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ABSTRACT

This research proposes the developing predictive model for soymilk fouling
deposit mass in a plate heat exchanger using dimensional analysis. Dimensionless
terms were groups using Buckingham’s pi-theorem. The effect of surface temperatures
of 65-85 °C and total solid content of soymilk of 15 and 20 % (w/w) on fouling deposit
mass on hot surfaces were studied. Experiments were conducted using a lab-scale
plate heat exchanger. The soymilk inlet temperature and flow velocity were fixed at
55 °C and 0.048 ms ', respectively. From the experiments, it was found that fouled
mass on hot surfaces significantly increased with increasing of surface temperature
(p<0.01), while total solid content of soymilk had no significant effect. The developed
model within the ranges of experimental conditions was able to estimate the mass of

soymilk fouling with an average relative error of 10.04%.
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1.1 anudunuazanudifguaslem

ihdundenduedesiindfauamidasuinisgs Tneflusunlusfuunis 3.50%
(Riaz, 2006) uaztiup3ospumadon ﬁm%‘uQ’U%Imﬁﬁaqmim%qﬁwmLmuuui’a iiesann
ihduvdedhifiuanlnauasmeiaainesea (wuoha and Umunnakwe, 1997) §admiduwail
HaRAINAY (Plant-based Milk) (Vanga wag Raghavan, 2018) lWulfigdiu undauous uudn
wazthumgndm Tngtdudesdvnalusiunniianlunguresuamaden (Astolf uas
AMY, 2020) ﬁﬁiﬂiﬁudauﬁlmﬂuﬁ;ﬂﬁ"umﬁaaLﬁuiﬂﬁﬁwﬁmiﬂagﬁu (Globulin) (Wolf waz
Cowan, 1971) TnefivSunadosay 70 vesUSunalusiiuianun (Ono, 1991) d@ulwgifu
wat-Aeulnadfiu ( £-Conglycinin) kazlnaddu (Glycinin) (Wang wagag, 2018; Thanh,
1977 ; Wolf, 1993)

Tugnamnssuulsgvunuazuni ndnainiy Jeuldnszuiunismaianlsd

(Pasteurization) fsauseuliies il eaunsdnelsa wagdneranaifiuinu (Teixeira,
2014) § lnedrulng dondd oare1a3 ssuaniud suninudeusuuKy (Plate heat
exchanger, PHE) flasandaudangulunisldan wasdaduussavdmatomanuiou
44 (Mota, Carvalho g Ravagnani, 2015) é’m%’uﬁwﬁamﬁaamﬂﬁmm%faué’mhaﬂ%’uﬂqa
AMAINNLAYUINITATY LU nsvhangansEus w3y g-uunngdfiu wazneglnsiay
(Liener, 1958) 1 udu wazyievdnnd ui i fiaUseasddonisyatsdnenddwaluga
(Wilkens wagmniy, 1967; Nelson wazany, 1980) tagluseninani1swiasass bsanigainy
Sou lneasnewesdiuysznoulusAuaziinnsidean nsssuYif (Protein denaturation) ¥
TiiAansaraureseumavuiuiiiou uazmudufiedediduamuaniefuiiuiives
gunsal (Awad, 2011) Tnedleldrnudeutuinauvies Wsiusdaun-reulnadiuasisy
Aoanmiigaumaiuh 65 °C uagmudelna-diudsasidsanimilgamgd 80 °C (Guo uas
Aniy, 2012) TansuiiAnd ulugsgumgiiniswianedlsd daduasiuuszan A i
druusznaundnidulusiu (50% - 60%) (Lalande wag Tissier, 1985; Blanpain-Avet Way
Ay, 2012)

n15iinas1u (Fouling) Tutas asuanid suadudeudwaliuszdnsannng
wandsuaueuanas (Awad, 2011) §eitadediAerdessiuruundiviliiinasiu

(Belmar-Beiny wagmeiy, 1993) uvaduladovomwdndue laun USunumnududuvesans



noATIU NsdvanInsssurfveslUsAulundndmue n1ssausvelushu (Aggregation)
(Petit uazmAny, 2013) audiniemnnusou (AugAuTaudimg) audinianienin (A
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\nednvesnsiulusiuLnd Y Lﬁaqmmﬁﬁuﬁaqwu (Ling wag Lund, 1978) A211152A15
Ty wazianlunistiaausau (Awad, 2011) Imaﬁqmm:ﬁﬂﬁuﬂ’;LLaﬂLU?{aumm%’au W
Jadudfayiidwmasg 1aunsenisidsunlasdn nsssugAniaauseuvesiusiy (Bott,
1995) uazU3unameadsnamunluomsdmanstatefiisfuauTivesems Jeduiug
1AUATIRDNTEUIUNISIANATIY ‘f?qmsLmsamLLazmswqmaaﬂmmmmm‘vm (Awad, 2011)
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9REVNTINEINS BsdsraliiusAnBmuarausInusMsuanUAsuALieuanas Jeilny
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Iniusnunnadiuusaesdmsunsiueasuannaneds ielndladnina
YDIATIURBNISENBIMAINTIU wazifieeanuuuLAIesdnsliiussansnmnisuanidsuaiiy
Loumufinnuun (Gu, 2019) 19U Pan wag Chen (2019) Tdwaransvoslnaldsiiulo
(Computational Fluid Dynamics, CFD) VT’]‘IMElﬂWiL‘U?1'EJ‘L!LL‘UM“Uaﬂ%’;uﬂ”ﬁﬁzﬁm%mﬂi’mun
Tnenuindnsinvedizine msimundeulvweuwailivunzay (Boundary conditions)
(Post, 2011) way Fryer hagAmy (1996) @519MUUINA09A875n1519@0 A (Empirical
model) TngldluusiassdmsuriunesnsnisazauveInsIu Fernuuiugmeuusansd
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DA) 1UFE SR UsEANS AmE M UNSEUIUNTAS UL a0 F9T5T T eRAe Tudesl
m’mil,%aﬁﬂL?{mﬁ’umzmumiﬁﬁﬂm (Delaplace wazagiz, 2015) TINAIEIUITOAATIUIU
Fuusuaznsnaassle (Gu uwagamy, 2019) Jagtunsiinseidsiiignianldifieang
WuUSaesdmsurusmavesnsUluas esaniUasuauseu (Petit wasamie, 2013; Gu
agAny, 2019; Alhuthali taganlg, 2022)
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ANYT (M) ] L
178 (ke) m M
1381 (s) / T
A5 (M/s) ) LT
gaunnd (K) 7 K
w39 (N) F MLT?
it (m?) y 2

2.1.2 ngiugnudmiumssdeyadaudsl3a

sadgaiuUsliifuisoandu 5 funeu fil

1) Mstdensmiusidmuneuwagnisiualsununsi@ndnisnsnasesuwusidvaneg

¢l o

Liiﬂﬁﬁﬂﬂ’]ii”U‘{]ﬂJ‘Vi’]L EJﬂWMUWG]’JLL‘UiLﬂ’]MQJ’]EJ %QLUuaﬂwmvmaﬂﬂsmgmim ﬂ’]ﬁv\‘i

a

=2 < = aa co Saa . [
Anw1 AntusEYUSINam e TIEndnmuaiiisvanadedmuusimiany uwavasivaeunnuluy

a a

daszraUS U N Endvianum i elvnsiuIUsuansidnalilasudniwaainnig

a a Aaa o A vy Y O aAM Yo a a
Wasuwlaswaausununeaildndaiidu Trdwasnusidirunewindui lasudnsnaainnis
WasulUaseaUsinunildndnng o

) MvuadATugIUYeUsINUNITHENdLazn15aTIuNINdLTaiR

N

fAvesUTamildndusasUnaiuandusUvesdatugulindnewaenadosiy
yesszuumisluguuuvYesdanansei 2.1 lasduiufidnugiuduegiussuunsiad

Y

6 al

tanld uaganududeuvesysngnisaiiiidadnu Mnduh Uinamaidnd uasfinly

A59Un3NENISenT WNSNEFedR (Dimensional matrix) MelulansndUsenoudeLasd

¥
[

o aad A
NIAIVDINANUTTU Tnei



[%

- PIUIUYDIADAULMNA U UINYIUS I Ui Endnseulinaviun

]

¥

- SrurwvesuaiiudunuvesdAfiuguisiivlunsuanadifves Usunamsildnd
UNZRTS

finrsaundiegne ffulsiaulananadu p; W5udnsnaanyavesuTunumailand

¥ ! ¥
aa v A

daseauau 5 90 1,1, v, v, v, ] SuvesiAiugiuninualin 3 GA6ed M, L uag T &9

3 35745755V

A <

aoandosiumiag I lumsedl 2.1 Ao kg, m wag s sy lag 1 Ao A mbewdu

[ ¥

LY = aa d 0 1 -1 3 o dyo £ aa
Dnszasiu WeulugUssuufAtugiwdu ¥V =M LT snduiiaviimdwesdn
wugu (0, 1, -1) Taaslulummsngadls

3) msldmnuitiaiaussln (Buckingham pi theorem)

}%

Weleuuninadaliaunas aauliifay LLﬁﬂﬂiu5UsUaQﬂaﬁJG]’JLL‘Uﬁ‘LilIW (71' ) “ZNE)G‘U’]EJ

femnuduiusseninumaLazNaYeINTTUIUNMIIIMEAMAMAsEnY Taednedsanngud
Nad-Uaneien (Vaschy — Buckingham)

o Nav-Untwey yilvduunmasesanatliegaltedfy efuielag iy
USnamnsiandiamunauiie Suuvedatiugiu I uauvenguiaulsiidesnsfinw
yhlmauinguiusfinaniuadeduusidmaneedisls BidGend1 “IBnisvesiudsi
amnad (Method of reduced variables) (Delaplace hagmafiz, 2015) a1nUna MBIV
AUFNNUSVIUTUIUNISAENAAS 9 Wonmafiaziaindwasadauusitmuneetnals us
Mo UNNET-Unfuanausamanuduiusveinquusinamnaidnddeduusidmunela
e fatusaunmeaesiidesiifioasseuduiusveanszuaunisiiadle Ssanasedng
)

4) NMsaNguAILUsLEEA

nslingu)nad-Untaanyilvisamuusdng q gnianguuazianslugureengusiinys
15535 (Dimensionless group) tnengududslsifasatulaeldnisdudunmsmandaman;
fhensuisruaunnduduiagnsiidunsmaaming Geduduidenifuumeiidnd
viandangueglunguidsiieondt “Fuvsdn” nndutanuszneudunguiuusliaad

s ea A

Woule e uaiwlsN1NANdNaeegdusen31 “fakusiidn” Tnenrsawdsn1ananddluegn

Y

o [

WAiagAPINaRANYBIILUTT NN MALaTMAaWe 9 (¢;) BuarBiaaianaIvesmuys

SZ?WJJ’]R]'WﬂNﬁaWSGU@QﬂWiﬂWL‘LJUﬂ'ﬁ‘VlNLlWliﬂsli LLﬁﬂQ'iULL‘UU“UaQﬂaQJWDLLﬂﬁliﬂJG]ﬂﬂﬂllﬂﬁﬁ‘V] 2.1



_ I/i,nonfrepeated (21)
71'1 -

a
[V;,repeated] !

TngnlsneidndgnediinnasounguilAnugiudmiunisianiifivesUsunamis

[

a &4 1 A o o Y v o aa d' [T a
aﬂm/lis‘lﬂ,’; LLagﬂJ"ﬂqu’JusﬂﬁNf”nLLUi%qLVI']ﬂUﬂ']u’JuﬂJEN@J@]WU%WUVIQﬂiu&nisﬁ WU UIUeU

o«
v v
1% 1 € 0

NUANERA lawn M, L wag T detududsmeildnddviamuasesifiinseunguis 3

=)

1
Y

Wa@nan

=
>
Zo

a o U 5 - Y 1 £
LAZUIUIUAILUTTUNINY 3 A7 LUUAY

De

)

)

5) NM33ns IRk Us IR
nquiLUslsliAusazgalanyagianzueanuduiusreInquUsansidnd lag

'
v a

ansadendmsedndlaniedsans q wu msiindavlsiauisma et maunneig
NG NSAN N15UIN NTeNITaveen Felaguniudidnuiuliifneninds naru Hasw
= 1 Y Yaa v < Yaa
ronan1wwosiaulsifdinaduiaalsag
6) N3NTIAABUANLDATTVRINAUAIMYTLTTA
Jupauilsndunisiielivsiuinguiuysisialuwsaznguiienududassaady lid
1 [ J 1 Y P 4 =2 a a a aa s 1 Aa (%
HATINAUTEMINaUAIMYS wazelidnlatiadnSnarestsunameildndsns o Nllsedauys

Wvsng

2.2 AISNNASIU
N15:AAAIU (Fouling) anedia NMsazauLaznafivetoyn1A liNaUsEasAuLN U
vaagunsal (Bott, 1995; Awad, 2011) aevlunulauuiuiivesgunsalianiUasumnusou

waztlunilslutlgmdraSesnisuanuasuauioundsldannsaunlals (Awad, 2011)

2.2.1 UszanuaznalnuaenistinAsiueIng

Usganvesnsiinasivanansaduunaunalnnisiinlailu 6 Useuan (Awad, 2011)
laun nsiinas1vaInansuuInasy (Particulate fouling) NSLIANASIVAINANTANKEN
(Crystallization or Precipitation fouling) N13tAinAs1UIINUATE WAL (Chemical reaction
fouling) N15LANATIVAINNITAANTBU (Corrosion fouling) NSLANATIUTININ (Biological
fouling) Wazn1sARATIVININNNTUTR (Solidification or Freezing fouling) FansinAsIu

& a a o I Yi a a a &
DIV TUUNUNILANLUAEUAINUTBY 1&&1&13053141@3’1Lﬂﬂﬁ]’]ﬂﬂﬁlﬂiﬂLWﬂﬁﬂalﬂLﬂﬂ’J weLdu



nsTufurematenaln Tnsasuemnsdandlvgfiietuuuiufwandouaudeu fadu
nsinAsuanuiAsened Wesnaudeuduiisimaiauiiten uagyililusiude
AN NETIURA (Bott, 1995)

NTEUIUNSLARATIUTUSAU (Fouling processes) Uszneumignalnnan 2 @ fe n13
\mgRn Lagnsvgaeen lnefiniainzin Uszneusnenalngdes fe nsnefveseynaiivh
TAnasulurediva nmssemnaveseyniannvesinaludsiufiuandeunnuiou ua
nMamefaeteyniaasuuuiuiuanddsunudou daunisvaneen Ussnaudenaln
don Al N1vianBanUesATIUVLALAIMANIUABUAILSBULAY MIEEYILNAY D90YAIAATIU
finameananiiufuandeunnufouludadiua (Awad, 2011) wgAnssunisazavas
arulusiuuuiiuiuanidsuanudeufinnsanldanmadisuudainisinizgio uagnns
vaneenvesns1y Tasflewnanguiiflusiuduesdusznautu nginssumainzinvesasu
TsAuanwariuugauna (Asymptotic fouling) 1w ansara1eLIglusiu (Belmar-Beiny
wazAME, 1993; Boxler hagAnly, 2013; Zhang kazAme, 2019) Layne? (Narataruksa Lhay
A, 2010) LHudu madneruuuudhdauga iWunafisturesesivauisganisiinisia
AsudAdnsmMamegRnsiniusnsnvanoen wishiidasinisfsanuiaiu (Bott,
1995; Awad, 2011) iilasninduasiuiiinizuuiiufuanddeuanufouiinrumuifiuiy
dawalvinistemanudouaniiuiuanideuaiuseuluonmsanas waziilonnumuives
pruind uauianisiigaugifavdhsswinee s uasduasumnitgafianunsayinls

TUsAUlue M EEaN INGTTUTIR NSRRI LUARTURY

o A ' a

2.2.2 Uadendenasanisiinasiuamsinaingulusiu

gaumiidududsiidwmalaenswadninisiinasiu awisaduunlidugamgl

1% [
a a

WuR3 (Surface temperature) WazauniveI91Msival IngguunlurdIHasan1siin

Y

anuludnuaeunndsiuduegiunalnnisiiauazstinvedansnensiu 1wy gaumniiuia

Y

=b.

[

geudwmalivsnansuiiiinanujiseneaduasnisanningstu \Wudu drugamngiives

PWTMAIUY LNYITRIRUNISANUATEIN15UAEUANINIATIATINVRIATSNDATIULAENIS

1 1 o

aewmudn lngladevesguugiidmasenisiinasiuretemavaingulusiu nadl

Y

v
J a

- gamAnud \Judwdsdrdyi nmuanisiinasiuvesemisivaing ulusiu

g o

Woen gamgiiiuindunisluladenviilusiudeaninsssusfuaginisAnuuiui-
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[
a

wanidsuaiuseu lnen1siiugunginuitdwalidnsinisinisfnvesnsulusiugdy
(Ling wag Lund, 1978) uazdwaliasulusiudiniuudeusanndy (Zhang wagauy, 2020)
W99 INUS NN USENE AT eITEmINgfi R kanUdsuAIUS aukaz lUSAUIUS UL A LT
(Nakanishi tlazmady, 2001)
a I Y d' 1 1 aaa d' % =
- DUNHUD NIV LﬂumLLUswawamﬂgﬂsmmsmaauammaﬂmqaﬁﬂﬂimu

a o <

luems e amaInlasuAuTouaudsguvgiidsaniniii USuunsinisinuesnsiu

Y

=

wnnindednislianuseusnemslunaivindu egnlsiauminanmgiiomnsivaiginii
guvndiuin Tassadslusiuasanssudiuewar iinginuuiuiuanudeunii
§ou (Ling uag Lund, 1978)

- maGmiwdwqmmﬁﬁuﬂaLLazqquﬁmmimm denalagnsewan1N1saIgmnAIY
Younardnsinsiinastu Tnenarnaunniy dealienswazusinanisineinveslusau
i (Ling uag Lund, 1978) oeslsfinny maﬁmiwdwqmmﬁﬁuﬁaLLazqmmﬁmmi
wandsnafneiliogaung i uiwanudsuaufouganedvililusiuaunsadsanin
sIsUTIRLazAnNISINE Rl

HadeiferiuanUAveemsival Wy aunin AunuILLY wazaududuans
Aens1u Wudy aruniauazanuuiudy demaseduveunanisiua (Viscous sublayer)
wasAmAududeuTing Feduiusidnuarnisinavesemsfidmanenszuiunisinizin
LAZVAABONTBIATIU  AIUAIULTLTUYRIENINOATIUEINAR DTN ILALUSIIUNTHNATIU
91nUfATe ALl (Ling & Lund, 1978)

2.3 idawaemaznislraudeuindamaes

Udmdesiiesdusznoundn fe 1 88% andlulawsn 6.28% wazlusiu 3.27% Ty
TUsAuandndes Usznaunlglusiulnaydu 4 vila A 25, 7S, 115 uag 155 wuA1-ABY
Tnaddu (75) uaz tnaddu (115) 1Wussduszneundnveslusauainindamdesdndu 27
Wt% uay 36 wit% veslusAunmunlutndmdoaniuansy (wabuchi was Yamauchi,
1987) win-reulnaddudunsuwedvdanils Ussneusenisgesaudszan diulnadiu

UsznaumelnawUlnanidunsanasiva dudeunumenuseladalng JUsiuudr-raulnad

Ju (75) waz lnaddu (115) WulusAundnvedusiuludivdesdaudflunisiduanin
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§ITUVIRAAEANUT DU DUNY LANANURANINI8AINVBINISLAAATIUN ANH9A U (Liy,

1997) InglUsAutudn-eaulnadiuaiusanusannudaulanininlusiulnaddy wuinlusiu

= a v A

wen-meulnaddu uaglnadiudaamagiveanisagideaning 65 uag 80 °C auaRU 7
anudunsaaradunanswagliduings (Hermansson, 1978) indmaesdunsasnuiinig

a

a a a ¢ = I a | P 14 1 I 14
LﬂiQJJLG]UIG]EUENQaUVﬁEJ JuduFosieMdonaninlaog19590157 NTEUIUNTNIIANNSOU

[

Y03Ud WG suduIsannieidngaunid uazdneignisiiuine) wuin duafivane

¥ oo
[y

Usenmsvesmisiianuseuseinunaes Nyiglunisusuenanimmieseulasuinis wae
annausana (Beany flavor) Aindu (Liu, 1997) uan1stiauseuinliiinnisilasundas
Mapiveslusiu Feo1ailugnisviatelassaiisvedusiulaenisideanngssuyi
= % o § v & a = N v = awv o
Weosnanuieu i lidnsavauvesasuuuiuiuaisswaniuisuainuseu dnuideq
MnsAnwInalnnsiiaasunglusiu (Gu, 2019) ¥ (Narataruksa wagmuy, 2010) wagly

a

977 (Li et al,, 2013) lnglinnusouunfigungiinaweslsd wuin asruiiadudunsu

U

Ao v

Uszian A ifldnvazegusedun wazusznauluselusiudundn (50-60%) indaus (up
adpu veanesa) 30-35 % wazlvsiuuseuna 5 % (Belmar-Beiny wavmuy, 1993) Jaiin
a a 1 <@ 1 424’ 14 ¥ a
nnsdsanmvelusiu (Gu, 2019) egralsiniunsenyelaenislininuieugeiiey
(Ultra-high-temperature treatment, UHT) figauugiin1siiaiuseaugania 100 °C 9¢dinns
A a a A A £ o !
drauveInsUNdlUsAuanasuaiiuIsniudusend1 asulsean B (Gu, 2019) lneAsu
ALIANIINAITANKNANTDUNADLT LAy SNWEUDIATIUR NBUTUIMTNNURINE ATV
(Changani, 1997) #sA51Ur0UANFRIMANTUIINNTIATUAI WUl WY I UM N
woslyd ddnwzadieduasulsean A lesnAsviidmaslds Lz d1uUsEnoUDs
AsuindundeailusAudundniiufeniu (Qingun wagaug, 2020) AstiauSeuwnn
fndesviliAnn13905 AU (Aggregation) UaslUsAUNLUGBY Kohyama Lazag (1995)
afurgnalnniaiinasiulusAuvesungunaeslaedolusaulasuainusouaziinnis
Waguwlasanmeusssuwd gasunisideanmlaeiusslalasindnnegareluluanaves
lUsAuhuntmaesivlaundneengneueniuanaiiislasuninusou TUsiunmaesiiin

= o)

NsgedeanIneusTIiIRmenusoudiuseailduau (Kohyama uag Nishinari, 1993)
a L 1% | o= a v & Y ! = [ =
waziianssudidulasaiielnl Geanansafialansnissiudisenindusiuiulusiu au
Andungnouvealusiuwviuassegluaisazas wasn155uaI5enIlUsAUAUTURY

wanilaguanuseudainlminas1u (Bott, 1995) nseluean1ssiumlsynInalusaunuluseiu
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YouImaes nnnsTnditumeiuselalasininlngodelusnseu annglalunas
waalau vsewnadulonsu inlviuszaansvedluanalusiulinvinduaudinavifliiuse

lalasindnvasluanalusiuauiy uazdiludnisiianisanazneu (DeMan wagay, 1986)

¥
v ] a

FINTAVDINITIINAITENINNUSAUAUN URILANUA UAINNS U TUYINS UAULANDINNIT

[

swdiuvedasiailusiundsaninduiuiwanuasuauioulaenss :nnalnnisge
Fulusfuvesiuduaniudsuaiudou (Protein adsorption) Tneuszuanyildanile

sewineiuiiulassasisvesasvlunalnnisgadu fe ussdsgalniradin (Electrostatic

1% 1%
[

. . = & a I3 YUY a ad a I3 % )~ a
interaction) Luaﬂ'ﬁ]’]ﬂwum']L‘Waﬂﬂaqliﬁummwumwﬁuu@ﬂLﬂu@@ﬂi"ﬁ@ﬂaﬂiﬂﬁl’uﬁm GHFMPIINIG

¥
A a < [ v v

levasgquanualszgau NuRwmanndtaunsafgaingiiivsznsatudiudimanae

< g !

TUsAuNMdnantiUszaduau Weanain1shiausauuInIuil innAs U@ eIl adastind

9 Y

TUABUNTANATIUNIUSAUTLAYANNUAITINFINUTUYDIATIULANKARIAIFUN 2.1

JUT 2.1 MssiusiuvedlusiuuuiuiuaniUasuaiuseu

flun: sauUasann Bott (1995)

2.4 AAUATUNIUAINSOUVDIATIU

AUATUNIUAIINTBUTDIATIU (Fouling resistance, R, ) nunefia A1UAIUNIUATIY

Y

SOUDULNAINATIUNNURNISOU VIDAD

o

1USLANTNITONUNANUS DUNANALLBDIANNNITLAR

AU Tnewlaldiasawaniuasuninusaulussasuils 921AnN15IIUFIVBIATIVDINISUS I
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[

flufinfeuvedlany vilvdannistemanuouniuiedansiias fasu msoanuuy
iwsesuanivdsunuiou sududesmilsisimuiununnudouresasuiinAnuuia
vodlavifionsuisenduussaninsaemanuieuresgUniniuaniUdeunudouiianas
A uuaNSeuTesesUieatesiu Ui mnaTesATTUAe e (M)
ANUVUIULYBIATIV (P,) A1N15H1AUTEUYBIATIV (4,) LaganunuiIvedasIu (X, )

WAAIAILUANNITA 2.2 hazaunIsh 2.3

M, =px,=p AR, (2.2)
R oM % (2.3)
! Py Ay

Aav aa v
2.5 3MUYNLNYAVDY
NATeMALITaMURTY 3 @2 laun N1TIATIZITALAZNITAS1ILUULIaDY NS
a a a o & P a Y &
VAN INEITUVIRVDIUTAUTUO W NEDI9INAUS U WAENISHAAATIVVDIUIN L NE DIUU

(%

NURISIU waraURAveINN LAY SuasRunlinamelUdl

2.5.1 A153LATIZALTITRLATNITEZIIMUUINADY

Petit wagAMY (2013) UNLEUDLUUIIABY 3 WUUAINS UNIUIEUIAVDIATIUNIUNLAT
\finTu (Total fouling mass) BUIATINVBUUA-wANININAYE (Ageregate size) LazAIY
Y Py I a A a a v .
Wuduveaua-uaninlnayfuiinieeenveuaiesaniuasuninuseu (Outlet native SB-lg

a aal

concentration) lngldnsinsgriladinlunmsasisuuingss Fadnnguimindstsialadiuu

'
' [ v v

17 nqu aglusuuuuvaanguiiuusnianiusgisunsnate 1y slavsdluad (Re), Aaaun

9 Y

o

usidia (P sy wuusassdilddeindanuulugilunisyiue Tnefiaadssesmaiiy
AAALAABURUTNS (Mean relative errors) WU 3%, 24% Az 9% MNEIRU

Gu LWagAE (2019) YNLEUBLUUIIABIEMSUTNUINIaYIATIVANTaza8LElUSAY
U (Whey protein concentrate, WPC) Tagldn159tasnzi8eil@ uagAne1n1siinasiu
vaalusaulusyninanisiianusau meﬁaaaai”wma%’az&amsmmamﬁlﬁ%’mmLﬂ%"aq
uanuasunudeunuuusiu Tnsdanguiuusliaalisiuau 12 ngu wud ngududsinediu

JnSnarean1sinAs1ua1saza1englusAuNeluAS a9kantUa g uAIIUSoU bUULNY WaY
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v a

Luushassdms U ueInaresrsvasazansslUsiut ity Seduussaninnsiadule
(R?) winfiu 0.92

Pan wag Chen (2019) WNt@UBNISIT NAAEAS V09 bUALT IATUIULUUABIN A
(Computational Fluid Dynamics, 2D-CFD) \ilonsrvsoumsiasunlawestunsazaues
As1ULLAIULAS DILANLUA HUAINLS DUTENI1NNTZUIUNITN AN OU Lazedulenis
WA sunUaweslszdnsamnisetemaudeu lagnus 1MuUsIassaIuisnes ule

Uszansnmmaanuseunielanisiinasuladueg19d win15e3U1e USUNInau9IATIY

' %
[ U N =

AIINNTEUIUNTANATIUNTUTOU AUV UUTIRRI LT UAvANNFAFIY

[
Y

Juilgadn
= aa ° °

wazau B UANTINS AU UA LALLUUINA D

Alhuthali wazAMe (2022) UNEUDNISWAUILUUINABINISTIAAATIVYDILE LU AU

(0.25 - 2.5% w/w) TuLA3aaunaniUagumNusauLUUBHY 1naltn153AsIETeNn wuudnand

[
v =

MR UsENRUMENguALUIAIUAIINToU UASET Lagn15AnAIU lnennaadnienis

ANUAUTINIIAIUS DU LAZANUTUTUVDINIIEABANFIIAY WU UUINAaDINLALAN

JUsyanSn1senaulawiniu 0.97

2.5.2 A1sideanInniesssnynvelusaulununiasainaanuiou waznisiie
Y = dy a v

ATIUVRNLNIVMABIVUNURY T U

Guo kazAuy (2012) Anwautinisanuieuveslusiununios Inglvninusoun
gaunndl 100 °C 1uian 30 min agulanuin-reulnadiiu uwaglnadfudaluesiusenauy
wanvedlusAumdesiuiinisinfnsenindduanavesduesmneiussladalngd Jausi-aou
lnadfludenanmilosannainuiou Ngamumngi 68.0 61 79.4 °C uaglnadiudeuanini
12990Un i 88.0 - 96.4 °C

Wang hagaue (2018) ANWIngAnIsunIsiinAIIuKAEN1TNIAIIUAZDIAATIVYDY

a

LUsAunamies (Soy protein isolates, SPI) lutpsasuaniUisunnuseulussuuriesliming

[ (%
=

WU ATTUYlUSAUN IR BInaRITUNg VRN LR 80, 85 uag 90 °C FaNaaTUUW

RIEV0)
y y X a . X Y

gaunnInurgaluwilignsnsnesivesns sl dedunaiiaenndesiunisdunnves

1% '

Chen wa¥ Bala (1998) Mnuingaumginurududadeddgyegredwenisnesvesusiuly

o

uulpglanigludrsusnlusaudnndosduuilduiinaioniu nszviunisiiaasivaiulng
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aaa 1 [

NetesiunIsideanIneIsuIAkagn1sTINdvedusiu Uisemani

a

lhisiegauungd

Y

(%

AIUUNSLQUMATNURIINTINTEUIUNTAAATIY
Qingjun wagAM (2020) ANYINGANITTUNITALAUATIVVOIUIN NA DIUVULNY

a v v ¢ a v ' I3 =
Lantua gumINUsou Iﬂﬂi%ﬁ@QﬂﬂimLLaﬂLUa YUAITUIDULLUUNUYUINLAN LLASANYI

o

29AUTENBUTDIATIVENNIMABINHdRdIuNIAlUSAY 3.50% Lagillaliminusoui 105-125
°C MeldgamgivdIvenimdesiunnd19iu Han153TenuILiloguuiivdivesuun

wiiesinAudmalviAANUiUNIuANNTaUYRIRTIU (R, ) 1adue

2.5.3 aulfvaudnmnaas
Oquntunde uaz Akintoye (1991) 1l@usn1siUSTsUBUAIAMNRUILUL AINSDU

FUNE wazANuninvesuNTIazU10Wwae 2 ¥ia NUSUINYeILTTanLA 125+ 1.0,

a

10.0+ 1.0 4ag 11.6+ 1.1% Ngaungil 25 °C idayaiiliunasisaunisonnesidadudmniy

Y

MIAIUNUSVDIUS LUV ILT T INUAAUAMUAUILUY ANUSDUT NI BAZAUNTAVD

¥
o w A

uPuarindwmdes lutasunameudshanundnsiu wuin dusuindmdesiaaesuin
ArAumMUALLY Adeus g wavaumiafindy WeuSinamewdsiunmniy Tay
‘fﬂﬁ"amﬁmﬁmmumLLﬂJuqaqmvhﬁu 1050+ 10 kg m* AUSuavosndsianumminfu
11.6%

Liu wazAng (2003) Yiauenisiisuiisuannuninvewhdindedilianudou

a

LuvdeItuneu Ae Winawmdssgnlinnuseunigamgll 75 °C 1uan 5 wiil 9ntugui

Y
aunadl 95 °C 8n 5 w1l Aunshimuieuluudunaulael (95 °C, 5 u1i) iednw
a a a ' & % o A a
NANSENUVDINITHUA BULUAIENINSTTUB IR VDI USA UM DANUNLAVBIUND ILNADY Lagdl
USUNUUDLTIUDINNADINLANANNAU (10-12%) WU NSRS DULUUADITUA DU

o

Tianuuilnvesdndimassiiudueg9ltudAy (p<0.05) InsdaA1Auninueangtnass
Wiy 0.096+ 0.003 kg m™'s™ winislianuseunuudunsuienlanininunie ity

0.0384 0.002 kg m™'s™
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Je9 aUNIal kAZIEN1TNAADY

= % & -
3.1 NSF8UUINKaDY
g GIJ &S QAI Y o [ o e.'} a =3 < I a 4 ong
YD WNRABIN TN UNTNARBINNANNEG 1A A LLUAR ASLSANE LAgTUNBUNIS
P ¥ & & a ~ & a 2 & A A A ' °
WSELNNNVERRU 4 L uansluguil 3.1 FA5uNMsueniuaniiaesiids u Lu uazen
4 aetiaren 3 seu Wikuazesdoen uasudiundes 1 ke Tuihavenn 3 L Weodeins
Thhdundesnulivsunavesdoiwmn 15% (w/w) wagud 1.5 kg Tuthaven 3 L dusu
USunauvaudevianun 20% (w/w) udiluaan 12 hr fgamaiivies (25 + 2 °C) wleAsu 12 hr
Wa239UU1A19 AL 91A KATUNAMADIUINLNEZLAAU INTUUARQELATDIUADILNE B
(FSM-120, CHAMP, T98)) @un1nv890ta8998wenaanaInsA3aaunlngdmlud® 39581
p A 3 ' oA Y P a ada a 2 o
A15UATLINTISHNUDE195L 09 18U NABIAUNTUSUNUUDILTIN LA 15% hay 20%
(W/W) WUUIEUSUNA 3.5 wag 3.2 L a1ua1au 91nUusun1snaandnisiuindelaunm
A 1 o ’o’ o.ll & ‘:{' 1 2 % 9.120’ wva
Wide9 wazliilin1sinda I ma o9k UNISNAaBILaINa UL EE Tnen1snnassn1snauln
29U NAD99 LT U NE9UTUINST 1 L Aoulan1sneasd Wwekudlumanuninway
' | Y a a A a a o v v 1 & A o a

ANUVUILLY dundundesivdesn 3 L anmswsey dndidudifuiieshwigamail (2
°C) wansathulglunisnaassnnld @unisneassnisiiaasiulddndnassdsunms 4 L mo
PUINITNAADI TINITNARDINITANATIV bALAISTIFUUAVDIUIDINADILTUNDUNITAF 8L

U0 AAFDILUULRINU
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WaROIUADY

a g 1 ] = - ? o - o <
WU sgNpRaliiay —e gﬂfﬁmiawmuqmmaaq —  AINDLUVRAN

v
as =

hfwmdes
5UM 3.1 unulenszuiumsiieanhinnmvies

flan: sauvasann Liu (1997)

3.1.1 AISHIENUAVBIUININADY

nsnaseailomantivesiimasusuAuIINNsiiANTauLNt MR e7IUTT0Y
¥ a 4

lunyurussaitedunUanivegiilonnesduanslugui 3.2 lngliaiusoustuiing

Y

gaunqil 85 °C Aulagaumniunnmans 3 seau lawn 60, 70 wag 80 °C ldaavindu 9, 20

¥ o
o w =

uwag 50 min Mua1Av Weldgamgiuininiesmuimvuaianilumeanumila wazany

PUILLUAUN

gﬂﬁ 3.2 mﬂﬁmm%’auﬁwﬁ"amﬁaﬁwﬁaq'uﬁ'] (BWS-10, Laboratory water bath, 1ne)

UM 9.2 L



18

[

NFMANUNLN AUVLILLY kazANNYANTaUTINIzYesfImaeY H35A
1) MSMAIANUATLAVBIUIN NGB
AMUNTAVDIUNNIMFIE U5 A INLATBITAAUNLA (DV-II+Pro, BROOKFIELD,

ansgenisn) Ingldununyunsanssuanuaneay 1 (Vaulnni1sin 0 - 20000 cP) laginlu

[ '
o w A =

Jninesauin 600 ml UsseUIdANaeINIUSH VDT IMUA 15% wag 20% (W/w) 19

9

a

ANUNinIIIL 3 91 Meamiae 9 daatlunisia 5 min Sudunaiainuinimaedds

9

ad o [ < [ A d'
QN%QNVIHTVIU@QN’J@@?U ﬂ’]Wﬂ’]i’mﬂ’]’]ﬁJWU@LLﬁﬂQI‘UE‘U‘VI 3.3

() (v.)
JUN 3.3 yansinanunia (n.) lesesinAuvia (v.) Ieuanmarianuvidaitinlaenie

TUswnsy Rheocalc V3.3 Build 49-1

2) ANSPIANUNAUILUUYDIUNOUNAAD

(%

AUt mdesEInsanilaannsnsindundesldludnine vy

Y119 200 mL (v, m?) lugadmidn (m, ko) Tauiavesinaimiesiiussyludninesdiuiu 3

91 NYanHANS 9 LANIATeNNTINERMAMIANUAUIMUUINZUNITN 3.1

Y

p=" (3.1)
v
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3) ANNYANHTOUT N IVRIAIMARY
AUYAMUTOUTUNITVDIUNUNEBY AUINIINANNTTN 3.2 91BRINNNUITEVDS
Oguntunde W@z Akintoye (1991) N aueAINIANUTBUTUNIZVBIUNNNFDINUTU

Yosudehaualutndamdes 10.0+ 1.0%
C, = 4.18+0.25(%TS) (3.2)

3.2 ‘l!ﬂ‘l/lﬂa'é]\‘lﬂ']‘él,ﬁﬂﬂi"m

[V

YANAADINITHAAATIU ﬁ’mufdmmﬂm'%lEmmawaﬂsﬁimwawﬁﬁ’ﬁmi (Laboratory
Pasteurizer - FT75, Armfield, 83nw) Usenaumendeguul JSWB-22t, JSR, 1n1vd) vuin
22 L vidfaguin (INS-0182, Memmert, Lwa53siu) 4110 10 L Uuvieglye (QB60, C-JET, lne)

Ju3nie (Peristaltic pump) aunsalaniUasuaINTaURUUMNUITEAUTRIUH URNNT n1vuy

a

U359A7081¢ Uazynian1siinAsiu Usenousie Aouianes way iasesduiingungdl

Y

(%
=3

(Temperature data logger) ¥l K dwsuingumgiunseunaveumnginindue Tngdudin

QAUVIYN 9 5 min YANARBINISIAATIULEALUFUN 3.4

5UM 3.4 YAnaaeIn siinAsIv
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q‘dmaﬂuaﬂL‘U?{aumm%faul,wuLLNuizﬁ’uﬁawﬁﬂ’ams Usgnouse wHulaniudou
anufouiviharnwanndlfadu s1uru 7 wiu Wevszneuddheiuudlassairsgunsel
uanasumnufeuluulkuiuaneusnn i 8.2 cm 812 7.6 cm meluiitosdmiunis
na 6 903 szorvineseminausiy (b) Wiy 3 mm Aufvesusiulansddnvuruuugnyn
(Corrugated surface) dadiuaudutau (Turbulence) Tunszuavesiva Faduituiuuy
anefinaUan (Chevron or herringbone type) Insusazunuiinunitwesiuiinaniudsu
AwuFeu (L,) wirfu 75 mm ga (L,) wirdu 115 mm uanslugud 3.5 vunniduriiu

¢ | v o & da N % ! '
f}u‘ﬂﬂaqﬂsﬂaﬂﬂj@ﬂwq%%q/@@ﬂ (Dp) WINU 10 mm WUNRILANLUREUAINUTBUA DKLU (SO)

v | o
aa %

Wity 86.3 cm” waiiufinavaruefiinisuaniuasuauiou (S, ) Wit 431.5 cm? 1ag
firnnenistualugunsaluaniudsunnnuseudunuulmaaiunisiy (Counter flow) wanslu

U7 3.6

5UM 3.5 vunveduruLaniligunuiau

Channel Taw T,

Plate

1 1%

UM 3.6 Aien19n13 avesndninsiaziisou
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3.3 A15NNAfINISHNAASIU
3.3.1 n1INaag

dleguuniisuduvenidunisadulumuiinivue (55 °0) F9Uan15¥91U0990

Y

a

neaean1siinasu Wnglunuddelafnudadendwmasenisiionsiu 2 U9l Ae gumgll

Y

¥

NURIVBIHULANUABUAIMUIDU 31U 5 SEeU bawA 65, 70, 75, 80 waz 85 °C wavUSuna

a

Youdaimualutndundesdinniniu 15% waz 20% (w/w) laefidadeniuau fie gumngl

Y

S UAUVDIUITUNA VTN 55 °C AutsIn1slravestiifeutaziidndss windu 0.4

_1 _]_ o ) a %’ Y} = 1 =
ms kag 0.048 ms MAIUAIAU NINITNAADINITLANATIVUIN I DIVULKNULANLUAYUAIU
v I3
souLdusTezIan 3600 s

NYINNUVDIYANARDINITAAATIV BBUILAITUN 3.7 UazTieavidunvadguniaiuans

a

Tum151991 3.1 Buduannisidanmsiauvemdeguu leewesluiivwes dmsuingamg

Y
v '
o &

lundfoguisounazaumgilvesinnunies Welagamiiundundesiiu 55 °C (Guud?

wiesAuNgaungivieslUgaumgiiiinualdiaan 45 min) IsinsUanisiauremdeduy

Y

¥ (% ' 1% 1% '

o ¥ v 1 o Y al

ihiumdes Mntuiauiudunmeaedlasnisdanshauresduiifou duivdaihdoud
oeflugnanfeudluaulugunsaiuandsuaudounuuusiu WWunan 5 min nduiade
msvhauvestuievie dwsudahdundeatilulugnsaluandsuanuSeunuuuiu ua
Sudunan wé’qﬂhuqﬂﬂiaiuaﬂLﬂﬁaumm%fauLLUULLr;iuﬁw%'auiwaﬂé’UL%ﬁéMﬁaQuﬁw naUIU

navu vy druidandeddvatng n1vusndiegne WoszuIeaUToU 881N

v
14 < [

gaungivies (25 = 0.5 °C) 1Wuaan 10 min neulvaidiignivusussysteguneglundeguin

[
1 6 U

fwmdes waglnaundudigaunsaluaniasunnueuluuunugnaiaunsnaaesasedy

1% 1% ¥ o
i 1 Y

wiinArgaumiiviaviug 4 90 laun aaumgiunTeuvidl aumgiunTeuvioen gumgiuimm
WRBan wazaamgiithdimaeiesn tngtuiingamigiinn 9 5 min

Y
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-
-
N
w
N
()]
o
~

Water

| M @
[ Holding tank
O

Plate Heat Exchanger B Pump

2
@.

]

T\

o

Water Bath

Soy milk
@ Temp. Controller VWM,
E @ Telnp: Niker Water Bath I—<>—|

E‘Uﬁ 3.7 LLN“LJﬂ’TWﬂ’]iﬁ’m']u%@ﬂﬁ@ﬂ’ﬁ%ﬂﬁ@ﬂﬂ’]iLﬁ@ﬂi’]U

a a a
M1919N 3.1 INYASLRYAYANAGDINTTNAANITU

NUBLAY 31888880

1 wffoguiin (JSWB-22t, JSR, 1) aua 22 L
ANuiuglun1sAIvANgMYIl + 0.2 °C

2 nffaguii (INS-0182, Memmert, lwasifiy) wu1n 10 L
ANuiuglun1sAIvANgMgIl + 0.3 °C

3 Jumeelas (C-JET, QB6O, ne)

4 {u3avie (Laboratory Pasteuriser — FT75, Armfield, 2aNgY)

5 QIJﬂsaiu,amﬂ?{aumm%aul,mmwiu (Laboratory Pasteuriser -
FT75, Armfield, 93nqwy)

6 Lﬂ%‘laﬁﬁuﬁﬂqmwgﬁ (Temperature data logger) wila K

7 AvUinFIog1eUTung 8 L
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3.3.2 N15IANIARAZAIUNUIVDIATIVLININGDY
1nansullen (Wet fouling) vesttiundesiinaduuuunuLaniuasuauseu dadu
dl 1 dl v 1 d‘ = v v

1Az AUl LN ULANUASUAINUSDY WHUT 2 D9 6 Meluszerainisiiauseu 1 hr

NFINIINABDINITAAATIVEUAAAY vIn1T0enUsenauaUnsalkaniUisuninuou
NTULLNULANURSUANILS UL NTATIAIUELDIANUAUDNNITAATIZNATIU BTN

d‘d a ! % LY 1 d'd v v qy b % . gj o v L%
NAaRINdAI UL BaRan Y IneruA uRdasudLNaaINA Beld 5 min a1ntdutlUIne
wUIAN 9 LABITHINNIAATIVEINANADY AINABAITIAAINMUY A15IALELI81 10 min
MR NATIVINTIMARIIINE UL LLANIURsUANUSounaINTnenUsEnougUN Saluands

U7 3.8

sU# 3.8 AsTuihdavidesuulHulanisuAuTeu

1) 47aAUeNUBIUINLUNEDY TAAIBLATBITIRINE (Vibra-AB323, Shinko Denshi,
= a ° 1 = v o v O 1 ° Y]
Ju) ANazden 0.001 ¢ IngtukukaniUdsuANSaundAs UL TANSLEY nTTn 1

A9 WUTBUTBUNAA19TENINNUENLNULANIURBUAMNSOU NDUNITNAABINISIANATIULAE

a

VARINITNARBINITAAATIV LHEMIIAVBIATIU NMTIANIAVBIATIVLINUMEABY WARIAIFY

2.9 1ngyINN1539 3 FIRONLILHUNITNAADY
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5U# 3.9 Mmytmnannuihiinies

2) ANUAUIVBIATIVUIATEDY TAAI8LAT LB TAAINUUNULT (Positector 6000 FNST,
DelFelsko, @an$gaLu3n) Auaztdsn 1 um IAAIUNUY 9 WU NINIHUNARBS Tned

e’d‘ o 1 U Ya o 1 [ a % d‘
gunsalnyadurdansiaauruiasu liduninisingaiu dsanddugun 3.10 (n)

o

Fuveas 3 A59 NTUAINIAleIAA AT UANAINLNLIVBIATIUULHLLANLUR e Y

'
=

o a A a ¢ | ¢ @ Y
AuseuladeieMTInTzinanaaewiell Ineyngunsaliildlunisiauansdissy

3.10 ()

(n) ()
JUN 3.10 M3iaAnunIATIUEININEeY (N) YAMUMNTInauuIATIU () YngunTal

Alalun1sinAIuALN
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a ¢ A Aaa
3.4 NSAATISHLIEARN
wavesnTuemMIsnaaaiiaulugunsaluaniudsunnudeunuuuniu (m) Wus

wUSIMUNEYRINUITYT kAT WIS1TLABSNAINAMADA LU UL LEAIRINIT19N 3.2 1ag

[

\ a ¢ & &
wisnsimeseanidu 3 Uszian fadl
1) wisrdwesinerdvantfvewweslvalaun anuwuiuuy (p) anunie (u) uay
ALYANTauTIIE (C,) vasiidunies

2) wisfiwesiieiunszuiuns laun anuswesihnaies (v) samglveniin

Wi (T, ) gumngivesdinmienieen (T, ) gungiiiuiiseu (7)) szugiaily

U N

nsvlAANSaU (1) harUSUNURIuT s LA lutng a0 (%TS)

3) NSRS NIBLUNNITODNLUULATILANUABUAINNSDUY TAA TT8ZUI9TENINLEY

(% [
Y a

(b) NuREwmruaRinswanUisuauseu (S,,,) wasiufdiuaniuasuainusousowiu

(S,)

W15 15005 MLABITINIMNATITINIY 12 W15 Tiwes wazddfnugiu 4 38 laun wa

3

(M) A2118717 (L) 13 (T) wagguungil (K) M5 3ATeiilAnuuinfsuauanunsndnnguiiys

15ualvegluguves m; Baduiuvesnguiinusliiiavianan (Dimensionless groups) A0

1A91NNITUITIUIUNITINLN DT TINUATUAITIN 3.2 (12 WISILHDT) AUAIYTIUIUVDI R

WugIU (4 §7) Feladurunquaiudsisan (Dimensionless groups) y14van 8 Nay @11150

Fewduilsidurasnguduus5alaluguiuvaunisn 3.3

7T1 :f(ﬂZ’ﬂ377z-457[577z-677z-‘7772-8) (33)
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a 1

A15199 3.2 W1ARSNTBNTNAADNISAAATIUVBIUINAAADI I ULATDILANLUABUAINLS DY

WUULNY
ﬂizl’ﬂwmaq U U L4 ﬁl a 3 1 aa
. anwal YONITUN D3 e 34
WI5L003
W05 v . A 1
m, 1IAVDIATIVUNNGDY ke M
W
a 5
WIFLADTN
LAYV p AU ILUUYDIUIAIAAD kg > M2
HARA N
u AN MR kemlst  mUIT!
ANUANNTBUTUMIZVRIN o
c, - Jkg™.°C LT2K?
SGLE
| ANULANFYDIDUNYTNUHT
NIFNUHBIN A -
. I.-T, WNAAIIVLALYUNYUVIDBNVDY K K
a ¥ U
BERNLNALY Y 4
e
NILUIUNIT ) vy
v AALTIVDIUINNIADS m st LT
AILLANANYDIDUNYHVDS
ATP:TPU_TPi a o« K 'S
ARLRELT
1 nantglunislianuiou s T!
Usinvesdeisunlut
%TS - - -
SGLN
wisEness b FLYEUNTENINLAY m L
LAYIVDIAULATDN v . L
4 S o NUNLANLUAYUAIUTDUVINVUA m2 K
wanLUaguAIu
IBULUULRAY S, fuAuandsuausounaey m?2 12

[ '
= & =

) v a o’t:l‘ [ o go’ a" % 1 1 <
AMNUALNNS00 ST T UA1wU9N Ao NUNLANUAIUAINUSDURDLNY (S,) AU

1

YU UABY (V) ANUNUIUUVBIUININGD (o) UaTAIUUANAIIYDIRUNNTNUH?

=b.

N

nasulazgungiivieenvesdifdunies (7, - T,) ntuiluasiemisaunIndis

(Dimensional matrix) waAdlis1uaslums1en 3.3
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M1319% 3.3 MITUNINDVRINFUAIUT

myg t ATP u b Sexch Cp #TS SO v P TS_T

K o o 1 o o o L 0 9 o o @1

L o o0 O -1 1 2 2 0 o 4 3

T o 1 0 -1 o0 o 2 0 9o a4 0o o0

*paduvawnoaudundutiuassiuse

(%
Y U

Pnnguinnwey I aunsadnngudinusisie lanmue 8 nau dmsunsvinuneg

=l

WavesnTIUImane Wewduilndureanguitludfifdsaunisi 3.4

mzi:f(ﬁzz v 7T3:(Tp0-Tpl) Ty= a 5= b 5= SeXCh
S01'5p S00.5’ (Ty-T,,) ’ vaOM’ 500.5’ S, 65
C,«(T-T,,) '
Ty = %, tg=%TS )

nAuiUslSEAN 4 dn3UlneRmaelavTmae -1 udiauale 75 NTuAMLINIY 2
wansluaunisn 3.5 inlviegluguves davisdluan (Reynolds number) uandluaunsi

3.6

7wy =2x((m,) " x715) (3.5)
7y =22 Re (3.6)
U

FBnsnsvaeuanuludaszueinguiiuysliifunazngy uandlunianwan n lne
NNIRTIEeu WUl ngududsliiRveundudaseedu Tnonguiuuslsafdmsuns
yhuemaTUreniduviesesuld fail

fauvsngud 1 (x,) edestumatesnsuindandewianunfiiad uuugunsnl

LANLUREUAIILS DULUULKL



28

AUsNauT 2 (7,) diusiusseznantunisiinnuseuningn i

ALUSNANT 3 (7,) AD SRTIAIUVBIANULANATIYBIRUNINIBBNVBINERN UL

[

MATHDANNLANANVDIRUNA T LRI TOULAL QNN 1RONTBINEN N
faudsngud (z,) Ao duausdluan (Reynolds number) duiusivaudfvesvadlva
Vilnasian1inAIIY

FILUSNANT 5 (7,) AiB BRTIAIUVDITEEENITENINUAUR D NUTIRIVDILHULANLUA LY

AMUSOUR DN

v [l
A I

Y A A (% ! d’lj a ! = k4 gj 1

MLUsnaul 6 (z,) A BRTIdILVRITIUNRIVBILULANIURUAUT oW ILAR D UT
HIvaauRukaNURsuALTOURD LY

AUINauT 7 () entesivandiniminusauveandngdoue

Fudsnauil 8 (z,) e Usunaesudeisiunlundnsdos

3.5 N153ATIZRAIUAIUNIUAIUSDUVDIATIU

AMNUAUNIUANTBUYDIATIU (R, mZKwW ) funaldannaunisd 3.7

_ M, (3.7)
Py

R,

ANAIUATUNIUAINSOUTBIATIU LLamﬁaU%mmm'ﬁazamaaaumﬂuuﬁuﬁaﬁauh
FaflnudiusiudimnaanavesasurmslueiewaniUdsuanueusomeiud (M,
, kgm’z) AMNAUILUUVDIATIY (p,, kgm’3) ey ﬂ'wmiﬂ’wmm%fausuaqmwﬁﬁ’amﬁaq (
2, W m K Tngvnusanasiag dail

Usinasnavesnsiuinduvdssiomnluaiewanudoumudeusemieitud (M,)

1ALV UIIABINANNNTOYIUIINIAAT VLN NN DININUATLAATUTIULAT D IWaNLUR B UAINY

k4 1 Y v [J Y ! g d m
Fouluuway uddnguLuuaedlviiulsntegluuinasdeiiul (S—f)
0

ANUNUILLILYRIATIU (o, ) Naaedlagn AL UMERIN i TNAREIYDS

WHUN 2, 3 wag 4 Ngaunivies (25 = 2 °C) 99NUINVULHUALAULAAUIUMEN 0.194 ¢

'
o

wadth Ui minAeLAS 09t eRaNia (Vibra-AB323, Shinko Denshi, 3u) annduUSauLiieu
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HARIITENIUIMTNLNUARALAANDY LAEVAIATIVL1IE 1nea1ngun 3.11 dunaladn
Asuianvazilunsinay 3iUSHIRIATILIINANNIN 3.8 NTUAIINAMUAUIRUUVDY

as1uluaunsy 3.1

o o | Y &4 adawo I3 A v oa
EUVI 3.11 W'JEJEJ']\T@TTUU']Q'JLW@@QWNﬁﬂUm%LUUWﬁQﬂaN; r A IANVDINIINAN

- 4
JSU195URIATIUNTINAY = 3 e (3.8)

ANITUIAIINTOUTDIATIVU (4, ) AIUINAINAUNTH 3.9 8198991NN91UTT BB
Legrand wazAg (2007) MinaueAIn1siiausan (Thermal conductivity) ¥0989U4AsEN

lngaunnsi 3.9 duniusaudu (Moisture content, X, )

A, ==02125+7.08x107- X, , (3.9)

ANUTUTRIAT IV UNGDS (X, ;) Ida1nnsvaaes lnegunsalluyanaaesdsenaunie

AauaNsau (220V 101-0AS, Kenton, Ju) nszlesegilileudmiumaiuiu (Moisture Can)
i aay o w & & s o A

LAZNEDIUTITANUIAEMTUAAAIINTY TURBUNIITMIANHTUYBIATIVIIAINGD (ACAC,

[

1990) mf‘j
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[
[ 1 a

1) sunszloseaiiilonmanuiu wiousmelUnludevausounigumal 105 °C 1lu

9 Y
' [ Y
Y

a1 30 min Aslndulunasiussa@aniaaiiguumgiivies (15 min) MntudedmtnnssUes
eailileuuazeUalnlaimtniuiueu

a A 14

2) wiguaT v Imaedldnselasegiitounseutaruazdedimin
3) inlvevlugdeuauiounigamgll 105 °C Wuaan 1 hr ndaniu dresnundilag
U553hilunaeussa@aniaaiiedeiinin vnseudiasiag 30 min aulduninfiag &9
2 qv &
sunduldnarluniseunianus 3 hr
4) AMuINUININT0YaEAUY UYIAI8E19911115 (Moisture content) MuaNNT5H

3.10

NAFNIUBIUIMUNADE19AT VU INEDINDUDULAL A DU (3.10)

100

14
a =
YIUUANUTU (%) = — —
UNRUNHIDYWATIUUINANADILIUAU

3.6 MTIATITRYANINEERA

o
Y

N151AABINISANATIVYILINWNTOITNINUA 40 NITNAABI INWNUNITNAABILUUFY
auysal (Completely Randomized Design: CRD) lnghUsn15nnaesann nausuwdsliis (7

terms) lWUMUIENITNAADY (Treatment) ¥11N15MAa049 4 FrlulAasSLAUNUITNITNAADI

[y

[ 1 PN Y o o [ [ %’ 1 a PN
wustayalu 2 ga yad 1 Tddwiunisimuiiuudnass (2 Grlusdagseauanmgl) gai 2
A o ) Y ° a Y A A ! 1Y) a
LW@UWVLUWWE?@‘U@?’]NLL@JUEJ'WJEN@?W\?LLUUQ']@@Q (@n 2 sZﬁV]Wia@TLULLG]a%iS@UQWﬂQM) AINP]

NAaeIlAtuNIATIZRANLUTUTIU (Analysis of Variance: ANOVA) il USTALLANATY

=

FEMINNGUAIDE WagTLATIBYIAULANA19A18TTUR9AN (Tukey's HSD test) launs

Y

[y

NATILINADANINUATUINUITETIATILANTEAUAMULTOLY 0.99 LAZNITIATIINTINA LU
n1saseuuudnaesltnisiiasizvinuannesluuliiBad@u (Nonlinear regression)
AMRUNNTIASIZINNEDR el lUSATUN9ERR (IBM SPSS Statistics V.28)

v a

mmgﬂﬁamaLLUUﬁi’waaﬂ%’mé’mmzﬁm%msmau% (Coefficient of Determination,

R?) Tun1susziiu FaduaNuansdvsnavesiiulsdassiaunluuuuiiassnisesuusaiy

1o a

AduUsEanSNsAnaulag PUNYAMUILUUTIAD9E1UITAUUAN LA LNALAI T UA N AN

N1MARBININ (Campesato, 2020) kagldAmiAnuaiamiuaaiadouduing (Relative error)
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JuAiiwansszauvesnnuaaiaadouiiinnnisldfulsdaseiamuaunvinnediulsniu
InszvanueaIaefeuduinsInmsiteyanlaannisnaaes (x,) wartoyaniuuuinaes

MELA (X,,,0,) V1859ANEUTUSAY Lansluaunisi 3.11

(3.11)

\ 4w o ¢ Xmea X1
AmupaaLAdauduns (%)= [——

‘XIOO

Xt



uni 4

NANISNAABILAZIITUNANITNARD

4.1 AMUNLALAZAIUNUILUUVIIUIN NS

4.1.1 AMUNUAVIIUINNADY

a

MNNSVAGRIMAINIATENNT GBI TIgMUT warUTUIMYRT IV INALLUNN

Y

a | a v o

WA 9 WUl aesladudiasionnuniln Lasidnswasauiued1iidedAgy (p<0.01)

£ [
= ]

Inegaumaglithaamdesssiuieniu Usuaveudaimuengaudmalinnuniaiiaiuind

¥
[y

uanalunns199 4.1 FegaumiithdumdesguhivanunidadAmnnduguiediu Ay

nilnfilsaonndesiuauideves Liu uag Chang (2007) Feianvindu 0.038 kgm™'s™ 9

[
o w A

g UmEes 95 °C uasUsNIMVDIIWIIMLA 11.7% AUaIRY

AN5199 4.1 ANMUNLATIUIAUNADINUSUIIVDILTIUUA 15% Wag 20% (w/w) 9

a

QUNAIAIG 9
USinavoaudeiomn paungidundes Auvtin*
(%) (0 (kg m™s™)
15 50 0.0067 + 0.0011 a
60 0.0078 + 0.0008 a
70 0.0132 £ 0.0011 b
80 0.0169 + 0.0012 c
20 50 0.0088 + 0.0007 d
60 0.0104 + 0.0007 d
70 0.0173 + 0.0008 e
80 0.0216 + 0.0010 f

N v o

ML *fIdnysiuandeiuiansiemnuwanasegeiidudAyneatafisyauanuiedu 0.01

MN1300A5199 4.1 Wud1 Agaumgilugae 50-60 °C Aundavesind ikl

wANAN9AY Wasanlusiuui-aaulnaddy (7S) Nasudsan nsssuand tluvaenldsaulna

a

Fiu (115) Galidsanin lnalusiu 7S waz 115 deanmsssusAnaaumgi 70-80 °C dwa

Y
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[

Infianumnilageulugieamgiisingn (Liu wag Chang, 2007) 9 ntoasut1esy n13

anavuasndenldanuviiavesiiivdesiounginievesgungiinginas sy

Y

WALVIDDN AILARNILUANTIN 4.2

A5 4.2 ANUNLAVDIUIORARDINIBLUNTASIUUINAD

a < - a Qmﬁﬂ“ﬁﬁﬂ* & A
UEFURILINIRIN A UMNNUINNUNEADY o A AUAUAN
2 Qmwgmwum 3R1Y41BN -
ANYiPNIg V1N o qqumaaﬁ
L2aY

-1
(%) (0 (°C) 0 kgm s

15 65 62 58.5 0.0072

70 66 60.5 0.0078

75 70 62.5 0.0078

80 74 64.5 0.0100

85 78 66.5 0.0118

20 65 62 58.5 0.0096

70 66 60.5 0.0104

75 70 62.5 0.0104

80 74 64.5 0.0131

85 78 66.5 0.0152

P2
o A

wnnee: paumiiindivienadslannnisiadegnmgiundivdesndn (55 °C) uaruieen

4.1.2 AMURUIHUUVDIUININADS

a <

AUNULUUVDIUID 1A 09 NHUSUIUVDILTININUA 15% WaE 20% (W/wW) wag

¥ o
o w A

gaumniindumdewing 4 wanddunisnn 4.3 wui1 Mnnsveaesinaesdisnlull

a o

fmAesisEauRedny gaumgllidwaliauuiwiuieansnsiuegiaided

Y

1Y

& (p<0.01)
1 1a 2 o Y A a & oA < = <
winUTnaveudaianualutdunde ity AnuruIwlullAgedy 1ea91nveauds
Melundundesgely wadeiindu dwalinnunuiuduldey Feasuinuunuveuds

a v

VINUAFINAADAIUNUILULTDIUNN A DI0E 19T TBd1AY (p<0.01) @DARRBIAUIIUYDY

Oguntunde wag Akintoye (1991)
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A15199 4.3 ANUPUILUUVDIUNINEDINUT U U ILTWTIUA 15% way 20% (w/w) 9

PEUNHHAS 9

USunumesudaioun gaunpfitdumies AU LU

(%) (°O) (kg m™)

15 50 1044.24 + 2.78 a
60 104542 + 1.06 a
70 104490 + 0.34 a
80 104701 + 1.76 a

20 50 1065.11 + 0.61 b
60 1066.20 + 1.31 b
70 1066.92 + 0.81 b
80 1067.52 + 0.57 b

e *ignyiiuanmsiulansieanuuandsegwilduddgymeationseduauidedu 0.01

(%
o

a Y A Ql' ! (% 1 = o [} 4 1 ! U
QQJWJ]JNN’]O’JLﬁﬁaﬁWLL@ﬂG\Nﬂlﬂ,‘usﬁ'Jﬂ 50 §19 80 °C laldwalianunuinuuuanmeiy

v o

pgsltudATY (p<0.01) FaudenldAnunuitiuRdseIUINLa 0l UNITATILUUTIA099

USunauvesuderng 9 Fefidnvindu 1045.32 uag 1066.75 kg m > duduusunaueduds
P9VUA 15% war 20% (W/w) AMUEIRU 8NISLEanAMUAUNLULLRASLNDES 1L UUTIA D

[%
U ¥ o

JUAAYNU Gu WaLAME (2012) LAYAIAINUNRUILUUYDIUIOINADIN P dDAAR DN UINUIY

999 Oguntunde waz Akintoye (1991) Fafid1iiy 1050 £ 10 kg m™ AUSuauveeuds

¥
(Y A

Viaviun 11.6% uavauuniunimieainnu 25 °C

4.1.3 anuganufeusunizvasirdamia

AUt ungvosiivies fUuvendsimualuidunies 15% uas
20% (w/w) JA1iU 7.93 wag 9.18 J kg LK mud1diu lngaumngivese maivaidanase
ANUANUTBUT NI HBELIN (Hammer waw Johnson, 1913) JadenldAiugaiuseu

FumzUSunamesdviunaie 9 lunsairswuudians
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4.2 N15E5ILUUIIABIEINSUNITNIUIEUIAVDIATIVUINILNGAD

% s

WUUINABIAINTUNISYINUIEUIAVDIATIVUIED INA B9 LI UI T8 UL ANIANUTUNUS
serinduwlsiiieatesluguvesnquiauysliin 8 nay Jad1vesdwdseing o Alaldluns

MuuaaulunN1sNAaILEAIlUAIS NN 4.4 Lag 4.5

d' a LY 1 ~ A a a I gj
AN 4.4 U0 IkUIng ¢ Milasuluasn 1wl wasUIuIuUDILTIeiLn

. PN Uinavosudsiavmn (%)
WIS 0% ¥
NUHD (°C) 15 20
AUMiAveIdMEDs 65 0.0072 0.0096
(u,kg mtst 70 0.0078 0.0104
75 0.0078 0.0104
80 0.0100 0.0131
85 0.0118 0.0152
AUV LUYE NS ME DS 65
(p kg m?) 70
75 1045.32 1066.75
80
85
ANNYANUTBUT NN UD 65
dhdndes (C,,Jkg'K? 70
75 7.93 9.18
80

85
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A19199 4.5 USHauv09iandeing 9

ERE IO ANUDINTRLRDS Ny
AMULEIVB NN DS (v) 0.048 ms !
narfldlunslianudou (1) 3600 .
LYW NTEWINUNY (b) 0.003 m
fufwanasunnueusousiu (S,) 86.3 cm?

Nunkanasumnusounavun (S ) 431.5 cm?

exch

9INNIMANUANRUTIENINaUAIMUS I3TRAUUSIN e siikysme 9 Tusnsni 4.4

1 ‘qy o a ¥ 1 U Vaa -dl
NU3N ﬂi%“U’J‘Uﬂ'ﬁ‘VlﬂﬁE]QHG]’]LUUﬂ’]’iﬂ']EJIG]“U@ULﬂ@ﬂ@ﬂﬂ@mm%m’ilimmLLEWQI‘UE‘U‘W 4.1 lag

tV b S i A =
wandlAiuI 7, =—— = 1863, 7, = —— = 0.032 waz 7, =—2% = 5017 Jumneii 39
SO SO SO

inluswlilumeurasiiafe nguduuslsiadmsvasiauuuinasnisyiuieuiaves

Y & % o v X & A o
AITUUINIVA D "\]QVHIVQ’]EIGUULUNEULL‘U‘UVIﬂqwu@slﬁuallﬂ’ﬁ 4.1

mg ( l) pv2b Cp-(Zs—ipo) a.1)
—  =fr _ = =9%TS
S0]'5 ﬁ 2= (T 0) » Ity V2 , Ty /0 )
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(Tpo - Tpi)
(Ts - Tpo)
b
S00.5
Re
tv
S00.5
%TS
Sexch
So

JUN 4.1 ununiinmuanansivuad1vessyuuLagInUfURNsvRInguaILUS

IINANTNI 4.6 UARENAYDIATIUIININERY uaznsiUdEuLUAIYRIgMUNYTsNg 9

YMIAAINITONAUILUUINEDINITIIUIEUIAVDIATIUUI D INA DITLAATUUUNURINS DULATU
» : m, (T =T,)
NVoLANITAABIlUY 0.65 <7, = —2—< 9.98, 233 <7, =22 I_
U 1 SI.S (T _T )
0 P s po
Cp (T, _Tp{))

2

< 3.29, 21.30

_pv2b

< 42.39, 1032557, =
1 v

<27890 way 15< , = %T1S <20

<,
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AN51991 4.6 UIAVBIATIVUNOIMADIMAATUVULNULANIUASUAMNS D UNUS LUV D LTI IR
15% wag 20% (w/w)

Usnaveauds - - NINEIU v 4
Funale ;gaivi?u Qw/;igﬁj‘madaﬂ i UIAATIVVBIUNIANGDY
. Wuiisou  veahduvies SRuLsY
ifundes 7 0 T T, -T,) sousi @ Form

(%TS, %) v re’ (T.-T,) s

2nd 0.147 + 0.004
3rd 0.173 + 0.026

65 62 2.33 4th 0.028 £ 0.002 0.540 + 0.011 a
5th 0.061 + 0.031
6th 0.139 + 0.009
2nd 0.707 £ 0.042
3rd 0.571 + 0.057

70 66 2.75 4th 0.088 + 0.021 1.657 + 0.052 b
5th 0.127 + 0.027
6th 0.136 + 0.035
2nd 1.427 + 0.064
3rd 1.292 + 0.016

15 75 70 3.00 4th 0.495 £ 0.094 4.047 £ 0.175 ¢
5th 0.562 + 0.070
6th 0.272 + 0.064
2nd 1.714 + 0.133
3rd 1.347 + 0.193

80 74 3.17 4th 1.109 + 0.060 5.548 + 0.479 d
5th 0.926 + 0.120
6th 0.453 + 0.124
2nd 1.761 £ 0.017
3rd 1.152 + 0.009

85 78 3.28 ath 1.857 + 0.103 7.284 + 0.369 e
5th 1.812 £ 0.086
6th 0.689 + 0.257

VU0 *FITNYTNLANANTULAASNIANULANFIDENS

N o

Aydfgnsaiio

o

LAUAMUTDIY 0.01
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a ' Y A da X | al' o A a 2 o
195719 4.6 (f3) LIAVDIATIVUINUNADINNAVUUULNULANLURYUAINUTDUNUIUIUYDIUYININUA

15% wag 20% (w/w)

Yo - - plaERi N v . 4
Zamoly jﬂi‘wigu Qmiqimajﬂ i 1IAATIVYIUNANTDY
ey WUEDSoU  U9INNImEDY SRULNY
DRERIELE 7 0 T T, -T,) ol (9 Fonn ("
(%TS, %) v ro’ (T.-T,) s
2nd 0.280 + 0.015
3rd 0.245 + 0.030
65 62 2.33 4th 0.042 + 0.007 0.845 +0.084 a
5th 0.074 + 0.016
6th 0.185 + 0.020
2nd 0.925 + 0.061
3rd 0.704 + 0.050
70 66 2.75 4th 0.166 £ 0.001 2.142 +0.120b
5th 0.162 + 0.006
6th 0.102 + 0.001
2nd 1.655 + 0.167
3rd 1.338 + 0.035
20 75 70 3.00 4th 0.528 + 0.071 4.346 + 0.266 c
5th 0.469 + 0.109
6th 0.357 + 0.081
2nd 1.965 + 0.087
3rd 1.640 + 0.083
80 74 3.17 ath 1.232 + 0.154 6.629 + 0.387 d
5th 1.130 + 0.278
6th 0.662 + 0.049
2nd 2.353 + 0.248
3rd 1.198 + 0.056
85 78 3.28 ath 1.867 +£ 0.002 8.055 +0.314 e
5th 1.773 £ 0.017
6th 0.956 + 0.010

N o

MR *FIgnysnuandeiulanstisruuanvesdidudfynatinisyeu

AMULYaLUY 0.01
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v o
o o N

NANT197 4.6 wud gamglithdamdesesnidulsinailiainnsin daldaunse

¥ ¥ o
a v 1 o & A

mupliaafila esnuasuwdawueamgiinuiadou eglsinuanmgiuniaimios
sondnludeddadvlunuuiasuiiefnvdvdnavewad1swesgumgiiseuiaveans vl
& =
QplbiGRE

31NN15NI1VTURvINgudLUsISIRT lUTegilulysunsunsada Tnans

AS1IANUNNDD8WUULLUTIAY TINAANTVBINITIATIERNITONDDYWEAIIUANTIT 4.7

M19199 4.7 NadnSUeINITAATIEINITANABYEMSUNIIANATIUYRIUN IMERY NTNGNUR

wUstsaATINIY 5 Ny

. P ANHAAIALATEY N T
NQUAIUYUS  L@UNIAY AnduUseansmsenaula, % P-value
HINIFIU
7, 0.716 76746538 86 < 0.001
3 -2.76 0.184 61 < 0.001
, -0.814 8x10™" 77 < 0.001
7 0.526 33.281 1 0.615

e - _Tw 1) pv2b gy G T -T) way g = %Ts
2= s /b3 — 47 2
(I, -T,) u v

A519% 4.7 LARINASNSVDINITIATILNNTON0DENTEAUANLTDIU 0.99 WU B2

VoINqUAUTISHR 7, = %TS faus 15 89 20 % LidamanondaresnsIuinnnaes

v o

lnenssegediduddny (p<0.01) pg1elsAnuUSINAUVB I INUAGINARBNISNDAIVIATIU

luynueswesmsiidantivesidimdes (ANuUnila, ATUNUILLY kazUSUIMYeeEIIAe

T,-T,)  pv2b

ATIV) KALIMNANING 4.7 IbinguIngududslsas 7, = T Ty
- 7
K po

(%
[ [ 1 Y

2 (p<0.01) A3t NqUFALUSLITA

N v

C (T.-T , .
=_7 (7 ””) Y1 UYEN

T, T FINARD 7, =

my
1.5
0

dmsvasisuuudiassnsyiusmiavesasiviinuvdsadeuduilsidures 7z, Aaunish

4.2

my (Tpo-Ty:) pv2b Co (T T)yo) (4.2)
n_ —_— 7 = n— — s 7[ = s n— = .
! S{)JJp ﬁ ? (TS'TPO) ’ H ? V2 !
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1N15IATIENNITONNDYVIAY A AIUITONAUILUUDTIADIAINSTUNITVINUNEUIA

Y P = m., g i = dt'
AITUUINILNA DN I@SN%@ULGUWSU@Q T, :SL—éf #16k 0.65 19 9.98 LLﬁ%LQEMl"U‘UENﬂi%U’JUﬂWi
0

NARDY 7,7, UAY 7, Aeud 2.33 §13 3.29, 21.30 §9 42.39 way 10325.52 §i4 27890.63

ANUFINU AINSUNITAS1UUINABIAENI5ILATIENANUADR 8L UL LT LAY lANad NS A

o a <

wanelum13199 4.8 1a8ide wazduusednslugurvesdrasiluiuudiaesaiunsaidou

KUUINADWINUIEUIAVDIAS IV NNADILARIaUNIST 4.3 way 4.4

Y

M13197 4.8 HAGNSVDINITIATILYINTANNBEEIMTUNITARATIUTBIUNILMGDY NTNGUF

wUslEaATINIY 4 nay

L L. mweamedeu . _ . L
nausmwls  Lavdniag Adulszavansindula, % P-value
URIZU

T, 3.6570 4.5096 95 < 0.001

T, 0.0072 0.0003 62 < 0.001

T, 0.6832 38.1628 97 < 0.001

VeI _T,-T) L _Pv2b ey G (T-T,)
2 T _Tpo) > /t3 P 4 2

7, =[0.000125-((7,)**" - ()™ - (7,)****)] - 0.994 (4.3)

r -T. Cc -(T.-T
S 0000125 (2 22 S C ey og0a. 0
‘ "o \%

0 s

nduiaunisi 4.4 Ia5Ulnd lavaa S)°uar p vvassdsvesaunis vilv

o 1 Y = & A a 1 mf
qumaaqaghgﬂmmmamﬂwaammmaama‘wumLLaﬂLUaaummiau (— )LLﬁﬂ\ﬂ‘u
0

guns 4.5

T, = % =803 p-([0.000125- (71, - (7,)"™ - (x,)"**)] - 0.994) (4.5)

0
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IS

NANTNN 4.8 WU 7,77, WA 7, dmase 7, agidedAgyNszauaueliy

[

0.99 IngmuduiusvainguiuwlsliiffnadetaresnsunaLmEes Jaall

(T()_Ti) IS LY U 6" LY g Y] =~ 3 Qll a 4%’
T, :ﬁ HAnuduiuslagnsaiuulavesnsIudIn Ana o srua it uly
s Tpo

£
= |

\ATBANUABUANTOULUULNY 1ng 7, Nigeliudwmalviunavednsiuiidimaesianua
Ql 49{ QII a . d' ! U v 6 1 [

Ny MIalun1sfinasIu 60 min ANFUN 4.2 wud1 ANUduiusTenIne 7, Auiiaves

Y d Y, a £ o o & W = P Y
AT UNdes deduusgdnsanduius () wiriu 0.94 Feasulddnavesasiuiig
A v Y a A a v o =

WUl unsiU 7, lnefinansnugedn 8.258 ¢ 1 7, HA1WNAU 3.29 uaziesadile
7, 4A1808 Fanar195EnIanIN U LAz TUIA VA 0dINalAEATIHBAINTS

fewmausoukardnIINIsAinATIU Tnenaseseninseung gy dwalidnswazUIunm

mMen1eRnueslUsAudiindy (Ling & Lund, 1978)

9 N r = 0.94 //
°._-
8 4 2
@ .o
Z 7 - R
ﬂg = °
= 6 4 R ]
.BG /,
aog 5 4 /// [ [ J
) -
o -7 °
g 4 - e [ ]
= 7
G 3 1 -7
> -
2 Pl i
1 4 "
O z T T T T T 1
2.2 2.4 2.6 2.8 3 3.2 3.4
. :(Tpo—Tpi)
*(I,-T,)
s po

5UN 4.2 Anuduiusueenguiiuusi 2 faulavesnsuiiiimvaes
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pV2b = (% v 6 LV Y a 901 Y] I~ 5 A
= UAIUFUN UGB UUBUINNNUNUUIUIULIAVDIATIVUIN AR BININUAN
U

AnTuluasodwanUdsunnuiouluuiiu 1ng 7, As Aausdluanfuauanieanymenis

73

o w

na diodavsdluadianiud wildunavesnsivingndeesaseg1efiveddy
(p<0.01) Tneilan faust 20.18 s 41.80 Fednwaznisinanelundswanddsuninudou
wuuksdunisinauuusuideu (Laminar flow) Faduszuunislvafidesensinisinves
2uMAATIU (Awad, 2011) Mndoasudandm nud Wesinuvesdduirdiviesosas
damalimnumiln wazauvundusias vldsausdluadiidtes wiviavesnsutnga
wdesintuivsiiannn ewinauvin wazarumwiudwaseduveunnising
(Viscous sublayer) LazAIAIA UL (Awad, 2011)

Tugufl 4.3 wudh adiiussening 7, fumavesasuthdandes derduusyans

v v

anduitus () wiriu -0.79 TneUsinamewiswismualutngimdowiniu 20% (w/w) aamgll

1%

WY 85 °C 7, AWy 20.18 HluaATIUgIgAMnAY 8.258 ¢ uarilans1uiadle , i

AgeTu laguansumEAiniU 0.527 ¢ 91 7, Wiy 41.80

9 _
[ ]
8 4 ® o
. @
& ] . ®
= °
1o 6 e
=
2 5 4 X
(o Y
'3 . °
4T ) °
® i
é 3 "._ r = _079
b
=4 2 : ..
1 .
O T T T T 1
0 10 20 30 40 50
v2b
g =PV
Y7,

JUN 4.3 A1UAUTUSURINENRILUTN 3 AawdaveIns UL IMERY
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C,-T-T,) Iy y ¥ g -
7, = =2 dauduiusingnsaiuaiavesnsIuuInmaes 91n3UN 4.4
v

AMUANRUSITNIN 7, AUNIATDIATIVUINIMEDY HAduUsyansanduius () widu 0.98

11AUDIATIVUNININEDUTNUATITU 7, lneflaudin1eniuiourasindlnnaey wasnasig

¥ ¥ o ¥ [
LY = ]

serinvgauniiiuiiuazgmgiinnmaedia1awu dwalrusunanisinzinvesnsiuin
fudesfisnnniu Tnemarmganudousumsuusiunsstuing WeuTinamesudaionun
Tuthdwdoudu Amiugeufousimedageludmalisnnmamemanuiousiiu
Thgnmgivesidundesfsgaumniidsnnhinalunanisinvesasuiiiuund ulu

S88LIAINTIAAINNSEU 1 hr

594 (g)

¥
o w

HUIAVNAITUUIDNING DY
[ ]
[

O T T T T T 1
0 5000 10000 15000 20000 25000 30000

_C,-(T,-T,)

yn 2
v

JUN 4.4 AudUNUSYRINGUMLUST 4 Aawlavedas Ul Imaes



45

4.3 HAUDIURYTUATUINIAVBIUIINMUARDNITNAAATIVLIA NG

Y

4.3.1 BNENAVRIQUNYINURIFBNIAVRIATIVUINANGDY

NJUA 4.5 uanadng Waﬁuaqaamqﬁﬁuﬁ’m'amasuaqmwu"ﬁamﬁawmmu

¥ v
I ! ad a 1 1 v o

nanAsuANSeunigumgliiuiiang 4 wuin gumgiituindwastsilidoddryseutaves

A a

ASTUEINImRRWIIRLATIAATUTULATDMANIUABUAINUSOULUUUAY (p<0.01) ﬁnaﬂumi

ARSIV 60 min WeRMMANTURIEWY 11aT09ATIUINIINNTY TngUSINMLIaYeIns U

' ' [ [
=

ima0sgefigaindu 8.258 ¢ igumafifiuiiy 85 °C uazanaudegumaiifiuiiesad

9

N

[

odunmilaenndeaiuauideves Chen wag Bala (1998) Fanuingamginuiudutiadod

e

o

dAguIndmsunisnedivesaTu lngnszsuiunsaiuluguesnisiinasiuineatesiunis

o

AU NEIIUYIR wazn13TINAvedlUTAY (Wang wazme, 2018) Fuluufiseifigumngl

Y

¥
a =

Jusise (Kessler way Beyer, 1991) é’aﬂfumnﬁuqmmqﬁﬁummLﬁuﬁalﬁ'mszmuﬂmﬁm

AU

10 -

e
d
6
C
b
2
a .
O - T T T T

1%

QUNHNURT (°C)

héhmdes (g)

HIAVDIAINUUIDINABDY
s
!

o

HadAn

o

gLe): AIgnwsmtlawriansmuanssiukansisnuwansiseg1dl MeainsEAuAIY

Forfu 0.01

1%
a a

5UT 4.5 vSnavesuuiiiuiifeulavesnsuituvdesiinailinuieu 60 min
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4.3.2 dvswavesUSinamasdaimundeuiavasasuidamies

2n3UT 4.6 wuih Vnamesudsimueluihdamdeslddmalasasadonszuiunis
\Aansuiiesnn Usnarewdwiomundiiinduain 15% de 209% ldvildusuaanares
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TUNBUNNTATIYAVORILUT LA Ten15ATI89iln

JUNDUN 1

a |

FwUsidvunswazUsunamianienniidudasendsnsnanasuusidvane Tunisis

7 3.2 wandluaunsi 1

m, =f(p,u,T,-T v,ATp,t,b,S

po? exch ®

S,,C,,%TS) (1)

JUNDUN 2
ANUATRYDIUSUIUNMIaNIEA N 4 T8 Tawn 12a (M) A21ue17 (L) a1 (T) way

gaunnd (K)

JUNOUN 3

[
a

JanquatuUsisdalananun 8 nau wandluaunisy 2 lag 12 @wiun1sdnes

VaviaA) aUme 4 (T1UIUVDIRRNUIW)

& :f(”2’ﬂ3’ﬂ4’”5’ﬂ6’ﬂ79ﬂ8) (2)

JuUNOUN 4

v faa

45198 UAUT IS TALA UA ULSNAS 1 UNTNF TR (Dimensional matrix) Tae 1l

q

(% [
aa 1

a & o Y] I = & @ I [~ _]_ = Y]
WsilwesiaundneglusUvediinugiu wu ¥, As M5y mhelu ms™ Weulugui
wUsdaszlu v, = MOLT™ Wudiu mndudiavindwesdiiuguldasluluamsndsia de
wandluguit 1 nguunnad-datseuvilviduavlidfgnuansdusungududslsin () 7
NeasiuumngnIsainanmentnifiaadne gnasiulagldnisaiunismawming i
LY} LY [ | I 1 d' a 1 o %,’ 5 o I
muUsnnegnmusindangueglunguudsngnisenindaudsgr ntudnusenaully

naudwUsISIRMweNlesiufuTIINEnmImaeegdgnisenindaudslaidn nauduwdsls

9

18 () Wanannsmsiidsmmenieaniligiusasimenanuvesmiklsgienfiduay

o w

A 99199 F91a97 Maenananivesianlsgnanslunised n.1 fadunadnsvesns

andunmsmaunsng 9n3un .1 leedReulvlunisidendiuusnismenimg1ininve s
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wUsnNMenmgIsesnsauAguil AN UgILN T dwimued msunIsuansliAresUunamsg

=i %
e misyyll

UM N.1 MsasIaumsnddia

ﬂ. ‘:’{ o U U 901
A15199 N.1 LAYTNAIVDIRILUTE

m, ¢ AT, U b S . C, %IS
So 15 0.5 0 0.5 0.5 1 0 0
v 0 -1 0 1 0 0 2 0
P 1 0 0 1 0 0 0 0
I.-T, 0 0 1 0 0 0 -1 0

anewe: AeaNtaenAfadiufLUIInen nilien uazunifefiuyse

| w Yaaal v a S o a a
ﬂﬁjllgnLLU{LﬁJWWi@"UqﬂV]f]U{]UV]'JWﬁSU-UﬂﬂQLLS@JLL?{WQGLU?{Nﬂqﬁ/] 3

C,-(T-T,,)
Ty = p—;po’ 5= %TS )

A%
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JUNDUN 5

fruvslitingndniedlmiiielilungududsiidn lne =,=—5 gndnguuuungy
PVQ

o o

wUsLSTR lngaumeandigs -1 wdiaueiy 7, 3ntuRasdInig 2 wandluaunisin 4 v

Wz, JWunguiudslsiansenin siavsdluas (Reynolds number) wansluaunisi 5

-
7wy =(m,) X7

& a
YUHBUN 6

I~ a L Yaa
A579aUANUTUDATEURINILUS ISR

m { AT H b S Cp %TS SO v P T; -T

exch po

7z- 1 0 0 0 ral ral ral raY 1L raY l ra\
| v v v ) o o \v) T \v) T \v)
T o 1 A A ja) o) a o) AL 1 o) o)
2 V) v v A\ A\ \% A\ V.J 1 v v
T a) a) 1 o) a fa) o) o) Ja) a) fa) o)
3 A\ A\ A\ v A\ A% v v A\ A4
a a a o) o) ja) o AcC 4 1 A
T, O 19 Y 1 Avan ¥, o Y B T T Y
ral ra\ L ral 1 ral L L oL L L L.
Ty O Y, Y, 9 © © Y 0o Y, S, Y,
72- M~ L L L o 1 —_— ra¥ 4 ral ral il
6 v v \v) v ) Y, v T v o T
7[7 \Y) \v) \Y) U \vj \Y 1 O \vj Z \V) T
L L L L ral ral o L L ral L.

T 1
8 v v v v ) ) ) v v ) )

WUIMNAUAIMYTBATEN 1, 2, 3, 4, 5, 6, 7 waz 8 Wotunasauvsng da1 Rank(A) =

8 Fawiiudwrurenguiiuuslsig 8 ngu Ssaguldinnguiiuussifdnarludassida

VAU

N3a31LUUTIR01
PNNIMANHEITUE TRl ST UM meaes nquliTRwalgnuUadaenis

lddoyavnnisnaastaslundazngulifaudaelouludalusunsunisada (1IBM SPSS
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Statistics V.28) @fun1sasauuudiasdlagnisiasigiaiiuanasguuulaid ady
(Nonlinear regression) fiunousil
Fupoud 1

ihifeyannmanaassunuadlululuaunsi 5 ldveuwavesnguiuusiansnss

Nn2

f _ P"Zb _ Cp'(YL'Tpo)) (6)
& 0) w v

QUNYINUE o (@,-T,) o x :(C” -(TSZ—Tpa)
0 s T @-T,) ,,o> S ”
0.650 2.33 41.800 10326
0.632 2.33 41.800 10326
® 0.901 2.33 31.950 11953
1.136 2.33 31.950 11953
1.922 2.75 38.585 13767
2.089 2.75 38.585 13767
R 2.299 2.75 29.492 15938
2.690 2.75 29.492 15938
4.524 3.00 38.585 17209
5.091 3.00 38.585 17209
& 4.995 3.00 29.492 19922
5.846 3.00 29.492 19922
6.021 3.17 30.096 20651
7.467 3.17 30.096 20651
%0 7.144 3.17 23.414 23906
8.430 3.17 23.414 23906
8.158 3.29 25.505 24093
9.288 3.29 25.505 24093
% 9.204 3.29 20.179 27891

9.977 3.29 20.179 27891




JUNDUN 2

deyaa1nmsen n.2 aeleuludalusunsumeadia dvunoudall
2

1. doyaveulunvasngumuusunlalulusunsy wanslugun n

& Pit & pi2 & Pi3

1 65 1.00 30.10
2 63 1.00 3010
3 90 1.00 2556
4 1.14 1.00 25.56
5 1.92 2.00 3010
6 2.09 2.00 30.10
7 230 2.00 2556
8 2.69 2.00 2556
9 4.52 3.00 2315
10 5.09 3.00 2315
1 5.00 3.00 19.17
12 5.85 3.00 19.17
13 6.02 4.00 20.06
14 747 4.00 20.06
15 7.4 4.00 16.14
16 8.43 4.00 16.14
17 8.16 5.00 20.06
18 9.29 5.00 20.06
19 9.20 5.00 16.14
20 9.98 5.00 16.14

sU# n.2 Tadeyalulusunsy

2. \§ion Variable View tiensrdaya uandlugui n.3

n.3 s¥ue ¥iln wazdwiunaluuvestoya

)
(il
=p



3. 150N Analyze >> Regression >> Nonlinear ieiAs1z1itoya

Eile Edit View

Data

Transform

HE [ e

&£ pit
4 1.14
5 192
6 209
7 230
8 2569
9 152
10 509
11 5.00
12 585
13 602
14 747
15 714
16 843
17 8.16
18 9.29
19 920
20 998
21
2
23
2
25
26
27
28
29
30
3
m

4. \fendeyaves 7,
0

C, ( -7,)

=(
O, ** D+

3
L]

Ui n.5 ¥y

& pi2
1.00
200
200
2.00
2.00
300
300
3.00
300
100
400
400
100
5.00
5.00
500
500

Analyze  Graphs  Utilities
Power Analysis
Meta Analysis
Reports
Descriptive Statistics
Bayesian Statistics
Tables
Compare Means
General Linear Model
Generalized Linear Models
Mixed Models
Corelate
Regression
Loglinear
Meural Networks
Classify
Dimension Reduction
Scale
Nonparametric Tests
Forecasting
Survival
Multiple Respanse
Missing Value Analysis___
Multiple Imputation
Complex Samples
2y Simulation
Quality Control

Spatial and Temporal Modeling. .

Direct Marketing

Extensions

>

2

Window

Help
Al O\
i ‘@ [e]

[= Automatic Linear Modeling -
[ Linear

Curve Estimation...

[ Partial Least Squares .

[ Binary Logistic.

[ Multinomial Logistic...

[ Ordinal

T Probit -

[ Monlinear

[ Weight Estimation...

[ 2-Stage Least Squares

5 Quantile -

Optimal Scaling (CATREG)...

UM n.4 MeTendeya

(po—T)

D ;{ Ty Dependent wagsey 7, = T
S,°p g

(I, -7,)

WUIAY haEAIWUIAU

_pv2b

U
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4317

) Tu Model Expression Inglunaiduguuuy 7, = @ (7, ** b)X( 7,



o v

5. \don Parameters >> SyyUANSUALYBAAYIAET (a b c uag d) luaunis >> Continue

o v o v v

5UT n.6 syuABuAuYIaUimaedmivassuuiaed

6. \@an Save >> Predicted values >> Continue >> OK

WD ALUS WA TULANIANTILUUINEBIVINUNEBDNUINDUASIILILAA

UM 0.7 HenllusunsunaniAuuudnassinug
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7. NanlPa1nNNITas 19U UTIaeeNITILATIEEA AR Rs L UU LT wEAY wuseendu AT

wUUINaRwNUIelALandluln IBM SPSS Statistics Data Editor @3usavdnadtukuuaiany

wazAduUsyansvesnsdnduls (R?) wandlu IBM SPSS Statistics Viewer

JUN .8 HafllianmsasawuuInaeswisMsinTeiauanneskuulidudy

o

8. tavdmdanunuldaslulunuudiassdunuy Induaunisi

(6)

e =[o.000125-((—(7;”_T”i))3'657-(p V2byowr (S s “Tdyosssyn 904

1.5 2
0 s po) v
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nsnpaesnainasTIUTesihdumniesiomua 40 mavaaes l¥nseeniuumvaass
wuuguanysal (Completely Randomized Design: CRD) Ingitien15maaadain nausiawlsts
15 1Junqunimaaes Imaﬁqquﬁﬁuﬂa 5 S¥6U bAN 65, 70, 75, 80 way 85 °C way
USmnamesudeiomaluindvdes 2 sefu e 15% way 20% (w/w) nésandnnisnaaes
Iéamun 10 Mamaans Fouandugudl 9.1 diludagamannaes Tnenaass 4 61 Tuusagnis
ypaed uanINTdngAnIsnaaediuneeil 2.1 wdnirlugammanewis 40 0 Tduudeld

WAUNISNAADILUANTIN 0.2

= ' 1 Y aa To_Ti C : 7;_T0
lagina udwUstsda 7 =M, T =pV2b, 2 _60 -1,
(] 3 4 b 3
(I -T,) H v

e

7y = %TS

UM 0.1 N133AnInAaes



1919 2.1 YANIINPAB

v AMsNAaRd
F19
1 2 3 q 5 6 7 8 9 10
1 11 21 31 a1 51 61 71 81 91 103
2 12 22 32 a2 52 62 72 82 92 102
3 13 23 33 43 53 63 73 83 93 103
4 14 20 34 44 54 64 74 84 94 104

MUBLIAR: FALaT i MU | = MIVeaey, j = 9171 Wy 12 fe N1Iveaesil 1 917 2 1Judu
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A1519% 2.2 LHUNISNAABINISNAAIIULIONNAD

Ly v U314 09uds

3 QUNQINURY ol -

T uaniasuauiou AR mwmsiaamm
Widiog
Q) (°O) (%)
1 52 75 55 15
2 74 80 55 15
3 22 65 55 20
4 92 85 55 15
5 a2 70 55 20
6 102 85 55 20
7 61 75 55 20
8 32 70 55 15
9 11 65 55 15
10 51 75 55 15
11 24 65 55 20
12 82 80 55 20
13 53 75 55 15
14 73 80 55 15
15 54 75 55 15
16 83 80 55 20
17 31 70 55 15
18 101 85 55 20
19 a1 70 55 20
20 93 85 55 15
21 23 65 55 20
22 34 70 55 15
23 71 80 55 15
24 63 75 55 20
25 103 85 55 20
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A157197 2.2 (siD) WHUNIINAADINISIAAATIULNNNEDS

Ly v USUNauuadnt
13 RV HTIRE gy Y .
T uaniasuauiou AR mwmzaqmm
Wiied
°O) (°O) (%)
26 64 75 55 15
27 a3 80 55 15
28 84 65 55 20
29 13 85 55 15
30 104 70 55 20
31 81 85 55 20
32 21 75 55 20
33 33 70 55 15
34 91 65 55 15
35 12 75 55 15
36 aa 65 55 20
37 62 80 55 20
38 72 75 55 15
39 14 80 55 15

40 92 75 55 15
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NI USUIUVD LN IAUAUDIUNANNE DY

P1UNINEDILALNINIINATINUNNANERINLA LUt mInaIewm3e999 (CDR-30, CST,

Toniu) WeAwiUSunaveandaianun (Total Solids, %TS) Tutduunaes A1WIIIN

UInNanuaninkandluaun1si 1

utndundemdaiiuniswyin - dminnindavdesile (1)
X 100

USunauvesudataun (%) = EEEE—
UNNUNVBIUINIILNA DN

vdnlddumaeainmsudinly 12 hr fandesfivaesihimin 2 kg dleudluih
av01n 3L fata 1 ke wazdivhuiin 3 kg loudluth 3L dedh 1.5 ke ndsaniludua3asun
dhiamdesdnmidavdedutinm 1.4 way 2.2 ke pudsu uarldihdmdoszana ¢
+ 1 kg MsfuasUsinamewdviomavenidudos dunaldsd

USUNUVDILTITIMUAYDIAWATDUNITU 15% wag 20% (w/w) wandlumis1ed

A.1

A19199 A.1 USunaweadaisiunvesidundesainnisnseningiu

Pntnindwdeuin  vidnnindindes  tndnindimides  USUNuUeldaianue

ke ke ke %
2.0 £0.03 1.4 + 0.04 40 £ 0.1 15.0 £ 0.44
3.0 £0.03 2.2 £ 0.04 40 + 0.1 20.0 £0.75

* Jndnundimasauiy As dmtnaundemidsmiiuniswrinduian 12 hr

Aunallanatl
R .z 2 kg - 1.4 kg
YSUUVBILUINIVUA (%) =~ X 100 = 15% (w/w)
4 ke
3 kg —-22ke

20% (w/w)

USUuuaaudananun (%) = ——— X 100
4 ke



WareIRsIUhNImatInmMsvaaes wuseyadu

a

a1 1 Tdmsumsiauwuudnaes (2 rlulsazseaugumngil

[

9

a

9 Y

(%
Y

YAUDLATIIVUA 2 YA Laln

Y

) WAASIUAIS N A.2

A5199 A.2 1IAVBIATIUUIONNADI T MTUNITHAILILUUIEDS

78

o

QUM INURIToU Usinueudesiomn  waemuresihdundes
°C % g
65 15 0.542

0.527
70 15 1.602
1.741
75 15 3.770
4.243
80 15 5.018
6.223
85 15 6.799
7.741
65 20 0.765
0.965
70 20 1.953
2.285
75 20 4.243
4.965
80 20 6.068
7.160
85 20 7.818

8.474




Yl 2 Wi lunegeuAULiug1veETIMUUTIARY (BN 2 TiTmdeluldasTEaY
gaundl) wanslun1snei .3

Y

A1979 A.3 UIAVBIATIVLNNUNEBIINAFBUAIMUBUUEIVDIES1IUUIaB

[

QM INURIToU Ginamewdoimun  wansurenidivaes
°C % g
65 15 0.556

0.534
70 15 1.655
1.629
75 15 4.045
4.129
80 15 5.185
5.767
85 15 7.521
7.075
65 20 0.769
0.882
70 20 2.162
2.168
75 20 4.449
4.650
80 20 6.666
6.620
85 20 8.234

7.694




WIavesgunsal

M99 A.4 UIAVBILNULANUALUAINUSU

AUGLAVLNUNIAR DY 1 (¢
1 67.266
2 67.599
3 67.901
4 66.659
5 66.471
6 67.157
7 66.430

AN919 A.5 UIAVDILNULNUALAUAAUIIA LT AUNUILLULYDIAT IV NE B

MIMAaedi 1@ ()
1 0.196
2 0.192
3 0.195

M1314 A.6 1avaInsrlesegiliieunsautarldmAuTuens U

nsvUasagiliiley w3 (9)
1 14.960
2 15.344

3 15.518
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o 1IAVBIATIVFIDEN o USUn5U89ATIU ,
a9 . Fidl L ATUNULUY
| Lade fog1aLadey
Wk
(9) (m) (x10°m?) (kern ™)
2 0.0101 0.004 9.9289 1017.2238
3 0.0105 0.0039 9.7807 1073.5326
4 0.0102 0.0039 9.8547 1035.0388
2 0.0078 0.0036 7.5402 1034.4544
3 0.0080 0.0036 7.6648 1043.7276
4 0.0079 0.0036 7.7908 1014.0126
2 0.0069 0.0035 6.6482 1037.8637
3 0.0068 0.0035 6.7628 1005.4866
4 0.0070 0.0034 6.5914 1061.9819
AVIALLLLLRAY 1036
M99 1.2 USinaupnuturesnsuindmies
mj]mq draniniednensuneusy  tmindaegeesundievey  Usinamnuiy
(9) (e) (%)
1 0.122 0.034 65.164
2 0.150 0.051 61.333
3 0.138 0.035 69.203
USinanuduede 65.233

[

ANNISUNAMUSAUVDIASIVINNUIDWNADIAIUIULAGIT]

k, =(=0.2125)+(7.08x107-65) =0.248 Wm™ 'K
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= a ¢ - po _T
M19799 2.1 NFIATIZUANULYTUTIUNUALIVEY 77, = ((T ))

Source Sum of Squares df  Mean Square F Sig.
Between Groups 131.354 a4 32.838 174.8 <.001
Within Groups 2.818 15 0.188
Total 134.172 19

= 1 ( Npo  Tpi/ _T )
AN 2.2 NTNAFDUAITULLANF VDI T, = (T )
(T -T,) Subset for alpha = 0.01
T, = N
(1,-T,) 1 2 3 il 5
1 a4 0.683
2 a4 1.903
3 il 4.318
il il 6.060
5 a4 7.631
pv2b
GI']'i’]\WI 2.3 ﬂ’ﬁ’)Lﬂi’]u‘Vlﬂ’J’]ﬂJLL‘Ui‘Ui’Ju%NLﬂﬁJ’JSUEN T, =
u

Source Sum of Squares df  Mean Square F Sie.
Between Groups 116.997 5 23.399 19.074  <.001
Within Groups 17.175 14 1.227

Total 134.172 9
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= - pv2b
M13799 9.4 AITNAFBUAINULLANFIVDI VS
Y7
pv2b Subset for alpha = 0.01
T, =— N
# 1 2 3
1.0273 2 0.545
1.0252 2 0.8255
1.0253 q 2.8645 2.8645
1.0235 a4 3.3573 3.3573
1.0238 a4 6.387 6.387
1.0222 a4 7.304
= a 4 a 1w CP * (]‘; _Tp())
A197197 2.5 MTUATIRANULUTUTIUMLRRIVOINqUAILYT 7, = L—S—F—
v
Source Sum of Squares  df  Mean Square F Sig.
Between Groups 121.912 4 30.478 286.917 <.001

Within Groups 1.593 15 0.106

Total 123.505 19




A15197 2.4 NSNAABUAIIULANAVD T, =

86

¢, I-T,)

2
v

7, = C, Subset for alpha = 0.01
v =Ty 1 3 4 5 6 7
552.55 2 0.545
610.67 2 0.825 0.825
672.56 2 1.642 1.642
743.30 2 2.165
783.33 2 4.0870
865.72 2 4549 4.549
887.24 2 5.476
980.56 2 6.643
985.78 2 7.298 7.298
1089.46 2 7.964

A1919% 9.6 NMTIATIZRANULUTUTIUNINABIVDY 7, = %TS

Source Sum of Squares  df  Mean Square F Sig.
Between Groups 2.298 1 2.298 0.214 0.649
Within Groups 193.142 18 10.730
Total 195.441 19
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1

A13797 2.7 M19T1ATIREANLKUTUTIUNIAREI DI NRUMTNUIA 9 UsH1aveduds

15%

Source Sum of Squares df  Mean Square F Sig.
Between Groups 133.725 9 14.858 332.857 <.001
Within Groups 0.446 10 0.045
Total 134.172 19

1%

o | PN ad a ! a <
f19199 2.8 ﬂ’]i‘ﬂ@]ﬁ@‘U?‘n’mLLG]ﬂGI'NGUENiJ']aVIQEUWQMWUN’J@WQ 9 UIUUUBILYI 15%

Surface temperature Subset for alpha = 0.01

Q) 1 2 3 a4 5

65 4 0539
70 a 1.657
75 a 4.047
80 i

q

85

5.548
7.284

1%

a N ¢ a a ad a a <
MA1919N 2.9 ﬂ’]i')Lﬁi’]%‘iﬂﬂ?qllLLUiUi'ﬁu‘Vl’NL@U?%@QM?@WQWMQNWUNQ@WQ 9 YIUUVDILLTUS

20%
Source Sum of Squares df  Mean Square F Sig.
Between Groups 144.316 a4 36.079 397.572  <.001
Within Groups 1.361 15 0.091

Total 145.677 19
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a ol

=] ! A a <
$191947 9.10 ﬂ?i‘V]Glﬂa‘Uﬂ’ﬂllLLG]ﬂG]N‘UE]\ﬁJ’JE‘IWQﬂJVﬂNWN 4 YU UBILLUe 20%

Y

Surface temperature Subset for alpha = 0.01

(O 1 2 3 il 5

65
70

a4 0.845
a

75 4 4.577
il
a

2.142

80
85

6.629
8.055

M19199 .11 MFIATIEVANNRUTUTINMUUARIUARBURIAUVILN NaaunTNuRIw1e 9

fUSInauueauie 15% uay 20% (w/w)

Source Sum of df
Mean Square F Sig.
Squares
Intercept 0.004 1 0.004 2978.2744 <.001
USHnauveauds 0.000067 1 0.000067 50.3180 <.001
Hmualuhdundes
Qmmﬁ‘ﬁuﬂﬁau 0.001 3 0.000175 131.3850  <.001

1%

o a ¢ Y oA ad a
M99 .12 ﬂ']i']L?ﬁ']gﬂﬂquLLﬂiﬂi'ﬂu%UUﬁ@Q{]"ﬂﬁ]EJGUENWJ']NW‘U']LLuu WQNMQ@JWUN?

fing 9 IUGHIvEeUT 15% uag 20% (w/w)

Source Sum of df
Mean Square F Sig.
Squares
Intercept 26759694.839 1 26759694.839  10871829.583 <.001
USinaveuds 2800.872 1 2800.872 1137.928 <.001

NIRRT UL NAEDS

Qmmﬁ‘ﬁuﬁﬁau 18.202 3 6.067 2.465 0.100
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A157197 2.13 N1TIATIEHAULUTUTIUNAALIVDIAMUATUNIUAINSBUTDIATIVLUINT

WD UgUUOTNUHIFNG 9

Source Sum of Squares df  Mean Square F Sig.
Between Groups 0.000014 a4 0.000003 62.664  <.001
Within Groups 2.75 x10” 5 55x10°

Total 0.000014 9

o 1 d‘ ad a ! a <
$19190 .14 ﬂ'ﬁ‘l/l(ﬂﬁ@“l_]ﬂ’ﬂuLLG]ﬂ@qﬂﬂaﬂﬂﬁﬁmqmﬂﬁﬂwumﬁﬁqﬂ 9 UIUUUBILTI 15%

Surface temperature Subset for alpha = 0.01
Q) " 1 2 3 a
65 2 0.0003
70 2 0.0010 0.0010
75 2 0.0019 0.0019
80 2 0.0027 0.0027
85 2 0.0036

A157197 2.15 N1TIATIEIAULUTUTIUNUALIVDIAMUATUNIUAIINSBUTDIATIVLINT

WiApaUUSINUB I si sl 9

Source Sum of Squares df  Mean Square F Sie.
Between Groups 2.25x10” 1 2.25x10” 0.130 0.728
Within Groups 0.000014 8 0.000002

Total 0.000014 9
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Abstract: The formation of fouling deposits on heat exchanger surfaces is one of the major concerns in
thermal processes. The fouling behavior of food materials is complex, and its mechanism remains, in
general, unclear. This study was aimed at developing a predictive model for soymilk fouling deposit
formed on heated surfaces using dimensional analysis. Relevant variables affecting fouling deposit
mass could be grouped into six dimensionless terms using Buckingham'’s pi-theorem. Experimental
data were obtained from a lab-scale plate heat exchanger. A simple model developed using the
experimental data under the process conditions with the product inlet temperature, the product
outlet temperature, and plate surface temperature in the ranges of 50-55 °C, 65-70 °C, and 70-85 °C,
respectively, exhibited a good performance in the prediction of soymilk fouled mass. The correlation
coefficient between the predicted and experimental values of fouled mass was 0.97 with an average
relative error of 9.03%. Within the ranges of product inlet temperature and plate surfaces temperature
studied, this model offers an opportunity to estimate soymilk fouling mass with acceptable accuracy.

Keywords: fouling; soymilk deposit; dimensional analysis; fouling mass model

1. Introduction

Pasteurization with a plate heat exchanger (PHE) is commonly used in the dairy milk
and plant-based milk industry to ensure product safety, quality, and extending product
shelf life [1]. In addition, heating could also eliminate off-flavors of plant-based milk
products such as soymilk [2,3], oat milk, almond milk, and other milk produced from
several varieties of nuts. During thermal processing, protein in milk products tend to
denature, aggregate, or interact with other components, leading to deposit formation on
contact surfaces [4]. The fouling formation within the range of pasteurization temperature
from 75 to 100 °C contains mainly protein denaturation, which is a combined effect of
unfolding and aggregation phenomena [5]. The protein denaturation could generate on the
heat exchanger surface and build up deposits. Deposit formation, also known as fouling, is
a severe problem in industrial processes including food processing plants as it can decrease
the efficiency of heat exchangers [6] and increase the pressure drop in the system. Once the
fouling occurs, the production line needs to be stopped for cleaning to recover the initial
operating condition.

The fouling behavior of protein in milk during thermal processing is highly com-
plex [7]; there are many variables affecting the fouling of protein on heating surfaces.
These variables can be divided into three main groups, namely product variables (e.g.,
concentration [8-10], protein type [11], protein reactivity, denaturation, aggregation, and
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deposition temperatures [12,13], physiological, thermal, and rheological properties [9]), pro-
cess variables (e.g., flow velocity, inlet and outlet temperatures of product heating medium
or surface temperature, and processing time [8,9,14]), and PHE configuration or equipment
design variables (e.g., plate surface area and space between two plates [9]). Temperature is a
key factor that strongly affects the thermal denaturation of protein leading to deposition of
the protein on contact surface or fouling [11,13,15]. Belmar-Beiny et al. [14] have reported
a nonlinear relationship between protein deposit mass formed on contact surface and
temperature. Protein fouling behavior is complex, and the development of theoretical basis
prediction model of this behavior requires thorough understanding of its mechanisms. For
decades, a number of researchers have studied and tried to develop fouling models. Pan
et al. [11] applied two-dimensional computational fluid dynamics (2D-CFD) incorporated
with bulk and surface reaction kinetics for 3-lactoglobulin (3-1g) and momentum, mass,
and heat transfers to develop a predictive model for dairy milk fouling. The investigation
using the obtained model revealed a two-stage growth behavior of fouling deposit layer
on the contact surface of heat exchanger over the heating period. Indumathy et al. [16]
proposed a one-dimensional fouling dynamic model of a high-temperature-short-time
pasteurization process (HTST), called a plant model, to simulate temperature profiles at
the exit of pasteurization process. This model was developed using the conservation of
mass and energy principles together with the protein fouling model and validated with
experimental data collected from the plant. Model improvement was then made with the
log-mean-temperature-difference (LMTD) approach. This dynamic plant model could be
used to simulate the outlet temperature of milk at the heating section, which is closely re-
lated to the formation of protein fouling layer. The outlet temperature of milk was used as a
key parameter to control the inlet temperature of heating medium. However, the robustness
of CFD and theoretical models are generally limited by a number of model assumptions
and appropriate boundary conditions are difficult to assign. Moreover, the coupling of
relevant fundamental transport equations and the physical, chemical, or biological kinetics
is complex [17,18], which makes it difficult to interpret.

Fryer et al. [8] developed a statistical model using multiple linear regression (MLR)
to correlate the data—e.g., inlet protein concentration, product flow rate, the temperature
difference across the test section, and the amount of protein reacted. It was found that
kinetics of denaturation and aggregation of whey protein solution within an ultra-high-
temperature (UHT) process could be related to the degree of fouling and could be used to
predict the heat transfer coefficients of heat exchangers. The ability of statistical models to
predict a target variable depends on the size of data; a large number of experiments are
generally required for the development of reliable models. Collecting such a great deal
of data could consume a huge amount of resources—e.g., time, cleaning agent, electricity,
energy, and raw material [18]. While the development of CFD, theoretical, and statistical
models involves various limitations, a dimensional analysis (DA) technique can be used to
establish a model without in-depth knowledge of the process studied. By the application
of DA, several dimensional variables can be grouped into fewer dimensionless numbers.
Not only can the DA help reducing the number of model parameters and complexity, but
the number of experiments can be minimized [9,18]. Nowadays, DA is commonly used
to develop the model for prediction of fouling deposit mass on heat transfer surfaces,
especially in a case where reaction kinetics plays major role in the fouling mechanism. Petit
et al. [12] applied the DA to identify the process relationships among (3-lg denaturation
level, aggregate size, fouling mass, inlet temperature and reactivities of 3-1g concentrate,
and hot water inlet temperature. It was found that the Arrhenius exponential factor of
(3-lg of unfolding reaction could be used to describe the denaturation, aggregation, fouling
mechanism and used to be the guideline for controlling p3-lg aggregation and fouling
during heat treatments. Gu et al. [9] applied the DA technique by taking into account
the composition and physicochemical properties, and the temperature of whey protein
solutions to develop a predictive model for whey protein fouling mass in a PHE during
thermal treatment. It was found that the obtained simple model helped to gain a better
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understanding of the fouling developed in the PHE within the parameter ranges studied,
which would otherwise have a large number of variables and require deep knowledge of
reaction kinetics. In another study by Georgiadis et al. [19], the authors developed a model
using the 2D-CFD to predict the fouling behavior of dairy milk within the PHE. Though the
model could describe thermal and hydraulic performances, prediction of fouling mass was
limited due to the declaration of assumptions and the difficulty to identify the parameters
used for the models. Alhuthali et al. [10] recently proposed a technique to expand the
applicable range of theorical-based models for capturing the fouling growth of whey
protein using the DA. The adjusted fouling model showed the capability of the total mass
and the deposit mass per channel for a wider range of product and process conditions even
with a limited amount of experimental data used for the development.

It can be clearly seen in the literature that the temperatures of product and contact
surface are highly influential variables that affect milk protein unfolding and deposition
on hot surfaces. Nowadays, plant-based milk has gained popularity in consumer markets
worldwide. This has brought about the need for research in a multitude of aspects to
support the growth of the plant-based milk industry. The cleaning of processing lines
could take up a large part of production costs as it involves time, cleaning agents, and
other process utilities. Consequently, process efficiency may be improved by optimizing
the cleaning protocol. An effective cleaning protocol requires a thorough understanding of
the fouling behavior of the product. In addition, knowledge about fouling behavior would
be also beneficial to PHE manufacturers. A better understanding of the behavior of fouling
process may be gained though the study of fouling models.

Among a variety of plant-based milk products, soymilk has long stood out as one
of the most favorable beverages. However, information about the thermal denaturation
of proteins in soymilk is still very limited, making it difficult to develop an applicable
prediction model for fouling behavior based on theoretical or statistical approaches. This
study aimed to apply the DA technique to develop dimensionless groups among relevant
variables of fouling and obtain a simple model for the prediction of soymilk fouling deposit
mass formed on contact surfaces of PHE in the pasteurization temperature range.

2. Materials and Methods
2.1. Sample Preparation

Soymilk samples were freshly prepared before performing the experiments. Each
sample was made with 1000 g of soybeans. The beans were washed, soaked in distilled
water for 12 h at room temperature (25 £ 2 °C), drained, and rinsed. The beans were then
ground at room temperature using a soymilk grinder, and distilled water was continually
added during grinding. Soybean residue was automatically separated from raw soymilk.
The total solid of raw soymilk samples was approximately 15% (w/w).

2.2. Experimental Set-Up

A laboratory-scale high-temperature, short-time (HTST) pasteurizer (FT75 Laboratory
Pasteuriser, Armfield, UK) with some modifications was used in this study. Heat treatment
was made in the heat exchanger section of the pasteurizer. The modification was made on
the sample and water feeding system. A schematic diagram of the experimental set-up is
given in Figure 1, a holding tank, two 22 L water baths (Memmert, Germany, an accuracy
of + 0.3 °C), two pumps, fluid supply lines, and a temperature-control sub-system. The
heating section consisted of 7 corrugated heat transfer plates made from stainless steel of
approximately 0.1 mm thickness. The plates were arranged for the countercurrent flow of
two fluids in one channel-per-pass. The projected area of each corrugated heat transfer
plate (Sp) was 86.3 cm? (Ly x Lj; 75 mm x 115 mm) and total heat exchanging projected
surface area (S,y.;) was 431.5 cm?2. The average space between 2 plates (b) is 3 mm. Hot
water was used as a heating medium. A holding tank contained 8 L of soymilk sample.
Thermocouple sensors (K-type) were installed in storage tanks and a holding tank to record
and monitor the inlet and outlet temperatures of water and soymilk every 30 s during the
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test run was 60 min.

After finishing each test run, the plates of heat exchanger were dismantled from the
frame and put on a table in an inclined position of 30 degrees at ambient temperature for
5 min. Then, individual fouled plates were weighed with a digital balance (Vibra-AB323,
Shinko Denshi, China, a resolution of 0.001 g, and an accuracy of £0.003 g). The fouling
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deposit mass (1) was then calculated by subtracting the mass of fouled plat with that of
dry-cleaned plate. The deposit mass formed on the 7th plate was the fouling of unheated
surface by soymilk. Therefore, total fouling deposit mass was collected from the 2nd to
6th plates.

2.4. Dimensional Analysis of Fouling Deposit Mass

The general scheme of dimensional analysis (DA) includes listing the related physical
variables, constructing, and rearranging dimensionless numbers, and analyzing the process
relationships. In this study, there were nine variables, with four fundamental dimensions,
namely mass (M), length (L), time (T), and temperature (K), which affected the fouling
deposit mass formed on the PHE—the target variable. It should be noted that deep
understanding of the mechanisms and reaction kinetics of the fouling was not applied here.
That means DA allows the development of a simple prediction model without in-depth
knowledge about fouling phenomenon. The chosen variables (given in Table 1) were only
practical product, process, and design parameters.

Table 1. Selected variables for the DA of soymilk fouling deposit mass in the PHE.

Type of Variable Symbol Variable Name Unit Dimension
Target variable my Fouling mass kg Mm!
Physical variables
Product 0 Density of product ! kgm 3 MiL-3
U Dynamic viscosity of product ! kg m~ls1 ML-IT!
The difference of surface temperature and 1
Process Ts = Tpo the product outlet temperature K K
v Velocity of product ! ms~! LT !
_ ' The difference of inlet and outlet 1
ATy = Tpo = T temperatures of product K K
t Heating time ! S T!
Design Dy, Hydraulic diameter ! m L
Suen Totallheat exchanging projected surface m2 12
area
So Projected surface area per plate ! m? 12
! Fixed variables as explained in Sections 2.2 and 2.3.
The dimensional matrix of all variables and their dimensions is presented in Table 2.
The Vaschy-Buckingham theorem (7r-theorem) was applied to a set of physical variables
to determine the maximum dimensionless numbers. All physical variables were divided
into a set of non-repeated variables and a set of repeated variables. The repeated variables
must be selected so that their dimensions are independent and cover all the fundamental
dimensions of all relevant physical variables. Accordingly, the number of repeated variables
shall be equal to the number of fundamental dimensions [18]. Therefore, in this study, four
variables including the hydraulic diameter of a flow channel (D), the velocity of soymilk
(v), the density of soymilk (p), and the difference between surface temperature and the
product outlet temperature (Ts — Tp,), were chosen as the repeated variables.
Table 2. Dimensional matrix of target and physical variables.
my t AT, i So Sexch Dy, v p Ts—Tpo
K 0 0 1 0 0 0 0 0 0 1
M 1 0 0 1 0 0 0 0 1 0
L 0 0 0 -1 2 2 1 1 -3 0
T 0 1 0 -1 0 0 0 —1 0 0
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Following Buckingham’s pi-theorem, the ten variables—target and physical variables—
were grouped into six dimensionless numbers by subtracting the number of variables
(10 variables) with the fundamental dimensions (4 dimensions) as given in Equation (1).

T = f(T[Zr 713, 74, 715, 7T6) (1)

The dependent 7 term (711 ), fouling deposit mass, can be expressed as a function of
dimensionless groups as given in Equation (2).

m

iy to (TPO - Tm) M So Sexch
= =flm=+,m= STy = M5 = ——, 6 = ()
Dh3p f( Dy, (Ts - Tpo) pvDy, th th

The term 714 was then rearranged by multiplying the exponent with —1, yielding the
74’ known as Reynolds number as presented in Equation (3).

1= P20 _ g, @3)

7T,
T

Since Dy, is twice the size of the average space between two plates (b), Equation (3)
will be rewritten as given in Equation (4).

_ pou2b
H

Re (4)
The dimensionless numbers for predicting the fouling deposit mass of soymilk are
described as follows:

(1) 7 relates to the total fouling deposit mass formed on PHE, density of product, and
the hydraulic diameter of the plate;

(2) 7 relates to the duration that the product contacts with the heated plate;

(8) 3 is the ratio of the difference of product outlet and inlet temperatures to the differ-
ence of surface and product outlet temperatures;

(4) 4 is Reynolds number;

(5) 75 is the ratio of the projected surface area per plate to the hydraulic diameter of the plate;

(6) g is the ratio of the total heat exchanging projected surface area to the hydraulic
diameter of the flow channel.

2.5. Statistical Analysis

The fouling experiments (54 runs) were conducted using the completely randomized
design (CRD) by considering the dimensionless numbers (7t terms) as experimental vari-
ables. Experimental data were equally divided into two parts. The first part one was used
for model development, and another part was used for model validation. Nonlinear re-
gression was carried out with a statistical package (IBM SPSS Statistics V.28). All statistical
analyses were made at 0.05 level of significance.

3. Results and Discussion
3.1. Predictive Model for Soymilk Fouling Deposit Mass on Heated Surface

The development of a predictive model in this study provided relationships among
relevant variables in terms of six dimensionless numbers that could be beneficial for further
study. Since the temperatures of product and heated surface are the most influential factors,
the process in this experiment was performed so that the terms 7, = fj—z;, 7Ty = Re, 715 = %,

h
and g = % were kept constant at 28,800, 7.92, 238.88, and 1198.61, respectively. The
configuration of the system and operating conditions are shown in Figure 2. As the terms
T, 4, 75, and 71 were fixed, the model could be further simplified by bundling those
fixed terms into a single constant term. That said, the configuration of the system was
reduced from six to one internal measure. The effect of product and surface temperatures
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spectively. The configuration of the system and operating conditions are shown in Figure
2. As the terms m,,my, s, and m were fixed, the model could be further simplified by
bomeing,thirse fived teamintetecd single egristrartfora) thbpredidiithernoeg i diprnabhe)
syatemimialified ucadd formsiveroreHgtemeh iasure. The effect of product and surface
temperatures on the fouling mass was inferred from ;. Therefore, the predictive model
in Equation (2) was simplified to tHéfform gfviehyinEGution (5).
Lom A ©)
Dy’p (Ts = Tpo)

Fisgwee2Thbe sanisguraiion of the system and| epsaptingeopditiormyithibisinteneahaiaarussrBlagihaes
buatishulinttitsiatitacht erathrertbearnghotrapgmihg peratirgysoidtb yeschdd tbynalactedsueenadividanihe
individually.

" The }Jlfouling model to predict the deposit mass of soymilk formed on hot surfaces
was developed from the experimental data in the range of 8464.32 < 71y <53,504.34 and
1.35 < 713 < 3.21. The term of 73 wggvaﬁ:e ToR g the inlet temperature of heatigmg
medium and soymilk. Experimenlt)a{!l toemperatlgé_s%’t‘ﬁng and the corresponding product
outlghtefoptiratuioded g pradiclalhdéadaposit mass of soymilk formed on hot surfaces was

developed from the experimental data in the range of 8464.32 < m; <53,504.34 and 1.35

Japled. BrxperpmentalierBPHatESeH ISR BY Leasiat o ingeR I FRu HErd IR RIS me-

U SRGCE TATel Temparatiec | CTERHATE R etatfd'® N CPISGHRPDUIG PENPeraRre

let temperat(,yt;gla@ given in Table 3. (Ts, °C) (Tyo, °0)
50 70 65.67 + 0.21
50 75 67.07 + 0.46
50 80 70.24 £ 0.05
55 65 61.62 + 0.28
55 75 69.29 + 0.24
55 80 70.73 + 0.68
55 85 72.25 +0.11

Data are means £ SD (n = 3).

Total accumulated mass was collected from the second to sixth plates within 1 h after
the surface and product inlet temperatures reached the designed levels. Experimental data
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subsequent model development.
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Higure 3. TiHeavallition off teed] seyymilk fodkel mrass flomes on ieatt exdiengar plhies att vatiis
HIRRARIIHRSSS RRORQSS PAtameiehs. Pala are means and eFroF bars ake standlatd dniatian(n=3). A
regression line was obtained with the data marked in black. Operating conditions corresponding to
the data marked in red were excluded from the model development.

T3

It was observed that, in general, m; was dependent on product inlet and surface
temperatures, as could be clearly observed from the trend in Figure 3, where m tends to
decrease linearly with 7r3. The term in the left-hand side of Equation (5) could be written as

mg =710 (Dh3p) . Since Dy, and density were treated as constants, it could be inferred from

Figure 3 that 71 highly correlated with 73 (r? = 0.98).

The relationship among process parameters in terms of 771 and 773 was then analyzed
from the data obtained from the experimental conditions with 50 °C < Tyi <55 °C and
70 °C < T; <85 °C allowing the product outlet temperature to fall to the range of 65 °C to
70 °C. These experimental conditions corresponded to the range of 7r3 values from 1.35 to
3.21, and the obtained 71y ranged from 11,719.53 to 53,504.34. Then, the process relationship
was statistically analyzed using nonlinear regression yielding the model parameter values
shown in Table 4.
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Table 4. Results of nonlinear regression analysis for the fouling deposit mass.

T3 Exponent Standard Error p-Value
(T~ 1) 0.053 0.208 <0.001
(TS —Tpo

The resulting predictive model of soymilk fouling deposit mass as a function of the
product inlet and outlet temperatures, and the heated surface temperature is presented in
Equations (6) and (7).

1 = [~827,413.79-(715) "% | + 891,754.96 ©)
0.053
Tpo — Ty
mp = | —186.76: M +201.29 @)
(Ts = Tpo)

3.2. Effect of Temperature

The effects of heat exchanger surface temperature and the product inlet temperature
on soymilk fouling deposits that occurred during the thermal processing were investi-
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3.3. Prediction Performance of the Developed Model

The predicted total mass of wet soymilk deposits formed on the heat exchanger plates
was calculated from the term 7, which is the response of the model (Equations (6) and
(7)), within a range of 11,719.53 < m; <.34 and 1.35 < 3 < 3.21. The plot between the
predicted and experimental values is given in Figure 5. Even though this model was de-
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The fouling mass tended to increase with the increasing surface temperature. The
dramatic increase in fouling mass was observed when the surface temperature was higher
than 75 °C at a soymilk inlet temperature of 55 °C. At these temperature conditions, the
proteins in soymilk would have already denatured and formed a fouling deposit mass
on the surface. Iwabuchi and Yamauchi [23,24] have reported that during the thermal
processing of soymilk, 3-conglycinin and glycinin, which are the two major components of
soy proteins and sensitive to heat treatment, may affect the thermal efficiency of the heat
exchanger and play an important role in the formation of fouling deposit. At a temperature
above 65 °C, -conglycinin begins to denature and interact with other proteins to form
deposits on a surface. At higher temperatures (above approximately 80 °C), glycinin plays a
major role in soymilk deposition [25,26]. Qingjun et al. [27] studied the fouling behavior of
soymilk in plate heat exchanger at different inlet temperatures (30, 50, and 70 °C) and found
that the fouling factor of soymilk increased with the increasing product inlet temperature.
The soymilk fouling mass increased at every increment of soymilk inlet temperature. These
fouling characteristics were in good agreement with those reported by Wang et al. [15],
Zhang and Xu [28], and Chen and Bala [29] who studied the fouling deposit behavior of
soymilk, camel milk, and dairy milk, respectively.

3.3. Prediction Performance of the Developed Model

The predicted total mass of wet soymilk deposits formed on the heat exchanger plates

was calculated from the term 717 which is the response of the model (Equations (6) and (7)),
within a range of 11,719.53 < m; < 0.34 and 1.35 < 73 < 3.21. The plot between the
predicted and experimental values is given in Figure 5. Even though this model was
developed using limited number of experimental data, it can be seen that the predicted
values were in good agreement with the experimental values of soymilk fouling deposit
mass with a correlation coefficient (r) of 0.97. Figure 6 shows the relative error of the
predictions, which were within 9.50% with a mean relative error of 9.03%; this level of
relative error was considerably low compared to the literature values [10,12]. The findings
provided an opportunity to estimate fouling mass using the model developed with DA
Computation 2023, 11, x FOR PEER REVEg¥proach. The robustness of this model may be improved and verified with expdiimferital
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Figure 5. Comparison of predicted and experimental fouling deposit mass of soymilk formed on t}11e
heat exchanger plates. Experimental values were obtained with 50 °C < T,; <55 °C, 70 °C S1 fs §2
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estimate soymilk fouling deposit mass within the variables ranges studied.

Author Contributions: Conceptualization, E.S. and N.N.; methodology, E.S., N.N., T.S. and G.S;
software, E.O.; validation, E.S., N.N. and E.O.; formal analysis, E.S. and N.N.; investigation, N.N.;
resources, E.O. and T.S.; data curation, E.O. and ]J.C.; writing—original draft preparation, E.S., N.N.
and G.S.; writing—review and editing, E.S., N.N. and G.S.; visualization, T.S. and J.C.; supervision,
E.S. and N.N; project administration, E.O., ].C. and T.S.; funding acquisition, N.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the School of Engineering, King Mongkut’s
Institute of Technology Ladkrabang, Research Fund under contract number 2562-02-01-032.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Teixeira, A.A. Thermal Food Preservation Techniques (Pasteurization, Sterilization, Canning and Blanching). In Conventional
and Advanced Food Processing Technologies, 1st ed.; Bhattacharya, S., Ed.; John Wiley & Sons: Chichester, UK, 2015; Volume 2,

pp. 115-128. [CrossRef]
Wilkens, W.E,; Mattick, L.R.; Hand, D.B. Effect of processing method on oxidative off-flavors of soybean milk. Food Technol. 1967,

21,1630-1633.


https://doi.org/10.1002/9781118406281.ch6

Computation 2023, 11, 83 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nelson, A.IL; Wei, L.S.; Steinberg, M.P. Foods from whole soybeans. In World Soybean Research Conference II: Proceedings, 1st ed.;
Corbin, ET., Ed.; West view press: Boulder, CO, USA, 1980; pp. 745-776. [CrossRef]

Bansal, B.; Chen, X.D. A critical review of milk fouling in heat exchangers. Compr. Rev. Food Sci. F 2006, 5, 27-33. [CrossRef]
Quevedo, M.; Kulozik, U.; Karbstein, H.P.; Emin, M. A. Kinetics of denaturation and aggregation of highly concentrated (-
lactoglobulin under defined thermomechanical treatment. J. Food Eng. 2020, 274, 109825. [CrossRef]

Awad, M.M. Fouling of heat transfer surfaces. In Heat Transfer—Theoretical Analysis, Experimental Investigations, and Industrial
Systems; Belmiloudi, A., Ed.; InTech: Rijeka, Croatia, 2011; p. Ch. 20. [CrossRef]

Fox, P.E. Heat-Induced Changes in Milk, 2nd ed.; International Dairy Federation: Brussels, Belgium, 1995.

Fryer, PJ.; Robbins, P.T.; Green, C.; Schreier, PJ.R.; Pritchard, A.M.; Hasting, A.P.M.; Royston, D.G.; Richardson, J.F. A Statistical
Model for Fouling of a Plate Heat Exchanger by Whey Protein Solution at UHT Conditions. Food Bioprod. Process. 1996, 74,
189-199. [CrossRef]

Gu, Y.; Bouvier, L.; Tonda, A.; Delaplace, G. A mathematical model for the prediction of the whey protein fouling mass in a pilot
scale plate heat exchanger. Food Control 2019, 106, 106729. [CrossRef]

Alhuthali, S.; Delaplace, G.; Macchietto, S.; Bouvier, L. Whey protein fouling prediction in plate heat exchanger by combining
dynamic modelling, dimensional analysis, and symbolic regression. Food Bioprod. Process. 2022, 134, 163-180. [CrossRef]

Pan, F; Chen, X.D.; Mercadé-Prieto, R.; Xiao, J. Numerical simulation of milk fouling: Taking fouling layer domain and localized
surface reaction kinetics into account. Chem. Eng. Sci. 2019, 197, 306-316. [CrossRef]

Petit, J.; Six, T.; Moreau, A.; Ronse, G.; Delaplace, G. 3-lactoglobulin denaturation, aggregation, and fouling in a plate heat
exchanger: Pilot-scale experiments and dimensional analysis. Chem. Eng. Sci. 2013, 101, 432-450. [CrossRef]

Blanpain-Avet, P; André, C.; Khaldi, M.; Bouvier, L.; Petit, ].; Six, T. Predicting the distribution of whey protein fouling in a plate
heat exchanger using the kinetic parameters of the thermal denaturation reaction of 3-lactoglobulin and the bulk temperature
profiles. J. Dairy Sci. 2016, 99, 9611-9630. [CrossRef]

Belmar-Beiny, M.T.; Gotham, S.M.; Paterson, W.R ; Fryer, PJ.; Pritchard, A.M. The effect of Reynolds number and fluid temperature
in whey protein fouling. J. Food Eng. 1993, 19, 119-139. [CrossRef]

Wang, J.; Li, L.; Fu, N.; Mercade-Prieto, R.; Chen, X.D. A Comparative Study on Fouling and Cleaning Characteristics of Soy
Protein Isolate (SPI). Int. J. Food Eng. 2018, 14, 20170381. [CrossRef]

Indumathy, M.; Sobana, S.; Rames, C.P. Modelling of fouling in a plate heat exchanger with high temperature pasteurisation
process. Appl. Therm. Eng. 2021, 189, 116674. [CrossRef]

Post, S. Applied and Computational Fluid Mechanics, 1st ed.; Jones & Bartlett Publishers: Burlington, VT, USA, 2011; Chapter 4;
pp- 157-200.

Delaplace, G.; Loubiere, K.; Ducept, E; Jeantet, R. Dimensional Analysis of Food Processes, 1st ed.; ISTE Press-Elsevier: Great Britain,
UK, 2015; pp. 1-73.

Georgiadis, M.C.; Macchietto, S. Dynamic modelling and simulation of plate heat exchangers under milk fouling. Chem. Eng. Sci.
2000, 55, 1605-1619. [CrossRef]

Oguntunde, A.O.; Akintoye, O.A. Measurement and comparison of density, specific heat and viscosity of cow’s milk and soymilk.
J. Food Eng. 1991, 13, 221-230. [CrossRef]

Liu, Z.; Chang, SK.C.; Li, L.; Tatsumi, E. Effect of selective thermal denaturation of soybean proteins on soymilk viscosity and
tofu’s physical properties. Food Res. Int. 2004, 37, 815-822. [CrossRef]

Yang, W.; Li, D.; Chen, X.D.; Mercade-Prieto, R. Effect of calcium on the fouling of whey protein isolate on stainless steel using
QCM-D. Chem. Eng. Sci. 2018, 117, 501-508. [CrossRef]

Iwabuchi, S.; Yamauchi, F. Determination of glycinin and beta-conglycinin in soybean proteins by immunological methods. J. Agr.
Food Chem. 1987, 35, 200-205. [CrossRef]

Iwabuchi, S.; Yamauchi, F. Electrophoretic analysis of whey proteins present in soybean globulin fractions. J. Agr. Food Chem.
1987, 35, 205-209. [CrossRef]

Mo, X.; Sun, X. Thermal and mechanical properties of plastics molded from urea-modified soy protein isolates. . Am. Oil Chem.
Soc. 2001, 78, 867-872. [CrossRef]

Nagano, T.; Akasaka, T.; Nishinari, K. Study on the heat-induced conformational changes of 3-conglycinin by FTIR and CD
analysis. Food Hydrocolloid 1995, 9, 83-89. [CrossRef]

Qingjun, Z.; Yufei, H.; Yeming, C.; Xiangzhen, K. Fouling behavior of soy milk in plate heat exchanger. Food Ferment. Ind. 2020, 46,
182-189.

Zhang, B.Y,; Xu, S.; Villalobos-Santeli, ].A.; Huang, ].Y. Fouling characterization of camel milk with comparison to bovine milk. J.
Food Eng. 2020, 285, 110085. [CrossRef]

Chen, X.D.; Bala, P. Investigation of the influences of surface and bulk temperatures upon fouling of milk components onto a
stainless steel probe. In Fouling and Cleaning in Food Processing’98; Jesus College: Cambridge, UK, 1998.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1201/9780429268083
https://doi.org/10.1111/j.1541-4337.2006.tb00080.x
https://doi.org/10.1016/j.jfoodeng.2019.109825
https://doi.org/10.5772/13696
https://doi.org/10.1205/096030896531181
https://doi.org/10.1016/j.foodcont.2019.106729
https://doi.org/10.1016/j.fbp.2022.05.009
https://doi.org/10.1016/j.ces.2018.12.021
https://doi.org/10.1016/j.ces.2013.06.045
https://doi.org/10.3168/jds.2016-10957
https://doi.org/10.1016/0260-8774(93)90038-L
https://doi.org/10.1515/ijfe-2017-0381
https://doi.org/10.1016/j.applthermaleng.2021.116674
https://doi.org/10.1016/S0009-2509(99)00429-7
https://doi.org/10.1016/0260-8774(91)90028-Q
https://doi.org/10.1016/j.foodres.2004.04.004
https://doi.org/10.1016/j.ces.2017.12.004
https://doi.org/10.1021/jf00074a009
https://doi.org/10.1021/jf00074a010
https://doi.org/10.1007/s11746-001-0357-1
https://doi.org/10.1016/S0268-005X(09)80269-5
https://doi.org/10.1016/j.jfoodeng.2020.110085

Yo-uana

Y LHeu Ukhin

e

=).

08¢
Y

UseIRn1SAnY

USLAUNSULATNANUITY

103
UseIngLUau

WLLBNTUNT 9ANAANA

20 91PN W.A.2542 JINIAUUNY3

UNULAUN 53/726 dUUANUUN fuav1ulug 91enauin

= (v [ =
n3n Jminuunys 11120
2565 AAINTIUAIANTUNTS d1U1IAINTIUDINNT dn1UU
walulagnszaaundnanunmsainnseds

- USinusiied “UUUTIaIN NANAAIERSAIUTU
UIYNITHAAATIVEIED NA BIVUN URISoUlAeID
a 6 o yQQ” =
A1 IUSISTR” U .6, 2565

- UAURIUTTYLT B “NITHAIUILUUIIABINA

Y] 2

ANAANANSLNDYITUNENIAYBIATIVLNNUNABIUUNUR

aa

19mANUSauUlaeldN153AT 1L T 90 R 7 Tunsans

Computation 2023, 11(4), 83





