiuiounuumesiulng Usenaudiemesluduila
vaneddenserumslriuuveynsy Tnsmesluduaudadudoudefuselanysaaoud
gosvila (Ve 1 uag 2) S‘z’faa;wiaﬁgqamé’m 38n17 08RBLU (MUNBLaY ) UAZTEEAD
$ou (ueian 5) aguuiiufivonsuweosludumimsadiuty Grunduasdundses
LYULERT) Lﬁ'aiamaﬁgqaaﬂﬁqquﬁﬁ'LLmﬂm'Nﬁ’u%Lﬁmmﬁumﬁum@i‘wwﬁyu & aein
L.mé‘fulﬂ/\lﬁ’]imsﬁumqﬁ’umm’mLL@ﬂGmsuaqqquﬁizijiaaﬁia%’auuamﬁu nsseLnes
Tudilavanefudifefunuueynsuaziigvsdygnaiendwailianuges iandnd
AU

TuanigAsagasnIsansnaNiou Wangauseu (g7, nueLay 6) fieemaiu
WwuesTiTAuML (L) duusiunssfiunasswesgamaliduniuayiundsesisuieas
wazAnsdIrfeulnaads k) veuduives (Minataw 3) LARIANNFUTUS AN VB

a6 v

SIAIE@UNTSN 2.3

AT
" k (2.3)

WandaueuAtuwrnuueEes awsninlaanaikssmulniieidnaiiasieein
S UING. (Voutpud Toeruseruliiiilansudsiunssiundndninusauinomeinuuees
uwarUsuAligndessigmnuhivessues (S) aaldnnnmsgouiisuluigeianngnin fa

WAAIANUALWUS I UANNSA 2.4

q,, i Voutput (2.4)
S

M0 NNTANAUTULTDTIANANTAINTBUVUNURIUAAIAIFUN 2.3

5UN 2.3 MsfadarugesiandandainusauuuRavie

ﬁm: User Manual Hukseflux FHF02
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2.3 ldunswmadnaznislianuiouliunaian

duns WWuuvasemnsimdon Tnevluesduszneundnvesiaunsan Usznausie 1
50% Afin 30% TWsAU 16% wazosdUsznaudu 4 1Wu ussmuazailulainsn uazdaudd
Fand i laun n1siianes (foaming) N154AnLaa (Gelation) wazn1siAndlatu
(Emulsification) Faumngdmsuldidudiuusznovretomsvanssia wu wén lesnsy
NARSUTTOU UNgeaua waztnase iWuduy (Kiosseoglou, 2003; Mine and Zhang, 2013;
Strixner and Kulozik, 2011) snldsaniesiusznevdlngjvesliuns Ao afinnazldsiu
Fesrmsruegluguvaslalnlusiy (Lipoprotein) Usznausnelnsndwwelsd Woalwidfin Aao
\SaLR0508 wazilushu Apo éﬁ’mamiugﬂﬁ 2.4 Wshunanlulduasusznaume lalnlushiu
AUNLIMULA (Low Density Lipoprotein, LDL) 66% lalnlusaupaunuiniugs (High

()

Density Lipoprotein, HDL) 16% sﬁuﬂu‘lﬂiﬁuﬁmmﬁaaqﬂuﬁﬂm warlusAudaseluguves
slobular (1126 w-(Livetin) Waadd w (Phosvitin) waz s u 5 (Anton et al., 2003) 1ng
a3fUsznouves LOL Usgnauday Afin 88% wazlusiy 10% luvazdi HOL Usznoudae
ain 25% waz LUAY 75% (Anton, 2007) aeAuseneuvatliuneglusUvaunsua (Wead

A waz HDL) wagwatadi (lady uag LDL) Judusshussnavdlng

Triglycerides and
cholesterol esters

sUft 2.4 Tnssarsvedlalnlusau

u

flun: Fauvasann Anton et al. (2003)

Waldunslasuanusouazinanimduiaa FAnnNMISEsaNINNIIANNSaULAS
a37191AT9919M1U8 52119 1USAY (Kiosseoglou, 2003; Anton et al., 2001) lagnseUIUNTT

Waraluldunsinannaisideaninveslusiu ApoB vnsdaudadulusiuly LDOL Tned
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gaunndl 68°C LUsAY ApoB lu LDL tdean1myni1eessuyfnaziinnisaaledd antu

AnufAsenduiussznindluanamensvnanignin vnlnaadulasssnmigietu Arany

[
= N

nilausnguesluunsnalIFaliA1geu (Le Denmatt, 1999) WelviAusowiududnans

WUIUADLVDI VLA TeldnwasTunniuUNINznszasluveswalaan Juinng

a

nRznautu wasfigaumnd 80°C lsiuaziinnisgaydeanin (Guilmineau and Kulozik,
2006; Helbig et al.,, 2019; Yang et al, 2019) Tuvauzfilusiulu HOL lulldifusandndiviali
Anea lesendanulisennudeutosniwazilassadrady slobular 11nn7 LOL us
Prevililasesrminevensasmysaliu (Le Demitet al, 1999) azwiulsdimsifnasiuld

aa a

wAAnNTUsAUdundn winluunsasianadussrusznaunrdniniy (Pérez et al., 2016)

2.4 MINIANNFTDIAATIVIUIAY
FuneunsimnuazetnasulUsiividsoendu 3 429 Wun 929n13uan (Swelling

stage) 43997 (Uniform stage) tagyi9n1sugneen (Decay stage) Tneshogedunaunis
vangenveiasTugiuiulagldasarareledeulonsenles (NaOH) (Giltham et al., 1999)
wanaazul 2.5 aduagldval

YIINTU (;JU‘?{ 2.5n) Usenaunig n15uad (Swelling) kagn1sazane (Dissolution)
Jusiesvdufaduansazaiea vlilsidluasuianisdeuulamaanoniniae
ianausgsznineldsiu nduresdnsseninelas@sng @sazarsansaunsndndily
meluamuldfonalnmauns shildasuiamsuin maufsenedififedulugisdanunse
1vuzLssdanienseninnsuld eymrvuindnvesasiuasnaaeenluiuaisazanusag
nalnnisazany

¥29R3 (FUT 2.5 ¥) Usznouse - msuan Msagans waznsbamienssnineniny
(Cohesion) Liurasfinsuvaneendesninsiilagedousadeuiiansazarenszyiniuas
Tunsdiiiuszagminsasuianundusannniusadou anuaghiausongresnainiuld
asavaredsnunsidnlulunsuegwiailes anuaruanuauigadui Arumvuies

AU lUA suLUa9g 19T AlaN MNLSIRDUYBIENTALANYUINNILTITAUTEITENIN

ATV ATV NEIAEVgReen lUfvasazae
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Y9n1snaneen (3UN 2.5 A) Usenauniey N15anileIseninnsiu wazn1sgann

1 [ dy a . I 1 a 1 ¥ < a
FERINATIUAUNUNT (Adhesion) LUU%’N‘VIV‘WT]U%Q@@@HE]?J’N%’] ] AMNATTLBIYULLLINYAHA

¥
o

uiluiavesguUnsal (Bird and Fryer, 1991; Xin et al,, 2002) Lilousudouainaisazans

'
[y

UINNIWTIEAMTEITENTNATIV ATIVLVABBNIINAUBE1FBLTBRUMERATIUTRABE U

¥
v I

WuRa Feluheildaduisenaiisenitasaraeiuasiu lngasudiaainnisazaiged

[ ¥
v A a

IUMINLIUADUVDIAITAZANEUINAITITARATEUINATIUAUNURY 98V lAAsIvaDNan
INNURILS

Flow
— +—— Cleaning solution

H’T_/ <+— Swollen deposit

Sy Y s ol Sl <+— Solid deposit
= = -7 e N 1

row e S Y

//////////////////// <«+— Metal surface

(n)

AP

(%)

v
ot =5 3
7z 77T

(A)
gﬂﬁ 2.5 M5ugAeenveInIIuIgLusH
fan FauUasann Gillham et al., (1999)

Mercadé-Prieto and Chen (2006) Waz Joppa et al. (2017) aqﬂﬂalﬂﬁlﬁmsﬁadﬁumi

[

hauavemAs1ulUTAY (UM 2.6) Al
1) Msunswazn1sazay (Diffusive dissolution) nsunsvesansazaneidiluluasiu v

Tiusysgninasungaeenainiu Wsauiiaedidududewinnisaaiedivisdiunay

anunsaduiuinle $Ye93195ErinensIuiinaNnIY denaliinsiuinnisuiy wagsidunisiiia

1%
Y

Nunduanelulaseas19iuansinauazenn Yilia1sazalgnN1euaNaNNISaRNIHIUU LY
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1§80 minmsunsvesansazaredniulusgudeilos asazarsainaisusnidiuunui
YeriainufAsenfiuinndy auvliasugasenainiulduasvaaeenlfuaisazais
Sonnalniiin “nisazane” Taefiamsuaganuidiveamaunsduiussuannuuandiees
AU

2) M3usneenaNLsBamileIsEninansIu (Cohesive separation) Msvianeiusi

gawmllgnngluasu ilviasiuvaaueneenainiuy

3) N51RADBNINUTITAMTEITENI19ATIU (Viscous shifting) N5LA DUAILNU 1YY

[V
Y

ATIUNITULD LA S UK R UNS AN UNNINN IS Tamtain1eluasiu senanilain asiu
SuAnnsiva

4) n1saeneen (Adhesive detachment) N15apnAsIUNE AL TEINUBENINNNURT 1ag

[
A a

LSINUINTEIIAUAS VT AIUINNILSITALN 1L TENINATIUNUN UR LA T R8N TLSIEANY
semIeneluAsIv

ASIUNTAINUUININ TUABUATINARMLYIAIFIILAZY NI SURRean TuTunaud 1Ay
d' I3 1 dy n:l' 12! I~ 1
\HaenesuIzianeentudugasiunfign nnnalnnisaganednlunssuiumsniewmulg

tﬂl v L2 U L) o .

951U NIsaazanele (mgﬂazma) lufeasazane (Fhvinazaie) (Xin et al., 2002) Tne
¥1NTYQAD BN LLﬁ\‘iﬂi%‘VT’Wl’]\‘1ﬂaﬁwa(ﬂ'@ﬂﬁ%qvﬁaaﬂ%aﬁﬂSWULf]UMﬁﬂ AN lu 298

ansavaedidnsiniivand nalamseranedsnsiingag (Xin et al,, 2002)

A~ @7 > 587 N,

. @

’l

— Ly
277077007 Frrmrm /W

JUN 2.6 nalnmsvienuazeInasuLglUsHY
1 finnladan Joppa et al. (2017)

LY

2.5 uIeMNeg21999

2.5.1 n1snASIVEL ALY NT IUsAuduasrUsEnaU

Tusgwinanszuaunmsiianuseuianisideaninvediusiuluemsdaduaivnues

ASLARATIVLNIZAAVUNURILANURIUAINSDY W19 sUNNTEnTiasAUsEnauvadlusy
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Wudulvg wiu launs wagned wanisiinasiuniainnsideaninueslusiuundn
(Perez et al,, 2016) tnisevaneviuldanwiiefulssiugna el

1) msiiaasiuanmsideaninedusiulungd

Law et al. (2009) Narataruksa et al. (2010) wag Saikhwan et al. (2022) Anwinsiin
asTUTBInEivuRiuRaanUasuauseulusyinenssuaumswaeeslsd wavnuan lusfy
warlusfudiunumddgsenisiinasivvesnsd Taglutuduesdusznoundnvensd 3

WsAudayiusaslnayfunfieglunsiiazviminduddadlveos uiadlusiuineunia

Y Y

a A

ufulungdi WonsfldSumnuseulusiuiilinuseusziinnndoanin olhiAnlasaing
Tushuiidudou dauduammeyiliAnmsiuituresoumaliduuasnmefauuiiuindou

2) msfieAsvanMsdgan nvealysauluu

Fryer et al. (1996) Wag Gu et al. (2019) 85urgnisiiaasiulunszuaunisulssuus
\AnannnalnnsideanmveslUsiuuasnisnnaenauvawssagman tnenisiiaanuseulugag
gl 65 v 100°C Wunisifarsiusuulfisened tnaanudawduisdiiinnisde
annveslusfiu day asdusznevaulng resnswslutasguvg i Feilusiudy
aaRUsENoUMEn Zhang et al. (2020) Anwindsiiaasiuvasadlseuiisuiuuigg wui
AsTUTBILLT IABs TR ey Auanseiu Ingas vusgglinumguiiuinndn dsn1siin
AsvresINAnInmadvaninaeciusiu B-uarlalnaydu (B-lastoglobulin) 1umndn
d1un15IinA UV IUNRE NN IUTAUATY way O-lamfayiu (a-lactalbumin)

3) . nsifieasiuanmsidganmuedlusiululiunamen

Tsutsui (1988) Anwnsasuniawesanmiavesldunimar wuin ArAunia
vosldunuiiud uegresamiafigamnfiginia 65°C uarlvuaasusuiandudouigumad
Uszana 70°C Le Denmat et al. (1999) Anwinsifoaninwoslsfunananiuazunsyads
Jussdusznevvedliuns lugieamgiiniaweslsd (55 - 76°C) wudn TWsAunanauniinig
Wasuwasmenudeusnnniunsya tnefigamaiisini 69°C lidsnasionuanansaly
msaraeveslUsiulazamiaunngvesataun uazsuinlassaismiieddnwausdy

wawleawduiounil 75°C luvagilusauunsyaisuiianisiudsunuainaiiusoud

gamgdl 76°C Tny y-landu (Y-livetin) waz o-lanafu (OL-livetin) Tumanasuidsan g
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21Nl 60°C waz 69°C MuaNeU (Dixon waz Cotterill, 1981) NaN1SITETLMUIINTLAE

9 Y

anmaedusiuliunsduaninnuesnisifinasiu

2.5.2 myvanuszatnaTuansiisiudussdusznay

inddenanevinu Anwidladefidenadienginssunivgaoenvesasiuiidlusiuu
93AUTZNOU laun

1) nsyenuageInnsIulusiu

Gillham et al. (1999) wag Xin et al. (2002) Anwn15vANUEz1AATIUNELUTAY
sheansansazanelaiioulansonlos (NaOH) Tneruusdadoiiieides fo aumgiiuazsns
nslvavesansianuavenn annsaasinamsvaaaslésel samesnsiiaruareansu
nETUsAuLULTY 3 939 fio rsnisuan rensil waztisnisugeesn tnsgaumgiivesansii
AUAY AR INADENINNAUTIINITU LAY TR tlesa1nauFoutudalsau §ATenns
il Tuvuesasnslnavesansieiaye ndsraiuiasnisaneen lnsdsuastsdniau
Tlgaumniisi

2) MNANNAZINATIUNET

Saikhwan et al. (2015) AnsinsvhanuazoinnsungidinINnIzuIuNsliAI
Youuuung (Batch) uaguusiaiias Ingldasaranelnfoslansonles Mdaartudunsa-
719 (pH) 7-12 WU asruianisuiaiisndndesluansavarenidan pH snin 10 Wshy
wazlvduunsdulunsiungiansanidneenlameaisazate NaOH wilinazllanunsandn
vonldviavan winisuasuludisazats NaOH $aevhlasiuuan wasisesdamieanislu
As1Uanas 0819k3finm mnasuneinaInnsTaLfeukuusa ssr LT s sves
fusefiBamieneluasiuazainniy wiavessiiauazeMuATAN e IMIZANAITH DY
FsunsAnuiianda

3) MIANazeIR LA

Pérez et al. (2015) AnwngAnssunisinanuazainasuliuasdaeldinaiia Scanning
Fluid Dynamic Gauge (sFDG) @nsvhauaza1adild Ao a1savats NaOH anududusesas
0.1 (wv) flgamgdl 50°C aansautsnsvigneanvesnsuldidu 3 das feil dramsuan 9o

AN UATYNNTUGADRN AIFUN 2.7 F2UsNveINIvhanuaen Suanaswdudaiuans

MANazeIn LAnnsknskazuisenall ilvnsuinnisuindanuvununty viediu
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Ya3ATIUNANTavaweanuusidtlivanaanainiu lurnawi Asudinsuineg1aselilos

udAnnIsazane wazkssBnmileseninesivanas winsiudillaunsongaeanainiu

[

o anununvesasvludasiiidadarsutieng Weillsinieusniatnalsyiauasen
WINTEYAUATIV kaghsanIsuanilanunsaevusksdamietseninmsuld (Cohesion)
ATIUALVRALENDDNINAUTOY 9 IWMFRATIUNEARANTNUR FadoeusaINNaLieLTUe

N58ARATEMINAIIUAUNURT (Adhesion)

Thickness(mm)
0.390
0.340 )
0.290
0.240
0.190
0.140

0.090 |

0.040 |ghyaii1  |ahedi 2| omeii 3

0.010

0 20. 40. 60. 80. 100

Time(min)
E‘Uﬁ 2.7 ﬂﬁlﬂﬂ’liﬁ"lﬂ?’]mﬁga’]ﬂﬂi’miﬂjLLGN

fun saulasann Pérez et al, (2015)

Helbig et al: (2019) AnvrnsyinAazemasiultuaslaglansagzate NaOH finaa

a

WNTuRe ) gunndl 24°C, 42°C uaz 60°C lavasiuluwasithinldfnyiiuniseungumgll

U

80°C U1 9 min $AMMNMUREY 110 Pm WUdn nsviaminazenadiaududusin viili
NAINSYINAMNEZD1NAAAY LLazmSLﬁuqmmﬁqﬁu Fasiilrasuuldinnty

Yang et al. (2019) Anwnisanuazainasultunanieluds neldasuliunaiiss
Tiinnsdeaninmadusiusazasuldunsiilusfiuiansdeaninugs Jadedidne laun
ANututuresasavaelufvulansonledfesar 0.1 0.3 way 0.5 (w/v) gaungil 25°C,

45°C wag 55°C kazansINIsiva 0.9 1.2 wag 1.5 m¥/h nuin Nsa1sinauazainnsiulay

wasesidasazanelaiisulansenlannnnududumnaaumaias (0.1% (wA) wag 55°C) uay
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805 IMstnags (1.5 m¥h) wagnuiinisianuazeinasiulduasilsiuianisideann

v ! a a a oY 1o
LLa'JEJ']ﬂfn']ﬂs']'Uaﬂ‘VlLﬂ@lﬂ']ﬂiﬂi@]u&ﬂlillﬁﬁﬁﬂ']w

2.5.3 N15ANAINNISHNAATIUAYITIANITANENAINSDU

v

nFunatevnuladInann1sInNISUAsULUAIURIAINISANEMAINNS DY L BRSIEDU

o A

LAZAARIUNITHNAAT IV TUUNURILANLURIUAIINSDULUULIANDSY LALAID81991UITEN

[

a % &
et Aall

Narataruksa et al. (2010) AN INaT0IQUNNTUaZENIINTIMaveINENNTARENTINS
AnATIUULNURLanasumnsouku ULt lusEndnsEUIUNITNIAWResLd menisin

a a

mswasuuUasegamgiingfinisesn gaumgiingimiadn sumgiihdoumadiuazmeeen
MnuRLAdU ST I EmA IS BT LAz AT UA N L FeUTRSATIU (8)
Fadsuulawnunisiisasuluserinnszuiums laewud Ainwdumuniudouses
Audfisty isgamgivesnsiidinturufgamalilusfuianisdeanm Sahliinas
wuyuisemisaiilaedanuseuduinseuiisen weznisiinasuiuuanazneuninludu
Tuansitgamgiiqs WiduasiFoanimnniwhliamuanselunsdusiueynaludy
vuiuinfoutiasas massumuA IToLYeInTIUT senavidionnmnli gedu Tuvned mn
Snrnsluavesnziianas mradumiuanafeuresas iz (o ndanngn
9ONYBIATIUANAIINNUT LR UTAnA

Zhang et al. (2019) ag (2020) TowuwaiinnandmausoudusufnuingAnssunis
Anrsuresansazasivsiuiiidunaisenhmaisiadiu ldun iananglea wenlaa
uwavglasa uagfnyImgAnssunsiinATIUvetuLissiindu laun wirluavuugs lnegunsal

v 3 14

noasnduluuaIunyuAas uwmasIandndannseu 411U 3 67 VUL 91NTY

AnamANduUsEans msdiemanEieusmnAauiouiidnemiueueed Tny
aussnugnsiemanuiouiidianamiunisiiaasvazauiuiniy wesnasuien
armannsalunsiasdeudian ieasuaraumnTusamudunuaoueInTIy
Jafiugedu lnsArmnuiumuauieuresasuansndualdannisiisudiouen

o

uUszAnSNIsAnewmAuTauiaile q Auasuau (0 s)
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Ja0 gunIal warIsN1INAADY

3.1 ?éﬂ‘l/lﬂﬁﬁ]\‘iﬂ']'ﬂﬁﬂﬂ'ﬁ’]‘U
YANAADIN1IAAATIUTN LT TUNIINAa0IT AAKUAIINLAT INTEL905 L3d T8AU

¥%osUfURN"5 (Laboratory Pasteurizer — FT75, Armfield, 89nqu) fauandlugudl 3.1 yo

VPaeIUsENaUAIY Miieg Ul (INS-0182, Memmert, Loasiiu) vum 22 L uay 10 L Uuwss

=1 2 v

wsamilgud Juiavie (Peristaltic pump) Uninasussyniaegns aua 1 L gunsaldudin

Y

gaunnd (34972A, Agilent Technologies, Inc., USA) anewmnasiuauila vila K Asuiiiines
uargUnsnilanasunufeunuuniuiSsuAasasuea s Tandndanufounuuniuung
(FHF02, Hukseflux Thermal Sensors, tuisasuand) ety Sududuiidnuvanieades
WaaeslsdRuuuy aemoilududanvsauasaiedoy Y10 1ANMINULLRT TN ND

AuFeusielinAvUnTltLAINTeYs wasUszanananleAduRImes Liiafinnun1sn1fn

oA UlTLAsURLHLLaNIURIRA NS D UL U ULRLLS U

3NN 31

B
=

JUT 3.1 YAnAaeINIsinAIIU
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gunsaluaniUAsumnufeuLuULiL (U 3.2 n) idenlduuuwiuBeuiielianunsnda
wuLges TandngmuseulduuvainiuunusaniUdsunudou Juhanumanndiliady
1157 304 2B AMUVEIUAREY 0.4 (M TLIAAINNTIE AILETY WATAITUVUIVDILNY
WiAfU 65 mm 90 mm wag 1.0 mm awdIRu (U 3.2 9) Usenustsaeadud oy
ozA3anla a1mmu 10 mm Balfifugaiendu [uafuenmuaudeutuseninusiy
wannalfaduiuusiueyasanlaitadesiunisidy desinmsinanssewinsusiuiaosdiul
szeie W 10 mm ddmsuduresdalivedlnaaunsaluasuiionanudsuaiiy
Zoutiulg Tnofvundunenisivatessesnaisaessialndunisivanuusunu (gﬂﬁ 3.2
A) FosmshraniwnSealidmiudnasuanasuninudeu Sddunsmeassi fe Uhdeu
(vaslnaden) tardndemdundoalidmiuldmar @edady) nrelutesdndndanesly

[

Wa vila K iieTnguvgiiveamas iWeusznavalnsalianiUfsuninusounsd ALmie

d&

e

1%
o |

wndmiuiewmauseu Wity 24-cm? (W x L 40 mm x 60.mm) (U7 3.2 1) lagiiium

=)

NANUSDUDYENHIY AU 9 cm? (W x L: 30-mm x 30 mm) Ia8gn150718MANLS DUKNU

UL DI T I AMUNUNYIINY 0.9 mm NasautdunalnniIsuiaussuLuuiAfen dan

[y

WUsEANENITINAINTU Winfy 0.29 W/miK (5U11°3.2 1)

Liquid egg

yolk OUV

Liquid egg
|~ yolkinlet

Stainless steel

Gasket

Clear acrylic plate

Hot water
outlet

Hot water “
inlet /

Heat flux sensor

(n)

sUN 3.2 (n) lnozunsuyawkuLaniUdsuauiou (1) vwiauwiukaniUisuaiusou (a)
AAN19015 1 1a00INEA T U Lazd1TaU (1) NISAAR LT ULYDS TANSNDAIIUS DUUULNY

LANLUABUANNSDUY baY (3) URVDWTUDSIANANYAI NS DULUUBNUUN
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(%) (M)

90 mm 50 mm

Heat transfer area is 24 cm? (L x w; 60 mm x 40 mm) and
sensor thickness is 0.9 mm.

Q)
5UT 3.2 (d0) (n) lnezunsuyauruuaniudsuausou (1) vuaudulanilisuniuiou

(M) AAN19NTENRVBINARTUILATUISDU (3) NMSANALYIULBSIANTNTAINUS DUV LAY

LANLUABUANNSDU kA (3) TRvUUDS IANANTAIIUSDULUULANUUN
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50 mm
-~ 0.9 mm
30 mm j
—> <«
i i~ ™ _
Sensing area
‘ ) | with thermal
spreader
E E E
L'B o o . Guard
i lm (polyamide)
IS
= \ /
N~
(2]
|
i A A
| ‘|
\ ’ / Strain relief
] i block
7 N
)

Sensor cable
Sensor cable

()

JUN 3.2 (i9) (n) lnozunsuyausuuaniuGsunIiToy (v) wuinksulaniufsurusou (a)

AANIIAS NAVDINA N U Az UITBU @) NISANA UTULTDT TANS NG AU DUUULNY

WaNUAEUANSIY ey (7) URYDNIULYDS IANANTALSDUBUUBHNUUN

s Tandndanuseuildlunisnaaes \dusvuimneslalndunuuis (nes
LufuiUa i T) Hukseflux Thermal Sensors $1 FHF02 4fania@n 4uinA31uning Ay
17 WA¥AIIUNUA LYY 50 mm 50 mm wag 0.9 mm audidyu dyaiaieidnneyly
gULLUUﬁ’ﬂﬁWﬂ’mﬁzLLamq g1UN1530 -10 89 10 kW/m2armarula (sensitivity) 5.95 x 1076
v/W/m? gl eiu -40°C fie-150°C Analdidwdadu dounin + 2% nameuaues

10 s ANuwiugTlun1sIngamall £1.0°C anunsafuiuazdulanieuinsgu IP67

3.2 n1svnasnIstiaas1uluuag

nsnaaeINIsinas v Iluuasvatmaneslsd 8ve OVF usem lald fiawa 911in

a

U5339290U31105 2 L dniulugiiuigamgll 4+1°C uazvinismaassnigly 24 h lneneu

Y

Sun1sneaeenisiinasu lusanalvzlafumuseudusuiiomugumgiionn 4°C 1Ju



23

(%
Y

40°C Wnglvinusounuinouiinruangamniiuseuas 50°C Tugrsianieniutu 4n

9

1%
o v

NPa8IN1TAAATIU BEAUTaNsYIuremiegutuar Ut ou dusunyuisuiisou
MU UNTAIMANUABUAMUTDURUULHY NEATINITINAAIN WU 48.3 cm?/s JUNTEN

gauniitnSougamgiiaafisuiimunld 91uau 5 seau loun 60°C, 65°C, 70°C, 75°C uag

80°C neiignsinisinavesiifouil awnsaussunaladngamginuiivesukuaniUioy

=

ANUTaULlAAI Fuviriugaumiiveniseu

d‘ aa v | = A o = o o & o ]
LN@Q@J‘WQ&ILilmusﬂ@ﬂlsllLL@QL‘VT@?L‘UUIUWWN‘Wﬂ']'i/iuﬂ QQLﬂﬂﬂqﬁﬂqﬁqusﬂaﬂﬁmiﬂW@

[ 1

dmsvddlunamandrlulugunsalitaniudeuninuseusuuiauaiednsinsina 4.2 cm/s
Favodunslran ddnwazhuus1us ey (Laminar flow) BazisuiuaIn1sneass Wwag

W siugUnsaluaniUAsuAI NS aULULLHY Azlvaltnd n1vueiindieg1s essuy

AnuTeu noulvaldignrueussailegnglundogulinnaman waglvaiunduidng

Y

v
a v =® s 14

gunsaluanilasuatussuluukiuEnassaun Innaenasadu Juiinadndarusoun

(%

dewrutun Ty wuLanUAsuALSoU Laziwuges sufatudindrgamgiithiounely
Yosmslva gomglivhieuniad sungiitifeunsesn gumgiliuaanarngluteanis
Ina gaumgiliunanainiaud uazeamgiiliupsmainieean yn 9 10 s szezhailun1slv
AFoulnnTIU 90 min Aenfisnenmass IngvinIvaaesiavim 3 91 WunINN1iy

“ZJEJ\?“Q@V]@@EJ\W’WLﬁﬂﬂi?ULLﬁ@ﬂﬁﬁEUﬂ 3.3

3.3 N15ATIZNNITEONAIINS U

WU IanangaINusaUltAINTUINAINISIMMAINNS DURIUBHULANLUREUAINNS DU
A a a ° Y ¢ AV v ¢ o
Adasuinzaa lpgauannadyaiane i nad ba aneuiges Jananslusuues

wsaiulriieding uasa1rubvesgulres Jenmvualagndn Faansnuduiusly

aun1si 3.1
Q" = Louwut (3.1)
s
g Q" AD NTENEWANNTOUN U UL D IAONTINUIENUA (W/m?)
Voutput Ao wssulndiardng (V)
S Ao Arpulvesgues (Vm?/W) Mvualagduds Falun1snaaes

U wuwasnidaiainula windu 5.95 x 106 Vem2AW
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PNUU AMUImAIFNUTEANSN1TE8WANLSouTINANala 9 WSsuiisuiuitasuay
Tneltaunsn 3.2 eATIEAIANUAIUNIUAINNSOUYBIATIUNLNIEAAUUNURILANLUABY

ANNSouNATlA 9

o qf (3.2)
U, = —t
t (Th— Ty

g U e dulsEdnsnisanemaNsouTungl t Ia g (W/m? K)
12/ = l v | s = ' & A
{ Ao N13A8LVANNTOUNIULT LIRS A andantiaNun7iiaila o
(W/m?)
Ty, Ao gauigatieungludesmsivea (K)

o))}

T, 9 gaumgiliunavainigludesnisiva (K)
USUIUNISHNANUNUIVDITUASIUTLNIERAUUKELLANWUASUAUS B @1u15aR15a e
1INANSEUA JURYAIVIAIAIINA TUNTUAIINS DUNLUB U ULUAININLIANVDINTLUIUNITLAR

AU FIAUIULARINALNIST 3.3

11
R Zov-& (3.3)
Ut U
s R AD ATAINATENINAINTBUVRIASIU (M? K /W)
U; f duUTEAnSNIIanemAINSoUTINANGT t 19 9 (W/m? K)

o

9 dUUIZANTNISANUWNANUSBUTIUNNANTUAY (0 s) (W/m?2 K)

~
S
o)

nsddunsiaasuduluudngauna (Asymptotic fouling curve) a@u1303LATIZHAIAIY
FrumumnfeuresnsIuiianngauna waziiarlunatigauna tagldaunisni
adinAansves Kern & Seaton (1959) fauandluaunisi 3.4 Ganiwessanaildainnis
Ainsginisoanesuutliidudadu Welddmiunmsesuenginssuniaiinasuwuudi

GHER



Ry = R; [1 — exp (—

0.63t*

)

g R fio AAuduuALSauTeIRsIUTIGaT t 1A 9 (M2 K /W)
R¢ fio AmnuiuuANLTouYesATIUTIaAIEALRA (M K /W)
t* Ao Lalun1sndaunan1sinAsIu (min)
t Ao LI (min)
=3

Q@

Holding tank

®
Nk

@

Egg yolk
VAV

ol

Water Bath

Pump

@ Temp. Controller

(D) Temp. Meter

7

i1

Heat flux sensor

Pump

O
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(3.4)

Water
VVVVA4

Water Bath L®—|

JUH 3.3 WHUN MM HINNUIBIYANARBINISIAAATIU

3.4 n15vnANazannsulvLag

PAINITNAADINITIAAATIVIULAALNISNARDS YINN1TODALKNULANUA IUAINNSDUN]

AsIUNERneenIINYngUnsal liavhAuazeIauInasuueniufineweusou 1udes

(%

alingamgiivies (Ussana 25°0) seegiia 5 min InTukguiukaniUisunusauasin

wnas Usuns 1 L daussyansavanslaifeulansenlen (NaOH) anuutusosas 0.1 (W)

=D

gauniiviod s¥eElIa1 120 min Awanslugun 3.4 Ingseninanisudluaisazaly NaOH
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= ¥ 6 o

JUNNAIMNAIENADITUNNATNAADATZIZIANVDINITNARDY ILATIZHENWULNITUINIINAT

Funguazinszinisgaesnvedasuliuadagafonisuasuwlandanunuisuiisuiu

NUNATIULSUAUY

il
JUN 3.4 naswinsuluuaduansaraty NaOH

3.5 M193ATILYdoNanINEn

[

iAo mualteampinuiuaniasusnoufuliadeideademsiiansiu Tae
MIN15ANY TIUIU 5 38R Lakn 60°C 65°C 70°C 75°C wag 80°C wazidiadeaiuau As
pumgiiiuduvesldunamaimadai 40°C Susnsinavesideulaylinauvan wihdy
48.3 cm®/s Uag 4.2 cm?/s puanei v maassnnaiAnasivltunsuuiuuaniudeunng
Fouluszeeiaan 90 min BNRUUN1INARB LUV NFLY Sl (Completely Randomized
Design: CRD) Han157aa a3 baan15iesrzin1sanaeewuulisdud wdyu (Nonlinear
regression) wieussidiuamsadmed Wiud mrugiuniuainuseuesrsiuliuniianing
auna (R) wazailunsdngaunavesnsiinnsiu, () AMuiumdiszansnisdaaula (R

waras1idunsvinisiinasuiszaugungiaae o laglylusunsunieadd (IBM SPSS

Statistics V.28)
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NANTSNARDILAZIITUNANITNIAAD

4.1 nsiaasuldasvukrutaniUaguaIudou

4.1.1 NM5IATIZRNTANYINANNSOUTERINNISIAAATIU

1NN5NABBILAANNT UL WAaTAE DA ENITAEMAINUSDUIINUISDUNIULNY

[

[ v Y a = Y dy a N } % 1 a =] d' N 1% a
maﬂﬂaﬂiaumﬂmﬂuwumLLamiJasJummiau PUIT UILIUNUNLANLUALUAINUTBULNA

[

aTuldunfnazatvusHusaniUd suausou Tngeungiinuiwanidguainuioud
wANeNeiu danalnnsinizinuaaasiuliunsunneianiy

NI S S TANS NGRS DUFIUTU AARIUNITNAASIUBUULIANDS I UTEUINY

ASTUIUNT IIAINSBY DIABANTIAAIAILS DUN B IGNE UL UYDSADNTINUINUT (Q )
TR N ULTULYDS I UUNURIVDILNULANLUA 8 UAINUS DU tU B TR 1uUI5oY DNATUNLY

voaurududanuliuatnad luseninnmmeass MnsIausIauluinording (Vo) 89

(%

WaguwlasnniUSunamdandanuseunaemsiiuuites dngamiiunieulaveaungilly

LALLAAT AINUUANUIUAINANTALSDUNOI SN IUULYRS (AUN15A3.1) Tnanns A1

v v

Foula o dsuansmuduiuslugun 4.1 aziiuladn Tudaasusiuvesnisliniiudou finis

' [ ' [
1 LY

remaudeuiirngsiian denawhululunivafiduiaiuiuiinieu T gamgiiingedu
fanis FduAnnsdesivesnsuiuuuusuien Sspsumaidanuannsalunis
arufouiiin ennnstemaafeunnihdousmndslauanm Tsuwaltuanamus oz
nslaudeuiiiindu wienanlédn UssAnsnmmsniemanuiounuusiuwaniuden
aufeuanas (Awad, 2011). Geiarsanidainnisdsuwasesmdulseaninisaiom

Aufouinivg t la o (U, Analldanaunisin 3.2 dwuansminuduiusiy sUn 4.2

[
I a

WURINTABNSANATIU NUIT guUNYHvaIUNAIAIY

a

Weasaundninavesgungll

Tounawu vilvinad sy iiniivessugesaundudatuirfounas sunduda

Y

Auldunanal (Temperature gradient, delta 7) WnN1nTu Fedunsifinussdu (Driving
force) 993AUTOU AINITENBIMNAMUTDUENUT UL SANABIUTsUIBURUL SouNd
gaumniand laellenawiuly nsaewmaiuieudmiunnaamgiiduuiliianawmiunig

9 9

AAATIUNALNINT Y 981915ARNY LT aRA1TUIUTLANS AINNITAELNAIIUTDUNTULEY
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o a v

aNUALUAINNSDU NUIN AduUsEANSNIsanewasaulutinsuduia lndlAgaiuwazdl

¥ Y '
A a v oA IS DR

wilduanaslunngunginuiisou lneiuiisoundoun)iigagailA1dnsinisanasuin

| } 2

Mg WewinuiindgamgligadAdnsinisaiemaiuseuliivlyuasnaiuiniga

o w

donARaiUILIdBved Chen and Bala (1998) Fanudgaumaiinuiinduladeddyvesnis

o

aaa =)

inasu lnegaumgdiduduseufisenisideaninvedlussiu (Kessler and Beyer, 1991)
AalAnATIUT AT UAUIUAMUTDULNIZAAVUN UL AIAIUFIUNIUNITANENAINNS DU

o

WINTY AFUUTEANTNNSONENANNSDUTIN FILUSHNEUNUANLAIUNIUNITANENAINNS DY

[

(U; O 1/R; ) Fadidnsnnisanestnniign asiiuld31-n13:AnAs1ue1msinIsinuui il
waniUdgumuseu dewalagnswenisiuduunyatdn Ry FIINITANTUIAT Ry UDIATIU
laainnsisauiisuan R, Ui ousatseninanssuiunistianusauiua Ry 3usu

(WuRIdzen)

8000

—9-600C — @8- 650C " _—9—-700C —e—750C -~e=800C

7000

6000

Q/W/m?

5000

4000

3000 S 3 s
0 10 20 30==40~"50 60 70 80 90 100

t (min)

[

UM 4.1 #79819N13818mMANUTDUNULTUG DS TANGNTAIINTOUT @ U TN WHIUHY

wanasuAuToURN 9
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180
-~ 600C —@-650C —9-700C —o—750C —@—800C

160

140 \M—

X
AN
£ 120 M
=
5 100
80
60 L SR NN IVIVY Y . W

0 10 20 30 a0 50 60 70 80 90 100
£ (min)

(%

JUN 4.2 fegredulszavinisaienanuiournulsugesiandndmiusouigamngdnuia

uNULaNUAEUAINTOURN 9

nswdsundasAn R-vensIvluseninenszuiunisiiauseuna g di uia

wanaguAIuTourd o uanwagui 4.3 () Wefansanen R, v84nU Tugiesgezinan 10

min Wsn JUN 4.3 (@) wudn Neamginuila 60°C ldnunisiudeuuuauas A R, 104A31Y

wsenandlain dnisinigiinvesasulduasuuiuRafoutesan Turalenaungdnuiadu

Y

a

numaiAsuutatan A, 989a0 Haumudy Tnglenisiiguundl 75°C uae 80°C a1anse
Funmnsdsuiadidetnstaaudiusiuniinen
ANAUNUSTEWI WAL UNILANSDUTDIAIIU_(R) waztialunisiiauiou
(t) Bn31 @unswinsiAnas U dudleinisandnuuzmsiinasiuvesivunanadlutia
gaumgdl 60°C fia 80°C (3U71 4.3 (n)) wuewduius R, - t egluguuuuidunsminmsinasiu
wuuidgauna (Asymptotic fouling curve) denngesfiuidunsvinisiinasuvesasazany

191USAU (Belmar-Beiny et al., 1993; Boxler et al., 2013, Zhang et al., 2019) uagnei

(Narataruksa et al., 2010) \Jusu
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e 60 oC 65 oC e 70 oC e 750C @ 80 oC

0.0045 -
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0.0012 T,

00010
0.0010 s £t 609C ' ﬂ'
00000 ~‘ G %‘

R [l 0% 80 L) o O
toil ‘..‘ * ‘ ‘
0.0008 pS-3)
s,

s : vy
X 00006 1 X 5 w
é [ ]
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0.0004 i 2 -&qp'o""

0.0002

0.0000

()

UM 4.3 Megrernnuitumuauiouvesnsuliunsivszeznailiniuseu (n) 90

min kag (¥) 10 min kINYBINTEUIUNTT V]EJEIJMJ‘ISJLLNULL@ﬂLﬂﬁSUﬂ’J’]Mi@‘Nﬁ’N 9
LaﬁmﬁuL,UuLaﬁaﬂﬁmamubmmwmﬂmmmamﬁ@mmmmu VLEJ@UEU”]@I‘VM’]LUI%U?”IU%UW]WTW@W

v
[

meﬁ@ﬂmmau aﬂmmmﬂmmmaamam LL@%W@Q@N@Q@NLEJTSUQQL@ﬂﬁ?ﬁﬂﬂﬂﬁﬂﬁﬁﬂ?iﬂﬂﬂiﬁj



N38UIUNISANATIVTDLYLALANIINNISIANATIVATALLATN 1T AREN LAY

Tugrausniinnisazauvesasiudunan finnsugaeenvasasivtissuinnsounulifiae

(% '

TugaflAn R vaIRTIUNATUMEBNIIABUT9AIN YSlABNIINITRRATIVATANAST

g ¥ i
a = ¥ A

unsl Ry — ¢ ldnwasuTUMUULEUATY WeRaaanilafn Ry Y8ATIUIITUNLTUME

£
=

9n3NMaNAs NIOHTNTINITVGNDBNVBIATIVLANNINUY tdUNTIN Ry — ¢ Tdnuauziiuay
WUULEULAY AuUNIEudenauna (Sns1NIaealTeInTIULAYERIINITUARRRNdAY

TnalAeeny) Feas1unasaluunuRlazdnIuuIAen (Bott, 1995; Awad, 2011) lagn1s

a

Timnusoungumgil 75°C uag 80°C 3884138190 min Y3915 gaunavesnsiin

Y

Aas1ulvunsuuNLiIsey liusingegistany snsinistinasivasauiivunlduanadly

'
v L] |

VULN INIINITVRNDONTBIATIVEIAIABY 9 LTRTU IAENIBATINSNAATIVAALLAL

dnsnisnanesnvesrsudtliigynauna dndudesiiussesnainisiinausounu

ul

¥
=3

Pu

unsananuduius B - t deldainmsitasiyinisnenesiuuuudianives
Kern & Seaton (1995) fignungiisng q Merduuszansnisdnaula (RYannnh 0.98
uansfasuR 4.4 anansadaunaguuuuvesdunsmnisiinanusuuingaunaliatis

Falau Ingnuitrinnudiunidanseuvenuliunanzauns (RY) kaznaily

1% ¥
=

MsiingaunaveINITanAsIv () WuTunugamginuRafouig @y lnoamnsiilvnes

i
ad a v

R ilgnrsneasinsinasulunsiaaumn i euluyisgamgi 60°C Gt 80°C e

Y

WINAU 0.0004 + 2.4x10° m2 K/W 24 0.0046 + 5x10™ m? K/W wagan t* danvinnu

¥
a v

31.4 + 7.1 min §4°86.7 + 11.2 min #WuguiiNuR3a1 60°C 65°C 70°C 75°C Uay

¥
a

80°C muaiu lngrIn118mes i laainnisnaasegumaiinuiifeulurisgumad

Y

75°C wag 80°C LARINNITIATIEINeNTINUIMINNaeY Aakandluguil 4.5
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0.0050 -
A 60°C o 65°C m 70°C o 75°C @ 30°C
0.0040 - % { -
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JUN 4.4 Eunswinmsisesuldunsiiindngamgliuiuianiudguniiudousis o
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t (min)
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UM 4.5 1 dunTAISAnATIVLAENITd aunaveIATIUL YA ALANIN N T UKL

wanwAsuaudau (n) 60°C (1) 65°C (A) 70°C (1) 75°C (9) 80°C



R, (M2 K W)
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0.0016 -
0.0014R -

75

90

t (min)

(%)

0.0012 = -
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0.0008 -
0.0006 -
0.0004 -
0.0002 -
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105 120 135 150 165 180

15 30 45 gO 75 90 105 120 135 150 165 180

t (min)

(A)

UM 4.5 (d) Wunsmnisiinasularnsididaunavresnsuliiae iinangumvgdwsy
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Abstract

This study was aimed at investigating the effects of different surface temperatures (60—80 °C) on the formation of egg yolk

deposits on heat transfer surface. Experimental data from the fouling period were fitted with zero- and first-order reaction

models and the reaction kinetics of fouling was obtained using the Arrhenius equation. Egg yolk fouling curves exhibited an

asymptotic pattern showing only fouling and post-fouling periods. The fouling resistance at transition point increased with

the increasing surface temperature. The zero-order reaction model was well describing the reaction rate of egg yolk fouling.

The obtained activation energy of 85.47 kJ/mol was less than that for thermal denaturation of egg yolk proteins. The fouling

process of egg yolk was mainly controlled by the deposition reaction.

[Keywords] liquid egg yolk, egg yolk deposit, fouling, fouling resistance, kinetics, surface temperature

1. Introduction

Egg yolk is an excellent source of nutrients. Its pronounced
functional properties including foaming, gelation, and emulsifi-
cation, make it become an important ingredient for a variety of
food products such as cakes, ice cream, baking products,
mayonnaise, and salad. Egg yolk generally contains 48 % water,
34 % fat, 16 % protein, and other bioactive components. Most
egg yolk proteins are bound to lipids to form lipoproteins and
some globular proteins. (Kiosseoglou, 2003; Mine et al., 2013;
Strixner et al., 2011). Pasteurization of liquid egg yolk is a
common practice to reduce unwanted microorganisms and to
eliminate pathogenic microorganisms as to ensure product
safety and quality (Shahbandeh, 2023), and to extend product
shelf-life. Egg yolk pasteurization is usually conducted at
61.1°C for 3.5 min or at 60°C for 6.2 min (USDA, 1969).
However, egg yolk is sensitive to heat treatment. Some egg
yolk proteins may be denatured during pasteurization causing
deposits on the heating surfaces, commonly known as fouling
(Gut et al., 2005; Le Denmat et al., 1999). Fouling on heat transfer
surfaces is one of the major concerns in thermal processing. It
could cause a decrease in heat transfer efficiency and the target
process temperature may not be reached. In the process of food
manufacturing, the consequence of fouling could impose issues
not only on product safety but also on quality (Awad, 2011;
Bansal et al., 2006; Bott, 1995).

For over decades, fouling on the heating surfaces has been a
topic of interest for many researchers. The studies were mostly
conducted on whey protein and dairy milk with the primary
focus on operational factors that affect fouling behavior such as

product flow rate, product temperature, heat transfer surface

temperature, and processing time (Belmar-Beiny et al., 1993;
Fryer et al., 1996; Gu et al., 2019; Phinney et al., 2017; Zhang
et al., 2020). The studies on deposit formation of other
biological fluids on heated surfaces have also reported in some
literature, such as egg albumin (Ling et al., 1978), coconut milk
(Narataruksa et al., 2010), and soymilk (Sritham et al., 2023;
Wang et al., 2018). However, studies on egg yolk fouling are
rarely found.

According to literature, fats have little effect on the fouling
of milk (Visser et al., 1997) and coconut milk (Narataruksa et
al., 2010), although their compositions and rheological behaviors
are different. Previous research studies found that the changes
of functional properties of liquid egg yolk during heat treatment
mainly occurred from protein denaturation. Tsutsui (1988)
reported that the viscosity of yolk sharply increased at the
temperatures above 65 °C and yolk coagulated at around 70 °C.
Le Denmat et al. (1999) investigated the protein denaturation of
plasma and granules, the constituents of yolk, in a range of
pasteurization temperatures (55-76 °C). They reported that plasma
was more sensitive to heat treatment than granules and started
to form strong cohesive gels at 75°C. Protein solubility and
apparent viscosity of plasma was not affected by heat treatment
at the temperature below 69 °C, whereas those of granules were
not modified up to 76°C. The denaturation temperature of
y-livetins and a-livetins in plasma were 60°C and 69°C,
respectively (Dixon et al, 1981). The findings indicate that egg
yolk fouling is due to denaturation of proteins.

Heating process is generally done over the temperature range
covering the denaturation temperature of egg yolk resulting in

the change of egg yolk structure. This makes the egg yolk
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deposits on heat transfer surfaces to be a complex soil which is
difficult to remove. Thus, many researchers have tried to
understand the cleaning mechanisms of egg yolk fouling (Helbig
et al., 2015; Helbig et al., 2019; Pérez-Mohedano et al., 2015;
Yang et al., 2018). Regarding food safety and the efficiency of
thermal processing, a thorough understanding on the behavior

of egg yolk fouling deposits would be indispensable to help

justifying the cleaning procedure of food processing equipment.

As protein denaturation, which lead to deposits on contact
surfaces, is strongly dependent on the temperature (Blanpain-
Avet et al., 2016; Pan et al., 2019; Wang et al., 2018), the

fouling kinetics of liquid egg yolk becomes a subject of interest.

Based on the knowledge of egg yolk fouling kinetics, the
prediction of fouling thickness might help to develop a proper
cleaning procedure. The objective of this study was to
investigate the effects of temperature within the pasteurization
zone (60—80 °C) on the behavior of egg yolk fouling formed on

heat transfer surface.

2. Materials and methods
2.1. Experimental setup

A laboratory-scale plate heat exchanger developed for egg
yolk fouling study (Sritham et al., 2023) with some modifi-
cations was used in this study. The modification was made on
the heat transfer section. A schematic view of the fouling test
section is shown in Fig. 1. The fouling test section consists of a
stainless-steel plate (2B SS 304, 0.4 average surface roughness,
65 mm x 90 mm, 1.0 mm thickness) placed between two clear
acrylic plates (thickness of 10 mm) clamped together in a single
block. Elastomeric gaskets seal the space between plates
forming a series of parallel channels, where fluids flow. The
channel gap is approximately 10mm. A thin heat flux sensor
containing T-type thermocouple (FHF02, Hukseflux Thermal
Sensors B.V., The Netherlands) is mounted on the stainless-steel
flat plate to measure the heat flux and temperature. The heat
transfer area is 24 cm? (L x W; 60 mm x40 mm). The fouling
apparatus was configured for the parallel flow of two fluids
with one channel for the heating medium (hot) and liquid egg
yolk (cold) sides and measured their temperatures with K-type
thermocouples. A data logger (34972 A, Agilent Technologies,
Inc., USA) interface with a computer is used for data acquisition
of temperatures and heat transfer through the flat plate to
monitor the fouling of egg yolk deposits.
2.2. Fouling experiments

Pasteurized liquid egg yolk containing 12 % protein (OVO
Foodtech Co., Ltd., Thailand) was purchased from a supermarket
and kept at 4+1 °C and performed the test within 24 h. Before
each fouling test, liquid egg yolk was preheated from 4 °C to
40°C, at which no denaturation and aggregation of deposits
occurred (Ling et al., 1978), in a beaker placed in a water bath

with temperature controller (~50 SC), Then, liguid egg, yolk was
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circulated through the heat transfer area using a peristaltic
pump with the constant flow rate of 4.2 cm’/s throughout the
test, which provided a laminar flow condition. At the outlet of
the fouling section, liquid egg yolk was recirculated back to a
preheated beaker and then to the fouling test section again. The
heat transfer surface was heated by circulating heating medium
(hot water) at a constant flow rate of 48.3 cm®/s until reach to
the studied temperatures. Five temperatures of heat transfer
surface at 60, 65, 70, 75, and 80 °C were tested. During the
experiment, egg yolk deposits were formed on the heated
sample plate. The output of heat flux sensor and thermocouples
was recorded every 10s and converted to heat flux value. Each
fouling experiment was performed for a heating period of 90
min.
2.3. Heat transfer analysis

The heat transfer through the fouled plate (Q'") was measured
by the heat flux sensor. The voltage output (Voupye) obtained
from heat flux sensor was converted to heat flux value using
the manufacturer’s specification (FHF02, Hukseflux Thermal
Sensors B. V.), that is sensor sensitivity (§=5.95 x 10" ¢V W !
m?):

Voutput
v 1
Q=" (1)

The temperatures of liquid egg yolk (T.) and hot water (Ty,)
were recorded as a function of time and used to calculate the
overall heat transfer coefficient at any time (U;) during fouling
experiment by the Eq. (2).

Q"

[GED)
The growth of egg yolk deposits could be determined from

U, = )

the changes in thermal resistance of fouling or fouling factor
(R¢) over heating time, which were calculated by the overall

heat transfer coefficient at any time by the following expression.
1 1

R = U, U, 3)

Where U, and U, are the overall heat transfer coefficient
after fouling at time t and at initial stage or clean surface,
respectively.
2.3. Fouling kinetics analysis

The influence of heat transfer surface temperature on the rate
of egg yolk deposits formation during heat treatment was
studied. The kinetics, considered as non-elementary reactions
or overall reactions, were analyzed from in-line deposits by
monitoring the changes in thermal resistance values during the
fouling experiment. The zero- and first-order reactions models,
expressed as linear and exponential relationships, were used to
calculate the reaction rate of egg yolk fouling as given in Eqs.
(4) and (5).

Re(8)-=-kot:+ Req “4)

In[Re(t)] = kyt + In(Rgp) Q)

Where R¢(t) is the thermal resistance after fouling at timet,
Ry is the thermal resistance at initial stage (t=0s), and kg
and k,; are the reaction rate constants for zero- and first-order
kinetics, respectively. Equations (4) and (5) were applied to
experimental data. The better fitting model, compared from the
coefficients of determination (R?), will be used to describe the
reaction rate of egg yolk fouling at different surface temperatures.

The relationship between In(ky) or In(k;) and the recip-
rocal of surface temperature (1/T) in Kelvin can be expressed

in Eq. (6), known as the “Arrhenius equation”.

_Ea
k=7 Xexp (m) (6)

Where Z is the frequency factor, E, is the activation energy
representing the sensitivity of the reaction rate of changes in
temperature, and where R is the universal gas constant (R =
8.314kJ K 'kmol ™). An Arrhenius equation has been used to
describe the changes in reaction rate of thermal protein
denaturation of egg white and yolk (Abbasnezhad et al., 2015;
Shibata-Ishiwatari et al., 2018), egg albumin fouling (Ling et al,
1978), milk fouling (Fryer et al., 1994; Schreier et al., 1994),
whey protein fouling (Blanpain-Avet et al., 2016), and high
protein beverage fouling (Phinney et al., 2017).
2.5. Statistical analysis

The experiments were conducted using a completely random-
ized design. Treatments were made in triplicate. Data analyses
including the analysis of variance (ANOVA), Tukey’s HSD test,
and linear and multiple non-linear regressions were performed
with a statistical package (SPSS Statistics V.28, IBM corp.,

USA). All analyses were made at a significance level of 0.05.

3. Results and discussion
3.1. Fouling behavior of egg yolk

Deposit formation experiments were carried out to investigate
egg yolk foulants formed on stainless-steel surface during heat
treatment. The appearance of egg yolk foulants was a translucent
yellow-orange gel that adheres tightly to the test plate. Although
the main composition of egg yolk contains lipids and proteins,
the fouling mechanism mainly occurred by chemical reaction
of protein substances. Lipids do not play a significant role
(Zhang et al., 2019). Similar results were also observed from
other foods highly containing lipids and proteins such as coconut
milk fouling (Narataruksa et al., 2010), cow milk fouling, and
camel milk fouling (Zhang et al., 2020).

During the experiment, the heat flux output and the temper-
atures of hot water and liquid egg yolk were measured and
calculated as fouling resistance or fouling factor, R¢. The
process of foulingcould be described from the changes in the

fouling, resistance with: reference to time, which-is known as a
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fouling curve (Awad, 2011). The fouling curves of egg yolk at
different surface temperatures are presented in Fig. 2. In this
study, the curves show asymptotic patterns with two periods,
which are the fouling period and the post-fouling period. The
“induction or initial period” seems to disappear from the
fouling curves. It could be described that egg yolk deposits
immediately formed on the heated surface after the experiment
started. The heat through the foul plate was recorded and
calculated to fouling resistance values, although they were very
low. The fouling behavior of egg yolk had a similar pattern to
the findings of several protein rich foods such as egg
ovalbumin fouling in double tube heat exchanger (Li et al.,
2013), milk and whey protein fouling on the spinning disc
(Zhang et al., 2019; 2020), and coconut milk fouling in plate
heat exchanger (Law et al., 2009; Narataruksa et al., 2010).
Awad (2011) pointed out that the induction period depends on
several factors such as surface roughness, surface temperature,
and type of fouling solution, which makes it difficult to predict.
It has been reported that the induction period of food fouling
was not always observable. Apparently, the presence of
induction period also closely correlates with the preparation
and treatment for the heating surface of the food processing
equipment (Law et al., 2009; Narataruksa et al., 2010).

At the initial stage of egg yolk fouling, the R¢ increased
rapidly with time in a non-linear trend over a certain time,
which depends on the surface temperature. This period of
fouling curve is known as “fouling period”. The time that
fouling rate started to decrease, was the transition point from
“fouling period” to “post-fouling period”. In the post-fouling
period, the Ry slightly increased which indicated that the
deposition rate and the removal rate approaching the equilibrium
state (Awad, 2011; Bott, 1995). From the heat transfer point of
view, the test plate, covered with the deposit layer, which
performed as thermal insulation, caused the deposit surface
temperature to decrease and leading to reduce the thermal
driving forces. Thus, the lower or constant Ry values are
obtained. The R¢ at the transition point is called “asymptotic
fouling factor”, R¢" at equilibrium time, t*.

3.2. Effect of surface temperature

In general, the fouling curves of egg yolk showed similar
patterns (Fig. 2). It has been widely reported in literature that
fouling curves of most food materials were of asymptotic
patterns (Law et al., 2009; Li et al., 2013; Narataruksa et al.,
2010; Zhang et al., 2019; 2020). In this study, complete
asymptotic fouling patterns were observed at almost all surface
temperatures except at 80 °C where the last part of the pattern
was not observable, probably due to the limitation of time in
this experiment. The higher the temperature, the longer the
time a fouling process takes to show a complete asymptotic
pattern (Law et al., 2009; Li et al.,”2013; Narataruksa“et al.,
2010; Zhang-et al.,-2019; 2020); -It -was, also found -that, the
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Fig. 2 Fouling curves of egg yolk as a function of heating
time at different surface temperatures

Table 1

surface temperatures

Fouling characteristics of liquid egg yolk at different

Temperature (°C) Ri* (m?K W) £*(min)
60 0.0004+0.0000? 31.45+7.11%
65 0.0011+0.0002 51.70+15.00°
70 0.0015+0.0004 ° 61.29+11.02°¢
75 0.0033+0.0013 ¢ 74.874+10.959
80 0.0046+0.0005 ¢ 86.74+11.19°¢

All the values represent the means of three replicates (n=3).
Values with different letters in the same column were signifi-
cantly different (p <0.05).

fouling period tended to shorten with the increasing surface
temperature.

The model of Kern and Seaton (1959) in Eq. (7), developed
from a multiple non-linear regression analysis, was fitted to the
R¢ and t data (dashed lines in Fig. 2) with a high coefficient of
determination (R?>0.98). The R;" and t* values of the fouling
curve were characterized to investigate the fouling behavior of
liquid egg yolk at different surface temperatures as summarized
in Table 1.

1
Ri= R x |1~ exp(~ gzt ™

The influence of the surface temperature on the fouling
behavior of egg yolk was obvious as can be seen in Table 1.
Within the surface temperature range of 60-70°C, R¢* values
were not significant different with an average value of 0.001.
The Rf" values increased significantly when the surface temper-
atures were higher than this range (p < 0.05). By increasing the
surface temperatures from 70°C to 75°C and from 75°C to
80°C, the R¢" values increased by 120 % and 39.4 %, respec-
tively, indicating that theegg yolk deposits were susceptible to

higher temperature., These results are in-agreement with Ling et
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al. (1978) who studied the fouling of egg white proteins and
Zhang et al. (2020) who studied the fouling of camel milk
proteins. However, these results are in contrast with a study by
Narataruksa. et al. (2010), who studied the fouling of coconut
milk and found that the R of coconut milk decreased with
increasing the surface temperature. This may be due to that egg
yolk has a higher thermal stability than coconut milk. Concur-
rently, the transition or equilibrium time, t*, increased obviously
among surface temperatures from 60 °C to 80 °C.
3.3. Kinetics of egg yolk fouling

In this study, the kinetics of egg yolk fouling was analyzed
from the fouling period where the accumulation of egg yolk
deposits progressively increases. The Ry data up to 0.8R¢"
were considered. The reaction models, Egs. (4) and (5), were
used to construct linear plots of R¢(t) and In[R¢(t)] against
time. The R? values were found to be in a range of 0.94-0.99
and 0.91-0.96 for zero- and first-order reaction models,
respectively. The reaction rate constants for zero-order (k) and
for first order (ki) models were inferred from the gradient of
the plots in Fig. 3 (a) and Fig. 3 (b), respectively. The Arrhenius
activation energy (E,) was determined by plotting In kg, or In
k, against the reciprocal of surface temperature (1/T). Fig. 3
(a) shows a clear linear relationship with R? > 0.95 while there
was no trend for the plot in Fig. 3 (b). Therefore, a zero-order
reaction was chosen to describe the behavior of egg yolk
fouling. Our findings are in agreement with that from previous
studies (Ling et al, 1978) in which a zero-order model was used
to explain the formation of deposits from egg albumin proteins
on heat exchange surfaces. As a result, Eq. (6), the egg yolk
fouling activation energy, which is the amount of energy used
in the fouling reaction, was 85.47 kJ/mol and the frequency
factor, which is the coefficient of the kinetic equation, was 5.02
x 10% It was found that the activation energy of egg yolk
fouling in this experiment was approximately 4 times less than
that of egg yolk proteins denatured by thermal process, which
was 340.5 kJ/mol (Shibata-ishiwatari et al.,, 2018). Similar
findings were reported by Ling et al (1978) where the activa-
tion energy of egg albumin fouling was approximately 4 times
less than that of the thermal denaturation of egg albumin
proteins. As a result, it could be interpreted that the fouling of
egg proteins was not controlled by the denaturation reaction,
instead it is mainly controlled by the deposition of denatured
proteins on the hot surface. The same phenomenon was also

found in whey protein fouling (Fryer et al., 1994).

4. Conclusions

The fouling curves of egg yolk at different surface tempera-
tures in a pasteurization region (60-80 °C) were of asymptotic
pattern without induction period. The fouling resistance sharply
increased with time in"a non-linear trend over ‘a certain period

until reaching -the, equilibrium- stage. It ‘was found -that,the
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(b) A first-order reaction model

Fig. 3 Arrhenius plot for calculation of activation energy of
egg yolk fouling

asymptotic fouling factor, R¢", was not significantly different
over the surface temperature range of 60-70°C. This value
increased significantly when the surface temperatures were
higher (75°C and 80 °C). The equilibrium time, t*, increased
significantly at every increment of surface temperature in this
experiment. The thermal resistance obtained from the fouling
period was well fitted with the zero-order reaction model. The
value of the Arrhenius activation energy of egg yolk fouling
(85.47 kJ/mol) indicated that the fouling was mainly controlled

by the deposition of denatured proteins.
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