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Abstract

Project Code : MRG5680155

Project Title : CFD modeling of heat and mass transfer in a top-spray fluidized bed coating
process

Investigator :  Mr. Wasan DUANGKHAMCHAN, Mahasarakham University

E-mail Address : wasan.d@msu.ac.th

Project Period : June 2013 - June 2015

The objectives of this study were to model the air temperature and humidity distribution and to
determine expanded bed heights in a top-spray fluidised bed coating process by using
computational fluid dynamics (CFD). For model validation purposes, the outlet air temperatures
and the expanded bed heights predicted from the CFD model were compared to those reported

in literature. The model-predicted outlet air temperatures at different conditions were found to

be overestimated, approximately 3-5 °C higher, while good agreement was found between
measured and predicted expanded bed heights. In addition, the model also showed good
qualitative agreement in the existence of different thermal zones in the fluidised bed with those
observed in experiments. In conclusion, the CFD model could be employed to determine the
expanded bed height and to characterise the thermal zones in the fluidised bed, while modet

development is still needed to increase the consistency regarding the outlet air temperature.

In addition to numerical study of the detailed top-spray fluidized bed coating process, we also
experimentally investigated the optimal conditions for coating rice with the water extract of

purple com cob (PCC) using a top-spray fluidized bed coating method with variations of inlet air

temperature of 50, 60 and 70°C and spraying time of 5, 10 and 15 min. The results showed that
the inlet air temperature significantly influenced in reducing final MC with higher temperature.
Fissured coated rice was higher with increasing temperature and spraying time. Percentage of
head rice yield was not affected by inlet temperature, while it tended to decrease with longer
spraying time except at 15 min. In addition, longer spraying time resulted in higher values of
chroma implying a larger amount of coating solution. In addition, we found that increasing
temperature decreased values of total phenolic, total flavonoids and total anthocyanins contents
as well as their antioxidant activities as determined by DPPH and FRAP assays. In contrast, those
values were increased when the spraying time increased. The same trend was found for
anthocyanin composition. Based on the optimization criteria with the highest desirability of 0.702,

we recommend the inlet air temperature of 50°C and spraying time of 14.87 min to obtain the

minimum fissure and maximum coating material.



Keywords : Fluidized bed, encapsulation, Euler, Lagrange, Multiphase flow, Computational Fluid

Dynamics
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(CFD modeling of heat and mass transfer in a top-spray fluidized bed coating process)
1. anuddguasiiunyssauide

mswdeuuvuigdaladiundunstuiunsidseumevesudignindeulaunmiswulssansararsiafiourd
IWluuavaseynia Tnetuedauiinninnisnssnufusilushunsewiweavssansazansindauuazaynaveauds
uagMIsHIMEYBIEIAzaNY (Ronsse et al, 2008, 2009; Turchiuli et al, 2011) wiadadldgnunnldedng
wiivanglugranunIsiuining 1y geamnssueiiuasndyduel gaamnssuemisuazinuns Wusiy (Heinrich
et al, 2003) dmiulugmamnssuams Solis-Morales et al. (2009) Uszgnilfiadaandisunuungdsladiun
dwdundeutnandwessdonlnanuu iean attrition Mislunszuiumsiadeunuy pan WU uenanidh
asauszgndllumealuladnssuiunisuusguewnsdug wu  nsmiuguasUanUdesans  mistesiutagen
Uifseniiinanndanadennisuen msandu msdnuindusa Wusu

Ussinmmasmsiadisuuuugdalediunansauddmudnemenishinsauesiadn Gh) AUt
(tangential-spray) $uuu (top-spray) uasua (bottom-spray) \iefieuifleudnuarmslinuuesiean
Ussvmuit - lugeamnssuemnsilenldnssuiunsiediounuuigdeladiusiiinsdeasasansidouainduuy
(top-spray fluidized bed coating) Lﬁaamﬂ'jﬁmsmﬁaué’ﬂwmsﬁmuwsnﬁﬂéﬁﬂﬂLLasU%’ULU%"aulﬁmmftﬂquzaaﬁ
v slinu (Dewettinck and Huyghebaert, 1999) Tunszuiumsiadiounuuiendn asaranendeugniady
avapuiuidniiinishndaduuy Insiifievavesazanswasensasaenuasuulunusteymaveadiiiidaend
FEUUVRINITATOULUY top-spray fluidized bed u,am’lugﬂi?'i 1 fainsiedsuluy top-spray fluidized bed
losuemulienuazyuszaunadiivlunsusegndldlugranunssuemns uidhildedeiidowdlafie nmssuveues
avaeImsaTanLIASaUMLANauTio fudatiuiaveseyniavasuds (spray-drying effect) %aﬂswngmmﬁﬁ’aﬂénv‘fﬂﬁ
Wiansgeydeagiuduswaunn uaﬂmnﬁl,t,é'sé’uﬁmﬂwsmzamﬁu’Lunsiﬁfimsaxmﬂmﬁauﬁkmzas‘jwﬁwaq
oymassimgliiy  flesynevsudsiinannszuveymadadswidlfiiensimefofy  (Dewettinck  and
Huyghebaert, 1999; Wemer et al, 2007) lumsuftlgmdsndndniudedinnudilaludsingmsalynetai
Aatulunssuoumaieiey  Lideafunsnssnevesonnia wamaniveseyA  Msindouiazassansavay
ey sy ieannsadenduuslfivngau (Teunon and Poncelet, 2002)
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g‘dﬁ 1 S3UUMSARBULUY top-spray fluidized bed

Wesndfuusnnnglunssuiunsiedousuy  topspray fluidized bed Wy anmzmsedeu
auaniRvesian Sedmasewamansvainsyurumsmsinunmesinmsiaiou dudu FeldinsAnmunnuneaie
wanmefvnnzanrassuudnelumsiauuiulgs esnuuusEUL Wlendnsnsindouifinunmuasd
Usz@nnm dassnuluunanua;yem3feves Teunou and Poncelet (2002) fseatiu Atarés et al. (2012)
iy mareminnsynauazsnsEMBILIRBYMARBA MY BULAL UsyEvBamnsiadey uenan
auaniRvesianfifoimsiadioundy Palamanit et al. (2013) SldAnumavesanmrnisindeudssneudne
guvgliemaididansdanuansasaesennnmuemdning  mamanmeimnsarliiowsfnuilglog
Fnsvenewindu  widsewnsoildlnglfuuusaemneednmans  msfnulnemsmunibmanand
(Computational Fluid Dynamics, CFD) iumsiinseiieadineanisitelsindundsdiefifiussavsnmdmiu
ofuensivaveseyma  lidasegluanuzvondmieveunmilunssuiumsiefouuvy  fluidized  bed
(Duangkhamchan et al, 2011) usnINtuUUE MITWBUUUTIABIAUAATEITAIWSEANS (population
balance model) §aanansaaiuensiieduadou Msimedn (agglomeration) wazsvmetld (Ronsse et al,

2007a, 2007b; Mortier et al, 2011) Tutadulfru Fadutididanudmilusumeianiseunuass



mouRmesfifiaussouzge  CFD  ldgnianliednsuszauanudiaiomanisfonngan  aueunszuIums
SMDINIBONRUUITUU (Hajmohammadi et al., 2013a, 2013b; Hajmohammadi et al., 2014)

Tumslvauuuvaneia 1wy wgdaladiuauuufe-vomds Hu TniSednlvg4¥eas EulerEuler oy
Euler-Lagrange 133 Euler-Euler stanavemaduarfunssvindsiuasfumilou interpenetrating continua
Famnoemmrintaounasgluiiismuslilulamwuresuuudiiaes dwiuluusasna auniseysnding wisnuuay
TnnusinssgnmraRauasiadusomeniiiidunsiSonfu 1y drag force LipeBuramsiuasssvianaineuas
aunAvads (Mortier et al, 2011) Tumenduiu T3S Euler-Lagrange LWaﬁwé’amgnﬁwaauﬂmﬂaﬁﬁmm
siaLﬁaa’lummzﬁmaau%eﬁag‘luiswﬁugm‘haauﬂumaaymﬂ TensmuaRaaunIsMnAdeuRidiesulsus
ﬁv’wmﬁﬂiw‘hdaaunmﬁfuq TERRRE] ‘17‘iLﬁﬂﬁuﬂsznauﬁaEJLmﬂszvruszvrjNaummﬁaszijaqn'mmam%qﬁ"u
wifa (Taghipour et al, 2005) tsanduusymaiissanuldluszuurgdeladiuaunn dufumsdnaaiion
nalrsvesEuNsiulsarayMaaNniuAeiy Jadudeideredis Euler-Lagrange usnanALEINnluMIaie
wuudaedvilimugndewamisivanuuinafeuasvemtudy  nsdaaimsifinarennaunaliasnIseive
sufanalnnsfamsinmstusrfunouiinumnlunssuumaefeuuurgdalediualasld®s Euler-Euler fvh
Innndudieaty dufu 38 Lagrange  Suluidfianunsosaswnszuiumsiiflenududeuldiniuesdu
sssuwiinantt lusmdderes Duangkhamchan et al (2012) 18l##e33 Euler (saufusums population
balance \iefnwuAveIazenIvaumal) WaLds Lagrange iiailSauiisunruannsalunmsiaeinisnssane
LaLaBLMITDIALIRDIVEITIARIINTAEALLY two-fluid 21nedefinaImudis Lagrange Winafilndifiasiu
Namnmswmammnﬁqm wona iy 33 Lagrange sj”agnﬁwm’l:t”sa&haLstfwmﬂﬁﬂw%’ua%maﬁ'amsdwmmm%au
WazIaAsT AT usE R TR aVm ARz Ten SaRddAnnnsiaesuesaLonmBAn (Nayak et al., 2005)

Fathu imqtlszmﬁwé’nmamu‘ié’aﬁlﬁaaé’wLLUUi‘haawaansxmumimﬁa‘uu:u*u top-spray fluidized

bed WafnwimsmemanuisukaziaaslaaiUisuiisunmsnsrneauniuasanutiluionniou

2. IaguirasAuasnuide
2.1 eRmuIwuuIIass CFD dmsunszuiunsiadsuluy top-spray fluidized bed

2.2 Wefinwnmsnseanegumgiinasanuruneluiounfeuwuy top-spray fluidized bed

3. nsanfiusuile
3.1 uuudnaas CFD

TunmAdelihasimsindouiiveanafineuasvaudslagld® Euler Fsoumavesuduasfnansyrindeiy
WaEULUY interpenetrating continua n15"Lwamaaﬁv'aﬁ'1%LLazaumﬂ‘uam%masé’umﬁ%awaaﬁ'&aauﬂaﬁmamﬁ
ynaunseydndihly luvsivuuheowearaveavavionsenweanas (Walisailes) wwawasldanii
Lagrange  \itedhassguuumswuazoasdsldnnmsfnunislnastesaressweanailnensduinsaaunisns

wioud - msuanidsulisuiussrhawaveavauszimaifimusiaileshunlagldgrsfvmnzanlumonves
msAUUAuWasuiu (interphase coupling term)



3.1.1 aUN1SNITENEWANYNSBUSER AW aR YAz YR Il

@ o

msmwnlunsauas Fuler msausnendinussurelsanmsidaunisiounmalsend wsundazina

q

ter o o

Togauyiilifansmewmanuisulsninnisuiiditeninanuuansiseguuginldlunssuiuldesinn
(Erikson and Golriz, 2005) aunsfldvatusiaviwalinsialuil

WU
0 ( =~ Py = . o - .
5 a,pH,)+V-(a,p5 H, )= e, ATV, -V-g, +Z}Qg‘, +Q, +rin Hy, 1)

Fmsuvaauda:

9 . B = os oo LN < <
5( \p\H\)+ V . (a§p\v\H\) = _a‘\' % + TS : Vv$ - V ' q.\' + ZQ.\‘g + ZQS”} + ZQ\d (2)
s=1 s=1 ’

s=l,52m

Pnaunstedy fivies ¢ Suflanafne d waazesweumal war s wasynAveds esdulens
< . < qvo I ' =) s P
nszeynIAvedLduuy  polydisperse  Falddunumaveseymaveudunnnimilanalasudazivadivug
aynAfiumne1aiu (Duangkhamchan et al., 2010) fatiu Snumavinuadie N, (1 < s < N,) duaunseying
niureaaveavatiuAwInlaaInds Lagrange Fvaznanlumitasisly
uena1ntu Tuaunisit (1) waz (2) H, Aeeuvalduwizvsawa i ( wiuldvs d ¢ uay s) Q; Aen1s
uwanwisuenusousswinawad i uasiadl j § wiuldvis d g uaz s) 7ir, Aedmsimslvalanainad i luduva

) g, fevidndanuioudeiuinlaan
g, =—kV-T, @)

ne? k AoAN1suAmSaU (W/mK) dmsuinad |

gasIn1saemdusEuaa (Q) auydiviluiaiduiunasinwesgugliseil
0y =yt~ T;) (@)

P & a a £ ' [y 2 s -, P R 1 1Y
nedi h; ABENYITAVENITNNBWMAIINTEY (K/sm'K) serianan | uaziway j lesnnn1sangmauIsulasiig
asserhanavesduasseviwawde-vauduasiaraanallilsihunfiasunlunuised Fafusauvay

govhelusunisi (2) Fsgnidaeenly naun1sii (@) FulszAvsnisieweanudousswhavavewduasine

(hyg) Tanuduiusiungusaalifia Nusselt vauraveuds (Nu,) faunisealuil



_ GkgagasNug

5)
dg

hsg

i v a s A ° v a i v
ool d, Fewdurihududnarsweseunavemduay k, AeAmstharuiouveavaing Tuvasdi Nu wildan

avdfiiusues Gunn (1987) F9lddmsuriaamumgu (porosity) aglutnaseing 0.35-1.0 uae Re livfiu 10°
Nuy =7 - 10ay + 502 [1+0.7 RO? Pr!/3 (1,33~ 240y +1.20 JRe0.72 py1/3 ®)

Togil Re, Aotasluddivsddldnnduiurudnaneariaveuduazaiudning [pg —¥|uae Pr Aniav

Prandtl 983 19ina

py = ‘pgte

ke

M

3.1.2 LUUFNABINTENEWVIANNTBULASNIAESAMSUIWEYBINAT

MATeild 2 wuaesdaenndasiustiuumstemarudounaranaiiuanaeiy (nert heating uay
vaporization) sswiaialiisiaiies (aveswweunan) waniwadaiier (Fewazveds) Mmstemauieunnva
Aeludanaazessaavmdiunnlilasmnsgounsuasundinunnuoursaroose e IiiAdouik
usazUIunseuas (Ansys Inc., 2009)

3.1.2.1 uUu¥1889 Inert heating
legaumgfivesaresswsunaniosniguupisemy (T, FalumsfiwesirvungaEusiueinis

vy waz/viedlamnamsistmeliviaunvesazeaweunagnvilissivg  JUMUUYEY inert heating \Andu
Feulumardannsadiouldlng

Ty < Tvap (8)
wag
My <(1= f,0)M a9 ©

d‘ < o < l&’ L4 § <
Tog#l T, (K) ADGUNNNTDIBTDBIVBANET My, ABLIAINAUIBIELDDWDNMAY My Aowaliatlng uag f,, e
dadrunaisuduvesnsdusznouiisemelddalunsdiifiown Weaveswsunandulumuiouluwaiud awisa
Waunsaugarmudoufiomenuduiusvesgumgd T, Aumstemanudoussdl

dr
M ye p’dEd—zhdgAd(Tg -T,) (10)



Tagit ¢ g Aomudoudumzvompunmiluazoowwesvan (/kg K) Ay fouiiinvesasameavad (m’) T, fie
gungiivesinouas hy, Aeduuszivimemanudeuiiveunsswitaroseinmuaying W/m’K) Tunsdives
s UUTEU (forced convection) 589 Tngusenau anduWusues Ranz uag Marshall (1952) anansabunly
Wernafisyavinswanufeuldwislud

hyd
Nud=——q/§—d=2+0.6Recl/2Pr]/3 (0< Re <2000 < Pr < 250) (1)

g

RNauASH (11) Nuy Aasiiay Nusselt dg Aoiduriugudnansuesagaasvaua (m) k, AsFmatiruisues
f1% (W/m K) Re, Aosianissludduims uay Pr Assinav Prandtl

3.1.2.2 4yui1889 droplet vaporization

o a & v a ' v dd a .

WeNIITNBUDIVDIUNINTY FRRNTANMTMLNLIAAITLAZANNIDUNTNLRIYDBL DD IWB NN
JULUUBINS T8METBIRL8DIYDUMAT (droplet vaporization) TsusudloruuanssupIaMusUlagaeintui

s

Uinnivesazesmeivad uaniiaseilessunseifigaionvetasaamaaiva (T,,) vieaunseiadadiuvaniy
TuaresiwpavadsEveviuneg wauysal

Ty <Tpp (12)

My >(1- f,0)M 49 (13)

assdnsmssemelagldanuduiusseninmdndvadlovesavesnnanalunaiivuaznanisniny

Wutulose Ui R B DIVD AN AT ALV INLA

Nyg = Hye(Ca = Cy) (14)

= a o < a o 2 a4 a &£
Toef Ny, Aewdndluans (molar flux) vetleanazesmeavmlufuvading (mol/m’s) h21g AodUUsEAVEIEM

waEsWUUW (m/s) Cy Aemududulefifivesavessmauvm (mol/m’) way C, Aommuduiulelufeiovn
(mol/m’)

arududulefiiiazosmweavamidlavaniierwiulodesiiiodl  interface  Fawifuanudule
Bush (Peata) Viqmwgﬁ Ty

Cd - Psat,d

(15
RT, )

ne¥i R Aerasivasing



anuudulaluigianuanldgain

P
C,=X,— (16)
g g RTg

Toefl X, fFedndiuluasimvedleth a duvisiiarsanlumafng p ferududuysel T, Asgamgfiveanaing

v

@ &

FUUTEANTNITONUMUIBEISRUUN I UELNST (14) @11150A 1IN LAINAUNSANALRNUSYDY Sherwood (Ranz wag
Marshall, 1952)

Hyod
%=2.0+0.6Re!/25c1/3 (0 < Re < 200,0 < Sc < 250) (17

v

Sh=

- & e a &£ ' o 2 - ¥ 1 « &
lagd D, Aedulsedvisnsuwsveslelumafing (m’/s) war d, AoduruguinalivetaroswauvaiSc Aaduay
Schmidt #aulean

7
Sc=——% (18)
pgDv

wediaasenuipuiinewlvitareemeuval  guniivesaresneuvanldeulunuaunaniuioud
wanIALENNUSTOINSWAB AN S BuANE UL DRIYRNMA UM S ONEIVIAI L DU UUN AL AL DULRN

seriazeswesvaiuwariailies Insauilvlifamstiemenusoudsinnisunsed

dT,

daM
Mgcpa—= d

dt

= g AglTy T, )+ 524 2 (19)

naumsil (19) A Aernudouurs U/ke) wag dMy/dt fednsinsseme (kg/s)

3.2 A3msad1suuudnaas CFD

ewhmsAwnumeds CFD adigunss 2 3 uar 3 Dfveswipundouwuuvgdaladiuawiawdad
AndaliiinTwuezestraamaInInd LY (top-spray fluidized bed coater) wé’w1nﬁ’ua%’mmmmgﬂmaﬁ’mén
Ingldlusunsudiiagy wuudiaes 2 Sdldlumshueaugauanassusuugamgivemtsionaioulaghifng
Wila druuuudians 3 ﬁﬁﬁunuﬁmﬁ"&ﬁﬁﬂ%ﬂﬂumsa%mﬂmsm:mﬂqmmﬁLLaxmm%umﬁ’Luﬁam?iau Hai

WinnuuudhassindminnuSsuiisusannnvaaees Ronsse (2006) Weadauasmavesguvssingn
W Buwasadrglusunsuduiagudmiusnm
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3'13‘."1 2 Meshed 2 and 3 dimensional geometries of the top-spray fluidized bed coater

Aeumsdwinlagliuuudiass CFO Amuadaulvvouwn GeulvSuriunasauautfnieg vowmna
madesmaililunmvigdaladuaresseuludituiasaiu velocity inlet @aumssaniliu pressure outlet

o

Ansnszaneanuduluwulsatilayaiai 2

ynfuANuauUTsEINA Muuasulvreulsvasiaduwuulaiinns
dauloadmSuaunisluwusiy

Tuiddell msdiaes CFD wuseanily 2 dufiommuguunasesa (Liflasduazenimesneulyudis
) uaziiedinsginsnszansgumiivazesdumeludesndou Tnenisdass CFD 2 Hfdl

led oo e o

Nafldfivhdavilaleald
TWsunsuAundniaguiieds finite volume aamgnsaadien (single-precision) anglsinsia (unsteady-state)
uazswalaagdusiuiivils (first order implicit solver) lfiiemanugaunasesineluienadou aumseying

wa luswdasndsnuvainisivaig-vewdwnuaaslaomslduuuiassmslivanaiewla Euler (multiphase



flow Eulerian model) dhumssrass CFD 3 ntulfifeAnyimsnszasgumafivesamitunisluvisundou 3
Tunsdiisndusassnuravesnsesmaavaninlulunsruanisivavesiouaveewdeine fofu Snnumadldde
wafe vswiwazareamouval nsiiaes CFD Asuwalireiiondemaazonwounant 1 inaumany
st Euler uay Lagrange lnsnszuanisivaveavasioles (Frauazusauds) gndwnalunseuiBuves Euler
Turnziinslaesvesausédumalaensduinsaaunmsmsinioufivetayoomeanm FEFmsEnsUUas
sewianailalaglduseinu (drag force) FuUssdvEmssewaupuLAsVIENTBMMANNa (mass source
term) Fufnanmsszveretazsesouray Assdvinsuanudsuluuus (drag coefficient) Alddwmiumn
dusmnaldnnmslduuusassiaulames Gidaspow daflusuuiaeiuiluniibiseidemwesieiduiiniatu
dladn void Wiy 0.8 TasuuusiassinuuasibiuileddunisiBsy (transition function) Sevinliinisiudey
JULUUTRITEUURINTZUULIUN (dilute system) ilusguunuuiu (dense system) ptsInga Fedueselud

wuuTaees Gidaspow (1992) lasmuuuiiasswes Wen-Yu (1996) waz Ergun (1952) dauansly
aun1s7 20 waz 22 awEey

wuU@Ras Wen-Yu: &mussuuiunune (dilute system); o, > 0.8

3 a.ﬁ/l‘?« - ‘711 o s

K.\'I,Wun—)’u = ZCI) d'\, ! (20)
. 24
Wit Cp=—[14+0.15(, Re, Y| (21)
a, Re, '
WUUIaBIYes Ergun: dmiluszuuvunuiu (dense system); &, < 0.8
1- dlv.—v
Ky s = 1spell=alm 1752k 9] (22)
‘ ad; d

R s

naun1si 20-22 azwuldhisiduluiinnusiadien o, =0.8 dlu Gidaspow (1994) Fsldii
HandumsuBeusiai

= tan"'[150x1.75(0.2 - e, )]

T

+0.5 (23)

v

fiavu Wentuwes drag coefficient WWaulwilsnsil

K.v/ = (1 - wsl )K s Ergun + (/’.\«/ le Wen-Yu (24)

Fuusrdnsnisorewenusauldiemuiumsuanidouanusoussuinanatisuazasds  Tneadse
Jlaunsanduiustas Gunn (1978)
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Wevandssnslinalumsinunnanmedudusuiannash (T wuideilfhausmadely
MSSINIAUINGUMRTBBYNIATBIT BusulpefmuasiSusuresguunivesuds (T) Favihugnmgiives
pmedeuridunuiinmualivindugamgiivesennaniauen mnﬁmﬁ qmﬁgﬁmaalﬁaL?;uamaaasmmﬁ%uﬁm
nnmsgeydeanuiou thmneeuigungivendeianizasisnhiiitmuely oy guugiivewuds
Susimilaglfiidsng (1) deumgiveudaiuty vangATargaTian1gasiagsEiegageniuagsniy

Bivigraunseiiguugivesudeni filugui 3

Solid temperature

Ta

Ty broormerenens U

Ty b 1

Simulation tineg

¥

o aa ] (3 a [
JUN 3 T/NMSSINIANNNGUUNUDANATDILT
d HI a a g o
3.3 MIFADIAMUFAUATIVYIBH N1INTENBIUNHTUAZANUTY LATNITATIVABURUUTIRBY
Wewneyniavewdeiildlunmiddeifimnszaernadidmananamaninisivaveteynma  faiuisly
wuud1aes Eulerian CFD Taeldfnedumiasioiliossugll (primary continuous phase) uaglfinavesudsduou 3

wanlnnaeynanisunnaisiuiied1asinnsEaeruInreeya

3.3.1 msmmmgamﬂaaaﬁ'a

TassmswgdaladuesTanmanssnimanieuazuth (non-pareils) Tuisusdaulaglisuidaiie
wegIUAaeei LuuTaesildl 2 wudaesdsaeanrdosivannieiiunndaiude 19 non-pareils 1 Alandu

uay 2 Alansudmiudnsnislvavesenmea 40.3 gnuerunssedalus (low flow) was 66.2 gnuierunssedalua
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(high flow) ausdiy Tunuudaesimnvneveseynmavesdusazinawiiiu 200 Tuaseu (20%) 335 lunseu
(60%) waz 510 luasou (20%) lnedenpdestunmnszaigrunaveseynaveuds anugauaEuiuviniu 7
wuiwesuas 12.6 wuims dm3u non-pareils 1 Alanfuuas 2 Alandy muddy gumgiiveweimavud
whitu 50°C daumsifinefuasamuaut@iandun Miluwuudasuandduned 1 uanwallugamgfiveserme
fenivienneuiade Taaduilviduturugandeusunseeay

d -
15199 1 wisdiwesuaranenisiadou

Boundary conditions and Values

simulation parameters

primary phase gas

secondary phase non-pareils

mean solids particle size, ds;, hm 345°

solids particle density, kg m” 1459°

solids particle loading, kg 1,2

gas density, kg m” 1.225
T . 3 -1 40 3b 66 2b

fluidisation air flow rate, mhr .3, 66.

atomisation air flow rate, m3hr'1, corresponding to 2
and 4 bar

. o]
ambient temperature, ~C 165

3.3.2 msnszsgumgliuasarudy

WiosBuremsnszaegamgiinasanudy desrunsiaviurssareneuvauarerniailddmivesmon
Tudiwduiuhdadilulunszuamsivavestouarrends  sufmssemevesnsesweunan  Fefuuuudass
CFD Feussneudamadmmauassunsitensswiana WWalRasveENNTaYsNYIaaTs Tuuiiwaswaany
Tnel 33904 Euler lunnisfinsvuanisluavoanaazoswasvamuasnssemeruining 4933 Lagrange

mAfeildistouts (glass bead) iuTaniidosmsiaiiou (core material Feldusiumudnanaade 365
lupsou Ui 075 Alandy wwmveseymausasaveswddunuudaesdiduviniy 230 Tuaseu (20%) 330
lursau (60%) uaw 430 luAseu (20%) Armigauadusuwviniy 5.6 wufms deddangunsmeiouediou Ay
MUMLUTIATINATIINATEY glass bead dewmintanilidmiuiennfeuluminnd3aiu Asl 304 ey
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s 1 ¥ AJ a 1 4 ° s ¥ & A [
Fulszavdnisdewenudeuiinufinussnaldanmsduomay Nu dwiunswimnadou ddldwviity 3.5
. as P @ ] v w a o
Wm?/K (Incropera wag DeWit, 2002) #uusdue @ miuan1ensiAdsud@enmaadNuduidgves Ronsse
o
(2006) wanalum1s199 2

W]i'Nﬁ 2 am'asmsl,ﬂﬁauuazqmmﬂﬁmmﬂmaan

No. T,.(°C) RH(%) T,, (°C) Mso, (g min™) P, (bar) Gg,n (kg s T, (°0)
1 207 51 50 552 2.5 9.38 x 10° 30.4:0.6
2 195 47 70 7.23 2.5 9.38 x 10° 39.5:0.6
3 185 25 80 7.70 25 1.56 x 10° 58.9+0.6

Tam denotes ambient temperature; RH denotes relative humidity; T, denotes inlet temperature; M, denotes solution

feed rate; P, denotes atomisation pressure; G,;, denotes fluidisation air flow rate, and T, denotes outlet air temperature.,

3.3.3 N1IATIFBURUUIIADIRINNTTNARDY

2 < o @ v °
uanisvenesyes Depypere et al (2005) ifewSvuifisumugaunasssafildanmsviunean
° Y gw o v v a o v ) v v
wuudnes TnglunmsveassiulfinieundoussiuioejiRnisiiie Glatt GPCG-1 Fe¥anvasiouniouiiléifuln
a s P @ ¥  ad 1w oA v . saal w _a N
dmivaiuniitemanugaunasefrgsunnseiuriemsldndes (visual method) nisldismausiuatin (static
pressure method) uagigamgiiniiouniiou (temperature method)
5 o ﬂ' Y L d o

wenanlu  gampiivesemeveentsinlag Ronsse (2006) fwandlumsedl 2 gnunanldlums

Winuieutumailldanuuudass

3.4 Msuszgndldinalianisiadiounuugdaladiua

uenINMsAnsnIvvIunsaiisukuugdaladiuaviadanuandiuu TngFsnsdunvediva
warmansuda Tasamsideilddldihnssuumaeiousnamuussgndlflunsiedovinans Taeldasatands
Friiwediirdudutagumisfeifignivhumsyyadassnaiounsuusdadnasiodumeidunstean
smrnsdesiensifielsaduidiennnneyyedas: wastheiaumdnsusiondndshliniyasifuiu

[

& Ld = ko
3.4.1 Yussunmsatiuaw/sedsuiside

3.4.1.1 deehuazmanesiieg
o w v o o ' v o o o 4 o v v & a o o
ihinasmeiudsum Sdeiuduinifinunwiidemndeiumesuudiidedilaiuds svims
e g PN 4 o X & . & .
USumurulildrinanuiu 2 seAufie mnudius (14% wet basis) uavAiugs (25% wet basis)
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3.4.1.1 §29619UAYMITANTHUSIBE N

thimasamefugioum Fsdeinduiniaunmeindssmnsleiumsuudidedudaiuie wwihms
Usummutilsildmanutu 2 sedufie arudush (14% wet basis) LLazﬂ’J’liJ%UQ\‘l (25% wet basis)

3.4.1.2 mssSEuaIsannaIngetalnadaa
thisinlwadihameiugunudang 111 matadstuion Sasdm 1 e 10

3.4.1.3 msinwinsuandrundevmiemailauuunpdladiun

1. Mandaan 3.5 m/s uaggumgiivesemeluvieaaiiou 60 70 80 serwalea Smsnisdavu 5
10 15 faddnssaund

2. rdnansfiumsindsunareuuidlunnasunmunin

3. yhnneasa 3 41

3.4.1.4 nymadauRmn MYest G UREthathsst 1alwadg

thiniiunsedounasliiumsiedeunmeasugunmiwiolui

1 aunmnememeldun anutu (AOAC) # (Hunter lab) nsusnsravesiuda mings 100 win

2. auawvnaed ud  Ulsuensussneuflusaioun  (total phenolics content), Ui
asUseneunaliuessiiun  (total flavonoids content), Vnmansusnevsoulnleniiuiomme  (total
anthocyyanin content), qw%{msﬁwaugaéaiz a8 DPPH assay

3. maeneveriUszneuvasaskeulvleendu  lagldnalln  High  performance  liquid

chromatography (HPLC) Iglin cyanidin 3-glucoside, pelargonidin 3-glucoside and peonidin 3-glucoside

4. HAKAZMTINISUNANTIITVNARADY

4.1 ANUGAUABEAD

U 3 wansgaumnlindevesomenegiafiuniionndauiildnnuuusias CFD fianmsmsiadeufe
non-pareil 1 flandi SnsimslvaleUiinasvindu 40.3 gnuiatiumsdedalas uaz non-pareil 2 Alansu dns
mslvadsUinasiniu 66.2 gnuiatiusssiedalug
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Near-wall gas temperature (°C)

,3_'_“ ———— LA
0 (L1153 8] 013 02 0.
Bed height (m)
(a)
$0.0 ¢
|
4953
E w0
g
_%45_5
-
%
=
£ o
ey
"
-
P
75
470
0 nos 01 018 02 025
Bed height (m)
(b)

gﬂﬁ 4 Simulated near-wall gas temperature at: (a) low fluidisation air flow rate (1 kg of non-pareils) and

(b) high fluidisation air flow rate (2 kg of non-pareils).

Ui 3 SwaadiBmsmmnugaunasesideiSenmgliomaientdiouaiou  (nearwall  gas
temperature method) sEesaAMEMIMAARY Angaualdlasgaiousestrihadugamgiiaed (asdily
wuew) uandunsiiiuansnisanaseseamnll (Fuandlududuns) 91n3uil 3 axthildi Maaemnsdlgampiives
maRauilianatet i fianugaviofinssnen (Ussinn 4 wuRiums) fusnid  emafeudildiiy
sumavssudsshemendeuetunniluduuniailigumgivesnafonianas  wileaugeimavigda

lpdiniinswanegramnlififnanizanmgiineiitu (sothermal condition) dsuandluzuit 3 lnsgamgiinsiiniaa
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g9 4-11 wuflues uae 4-22 wues dwiudnsmslvasiuazge suddu nguit 3 awnseagUldieny
guunresiiildnnuuudiaes CFD fewidu 115 wufwesuas 226 wuiwnsfisnsinsivasuasgs
AEEU Famaildnnmsvhuneiaenndasturaiildainnsnaasives Depypere et al (2005) wiifu 11.5 uae
20 LWURLAS AuENY

vonvintiu  avuduainainuuusiass CFD  wieuiuraiildainmsvnassgnndeniuanugumiies
nszasan Fauandlugud 4 dunaldnnguifhanuduadadAduiteiduiuanugeannsostunsldlngldaunsin

dludluaduduaes nnsianugauamidiaglisndaseuinadulaiwaludisaduduassiuduanusiunsd

1000
o 0O
300 9
800 =
(] R? = 09987
700

Static pressure (Pa)
u
3

400 s ;
Ri= 09904 ° : Simulation-1kg-NP
300 ; : a )
: : BSimulation-2kg-NP
200 AExperiment-1kg-NP
3 I OExperiment-2kg-NP
0 e e .i et + ,; p—te s b pr—t—t-
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Height above distributor (m)

E‘Uﬁ 5 Comparison of model-predicted and experimental static pressure profiles as a function of the

height above the air distributor.

- o o W wosw a ' T SR | v o w - = v =
ioynaadnvesisaeady iduldsanusugnuiesniuaesdnfedumifudulddndludsauasidunci

da o Y v oo & a 2 o v o asw i
Tuwwueu idaduvisaesdiniuiluaziiin R geanfeganlilumsmeanuguunasedd 9II5ANAIANEGIY
aaufafildaInuuusiass CFD fidwiiiu 10.1 wae 20.2 wufiums dwsu non-pareil 1 Alaniufidasinisivasii

uag 2 Alanfundnsimsivags muadu ansei 3 l.l.ﬁﬂdﬂ’]‘iLU%EJULﬁEJUﬂQWlJQGLUﬂmﬁmﬂ’f’l%i*’i’!\‘!'] fiu



= o =y o v me
M990 3 ﬁ']"l!J%NL‘U@]a@ﬂﬁ!?mﬂﬁnﬂtLUU%qaﬂﬂtlaEﬂ'T'iﬂﬂaadﬂ'lﬂ']ﬁﬁl'Nﬂ

Pressure method (cm)

Temperature method (cm)

Visual method (cm)

Exp Sim® Exp’ Sim”
1 kg 9.1 10.1 11.5 14.5 9.0+1.0
2kg 14.2 20.2 20.0 19.0 20.5+54

* experimental results obtained by Depypere et al. (2005),b simulated results
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= w4 o o 3 [ Y v v
Pneeil 3 uuldharugaunasemfinnuuuitasdesliBanudusasgumgiilianuaenndos

AUNAINNISNARBITLANTS visual waaslidiudinisiduuudians CFD Fasudanessuvesmsaromanuiou

waznaans annsathunuszgnaldlunmsmanugauaasefunumsmmensnaasdweslirlideuazivaia

Tumsinfisnuazdudou edlsfinu WawSeudisunasinminaaesildanisanudundnsmilvags (14.2

WwuAns) wuwhndmanuuudiaes (20.2 wuiaes) Avmuandsiidetiuiienvesuieldiidnsnmsivagsd

é‘ e 3 ar o e = - b
NIVURIVDIUAE mu‘uﬂ"mmmmﬂuma’mmmmﬂwawﬂm

z & » o
4.1 jYuuumsnszreauTuLazgumgiinieluisuadiouluy top-spray fluidized bed

dov31991MA (voidage) wasilsnuuuhasaliunat 10 Judl vdwinmsvigdaladegiianiizasia

uandlugul 5 edasaunveseymevesdshuieanioulasldanizd 1 lumsei 2 voidage fildanmsviung

A0AAADINUNWITYUS Duangkhamchan et al (2011)

Qe

aos

Qo4

a2

]
ot

gﬂﬁ 6 Time-averaged voidage contour plot obtained from a 3D-model prediction using a process

40 Q00 O Q02

=]

oo

L=

-1 ]

ooa

[}

condition No.1 in Table 2 (in XZ-plane and coordinates in m)
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& a o Y a W ° X o o« <
UINIINUU Qﬂéﬁﬂ“u’ﬂ'ﬂ%waﬂ"l"ﬁﬁlﬂ%']ﬂﬂ'i'iW']u’iﬂﬂ?ElLLUU%’la@ﬂ CFD uagAmNUTaUnvIavasaina (RH) v

= a = LY = as a € a = o w w &
waglunan 10 Juifl wawndsanneasivemgdaladiwtunandluguil 6 war 7 muddu nsmirewnives

guugiionna (JUR 6) wanusugumaiinlnddadrseunquaruuuvenun Tuuinniguugiiveavafinil

oW
aa o =l a

AUszan 26-29 °C Fwhndgamgiveeimeangdnlad avsueuugliiniliiaannsgydeanuioures

9INANDITINEALDRIVEIMET IINANaNveITINieanly gaumlienmefiutues unseiaAsn dauuen

R lgamnliomaliaauasiionvgiigs  wenniludy U 6 Swansunuiiiguvgiigediniy

= ar = = & Pl v 1 o i = 2 '
PUVHUVIYT VINUYUNAUDINIAGIULAULAZDYNATUANVBIUA Luaamﬂmgmﬂ‘uaau,fsamaauwaau'm‘mmwm

v

ooy Mntiuduauieunneimaseurinivdmaligunaiiveseynmaveuduazeimealagseugs

50 50
48 48
45 45
43 43
40 40
38 38
35 35
33 33
30 30
28 28
25 25
23 23
015 -010 -005 000 005 010 015 —GJ15 -0.10 005 000 005 0.10 0..15

(a) ®)
31]1'# 7 Time-averaged contour plots of air temperature (°C) from the model prediction in: (a) XZ-plane

and (b) YZ-plane (obtained using a process condition no.1 in Table 2).

= & o w o sdo o w = A . oas
U 7 wansmuudiimsidunannuuudiaes CFD Taeldanied 1 lumsied 2 diusingluguans
o . & ¥ & viooa e & | Yoow o e e
feUSinaruuAtus 0 fis 30% nguilssiuldiuinunimutiuginseuaquduuresualngg Auhda &

aenadafiuuIIMUUYIaAslugun 6
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2000
17.50
15.00
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30.00
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2500
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2000

17.50

12.50
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gﬂﬁ 8 Time-averaged contour plots of relative humidity (%) from model prediction in: (a) XZ-plane and

(b) YZ-plane (obtained using a process condition No.1 in Table 2.) (coordinates in m)

fei o o

= & o 2 o . .
N13N383NYPUUNUDINTIALASANUYUTUNNTNIUIBINLUUIADIFIAARDINURNGN1INAGDIVB Jiménez

et al (2006) Nildesueleuvenmmgiluvipaaiiouwuy top-spray fluidized bed 3NFURUUMSINTEIBGUNLI]

& o = o v b ' a -
wazAuiansluguil 6 uae 7 mudiau tdu aansauiddsuguugiivendu 3 TeuRslsuazassweavan (spray

= -, ' v red
zone) lgugaumgiinsii (isothermal zone) uazlgumssiemaruiou (heat transfer zone) lyuazonsvaaviaioyi

vinalndq Auhdaduuureaun Tulvuiiazessvssvaiuaznissemevatavassiananailvigaumgilagseus

& ' o - . A w W - =
wazanutuge  dulvudalufiolauguugliniideeguinunivipundoularuinulneseuredlyuazonsuauvan

TouiiloamgliaiauawiiudsulngifinnnnsssivevesazensvpuvailagnINaNARNLATIBE19AYBIBYNIA

AAnvigdaladiun Taugahefeleunsemanuiou awgidudesun leuliivnadn fieanmsiieynia

v =i = v ' o W v v
ﬂQQLL%Q'ﬂ'}ﬂﬂ']UUu AT DUNAIUIATUA WD IUANIUIDUIINDINIATDUT U

atndlsfinny BadHwuusiass CFD Winaiaenadesiisenduldfuuuiliuvesdsunnudeudiléanns

VnABIeY Jimeénez et al (2006) usliloUSeuiiisugnmaiioINIATEUYIDENYBIWIMUUTIABILAYNITVARBILA?

' a M B o =i ' |osa o e o =
wuigamadienniaveeniiléninuuudtass CFD fisgenietsituddy dgun 8
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2. (=
[~ W
5 4
LA Al

W
(¥
3
i)

F
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i
T

Simulated outlet temperature (°C)
4 Lh
< (=]

w
LY
i

s,
\\

w
o
.1

i
£

30 40

50

k]
k]

60

Experimental outlet temperature (°C)

4.2.1 namsiaBiuaansiveanmualudedavasannandedlnading

< ) o £ = o i
f19190 4 mmaaU’%mmaﬁaanqmﬁwlemmwwaqmamaﬁmwlu

70

g‘dﬁ 9 Comparison between simulated and experimental outlet temperature (°C)

781 Vunegnsiusarionun Vinamanlausesvionun woulsleeduimun
@adnfumnad nsaundnniu  @adnfuauyad  giwioontu  dadindivicondy
Yhsinuste) Yhninuska) Yusinusie

dnduum 6.95:0.54° 0.2840.05° 0.00°

Frveuued 7.9610.38° 0.16£0.05° 0.00°

Yhafnnds 132.970.23’ 31.1040.27° 0.39£0.01°

e

P> ' a =l & $ o v v t o o o v
MW 4 Wi Usinuansitueaviavuavesthatnandsinlnadihedinniign aeswmanfed1veu

w88 uastmtaum auavuduliuavaluseavievuanuseulslesiuimuawuannluitatnaingstnalued
sausnutiseuINtuiteuLastTIaNLEd
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o s a4 e P & Y o o v v o s
197990 5 ﬂ']LaaEJU?&I']W&WSWUQﬁWQ“Nﬂ‘UBQ‘UT}LﬂaaUﬂ'liaﬂﬂ"\l'lﬂ‘m‘ll'\'ﬂWﬂaﬁJ'N

anmivlunsiediou Usuans UBinmiansitusavionun
fiadans/udl (Badnsuauyad nsaundnniuihwinut)
ITeum IveNNsd

BUWT 50 °C 1aan 5wt 50 36.89+3.35° 44.212107°
BUWTI 60 °C 138 5 Ut 50 38.58+2.45" 39.2622.99°
SULITE 70 °C 11a1 5 Ut 50 37.5242.12° 41.67+2.15%
SUUT 50 "¢ 1281 10 U 100 54.8725.45° 56.88+4.60”
BULIHAT 60 °C 1387 10 U7 100 53.54+5.00° 60.53+1.37°
SUWIRT 70 *C 3@ 10 Wit 100 50.1611.89° 55.6520.71°
aUBYE 50 *c 128 15 Wi 150 64.1821.16° 70.80+4.03°
AUNTHITH 60 *C vaan 15 Wl 150 6691£1.79” 74.3122.3¢’
BUWTE 70 °C A 15 Wil 150 70.25:2.52° 71.83£1.58"

abcde... &, 4

FarRiloNET L UIAWANA1LILLANULANANAUNIENRA (p<0.05)

esed 5 wud flanmrlumaefeuiniiguvglieuwiadentiu Weunatlumsieisuduuiy

YSunwasusznauRuoaiaviueg ziiuausreznantumsedeufitinduieddoumiazdveuusausiile
#samseuwidluanasmaadeudinfiguugliiidureddndsum  ewlivfinuasusznaufiusariouei

uanesfusgsiifeddymeaifusannglunaeieutn 1ud fna 5 uiii vewgamglifl 70 eswniwauansd
UsnmansUssneufiusasivuauansainiigumgll 50 esnwaifea eiedideddy  wasdvveuusdfeaw
wanssfusgaifoddymeaiitheanzlunswdeud Wud e 5 wiit vegamgll 50 ewnisaidva 1
Uanumsusznevitusahmueuansneaniionngll 60 swnwadealuanmsfivrausensinfeudsums
afnndetilwadiing fo figumgll 50 swnwalvaduna 15 Wil sshldedovarsainaindadriined

livinaasusenauRusaviavununnfianvestnane 2 aewug
4.2.2 uansiavinaasianluseavimualudrandevaisafaandedialnagitog

P 6 wuihitanmglumaedeuiniteampfieuwiafientu Weunalumsindeudnuniy
Sinaaswahusesiiomn niunszesalunsiefeuiiduduidmdsumuasinveunsiusidofsan
mssuuidluannzmaedeuiniguglifiuturedindoumussdrivomed  Kaodiviuuasailueed
vome  llusnsetussaditudidgmsedsluanmznsisdeuinluanneimuraudeninadoutideansaie
ndednlnadiing Ao figamali 50 swnwalvalunm 15 wii svhliduedeuasataandadvinedid

Yinuasialiuesaviaunnniigauasinivia 2 anewug
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anmelumsiadiou YSueuans Usnmanswanlausasviaviue
faddns/ui @adnsuauyad giiu100nfinimiinuia)
Imdeum JveuNsd
BUNWST 50 *C 181 5 Wil 50 2.490.68° 1.3020.69°
BUWIT 60 °C 1381 5 Wt 50 2.23+0.75° 3.1320.68°
FUWTT 70 °C e s Wt 50 265¢1.22° 2.79+0.13°
BUWT 50 °C a1 10 wft 100 4712023 5.010.30°
SULTKT 60 *C 13an 10 WIFt 100 4531049 5.02:0.56"
SUWHIT 70 "¢ a7 10 WA 100 5.15£0.43" 4.86:031°
PULTHT 50 °C 181 15 Wil 150 7.90£0.97° 7.300.63°
BUWRIR 60 "C 1281 15 U 150 7.4721.19° 7.82+1.07°
SUWKT 70 *C 3@ 15 Wt 150 8.70+0.66" 7.53:1.12°

= AU ONYS MULUIS IANANAUILLATUUANANAUNEDF (p<0.05)
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fagdns/uni @adn%u/100n5amnusie)
Imdeum dTvioNusd

BUNTRIT 50 °C vaan 5wt 50 0.15£0.02° 0.09:0.02°
SUWT 60 °C vian 5wl 50 0.1210.01° 0.09:0.01°
SUWRT 70 *Cc 1A 5wt 50 0.10£0.01° 0.1020.02
UL 50 ¢ i 10 U 100 0.2340.01° 0.1620.02"
BUNTIT 60 °C vaan 10 W 100 0.2220.02" 0.15£0.02°
BUWER 70 "¢ 1Ia 10 U 100 0.1920.03" 0.1520.00°
PULTHT 50 °C 1A 15 Wit 150 0.30£0.01° 0.25£0.04’
BUWTHIT 60 °C 1287 15 Wt 150 0.29+0.01° 0.25:0.01"
FUWIHAT 70 °C 1381 15 U7 150 0.310.03" 0.27+0.04"

abede... &, o

LAY IIoNYS LUIAWANA19IUIIATULANA A UNIEDR (p<0.05)
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suwidluannznsindeuiniiguvglintuvesinfeumasiiarsusulslosuvimuaiuansstusersd

tpddgymeaiiuannglumsiadeudn ldudfiaa 5 use 10 ¥l vewguuiil 70 swwal@saasiiviunm

arsuszneuiueaniviuauansaniigumadl 50 swwaldea sgrsditduddgymeadia
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annglunsiaiiey wdoudna annndatinadsing anmangadlnaduie
Jadans/ui

QUL 50 °C taan 5 undi 50 12.48:0.56° 11.562022"
BUWIT 60 °C 1aan 5 Wit 50 1289:0.11° 11.49:0.58"
QUL 70 °C 1A 5 Wi 50 12.58+0.37° 12.30:0.04°
BUWHT 50 ¢ 1387 10 Wift 100 13.03£0.04" 10.8020.14°
BUUT 60 °C 1aa 10 W 100 128310.16° 11.09:0.29°
BUT 70 °C 1281 10 Ut 100 12.7320.17° 10.65+0.36°
BULHT 50 *C 1aa7 15 Wit 150 129120.10° 10.68 +0.15°
QUWTHT 60 ¢ 13an 15 Wit 150 12.88:0.05° 10.67:0.07°
FUWTHT 70 *C 1381 15 W 150 1253:0.34° 10.1620.08"
o 3

MlaeRldnes lLLLIAWANA9 LA EAUWANA 1 UNSERR (p<0.05)

MR 8 WU Trvisanazlumsiadeuiinnntulaonde danuuenaivneadd (p<0.05) &
anmnglumsiafiauauwiadt 70 °C nan 15 wilvesiedsuarsainandadnineduladinnudusinit annelu

maadieudud esnanuuandnvesguugiuasianililunisiadeuim

= ' a & % a Y v v o @
M99 9 ﬂ'\LQaE}ﬂ?quﬂju%ﬂﬁmWQWauugaLﬂaa‘UaWiaﬂﬂ’\]'m‘lj\ﬁ“ln'ﬂ‘wmaﬂ?\? (Wosigum)

= in v g v s a A Y &
Uimmmsmﬂj ANMUIUYINDULAABUSNT  ANUYUVMINAIATDURT

anmzlunsiefioy wasutn afpnndadnlnedine afrendedalweding
fiaddns/u

BUWIRT 50 *C 13an 5 U7 50 11.6420.08" 12.8110.16"
QUi 60 °C 1aan 5wl 50 11.49:0.06™ 11.10£0.58"
BULRIT 70 °c v syt 50 1152:0.16™ 11.45:0.93°
BUWTH 50 °C 1aan 10 Wl 100 11.3720.08° 12.68+0.24"
BUWNIT 60 °C 1387 10 wIft 100 11432002 12.000.49"
BUWI 70 *C 138 10 WA 100 11.7420.22° 10.18£0.17°
BUUT 50 *C 1281 15 Wi 150 11462003 12.690.19"
BUWKIT 60 °C 1281 15 W] 150 11.800.06™ 11.170.19°
QU 70 *C 13an 15w 150 11.640.26™ : 9.76:0.16°

abede... &, =i

Faulonusluluswana19iuElinUuans1a uneatia (p<0.05)
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4.2.6 AdvaetnnARau

d 1l v < v a
M99 10 AEYIU1NATDU (V1IVIDUADNNLE)

Conditions L a b °Hue chroma
50°C 5 min 564X 261 1017X077 673X 044 3353E£275 1221 %067
50°C 10min 4662+ 167 15171+048 615%X035 2208k 158 1637 £ 0.39
50°C 15min 4231 %181 16351062 631%X024 21.15F146 17531050
60°C 5min 5445+ 252 10891t 237 693F058 33.06E£690 1298% 1.84
60°C 10min 4726 X080 13871X010 667012 2566046 1539 0.10
60°C 15min 4585+ 259 1571005 6721008 2316%0.26 17.09X0.05
70°C 5min 60.07 161 1006+076 750%012 3675k 1.68 12551 0.68
70°C 10min 53821+ 089 1398+0.13 6741018 2573072 1552%0.11
70°C 15min 48781095 16.17X030 691X 009 2315055 1758 X026
a1319fl 11 Ardvasthuedeu (Gdeum)
Conditions L a b Hue chroma
50C 5 min 5432+ 1.00 11941050 692%019 3015+ 169 1380035
50C 10min 4702t 284 1655t 184  622%007 2074%x224 1769 % 1.71
50C 15min 4248+ 1.06 17551033 625+021 1960+ 036 18.63 1+ 0.37
60C 5min 5586 £ 026 12541010 708X 012 29.45X041 1440%0.12
60C 10min 4836+ 108 1648+026 6311006 20971045 17.651023
60C 15min 4396+ 096 1844%031 6361011 19.04EX041 1951 £030
70C 5min 61.82£ 072 955+049 809% 013 4030+ 185 12521030
70C 10min 56511336 1440t 18 6911032 2586370 1599 X 156
70C 15min 51631+238 17131117 6391007 2052+ 149 1829 1.07




4.2.7 andafiiuddrnfundanazanlafidudnisiiadredou

A15199 12 AMUDSBUATIIALLER 96HRY) WaLANUBSIEUANITHANS (% fissure) VBITIVBUADNULA

Condition %fissure Y%hry

50C 5min 20.08 £ 5.22 85.59 £ 0.76
50C 10min  27.21 £ 2.54 84.91£1.19
50C 15min  40.97 £ 1.50 87.30 £ 1.12
60C 5min 43.08 & 1.22 85.93 £ 0.60
60C 10min 4542+ 217 83.98 + 0.14
60C 15min  69.15* 2.16 84.07 + 2.06
70C 5min 90.76 £ 5.26 84.77 + 2.18
70C 10min  96.66 £ 0.40 83.72 £ 0.94
70C 15min  98.21 £ 0.15 86.52 + 1.58
uncoated 5121 0.65 92.17 £ 1.33

IJ ! s & 1 4 & )4 v ar
A9 13 ﬂ'lLUE]SL%UWU'T)LﬁNLNﬁﬂ (%HRY) LLﬁSﬂ’ILUBiL%Uﬂﬂ’]ELLﬂﬂi’YJ (% fissure) UBIVIIVYYUIN

Condition %fissure Yohry

50C 5min 15.75 £ 3.57 86.37 + 153
50C 10min  23.29 + 1.13 86.59 1 1.34
50C 15min  52.21 X 5.48 87.87 * 1.67
60C 5min 89.48 £ 1.17 87.32 £ 0.92
60C 10min  91.04 £ 0.66 88.79 £ 1.82
60C 15min  94.49 £ 2.79 87.15£0.76
70C 5min 95.74 * 1.04 87.25+ 1.11
70C 10min  98.80 + 0.42 87.721 1.26
70C 15min  98.64 X 0.66 86.92  1.06
uncoated 4.85 X 0.11 94.63 1 0.22
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The objectives of this study were to model the air temperature and humidity distributions and to deter-
mine expanded bed heights in a top-spray fluidised bed coater using computational fluid dynamics (CFD).
For model validation purposes, model-predicted outlet air temperatures and expanded bed heights were
compared to those reported in literature. The model-predicted outlet air temperatures at different con-
ditions were found to be overestimated, approximately 3-5 °C higher, while good agreement was found
between measured and predicted expanded bed heights. In addition, the model showed good qualitative

;im:{ﬁm agreement in the existence of different thermal zones in the fluidised bed with those observed in experi-
Euler ments. In conclusion, the CFD model could be employed to determine the expanded bed height and to
Lagrange characterise the thermal zones in the fluidised bed, while model development, specifically regarding

sprayed granulation implementation of droplet/particle interactions in the model is still needed to increase the consistency

Computational fluid dynamic

with the experimental air temperatures.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fluidised bed coating is a process in which solid particles are
individually coated by spraying the coating material, in solution
(i.e. aqueous or organic solvent based), onto a bed of fluidised par-
ticles. By repeated impact of droplets containing the dissolved
coating material onto the solid, fluidised particles and by succes-
sive solvent evaporation, a coating layer is gradually built onto
the particle surface (Ronsse et al., 2008, 2009; Turchiuli et al.,
2011). This technique has been widely applied in numerous indus-
trial processes, for instance, in the chemical and pharmaceutical
industry, food process technology and agriculture (Heinrich et al.,
2003). For instance in food process technology, Solis-Morales
et al. (2009) used a top-spray fluidised bed coater, as an alternative
for coating puffed wheat particles with a sweet chocolate cover, as
a means to reduce attrition promoted in the conventional pan coat-
ing process. Other applications in the food process technology
apply to controlled release, protection of the core material against
reactive environments, reducing dustiness, taste masking or fla-
vour encapsulation, etc.

Among three types of fluidised bed reactor configurations
including tangential-, bottom- and top-spray configuration, the lat-

* Corresponding author. Tel.: +66 & 17 39 89 97; fax: +66 43 75 46 09,
E-mail address: kimhun1976@hotmail.com (W. Duangkhamchan).

htep:/{dx.doi.org{10.1016/j.jfoodeng.2014.09.005
0260-8774/@ 2014 Elsevier Ltd. All rights reserved.

ter in which an aqueous coating solution is sprayed downwards
onto the top surface of the fluidised particles is widely applied in
the food industry due to its simplicity and versatility
(Dewettinck and Huyghebaert, 1999). A schematic overview of a
typical top-spray configured fluidised bed coating system is given
in Fig. 1. Even though the top-spray configuration has been suc-
cessfully introduced in the food industry, the occurrence of side
effects including the premature spray-drying of the droplets con-
taining the dissolved coating material and agglomeration (i.e.
sticking or clumping together of wetted particles) could result in
poor product quality and product losses (Dewettinck and
Huyghebaert, 1999; Werner et al., 2007). To solve these problems,
all phenomena in the coating process including air suspension, par-
ticle dynamics, coating solution droplet trajectories and their inter-
actions have to be clearly understood so that appropriate selection
of process input variables can be achieved (Teunou and Poncelet,
2002).

As a result of various operating variables (process conditions,
material properties, etc.) affecting the coating process dynamics
and quality of the resulting product, many attempts have been
made to optimise the coating system, improving the reactor design
and increasing material efficiency, as reviewed by Teunou and
Poncelet (2002). For instance, Atarés et al. (2012) investigated
the effects of core particle size and its distribution on the thickness
and coating quality. In addition to core material properties, the
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Nomenclature

Ag droplet surface area (m?)

Ca vapour concentration at the droplet surface (mol m™3)
G vapour concentration in the bulk gas (mol m3)

s specific heat at constant pressure (J kg™ K™')

D, diffusion coefficient of vapour in the bulk (m?s™')
d particle diameter (m)

fvo mass fraction of volatile component (-)

H specific enthalpy (k] kg™')

h convective heat transfer coefficient (k] s ' m2 K™ ")
W convective mass transfer coefficient (ms™!)

k; thermal conductivity (Wm™' K1)

My current droplet mass (kg)

Mg initial droplet mass (kg)

m mass flow rate (kgs ')

N; molar flux of vapour (kmol m™2s™")

N number of solid phases (-)

Nu Nusselt number (-)

D pressure (Pa)

Pr Prandlt number (-)

Psat saturated vapour pressure at droplet temperature (Pa)
q heat flux (k] s~' m~2)

Q heat exchange rate between phases (k] s~ ')

R Universal gas constant (J mol ' K1)

Re Reynolds number, dimensionless

Sc Schmidt number (-)

Sh Sherwood number (-)

T temperature (K)

t time (s)

7 velacity vector (ms™')

X local bulk mole fraction of water vapour
Greek symbols

o volume fraction (-)

p density (kg m—3)

T stress-strain tensor (kg m™' s7%)

H shear viscosity (Pa s)
laten heat (J kg ')

P

Subscripts

bp boiling point

d droplet phase

i, J class or integer

| fluid or gas phase
m solid phase m

5 solid phase

ss steady state

v vapour

vap vaporisation

effects of operating conditions including inlet air temperature and
spraying rate on quality attributes were studied by Palamanit et al.
(2013). Process optimisation has not only been carried out
experimentally, but has also been studied by means of mathemati-
cal models. Among them, computational fluid dynamics (CFD) has
been widely used as a powerful tool to describe multiphase flows
in fluidised bed coating processes (Duangkhamchan et al., 2011).
In addition, the combination with population balance modelling
allows to describe the dynamics of coating layer growth, agglom-
eration and drying (Ronsse et al., 2007a, 2007b; Mortier et al.,
2011). In the last decade, with the advancement of computational
techniques and computer hardware capabilities, CFD has been suc-
cessfully employed as a powerful tool not only to optimise process
control and constructional design (Hajmohammadi et al., 2013a,
2013b, 2014), but also to simulate so-called multiphysics phe-
nomena in many systems. As the focus in this research work lies
solely on CFD, only this technique will be discussed in more detail.
For more details concerning the population balance method in the
fluidised beds, the readers are referred to Ronsse et al. (2007a,
2007b, 2008, 2012), Mortier et al. (2011), and Vanderroost et al.
(2011).

In multiphase flows such as those in gas-solid fluidised beds,
most researchers have either used the Eulerian-Eulerian or the
Eulerian-Lagrangian approach. In the Eulerian-Eulerian approach,
both the solid and the fluidising gas phases are treated as inter-
penetrating continua, meaning that both phases are present at
any given point in the modelled domain. For each of the phases,
the conservation equations (mass, energy and momentum) are
solved and are supplemented with interaction terms (such as the
drag force) to describe the coupling between both gas and solid
phases (Mortier et al., 2011). On the other hand, in the Eulerian-La-
grangian approach, the gas phase is still modelled as a continuum
whereas each particle in the system is modelled individually by
solving the equation of motion accounting for all forces exerted
upon the tracked particle, including collisional forces resulting

from particle-particle or particle-wall interactions (Taghipour
et al., 2005). Given the large number of solid particles to be tracked
in fluidised bed systems, the computational cost of the Eulerian-
Lagrangian approach is significantly larger than the Eulerian-Eule-
rian approach and the latter has been established as the most
widely used method to simulate gas—solid fluidised bed systems
(Loha et al., 2014).

Apart from difficulties in accurate simulations of gas-solids
flows, modelling the formation and evaporation of injected dro-
plets and subsequent agglomeration or layered growth mechan-
isms in the fluidised bed coating process in the Eulerian-Eulerian
framework is extremely difficult. Thus, the Lagrangian approach
offers a more natural way to simulate complex micro-level dro-
plet-related processes like phase interaction and evaporation. In
Duangkhamchan et al. (2012), both the Eulerian (in combination
with a population balance equation to account for the droplet size)
and the Lagrangian framework were compared with respect to
their capability to model the dispersion of droplets produced by
a two-fluid nozzle and it was found that the Lagrangian method
gave overall better agreement with the experimental observations.
Furthermore, the Lagrangian approach has been widely employed
for describing not only the heat and mass transfer taking place at
the individual droplet scale, but also for describing the droplet tra-
jectories in a flow field (Nayak et al., 2005).

Even though possibilities for numerically investigating the
hydrodynamics of gas-solid fluidised beds as well as heat and
mass transfer have been extensively discussed in a number of
papers (Wang et al., 2004; Werther and Bruhns, 2004; Nayak
et al., 2005; Qureshi and Zhu, 2006; O'Rourke et al., 2009; Zhao
et al., 2009; Behjat et al., 2010), limitations for particular systems
of the complete CFD model could still be found.

Our research group has attempted to provide the complete CFD
model for the top-spray fluidised bed with the global aim to under-
stand the process phenomena taking place in the system and thus,
for the CFD model to be used as a tool to optimise process control
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Fig. 1. Schematic overview of a typical fluidised bed coating system, using the top-spray configuration.

and reactor design. Due to several aspects to be studied in more
detail, our research project was split up into four parts dealing with
these aspects. A CFD model was firstly constructed with a suitably
selected drag model (Duangkhamchan et al.,, 2010). Next, the CFD
model was used to describe the effect of the two-fluid nozzle
(wherein the formation of droplets is assisted by the release of
compressed air) on fluidisation behaviour of solids particles
(Duangkhamchan et al, 2011). The third part dealt with the
numerical description of liquid spray hydrodynamics in the gas/
solid fluidised bed (Duangkhamchan et al., 2012). The final part
and also the subject of this research paper deals with the overall
CFD model with the inclusion of heat and mass transfer.
Consequently, the main objective of this paper is to present the
results obtained from the overall CFD model integrated with the
existing models for the fluidised bed coating processes as
described in our previous works mentioned above, as well as the
introduction of heat and mass transfer. The results presented in
this paper deal with air temperature and humidity distributions
inside the top-spray fluidised bed coating reactor. Furthermore,
the proposed model was applied to determine the expanded bed
height by means of temperature and static pressure methods.

2. CFD model description

In this work, the motion of the gas and solids phases were mod-
elled in an Eulerian framework where the dispersed solids and gas
were treated as interpenetrating continua. The gas-solid flow
fields and their interactions were obtained with the use of general
conservation equations, as described in Duangkhamchan et al.

(2010, 2011), while the discrete phase model was solved in a
Lagrangian framework to simulate the spray pattern which was
solved by tracking the droplet trajectories by integrating the equa-
tion of droplet motion. The momentum exchange between liquid
phase and continuous phases was considered via appropriate for-
mulation of interphase coupling terms.

2.1, Governing equations of heat transfer between gas and solid phases

In the Eulerian frame of reference, the conservation of energy is
described using separate enthalpy equations for each phase with
the assumption that the radiation component was negligible as a
result of the typical small temperature differences encountered
(Erikson and Golriz, 2005):

Gas phase:

= N,

9 = ;| s =
pi\%ePgte) + V- (og g UgHg) = —04g a_f‘f"fs : VIg=V-Gg+) Qe

5=1

+di+rhgde (1)
Solid phase:

9 4 P = o Lo
&(a;p,H,}+V‘{a;psvsHs}=—0£;-;—t+rs: Vo-V-G+ > Qg
5=1

N; N

+ ) Qnt+) Qu ()
s=15#m =1

In the above equations, the subscript g refers to the gas phase, d

to the droplet phase and s to the solid phases. To account for the

polydispersity of the solid particles, more than one solid phase
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was modelled, with each solid phase having a different particle
diameter (Duangkhamchan et al., 2010). Hence, the total number
of solid phases modelled is equal to N; and the subscript s refers
to each of these solid phases (i.e. 1 <5 < N;). No energy conserva-
tion equation has been given for the liquid (droplet) phase, as this
phase was not modelled as a continuum, but as a discrete phase in
the Lagrangian framework as detailed in Section 2.2.

Furthermore in Egs. (1) and (2), h; is the specific enthalpy of
phase i (i being either d, g or s); Qy is the intensity of heat exchange
between the ith and the jth phases (j being either d, g or s); r1;; is
the mass flow rate from the ith to the jth phase. g; is the heat flux
and expressed by

qi=-kV -T; (3)

where k; is the thermal conductivity (W m~' K~') for the ith phase.
Due to posing a major difficulty in the theoretical formulation
(Kuipers et al., 1992) and considering the relative narrow
temperature range the fluidised bed coating process operates at,
thermal conductivity was assumed independent of temperature in
the present work. However, for further details concerning tem-
perature-dependent thermal conductivity in heat and mass transfer
modelling, the reader is referred to cases such as those described by
Hajmohammadi and Nourazar (2014).

The rate of energy transfer between phases, Qy; was assumed to
be a function of the temperature difference:

Q= hy(Ti = Tj) (4)

where h; is the convective heat transfer coefficient (k] s~ m™2 K)
between the ith and the jth phase. Because the heat and mass trans-
fer between solid phases and between each solid and the liquid
phase were not taken into account in this study, the last two terms
in Eq. (2) were omitted. From Eq. (4) the heat transfer coefficient
between the solid phase and the gas phase. hy; is related to the
Nusselt number of the solid phase, Nu;, by

6k 0ty 0t NUs
L
5

where d, is solid diameter and k, is the thermal conductivity of the
gas phase, whereas the Nusselt number can be determined from the
correlation of Gunn (1978), applicable for a porosity of 0.35-1.0 and
the Reynolds number of up to 10%:

Nug = (7 = 100 + 502)(1 + 0.7Rel*Pr'/?)

+(1.33 — 240 + 1.202)Rel”*Pr' (6)

(5)

where Re; is the relative Reynolds number based on the diameter of
solid phase and the relative velocity |#, — 7|, and Pr is the Prandtl
number of the gas phase:

i cPSnug
br= 2k (7)

2.2. Heat and mass transfer models for a liquid phase

Two models corresponding to two different heat and mass
transfer regimes (inert heating and vaporisation) between the
discrete phase (droplets) and the continuous phase (gas-solid),
available in CFD solver software, Ansys Fluent 12.0, were consid-
ered. The heat transfer from the gas phase to the droplet phase
was computed by examining the change in thermal energy of a
droplet as it passes through each control volume (Ansys Inc., 2009).

2.2.1. Inert heating

For the liquid droplet, when its temperature is less than the
vaporisation temperature, Tyq, (K), of the droplet, which is a
modelling parameter defining the onset of vaporisation, andfor

when all the volatile mass of the drop is evaporated, the inert heat-
ing regime was considered. These conditions may be written as

T T 8)
and
Mg < (1 = f ,0)Muo (9)

where T, (K) is the droplet temperature, Myg is the initial mass of
the droplet, My is its current mass and f, is the initial mass fraction
of the volatile components (in this case, water). When these condi-
tions were satisfied, the following heat balance equation was used
to relate the droplet temperature, Ty, to the convective heat
transfer:

4 — hugha(Ty - Ta) (10)
where ¢,4 is the specific heat of the liquid in the droplet (] kg™!
K '), Ag the surface area of the droplet (m?), T, the local gas
temperature (K), and hg, the convective heat transfer coefficient
at the droplet/gas boundary (W m~2K™'). In the case of forced
convection around spherical bodies, the correlation of Ranz and
Marshall (1952) can be used to calculate the convective heat trans-
fer coefficient:

My Cpud

Nug = "“;ﬂ =2+ 0.6Re}*Pr'”* (0 < Re < 200,0 < Pr < 250)
£

(11)

Here Nuy is the Nusselt number; dg is droplet diameter (m); k, is
thermal conductivity of gas (Wm™'K™'); Rey is the relative
Reynolds number and Pr is the Prandtl number.

2.2.2. Droplet vaporisation

As evaporation of liquid initiates, it is essential to consider the
mass transfer and heat transfer at the droplet surface. This regime
of droplet vaporisation is initiated when a partial vapour pressure
differential occurs at the droplet’s surface and continues until the
droplet reaches the boiling point, Ty, (K), at which the vaporisation
is much enhanced, or until the droplet's volatile fraction (i.e. water)
is completely consumed:

Ti<=Ti (12)

My > (1 = f0)Mao (13)

The rate of vaporisation was modelled by relating the flux of
droplet vapour into the gas phase to the difference of the vapour
concentration between the droplet surface and the bulk gas as

Nag = hiye(Ca — Cg) (14)

where Ny is the molar flux of vapour from the droplet towards the
gas phase (molm™?s7'), hy, the convective mass transfer
coefficient (ms '), C4 the vapour concentration at the droplet
surface (mol m~?) and C; the vapour concentration in the bulk gas
(mol m™3).

The concentration of vapour at the droplet surface was evaluat-
ed by assuming that the partial vapour pressure at the interface is
equal to the saturated vapour pressure, psqq at the droplet
temperature, Ty:

o psu{.d
Co= - (15)

where R is the universal gas constant.
The concentration of vapour in the bulk gas was known from:

& :xg—R—% (16)
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where X, is the local bulk mole fraction of water vapour in the gas
phase, p is the local absolute pressure, and T, is the local bulk
temperature in the gas. The convective mass transfer coefficient
in Eq. (14) can be calculated from the Sherwood number correlation
(Ranz and Marshall, 1952):

 Hyda

v

Sh

=2.0+0.6Re}/>Sc'? (0<Re<200,0<Sc<250)  (17)

where D, denotes the diffusion coefficient of vapour in the bulk
(m?s ') and d, is the droplet diameter.
Sc is the Schmidt number expressed by
Hy
Sc= (18)
png"

To model the heat transferred to the droplet, the droplet
temperature is updated according to a heat balance relating the
sensible heat change in the droplet to the convective and latent
heat transfer between the droplet and the continuous phase with
the assumption that radiation heat transfer to the droplet can be
neglected for small temperature differences (Erikson and Golriz,
2005):
Mﬂcp,d% =
Here / denotes the latent heat (] kg ') and "—::ﬂ is the rate of evapora-
tion (kg s™").

higAa(Tg — Ty) + %MEE). (19)

3. Materials and methods
3.1. Numerical setup

Prior to the CFD calculations, the meshed 2-dimensional geo-
metry of a laboratory-scale Glatt GPCG-1 fluidised bed coater
(Glatt GmbH, Germany) was defined and generated using Gambit
2.2.30 (Ansys Inc., Canonsburg, PA) (Fig. 2a). The 2-dimensional
model was only used to validate bed heights and wall temperature
profiles in the absence of the two fluid nozzle. Also, a 3-dimension-
al unstructured grid of tetrahedral-hexahedral cells was employed
for the geometry including the two-fluid nozzle (Schlick Model 970
S0) for describing air humidity and temperature and for validating
against the results of Ronsse (2006) (Fig. 2b). The step towards the
3-dimensional model domain was necessary when the nozzle was
added as the resulting geometry could no longer be considered

symmetric. The meshed geometry was subsequently imported into
the solver, Ansys Fluent 12.0.

Before solving, the boundary conditions, initial conditions and
properties of all phases were specified. The fluidisation air inlet
and the atomisation air from the two-fluid nozzle were modelled
as a velocity inlet. In order to modify the reactor under-pressure,
the air outlet was defined as a pressure outlet with radial pressure
distribution and constant atmospheric pressure. At the walls, the
no-slip boundary condition was applied for momentum equations.

In this work, CFD simulations were divided into two sections in
order to determine the expanded bed height (without spray and
atomisation air) and to capture the air humidity and temperature
distributions. The 2D CFD simulations excluding the droplet phase
were performed by means of the finite-volume code, Ansys Fluent
12.0, using a single-precision, unsteady-state and first order
implicit solver, in order to determine the expanded bed height
inside the fluidised bed reactor. The conservation equations of
mass, momentum and energy of gas/solids flow were solved using
a multiphase flow Eulerian model in which each phase was treated
as interpenetrating continua. Furthermore, the droplet phase was
introduced as a discrete phase into the gas/solids flow, therefore
including all three phases (gas, solids, and droplets), in order to
model the air humidity and temperature distribution by means
of combined Eulerian/Lagrangian approach in which the gas/solids
flow was solved in the Eulerian framework, while spray trajectories
were tracked by integrating the equation of droplet motion. In this
approach, the coupling between phases was achieved through the
drag force, heat transfer coefficient and mass source term, due to
droplet evaporation. The momentum exchange coefficient (drag
coefficient) used for all sections was calculated using the modified
Gidaspow model in which the drag model proposed by Gidaspow
(1994) was modified in order to avoid the discontinuity of drag
function found at voidage of 0.8. The modified Gidaspow (1994)
correlation introduces a smooth transition function to the drag
force equation which gives a rapid continuous transition from
the dilute (o > 0.8) to the dense (2, < 0.8) gas/solid regimen. More
details regarding the drag models can also be found in
Duangkhamchan et al. (2010). The convective heat transfer coeffi-
cient was used to calculate the heat exchange between the gas and
solid phase with the use of the Gunn (1978) correlation in which
the Nusselt number for heat transfer from and to the particles at
low and high Reynolds number is correlated to a wide range of
porosities, whereas heat transfers between solid and liquid phases
and between solid phases were not taken into account in this work.
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Fig. 2. Meshed geometry of a conical reactor with a size of mesh 0.005 m: (a) 2D without a nozzle and (b) 3D including the nozzle.
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Fig. 3. Procedure used to accelerate the calculation time of solid temperature.

To avoid expensive time consumption for reaching the steady
state (T,,) starting from the initial condition in the iterative solving
procedure, a method accelerating the calculation of solid tem-
perature to reach the steady-state point was taken into consid-
eration. In this work, the initial solid temperature (T,g) was first
specified as the inlet fluidisation air temperature instead of ambient
temperature. From this point, solid temperature decreased con-
stantly resulting from heat losses, meaning that the steady-state
solid temperature was lower than the set-point value. Subsequent-
ly, the solid temperature was initiated with a lower value (T ;). If
the solid temperature increased, the steady-state point was exam-
ined at which the solid temperature was intermediate between
higher and lower set point. This procedure was repeated until the
solid temperature was almost constant. The steady-state
acceleration method is outlined in Fig. 3.

3.2. Simulation circumstances and validation

The Eulerian CFD model, using a single gas phase as the primary
continuous phase and the three separate phases with different
particle sizes for each phase (Duangkhamchan et al, 2010), was
again employed to account for the polydispersity of solids used
in the experimental validation. Furthermore, as discussed in
Duangkhamchan et al. (2011), not only the effect of the significant-
ly different sized particles was taken into account, but the
adjustment in superficial air velocity boundary condition (10%
increased) was also specified as an inlet boundary condition in
order to satisfactorily match the experimental data.

3.2.1. Determination of expanded bed heights

Before performing the CFD simulations to describe the distribu-
tion of air humidity and temperature inside a reactor, two CFD
simulations with different process variables were performed using
a 2D meshed geometry excluding the nozzle (Fig. 2a) until steady-
state behaviour was reached. In accordance with the measured
expanded bed heights (Depypere, 2005; Depypere et al., 2005),
1kg and 2 kg sucrose/starch beads, namely “non-pareils (NP)"
were used as solid materials and fluidised at low fluidisation air
flow rate (40.3m?h™') and at high fluidisation air flow rate
(66.2m> h™ 1), respectively, with the absence of atomisation air.
In the models, the particle sizes used in each solid phase of the
model were specified as 200 um (accounting for 20% of the total
mass in all three phases), 355 um (60%) and 510 um (20%). The
initial bed heights (static bed) were 7 cm and 12.6 cm for 1 kg
and 2 kg of non pareils, respectively. The inlet air temperature

was set as 50°C. The remaining initial conditions, material
properties and simulation parameters are summarised in Table 1.
Time-averaged near-wall gas temperatures were determined as a
function of height above the air distributor at different fluidisation
air flow rates.

3.2.2. Distribution of air humidity and temperature

In order to describe the distribution of air humidity and
temperature, liquid injection together with atomisation air
(compressed air) were introduced through the two-fluid nozzle
into the gas-solid flow, as well as the droplet evaporation. The
3D CFD model included all phases: gas, solid particles and droplets,
and their interactions. Conservation equations of mass, momen-
tum and energy were solved using the Eulerian framework, while
the feed droplet flow and its evaporation were described by means
of the Lagrangian approach. The single-precision, unsteady-state,
first order implicit solver was employed to perform a case study
of a CFD simulation for all phases involved in the fluidised bed
coating process.

As the main goal of this paper, to investigate the heat transfer
behaviour in the system of fluidised bed coating including all
phases (gas, solid and liquid), droplet evaporation was modelled
together with gas-solid interactions using the overall CFD model.
However, apart from difficulties in accurately simulating
gas-solids flows, evaporation of injected droplets and subsequent
layered growth of coating material onto the fluidised particles is
extremely demanding. Consequently, in this paper, as the first part
of modelling heat and mass transfer in the top-spray fluidised bed
coater, the droplet collision and adhesion on solids particles result-
ing in particle growth mechanisms were not taken into account.

The bed or core material consisted of glass beads with a volume
weighted averaged diameter of 365 pm (Sovitec Micropearl®) of
which 0.75 kg were fluidised in the Glatt GPCG-1 fluidised bed
coater. The particle sizes used in each solid phase of the model
were specified as 230 pm (20%), 330 um (60%) and 430 pm
(20%). The static bed height of 5.6 cm was determined from the
geometry of the reactor, the bulk density of the glass beads and
the total mass of glass beads initially in the bed. The bed material
temperature was initially assumed according to the procedure of
accelerating the calculation of solid temperature (see Section 3.1).
The process variables (Table 2) corresponding to the experimental-
ly determined outlet air temperatures (30.4 + 0.6, 39.5+ 0.6 and
58.9 £ 0.6 °C) obtained by Ronsse (2006) were specified as bound-
ary conditions. The external heat transfer coefficient at the walls
was supposed to be governed by convection, and was estimated
using the Nusselt number for natural convection at a free standing
pipe with a diameter equal to the average reactor diameter
(Incropera and DeWit, 2002; Depypere et al., 2004). This external
heat transfer coefficient was calculated to be 3.5Wm 2K ! and
was applied to both the 2D and 3D model.

Table 1

Initial conditions, material properties and simulation parameters,
Boundary conditions and simulation parameters Values
Primary phase Gas
Secondary phase Mon-pareils
Mean solids particle size, dsz, pm 345°
Solids particle density, kg m 2 1459*
Solids particle loading, kg j (B
Gas density, kgm ™3 1.225
Fluidisation air flow rate, m* h~! 40.3", 66.2°
Atomisation air flow rate, m* h",
Corresponding to 2 and 4 bar -
Ambient temperature, °C 16.5

* Obtained by Depypere (2005).
b Used for validation (Depypere, 2005; Depypere et al., 2005).
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Table 2

Process conditions used in the CFD models (Ronsse, 2006).
No. Tnm (nc) RH (x) Tiﬂ (Oc) Mml {g min ]) Pﬂl‘ (bar) Gnm Ekgs -1) Tout (oc)
1 20.7 51 50 552 25 938x% 1072 304+06
2 19.5 47 70 7.23 2.5 938x10°? 395+06
3 185 25 80 7.0 25 1.56 x 1072 58.9+06

Tam denotes ambient temperature; RH denotes relative humidity; T;, denotes inlet temperature; M,y denotes solution feed rate; P, denotes atomisation pressure; Gujn

denotes fluidisation air flow rate; and T, denotes outlet air temperature.

3.2.3. Experimental validation

In order to validate the model-predicted expanded bed heights,
the experimental results obtained by Depypere et al. (2005) were
used. The experiments were carried out in the laboratory-scale
Glatt GPCG-1 (Glatt GmbH, Germany) fluidised bed coater with a
transparent polycarbonate insert in order to measure the expand-
ed-bed heights by means of three different methods: the visual
method, the static pressure method and the temperature method.
For details concerning these experiments, the reader is referred to
Depypere et al. (2005).

In addition, the outlet air temperatures measured by Ronsse
(2006), as shown in Table 2, were used for the model validation.
The air temperatures were measured at the outlet of the Glatt
GPCG-1 fluidised bed coater, with the AISI 304 stainless steel
insert, by means of a stainless steel sheathed T-type thermocouple
(Ronsse, 2006).

4. Results and discussion
4.1. Expanded bed height

Fig. 4 shows time-averaged near-wall gas temperature profiles
predicted by the CFD models with the operating conditions of
1 kg of non-pareils at low fluidisation air flow rate (403 m*h ')
and 2 kg of non-pareils at high fluidisation air flow rate
(66.2m*h1).

Fig. 4 also illustrates the determination of the expanded bed
height by means of near-wall gas temperature for both operating
conditions. The expanded bed height was determined as the inter-
section of the isothermal profile in the bed and the linear tem-
perature decrease above the bed. It can be seen from Fig. 4 that
for both cases, the gas temperature adjacent to the wall decreased
rapidly at the height just above the air distributor (~4 cm above
the air distributor). In this region, the hot fluidising air rapidly
transfers heat to the bed resulting in a decrease in the near-wall
gas temperature. Above this height, well-mixed fluidisation causes
isothermal conditions, as can be seen in Fig. 4 by the constant tem-
perature for 4-11 ¢cm and for 4-22 c¢m for low and high fluidisation
air flow rate, respectively. From Fig. 4, it can be concluded that the
expanded bed height obtained by CFD models using the intersec-
tion of a horizontal and an inclined regression line were
approximately 11.5 cm and 22.6 cm at low and high fluidisation
air flow rate, respectively, which were in a good agreement with
results (11.5 cm and 20.0 cm, respectively) obtained by means of
the visual method (Depypere, 2005; Depypere et al., 2005).

Furthermore, the static pressures from CFD simulations togeth-
er with experimental results were plotted as a function of height
above the air distributor, as shown in Fig. 5. It can be observed
from this figure that the dependence of the static gauge pressure
in the fluidised bed as a function of height above the air distributor
could be accurately described by a second order polynomial rela-
tionship. Typically, in cylindrical fluidised beds, the relationship
between static gauge pressure and height is linear. However, in
the geometry of the reactor used in this study (i.e. tapered), the
cross-sectional area of the reactor is no longer constant, but
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increases with height. Consequently, the static gauge pressure vs.
height relationship is no longer linear. According to the theoretical
derivations for pressure drop in tapered fluidised beds by Peng and
Fan (1997), the relationship between static pressure and height is a
4th order polynomial. However, as experimentally observed by
Depypere et al. (2005), a 2nd order polynomial fit also gave rise
to very good correlations (R? > 0.995). From the graphical represen-
tation of the gauge static pressure as a function of column height,
the expanded bed height was determined as the intersection of a
second order polynomial regression line and the constant pressure
line.

To determine the intersection point, the pressure line was split
into two lines: the second order polynomial line and the horizontal
line. The point up to which the second order polynomial line has
the maximum R? was considered the intersection point. Based on
this analysis, the expanded bed heights estimated using CFD
simulations were 10.1 cm and 20.2 cm for 1 kg of non-pareils flu-
idised at low flow rate and 2 kg of non-pareils fluidised at high flow
rate, respectively. Table 3 presents the comparison of the expanded
bed heights using the different methods.

It was found from Table 3 that the simulated expanded bed
heights, determined using both static pressure and temperature
methods, were in a good agreement with experimental results
using the visual method, revealing that the use of CFD model
including heat and mass transfer algorithms can be applied to
determine the expanded bed height in the top-spray fluidised
bed coater instead of expensive and complex measurement tech-
niques. However, when compared to the experimental results
(14.2 cm) obtained by the pressure method at high air flow rate,
the model-predicted value (20.2 cm) was over-estimated. A possi-
ble explanation could be that higher air flow rates were accompa-
nied by strong fluctuations in bed height, resulting in pressure
measurements underestimating the bed height along one edge of
the reactor wall (Depypere et al.,, 2005).

4.2. Air humidity and temperature profiles inside a top-spray fluidised
bed coater

The time-averaged model-predicted voidage profile, taken for
10s after disregarding start-up behaviour of fluidisation, was
illustrated in order to examine the bed in the conical fluidised
bed vessel. Fig. 6 illustrates the time-averaged voidage profile
obtained from the model prediction using process condition No.
1 in Table 2. The predicted voidage profile was consistent with
the results described in the previous work of Duangkhamchan
et al. (2011), stating that an air void resulting from occupancy of
the spray cone and release of compressed air could be noticed in
the region under the two-fluid nozzle.

Furthermore, the model-predicted temperature of the gas phase
and the relative air humidity (RH) averaged over a simulated time
period of 10 s after reaching heat transfer equilibrium (described in
numerical setup) were plotted to demonstrate their distributions
throughout the fluidised bed reactor, as shown in Figs. 7 and 8,
respectively. The air temperature contour plots (°C), as shown in
Fig. 7, revealed the existence of a low temperature region near

Table 3
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Fig. 6. Time-averaged steady-state voidage contour plot obtained from the 3D-
model using process condition No. 1 in Table 2 (in XZ-plane and coordinates in m).

the two-fluid nozzle partly covering the top part of the bed. In this
region, the temperatures of gas phase were approximately
26-29 °C below the fluidisation inlet air temperature, with the
lower air temperatures found right below the nozzle, resulting
from evaporation of the droplets. Away from the centre of this area,
air temperature rose, leading to dense isotherms corresponding to
high temperature gradients. In the outer part of this region, iso-
therms were further away from one another delimiting a region
where air temperature was high and almost constant, extending
to the reactor wall. In Fig. 7, an important gradient was observed
in the bottom part of the bed, situated just above the air dis-
tributor. In this narrow region, the particles coming down from
the upper part of the bed absorbed heat from the entering hot
air, resulting in rapid heat exchange described by the change in
air temperature at the bottom of the bed.

In addition, the relative humidity predicted by the CFD model
using process condition No. 1 in Table 2 was demonstrated in
Fig. 8, coloured by RH ranging from 0% to 30%. From this figure,
it can be seen that a high humidity region covers the top part of
the bed near the nozzle, closely following a low air temperature
region. According to the air temperature profiles (Fig. 7), this
region has a shape resembling the one formed by the correspond-
ing low air temperature region.

The model-predicted air temperature and relative humidity
distributions were consistent with the experimental observations
carried out by Jiménez et al. (2006), describing three thermal zones
in the conical top-sprayed fluidised bed. Based on air temperature
and RH profiles illustrated in Figs. 7 and 8, respectively, three
thermal zones in the fluidised bed, including the ‘spray zone',

Comparison of expanded bed heights between those obtained from 2D-CFD simulations and different experiments (Depypere et al., 2005).

Pressure method (cm) Temperature method (cm) Visual method (cm)
Exp* Sim® Exp® Sim"

1kg 9.1 10.1 11.5 14.5 9.0£1.0

2kg 142 202 20.0 19.0 205+54

* Experimental results obtained by Depypere et al. (2005).
" Simulated results.
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Fig. 7. Time-averaged steady-state contour plots of air temperature (°C) from the model prediction in: (a) XZ-plane and (b) YZ-plane (obtained using process condition No. 1

in Table 2) (coordinates in m). Both plots obtained from the 3D-model.

0.55

0.5+

0.45+

04—

035+

0.3+

0.25+

0.2+

0.15+

0.1

0.05+

016 010 005 000 005 010 015

(a)

0.55

0.5~

0.45-

0.4~

035+

03+

025+

02~

015+

0.1+

000 005 010 015

(b)

015 -010 -005

Fig. 8. Time-averaged steady-state contour plots of relative humidity (%) from model prediction in: (a) XZ-plane and (b) YZ-plane (obtained using process condition No. 1 in

Table 2) (coordinates in m). Both plots obtained from the 3D-model.

‘isothermal zone' and ‘heat transfer zone', were observed. The
spray zone was situated near the nozzle at the top part of the
bed. In this region, the sprayed water and its evaporation resulted
in low air temperature and high humidity, respectively. Located

near the wall and around the spraying zone, the isothermal zone
was characterised by homogeneous air temperature and air
humidity mainly resulting from the intense mixing behaviour in
the fluidised bed. The heat transfer zone was located in the small
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Fig. 9. Comparison between simulated and experimental steady-state outlet
temperature (°C).

area just above the air distributor in which a decrease in hot
fluidising air temperature as a result of the energy absorbed by
the colder particles coming down from the upper part of the bed
was observed (Jiménez et al., 2006).

However, even though the CFD model gave acceptable qualita-
tive agreement with the experimental tendency of three thermal
zones observed by Jiménez et al. (2006), quantitative discrepancy
between the experimental outlet air temperatures (Table 2)
obtained by Ronsse (2006) and those predicted from the CFD mod-
el could be seen, as shown in Fig. 9. This explanation is most likely
due to the underestimation of droplet evaporation in the reactor,
the omission of droplet/particle interactions in the model, the
use of semi-empirical equations for interphase heat and mass
transfer description and simplifications of the considered equa-
tions, such as assuming constant (e.g. temperature-independent)
parameters.

In the Eulerian-Lagrangian CFD model used in this work, the
calculated droplets moved downwards along with the atomisation
air stream until facing the counter-current fluidised solid particles.
Due to the absence of phenomena including droplet deposition
onto fluidised particles, the discrete phase algorithm continued
tracking the droplets until they exited the reactor at the top. In rea-
lity, the wet particles resulting from droplet adhesion onto their
surface pass the spraying zone several times with the appropriate
circulation time, contributing to the layered growth of the coating
material around the individual core particles. In practise, the
majority - typically =70% (Ronsse et al., 2008) - of water in the
coating solution is evaporated after the droplets have impacted
and deposited on the fluidised solid particle. Conversely, in the cur-
rent CFD model, the water droplets were evaporated during their
flight throughout the reactor with short residence time, resulting
in underestimation of latent heat transfer and consequently
overestimation of the outlet air temperature. Therefore, the
presence of droplet deposition onto the fluidised particles and
the subsequent heat and mass transfer between fluidising hot air
and wet particles are strongly recommended for further investiga-
tion and incorporation into future models.

5. Conclusion

In this paper, a combined Eulerain/Lagrangian modelling frame-
work was provided for the top-spray fluidised bed coating process

based on 2D and 3D discretisation of the bed. The aim of this model
was to describe temperature and humidity distributions as well as
the expanded bed height in the fluidised bed coater. It can be con-
cluded that the overall CFD model could serve as a powerful tool to
describe the thermodynamics circumstances resulting from heat
and mass transfer in the top-spray fluidised bed coating process
with a considerable consistency with the experimental data.
However, regarding the outlet air temperature, discrepancy
between the values from measurement and CFD prediction could
be seen. Consequently, other mechanisms, for instance, droplet
adhesion, heat and mass transfer between wet particles and hot
fluidising air resulting in agglomeration and layered growth, and
temperature-dependency of model parameters are strongly
needed to be taken into account in future study.
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37 cob (PCC) using a top-spray fluidized bed coating method with variations of inlet air
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FRAP assays. In contrast, those values were increased when the spraying time increased. The
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same trend was found for anthocyanin composition. Based on the optimization criteria with
the highest desirability of 0.702, we recommend the inlet air temperature of 50°C and

spraying time of 14.87 min to obtain the minimum fissure and maximum coating material.

Key words: top-spray fluidized bed; chroma; fissure; flavonoid; antioxidants

1. Introduction

Rice is a staple food consumed worldwide, particularly in Asia. Even though brown rice
contains higher nutritional values and phytochemicals content, including antioxidants, white
rice or milled rice has been preferred for consumers due to its flavor and texture. In order to
maintain such values, adding the natural extract containing antioxidants to the white rice is

taken into considered as an improvement of its health benefits.

Anthocyanins are flavonoid pigments providing colors that vary from orange, red, violet, blue
and dark purple in vegetables and fruits such as grapes, blueberry, blackberry, raspberry,
purple carrot etc. (Wang et al., 1997; He and Guisti, 2010). They have been widely used as
natural colorants due to their low toxicity. Anthocyanins have been reported to have high
antioxidant properties which are correlated with prevention of chronic diseases in humans
(Yang and Zhai, 2010; Flanigan and Niemeyer, 2014) such as cancers, cardiovascular disease
and others. For example, consumption of dietary containing anthocyanins associated with
neuroprotective effects decreases risk of Parkinson’s disease (Flanigan and Niemeyer, 2014).
However, anthocyanins are highly susceptible and unstable to processing especially thermal

processing (Vegara et al. 2013). Furthermore, due to high cost of such vegetables and fruits,
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many attempts have been made in order to find other potential natural sources, as

summarized in (Fu et al., 2011; Deng et al., 2013; Morales-Soto et al., 2014).

Purple corn originated from Peru is one of rich sources of anthocyanins. It contains not only
higher anthocyanins than those of aforementioned vegetables and fruits, but its price-per-unit
is also much lower (Cevallos-Casals and Cineros-Zevallos, 2003). Purple corn has now been
gaining popularity for consumption in many regions including Thailand. It is consumed on
the cob as fresh food after being cooked by boiling or steaming (Harakotr et al, 2014). The
corn cob is normally thrown away as waste, even though it contains as much bioactive
compounds especially anthocyanins as in the corn seed. Therefore, the purple corn cob could

be a cheaply potential natural source of anthocyanins and other bioactive components.

Recently, rice coated with natural extracts containing antioxidants or other bioactive
compounds has been considered as value-added product gaining more popularity in the
market. Coating the solid particles can be made by means of rotating drum, rotating pan, fluid
bed and other mixers (Teunou and Poncelet, 2002). Among them, the rotating pan and fluid
bed associated with the coating spray are most appropriate in this application (Maronga,
1998). However, the former is still not suitable technique in food industries when compared
with the fluidized bed coating process providing higher reproducibility and coating
uniformity (Maronga, 1998; Palamanit et al., 2013). In this process, particles at the bottom
are fluidized by a continuous air stream blown through an air distributor. Coating solution is
pumped and subsequently atomized through a nozzle and sprayed onto the surface of
particles, resulting in wet particles. The deposited solution is subsequently dried by the hot
air, leading to formation of layered growth on the particle surface. Among bottom-spray,

tangential-spray and top-spray configurations, the latter in which a nozzle may be positioned
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above or submerged inside the bed has been successfully employed in food industries due to

its high flexibility and simplicity of high batch size (Duangkhamchan et al., 2015).

Due to a unique operation providing simultaneous processes (coating and drying) taking
place in only one apparatus, Palamanit et al. (2013) applied the fluidized bed coating process
to improve functional properties of white rice. They improved the antioxidant property of
white rice by coating turmeric extract solution by means of fluidized bed coating technique
with top-spray configuration. That work revealed high potential to increase total phenolic
content and total antioxidant capacity of white rice. In addition, the experimental results
showed the influence of operating parameters including spraying rate and inlet air
temperature on physic-chemical properties of coated rice. In order to reduce attrition
promoted in the conventional rotating-pan equipment, Solis-Morales et al. (2009) applied a
top-spray fluidised bed reactor to coat puffed wheat with sweet chocolate. It can be proven
from two aforementioned publications that the top-spray fluidized bed technique can be
potentially applied in the food industry. However, the occurrence of side effects including the
premature spray-drying of the droplets containing the dissolved coating material and
agglomeration (i.e. sticking or clumping together of wetted particles) could result in poor
product quality and product losses (Dewettinck and Huyghebaert, 1999; Werner et al., 2007).
To solve these problems, all phenomena in the coating process including air suspension,
particle dynamics, coating solution droplet trajectories and their interactions have to be

clearly understood so that appropriate selection of process input variables can be achieved

(Teunou and Poncelet, 2002).

As a result of various operating variables i.e. process conditions, material properties,

affecting the coating process dynamics and quality of the resulting product, many attempts
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have been made to optimize the coating system, improving the reactor design and increasing
material efficiency, as reviewed by Teunou and Poncelet (2002). For instance, Atarés et al.
(2012) investigated the effects of core materials on the layer growth mechanism as well as
coating quality. In addition to core material properties, the effects of process variables on
quality attributes were studied by Palamanit et al. (2013). Process optimization has not only
been carried out experimentally, but has also been studied by means of mathematical models
(Perfetti et al., 2012). Since the quality of coated products is greatly affected by operating
variables, the multivariate analysis such as response surface method widely applied to food
process optimization could be potential means to investigate the relationships between
process and end-product quality. Therefore, in this work, the effects of inlet air temperature,
spraying time on physical attributes of rice coated with purple-corn cob (PCC) in terms of
percentage of fissured kernel, head rice yield and chroma were investigated by means of the
response surface methodology. Subsequently, it was applied to optimize the top-spray
fluidized bed coating condition for white rice coated with purple-corn cob extract. Also
anthocyanin and phenolic contents along with their antioxidant activities were included. We

expect to obtain an appropriate coating condition for preserving both physical and antioxidant

properties of rice coated with PCC.

- 2. Materials and methods

2.1 Materials

2.1.1 Rice sample

Milled rice variety Khao Dawk Mali 105 (KDML 105) harvested from Mahasarakham

province, Northeastern Thailand, was used in this work. Prior to testing, its moisture content,
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% head rice yield and % fissure were analyzed, and the rice sample was kept in a dark room

at temperature of 4+1°C.

2.1.2 Purple-corn cob extract solution preparation

Purple-corn cobs (Zea mays L. var. ceratina) supported by Assistant Professor Sakulkarn
Simma, the Department of Agriculture Technology, Faculty of Technology, Mahasarakham
Univerisity, Thailand, were sliced into small pieces. One hundred and fifty grams of sliced
cob were boiled (85-95 °C) in 100-ml distilled water for 10 mins. The extract was
subsequently filtered througl; multi layers of white cloth. Finally, the purple-corn cob extract
was mixed with maltodextrin in order to obtain 15°Brix of solution used as a coating

material, and was then stored in a dark room at 4+1°C until a test and analysis.

2.2 Experimental setup

A laboratory scale top-spray fluidized bed coater consisted of a conical stainless steel vessel
with inclination of 8.1° (a top diameter of 0.30 m, a base diameter of 0.14 m and a height of
0.56 m.). A stainless perforated plate with a hole size of 1 mm was used as an air distributor
at the bottom of the vessel. Fig.1 shows a schematic diagram of the apparatus. The fluidizing
air was supplied using an 1-hp blower associated with a frequency inverter to adjust its
velocity. The fluidizing air heated by an electric heater enters the bed through the air
distributor, and its temperature was controlled by a temperature controller. In order to spread
on the rice grain surface, small droplets containing the coating material were continuously
sprayed towards the fluidizing bed by means of a two-fluid nozzle with a droplet size ranging
from 10 to 40 pm (Duangkhamchan et al., 2012). In this work, the nozzle was positioned at

0.12 m above the air distributor. The coating solution was fed into the two-fluid nozzle by a
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peristaltic pump, and it was subsequently atomized associated with the compressed air

supplied by an air compressor.

2.3 Experimental procedure

2.3.1 Coating procedure

Milled rice of 500 g, corresponding to approximately 2 cm of initial bed height, was used in
this work. Before loading rice sample, the desired inlet temperature and velocity of fluidizing
air were set. As soon as the desired conditions reached steady-state behavior, the rice sample
was loaded at the top of a reactor. The onset of coating process was provided once the coating
solution was subsequently sprayed into a fluidized bed of rice. The experimental conditions
carried out in this work included the variations of inlet air temperature (50, 60 and 70°C) and
spraying time ranging from 5 to 15 min, while coating solution feed rate, fluidizing air
velocity and atomization air pressure were kept constant as 10 ml/min, 4.7 m/s (three times of
minimum fluidization velocity) and 1.5 bar, respectively. Due to simultaneously coating and
drying in this technique, the coated rice was not further dried. Prior to quality analyses, it was

kept in an aluminium-foil bag under cold storage (4+1°C). Each condition was carried out in

triplicate.

2.3.2 Moisture content determination
Moisture content (MC) of both milled rice and coated rice was determined according to the
standard method of AOAC. Five grams of rice sample was dried at 103°C in a hot air oven

for 72 h. The average value obtained from five replicates for each experiment was presented.
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2.3.3 Head rice yield (HRY) determination

Coated rice of 2.5 g, corresponding to approximately 100 rice kernels, was randomly sampled
from each experiment. Broken rice defined as the kernel length less than 75% of its original
length (Palamanit et al., 2013) was visually examined associated with a high resolution
digital camera. The ratio of a number of broken kernels and total kernels was calculated as

head rice yield. The measurement was carried out with ten replications, and the average result

was presented.

2.3.4 Fissure determination

Similarly, fissure of coated rice was determined by randomly sampling 100 kernels
(approximately 2.5 g). The kernels were placed on a glass above fluorescent bulb to which
cracking of coated rice could be inspected clearly. Visual inspection associated with the high
resolution digital camera was carried out. The magnified images were taken and visually

inspected. Ten replicates were performed for each measurement and the average value was

presented.

2.3.5 Chroma measurement

The chroma of coated rice was examined by the colorimeter (model ColorFlex, HunterLab
Reston, VA, USA) with a D65 illuminant and observer angle of 10°. The chroma was
calculated from Chroma = (a"‘2+b*z)”2 using the CIE L*a*b* color scale, a* (redness-
greenness) and b* (yellowness-blueness). The colorimeter was first calibrated with a standard
white plate obtaining L* of 93.19, a* of -1.12 and b* of 1.33. The color was measured in ten

individual replicates of each experiment and the average value was presented.
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2.3.6 Total phenolics content determination

Total phenolic content in PCC was determined using the Folin-Ciocalteu reagent as following
the methods of Zhou and Yu (2006), and Kubola and Siriamormpun (2008). Briefly, 30 puL of
extract was mixed with 2.25 ml of Folin-Ciocalteu reagent (previously diluted 10-fold with
distilled water) and allowed to stand at room temperature for 5 min; 2.25 ml of sodium
carbonate (60 g/ml) solution was added to the mixture. After 90 min at room temperature, the
absorbance was measured at 725 nm using a spectrophotometer. The standard curve of the
absorbance of gallic acid was made. The total phenolic content of the tested compound was

determined and reported as milligram gallic acid equivalents per gram dry weight (mg GAE/g

DW).

2.3.7 Total flavonoid content determination

Total flavonoid content was determined using the method of Abu Bakar et al. (2009). Briefly,
0.5 ml of the mixture was mixed with 2.25 ml of distilled water in a test tube followed by
addition of 0.15 ml of 5% NaNO, solution. After 6 min, 0.3 ml of a 10% AlCl;*6H,0
solution was added and followed to stand for another 5 min before 1.0 ml of 1M NaOH was
added. The mixture was taken to measure for the absorbance at 510 nm using a
spectrophotometer. The total flavonoid content was represented as milligrams of rutin

equivalents per gram dry weight (mg RE/g DW).

2.3.8 Total anthocyanin content

Total anthocyanin content was determined using the spectrophotometric method (Cinquanta
et al.,, 2002). Approximately 10 mg of powder were extracted twice with 10 ml of water (1:1
w/v). The extract was centrifuged for 10 min at 10,000 g and recorded in a Beckman Du-640

spectrophotometer (Beckman Coulter, Fullerton, USA). Total anthocyanin content was
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expressed as cyaniding -3 rutioside. The absorbance was measured at 534 nm. Analyses were

performed in triplicate and the results expressed as mg/100 g of dried extract.

2.3.9 Identification of anthocyanins by HPLC

Reversed-phase HPLC analysis of anthocyanins was performed using a method of Kim et al.

‘(2007). RP-HPLC instrument consists of Shimadzu LC-20AC pumps, diode array detector

(SPD-M20A) and chromatographic separations were performed on a C-18 column (4.6 x 250
mm., i.d. 5 um) (Waters USA). The mobile phase used were 0.1% hydrochloric acid in
methanol (15:85 v/v) (phase A) and 8% formic acid (phase B), at a flow rate of 1 mL/min.
The gradient elution conditions used were described previously by Kim et al. (2007).
Operating conditions were as follows: column temperature 30 °C, injection volume 20 pL,
and a detection wavelength at 520 nm. Solutions were injected after being filtered through a
0.45 pm nylon membrane filter. Anthocyanins in samples were identified by comparing their
relative retention times and UV spectra with those of standards and were detected using an

external standard method. The results for the anthocyanins were expressed as pg per mg dry

weight (ug /g DW)

2.4 Response surface methodology

Physical properties of PCC coated rice as affected by coating variables were evaluated by
means of response surface method (RSM) due to its suitability for multivariate problems. In
this work, a full factorial experimental design was employed with two factors (inlet air
temperature and spraying time) and three levels for each factor. Fissure and chroma were

used as responses in order to provide the consistency with the factors. A second-order



[
O W o~ U S WN

NN RN RN N N R s b s b e b
MU U U WU U LU U D s D b DD D WWWwwwwwwwwNN

11

polynomial equation applied to describe the effects of factors on responses is expressed as

follow (Singh et al., 2006):

" n

n n
Y=a,+ Za,.x,. + Zaﬁx,.2 + z Zal_‘ix,.xj (n)
i=1 i

i=l j=i+l

In equation (1), the coefficients ap is the constant; a; and a; are the linear and quadratic
effects, respectively, while the interaction effect between them is denoted by aj;. xi (n = 2) is
the actual value of the i factor, x; defined as inlet air temperature (°C) and x;, spraying time
(min). In order to optimize the coating condition, the models obtained from equation (1) were
applied associated with the desirability criteria, minimum % fissure and maximum value of
chroma (implying the amount of coating material on rice surface). The suitable condition was

chosen based on the highest desirability value, ranging from O to 1.

3. Results and discussion

We divided the experimental data into two parts. Firstly, the coating condition was optimized
for the physical attributes. The second part is investigation of bioactive compounds affected

by spraying time and temperature. The results and discussion are as follows:

3.1 Physical properties of rice coated with purple-corn cob extract and optimized

coating condition

3.1.1 Moisture content
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The MCs of rice coated with PCC extract using a lab-scale top-spray fluidized bed coater at
different conditions are presented in Table 1. It can be found from this table that the final
MCs were varied in a range of 10.18 — 12.81% (wet basis), depending on coating conditions
being used in this work. The MCs of coated rice tended to increase, comparing with the initial
MC ranging from 11.37 — 11.74%, except that obtained under temperature of 70°C and 10
min for spraying time, decreasing from 11.74 to 10.18%. Considering the effect of spraying
time at constant temperature of 50°C, the MCs increased after coating at various spraying
times was not significantly different. It could be explained that the variation of spraying time
used in this work did not affect the change in evaporation rate. To investigate the effect of
temperature on the final MC of coated rice, variation of inlet air temperature was employed,
while spraying time was kept constant at 10 min. It was found from Table 1 that the inlet air
temperature strongly affected the final MC, decreasing with higher temperature. Especially
when operated under inlet air temperature of 70°C, the final MC was lower than the initial
one (1.56% decrease). It could be explained that evaporation rate of moisture from the rice
kemnels provided by this condition was higher than the amount of coating solution deposited
on the surface of rice kernels. The existing moisture of white rice kernels was therefore
evaporated to compensate the required amount of moisture evaporation rate of drying air,
resulting in a decrease in MC after coating. This effect was consistent with the results

presented by Palamanit et al. (2013).

3.1.2 % Fissure and % HRY

Various inlet air temperatures and spraying times were used in order to study the effects of
these operating parameters on % fissure and % HRY of rice coated with PCC extract, as
shown in Table 1. It was revealed that the percentage of fissured coated rice kernels, ranging

from 20.08 to 96.66%, was found higher with increasing inlet air temperature and spraying
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time. The possible explanation of rice fissure could be the fact that the stress formation takes
place when the moisture on rice surface evaporates quicker than the diffusion rate of moisture
from inside kernels to their surface (Iguaz et al., 2006). The fissure subsequently occurs if the
stress formed inside rice kernels reaches a limit of failure strength (Kunze and Choudhury,
1972, Palamanit et al., 2013). At constant temperature of 50°C, a number of fissured coated
rice kernels tended to increase when spraying time was higher. This is due to the longer
resident time for which the rice kernels absorbed heat from the fluidizing air. When operated
under constant spraying time of 10 min, inlet air temperature affected strongly the percentage
of fissure, as found to be up to 96.66% at the highest temperature of 70°C. Palamanit et al.
(2013) stated that in the case of high % fissure up to 97%, a textural quality of cooked coated
rice was poor, leading to unacceptability of consumers. Therefore, this condition is not

suitable when acceptability of consumers is concerned.

In addition, Table 1 shows the percentage of head rice yield after coating by the lab-scale top-
spray fluidized bed coater. At constant spraying time of 10 min, the inlet air temperature did
not significantly affect % HRY of coated rice (~84%), but lower than that of uncoated rice
samples (92.17£1.33%). The collision between fluidizing rice kernels and the reactor wall as
well as inter-collision among kernels could be possible explanation of a decrease in % HRY
after coating. However, when operated under various spraying times, tendency was found to
be decrease with longer time, except at spraying time of 15 min. At this condition, % HRY
turned out to be higher than that of rice coated for 10 min. It could be explained by
agglomeration of coated rice when high amount of coating solution was supplied, while heat
used for droplets evaporating remained constant as inlet air temperature was unchanged at
50°C. In this case, agglomerates could move slower, meaning that intense collisions resulting

in kernel breakage may rarely occur during coating process.
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3.1.3 Color

The effect of operating variables on the color values of PCC coated rice are presented in
Table 2. From this table, the hue angle of coated rice was in a range of 21.56 — 33.53,
indicating a shade of reddish-purple. This range of hue angle corresponded to the redness
value (a") of 10.17-16.35, yellowness value (b") of 6.15-6.74, and lightness value (L") of
42.31-54.64. In addition, Table 2 presents chroma values used to evaluate the intensity of
color of coated rice. Considering the effect of spraying time, increasing spraying time ranging
from 5 to 15 min under constant inlet air temperature of 50 °C resulted in higher values of
chroma, meaning more intense color of coated rice. This is due to the fact that for longer
spraying time, a larger amount of coating solution was supplied to a bed, and subsequently
adhered onto the rice surface. In contrast, the chroma values tended to decrease with
increasing inlet air temperature at constant spraying time, as shown in Table 2. Higher
premature droplet evaporation resulted from increasing inlet air temperature could be
possible explanation of this observation. These results were also observed by Palamanit et al.
(2013). This is so-called spray drying effect often encountered in the top-spray reactor
(Dewettinck and Huyghebaert, 1998). Therefore, the distance the droplets travel before

contacting the core particles should be optimized in order to minimize coating imperfections

cause by premature droplet evaporation.

3.2 Optimized coating condition

Three levels of inlet air temperature and spraying time were applied to provide to the

consistency with % fissure and chroma values as responses of each factor.
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On the basic of response surface methodology, the correlations for % fissure and % chroma
are expressed in equations (2) and (3), respectively;
Fissure = 73.27 + 33.66A + 7.40B — 8.39AB; R? = 0.81 2)
Chroma = 16.50 — 0.56A + 2.62B + 0.23AB; R* = 0.83 3)
where A denotes the inlet air temperature (°C) and B the spraying time (min). The statistical
analysis of the above equations showed an acceptable coefficient (R*> 0.8), meaning that the

models could explain approximately 80% of variability.

However, determination of an appropriate coating condition for PCC coated rice was
dependent on all operating parameters tested. The simultaneous optimization of % fissure and
chroma values was therefore investigated by defining a 2-dimension global desirability plot,
as shown in Fig. 2. Based on the minimum % fissure and maximum chroma, the highest
desirability value was 0.702 corresponding to the inlet air temperature and spraying time of
50°C and 14.87 min, respectively. This means that the combination of the different

independent operating parameters was globally optimal.

Although chroma values could subjectively predict the amount of coating material,
determinations of bioactive components by HPLC must be performed. Therefore, the

bioactive compounds as affected by coating conditions were further evaluated experimentally

in the following section.

3.3 Effects of operating parameters on bioactive compounds

We investigated the effect of coating temperature (50, 60 and 70 °C) on the contents of

bioactive compounds along with antioxidant properties. The spraying time was then
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collectively studied with respect to the optimal coating temperature. As expected, all coated
rice samples had significantly (p<0.05) higher values of TPC, TFC and TAC compared with
the control (Table 3). However, those parameters were decreased with an increase of coating
temperature, being highest at 50 °C and lowest at 70 °C (Table 3), hence 50 °C was selected
as an optimal coating temperature. At constant temperature at 50 °C, different spraying times
at 5, 10 and 15 min were studied. The longer time resulted in the higher TPC, TFC and TAC.
These results were similar to those of antioxidant activities in Table 4. The increase of
temperature led to a higher degradation of phenolics, flavonoids and anthocyanins because
they are highly thermo-sensitive (Tonon et al., 2010). Thermal processing has been reported
to have inconsistent effect on bioactive compounds and antioxidant properties of plant
samples. It could cause losses, no change or even improvement of antioxidant properties
(Nicoli et al., 1999). Food Processing can improve the properties of native antioxidants or
induce the formation of new compounds with antioxidant properties so the overall antioxidant
activity increases (Tomaino et al., 2005) in some products such as in dried mulberry leaves
using far infrared drying (Wanyo et al, 2011). However, in our study the values of DPPH
radical scavenging and FRAP were stepwise decreased when higher temperature applied
(Table 4). The presence of sugars and proteins causing a non-enzymatic browning reaction,
called Maillard reaction may have an effect on more rapid degradation of anthocyanin at
higher temperature. Furthermore, as we mixed the PCC extract with maltodextrin (a
polyscaccharideconsisting of D-glucose units connected in chains of variable length) as a
coating media, the degradation of anthocyanin may be accelerated by the conversion of
sugars to furfural which is a compound derived from the Maillard reaction, leading to the

formation of brown color compounds. This reaction is susceptible to thermal process (Von

Elbe and Schwartz 1996; Tonon et al., 2010)
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Seven authentic standards, namely kuromanin, keracyanidin, malvin, dephinidin, cyanidin,

pelargonidin and malvidin were used to compare the retention time for identification of
anthocyanin composition. In our present study, it was possible to identify all of those
anthocyanins in the PCC extract, however only four components namely keracyanidin,
malvin, dephinidin and cyaniding found in the coated rice samples. As can be seen from
Table 5, the results were similar to those found for bioactive compounds (Table 3) and
antioxidant activities (Table 4) that when the coating temperatures increased, the contents of
anthocyanin were decreased (50°C >60°C >70°C). Therefore, we further investigated the
coating temperature at 50 °C. It was found that the longer spraying time resulted in the higher
content of anthocyanins present in all coated rice studied. Although most anthocyanins were
coated by the top-spray fluidized bed coating method with suitable conditions, malvin,
malvidin acid and pelargonidin were not attached to the rice materials as they were not
detected in coated rice. It was observed that the difference of malvin and malvidin, compared
with other anthocyanins is the presence of a methoxyl group in their molecules as indicated in
Fig. 3. Malvin and malvidin contains one methoxyl groups while the others do not. The
plausible explanation of how these two anthocyanins could not be attached to the rice kernels
by coating processes may involve the linkages or bindings of the hydroxyl group of rice
starch and the methoxyl groups or may be caused by hydrophobicity of methoxyl groups
against water solubility. Whilst, pelargonidin contains unique structure of anthocyanin that
there is no hydroxyl group at 3’ position of B ring while others do. At this position, OH can
donate electron better than that at other positions (Jing et al., 2014). The ability to link with
other molecules such as starch, sugar in the coating media (maltodextrin) or the rice is
strongly dependent on chemical structure, number and position of hydroxyl group especially

OH at R; position of B ring. However, this must be studied further.
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4. Conclusion

We have demonstrated that coating procedure affected the physical qualities and bioactive
components of rice coated with PCC. High temperature applied caused undesirable physical
qualities and lower amount of bioactive components as well as antioxidant activities. In
addition, spraying time at constant temperature seemed to have less effect on those values
than the former except for chroma value which was found greater with longer spraying time.
This implies that more PCC added on the rice surface. Our findings have supported the
previous information that anthocyanins were susceptible to thermal process. Therefore, to
preserve the bioactive compounds and their biological activities of the PCC-coated rice, we
recommend that the suitable coating conditions should be applied at low temperature for
longer spraying time. However, besides coating parameters studied, concentration of coating

materials, nature of core materials (rice variety) should be further investigated.
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Table

Table 1 Moisture content, %fissure and %HRY of purple-corn cob extract coated rice.

Moisture content

Conditions
(%owet basis)
% Fissure %HRY
Temperature  Spraying time MC
Initial MC Final MC
(°C) (min) increased
50 5 11.64+0.08  12.81£0.16  1.17£0.18*  20.08+5.22°  85.59+0.76™
50 10 11.3740.08  12.68+024  1.31+0.25° 27.21+2.54°  84.91+].19°
50 15 11.44+0.03  12.69£0.19  1.25+0.19° 40.97+1.50° 87.30+1.12°
50 10 11.37£0.08  12.68+024  1.31+0.25% 27.21+2.54° 84.91+1.19°
60 10 11.43£0.02  12.002049  0.57£0.49% 4542+2.17®% 83.98+0.14°
70 10 11742022  10.1840.17  -1.56+0.28° 96.66+0.40"  83.72+0.94°
uncoated - - 5.1240.65°  92.17+1.33*

Different superscripts in the same column denote significant difference at p<0.05.

Small superscripts are used for comparison at constant temperature, while capital ones are used when comparing

under constant spraying time.

Table 2 Color values of rice coated with purple-corn cob extract.

Conditions
Temperature  Spraying time L’ a b’ Hue angle Chroma
0 (min)
50 5 54.64+2.61°  10.17£0.77°  6.73£0.44*  33.55+2.75*  12.21+0.67°
50 10 46.62+1.67° 15.17:0.48°  6.15+0.35°  22.08+1.58°  16.37+0.39°
50 15 42.31£1.81°  16.35£0.62°  6.3120.24°  21.15+1.46°  17.53%0.50°
50 10 46.62+1.67° 15.17£048"  6.1530.35°  22.08+1.58%  16.37+0.39"
60 10 4726+0.80° 13.87x0.10°  6.67+0.12%  25.66£046"  15.39+0.10°
70 10 53.82+0.89" 13.98+0.13%  6.7420.18*  25.73+0.72"  15.52+0.11°

Different superscripts in the same column denote significant difference at p<0.05.

Small superscripts are used for comparison at constant temperature, while capital ones are used when comparing

under constant spraying time.



Table 3 Total phenolic, total flavonoids and anthocyanin content as affected by coating

conditions.
Conditions TPC TFC TAC
Temperature  Spraying time (mg GAE' /100 gof (mg RTE /100 g (mg/100 g dry matter)
°O) (min) dry matter) dry matter)
50 10 60.53+1.37° 5.0240.56® 0.15+0.02°
60 10 56.8814.60°%¢ 5.01+0.308 0.140.02°
70 10 55.6520.71¢ 4.86%0.318 0.15%0.00°
50 5 4421+1.07° 1.30+0.69° 0.09+0.02°
50 10 56.88+4.60° 5.01£0.30° 0.1420.02°
50 15 70.80+4.03° 7.30+0.63° 0.25+0.04°
Extract 132.9740.23** 31.1020.27** 0.39+0.01%
Control 7.96+0.54°° 0.16+0.05C 0.00%¢

Different superscripts in the same column denote significant difference at p<0.05.

Small superscripts are used for comparison at constant temperature, while capital ones are used when

comparing under constant spraying time. ‘GAE: Gallic acid equivalent;  RTE: Rutin equivalent.

Table 4 Effect of coating conditions on antioxidant activities of coated rice with purple- corn

cob extract.

Conditions
%inhibition DPPH radical FRAP (umol FeSO,/g)
Temperature (°C) Spraying time (min)

50 10 24.1420.128 8.43+0.728
60 10 22.90+0.22¢ 6.56+0.03¢
70 10 23.08+0.49¢ 7.7140.27¢
50 5 22.0920.21¢ 6.25+0.02°
50 10 22.9020.21° 6.56+0.02°
50 15 24.28+0.16° 11.1240.09°

Extract 71.96+0.43* 50.22+1.04*

Control 19.1540.58%" 4.80+0.15%°

Different superscripts in the same column denote significant difference at p<0.05.

Small superscripts are used for comparison at constant temperature, while capital ones are used when

comparing under constant spraying time.



Table 5 Anthocyanins composition in purple corn extract and coated rice (pg/g).

Temperature  Spraying Kuromanin Keracyanidin Malvin  Dephinidin  Cyanidin  Pelargonidin  Malvidin Total
Time (min)
(°C)
50 10 1.47+0.18°  6.370.21° nd 3.1420.15°  6.2420.02° nd nd 17.210.50°
60 10 1.08£0.13°  5.93+0.06" nd 3.05£0.02"  6.09+0.03" nd nd 16.140.19°
70 10 0.88£0.02°  5.740.11° nd 2.85:0.01Y  5.82%0.12° nd nd 15.28+0.21°
50 5 1.09+0.16°  5.72+0.30° nd 2.93£0.109  6.10£0.03% nd nd 15.85£0.58%
50 10 1.47+0.18°  6.37:0.21° nd 3.14£0.15°  6.2420.02° nd nd 17.21£0.50°
50 15 1.75¢0.12¢  7.42£0.27" nd 3.68%0.18"  6.80+0.43° nd nd 19.65+0.70°
Extract 1348064  24.62£0.93 6.3420.69 821x0.25 44.70£1.05 17.36x1.08  039+0.08  115.11+4.16
Control nd nd nd nd nd nd nd nd

Kuromanin (cyanidin-3-O-glucoside chloride), keracyanidin (cyanidin-3-rutinoside), malvin (malvidin-3,5-diglucoside),dephinin, pelargonidin,

malvidin,

Values are expressed as mean + standard deviation (n=3). Means with different letters in the same column were significantly different at the

level p<0.05.



Figure

Figure 1 Schematic diagram of the top-spray fluidized bed coating unit.
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Figure 2 Desirability of the coating conditions.
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Figure 3 Chemical structure of anthocyanins.



