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Abstract

Deep fried snacks are a popular product with continuously increasing demand and
high market value. However, such products contain a substantial amount of fat, a major
dietary contributor to many diseases. It is therefore interesting to study alternative

methods for producing low fat snacks. Three starch based crops (pumpkin, taro, and sweet

potato) with the dimension of 3 cm X3 cm were used as raw materials. Preliminary
experiments were carried out to select the material with highest potential and such a
material was then studied in detail. Different drying methods, viz. single stage low
temperature drying (50-70°C), single stage high temperature drying (130-170°C), and two-
stage drying (high temperature followed by low temperature drying) were used to prepare
crispy products. Influences of drying parameters, namely drying temperature, drying
medium (superheated steam and hot air), velocity (0.5-1 m/s), material thickness (1-3 mm),
and surface characteristic (flat and crinkle) on drying kinetics and quality attributes of the
product were investigated. The experimental result showed that taro cv. Chaingmai was
highest potential material for producing crispy product by the drying process. Hot air
drying at high temperature and velocity could enhance the moisture reduction rate of the
material. The thinner and flat surface material gave the higher drying rate compared to the
thicker and crinkle surface material. It was also found that effect of drying medium on
properties of the dried product was more obvious than the effect of drying temperature.

Superheated steam drying provided the product with more intense color, lower degree of



shrinkage, and harder, stiffer, and crispier texture. Effective diffusion coefficients of taro
slices dried at temperatures of 130-150°C were in the ranges of 14.75x10 10- 16.81x10
m’/s and 5.44x10 " -9.36x10 " m/s for hot air and superheated steam drying, respectively.
Inversion temperature of the taro slices was 247°C. Taro chips prepared by two-stage
drying (superheated steam drying at 150°C to the moisture content of 25% d.b. followed
hot air drying at 70°C) had superior qualities in terms of color and shrinkage compared to
those prepared by the other two drying methods. Three-dimensional mathematical model
was developed to describe heat and mass transfer of taro slices during hot air drying at
70-110°C. Validation of the model could satisfactorily predict moisture content and
temperature of taro during drying.

Keywords: drying, superheated steam, snack, taro
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Fig. 1 Pumpkin slices dried by (a) superheated steam (b) hot air at temperature of 130°C
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Fig. 2 Sweet potato slices dried by (a) superheated steam (b) hot air at temperature

of 130°C
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(a) (b)
Fig. 3 Taro slices dried by (a) superheated steam (b) hot air at temperature of 130°C
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Weslwl (Xanthosoma  sagittifollium) Fafleadusznoulaeuszanas (Proximate analysis) 61
wanaly Table 1

Table 1 Proximate analysis of Taro cv. Chaingmai

Compositions Percentage (%)
Protein 5.79
Carbohydrate 16.44
Fat 0.38
Moisture 73.51
Ash 3.88
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Fig. 4 Drying kinetics and temperature evolution of taro slices undergoing
(a) superheated steam drying (b) hot air drying
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Fig. 5 Effect of drying medium on drying kinetics and temperature evolution of taro
slices dried at various drying conditions

Luammammwwaqmiaumemmwmuﬂiumm 7%d.b. lumeudhdanmnina e
I¥nadauandlu Table 1 Fsagifiudn shemnaluniseuuiadentu sumnlouuriiigauagsii
Toindndasifidnnnuaing (U diisdulusasiiddues @) anas federadumsenseuuisd
guvgligs (150°0)  agldfsvaznailumseuuisduniinisevuisiigumgiisn (130°0 el

Y
a

srughainandandulaiuiinaranldluniseuwrslunsalouuningamgigeaziosnit dves

Y
¢ <

HARSINIIgeUNI YanINTNSITLTUYeIgUMTla UL damadalUasidudn1suadlunsel

n1seuwismelourfousindadig lnenudn Wegunglasuilonaziinisnaiidouas il

\Hesnngamngiingaduagyihliinlundadasiianisnareidulosgiesinss Juingesineenie
MeluiloTanylinunguuInTy AuruILiLaENIIAfI3sanal (Caixeta et al,, 2002; Li
et al,, 1999) waNANUTINUIN FanaalunIsauLildnSnaseauURveHann e nafe n1s

160

N
~
(@)

)

120°

100
80
60
40
20

Material temperature ( C



-9 -

suurisielothfeusniuslindnfuridaaindy want wdesnd uasuaddesniwinsusid
puLisdgeInImfeu shiliesanniseuuisiglothiousinbnmglivessanfasigaduoeig
sanduilesninnismuuiuzesloh inliveswandandulaiuaaumnignannni1souwlnia
Ug‘jﬁ‘%mﬁfﬁma?ﬁmmiaﬁwammﬁ%uﬁwﬁuﬁdw (Jamradloedluk et al., 2007) yilwlunstives
nseuutisielenfousinbedvessdnsumidunilunsdifiouuisheoiniadou uasdegumnd
fastuosnamniitioshlifvoman st Tummvwmﬂuiumaamamﬂmsmmmmmmﬁuaamn
LmaqmmmwmL@amaqmmwmummumﬂmaLﬂula yilsiausulutangedu wansusidain
nswesluusdiu nsuamistesninlunsduaaniseunisiigeiniasau 9nn1sdunNnIzLitY
i fendiiuniseuuisiglothiousandsasdfinfifidnvuzesessuasdutuimmnniniond
HIUNTOURANAIEDINATEU

Table 1 Physical properties of dried taro slices processed by different drying conditions

Drying conditions Properties of dried taro
. . Drying Ligshtness | Redness |Yellowness%Shrinkage
Drying medium | o mperature (°C) L (a) (b) .
130 51.84+2.62°| 8.36+0.71 [22.024+0.79 [75.4143.68_
Superheated steam 140 54.34i1.51; 7.93i0.370£ 21.68i1.36; 71.22i3.34:
150 54.55+3.89 | 7.52+0.96 |23.48+1.77_69.21+2.68
130 72.38+3.00 | 2.26+0.58_ [10.54+0.89.[78.21£2.6Q
Hot air 140 70.99+2.09 | 1.6540.75 [10.03£0.82 [76.71+3.44, ]
150 76.24+2.27 | 1.0140.44" | 9.07£1.09" [76.58+2.99 "]

**Values in the same column with different superscripts mean that the values are significantly different (p < 0.05)

diniHenuruHuNseULe e foueInduaraInATa Ui linne ludoswae
ndesqansiAudianaseuLuudeinTaiefnwdnvuglasiasiesedugania wudl dwsunn

9
a

gaumgilouwsisasiiifiaulls (Starch granule) dnagiiinvesnanfnsidsiuniseunissioainie
Soumnnninsdifiiunseuuisielothieusinds (g Fig. 6-A uay B) suililesaniinmseuuiia
é’aalaﬁﬁaumﬂ?iaLﬁmm'ﬁm‘uLL‘u'uﬁﬁaéuaawﬁmﬁmsﬁﬁﬂﬁmmsﬁuLLazqmwgﬁgﬂﬁuasmsmL%q
n34in Gelatinization voudauiedasiuazanysaini (yota et al, 2001; Soponronnarit et
al, 2006) ﬁqﬁﬂﬁlﬁwmﬁmﬂqmﬁaaﬁﬁwamﬂaﬂmu dlefiasannmdmvnsweaienudui
siunseuutiadglathiousnbauarenafeuiignumnd 150°C (@ Fig. 6 C uag D) nud1 ns
uwrisdnglathiousandeaglfifenuiuiiivunmvasgngulvgninseuuiaiioiniadouseig
wlstauazgnsusanandsdivuadiliainanodnie
dlethaareniadnrnendenwiudeiuniseunisfianigaaluinssiiion
vadurihuguinaaaisuarsuugnywaidefiudl Felusunsy Image  analysis Ténads

€

uansly Table 2 Fsanasnssananaziiuii dwlugileniaunanuniseuwismelodrsousan
geazvunaduriuagugnatsaisvesgnulraniuasidunugniueiede nununnwleniH

NEIUNITOULMINIYDINFASOU

D.

Tneifionusuiinuniseuuisiaglenfousindafivuadusiiu
guinanadounguiugnuaiodeiufiogludas 19.18-2889 um uay 8920 —  166.30
5/mm’ suadtu Tuvafiilenusiuiiumseuuisneenmadeuasivunaduriugudnatade
wazduausnuRdsseiuiieglutag 18.39-18.51 um wag 124.78 - 13385 3/mm’ Auddy
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AU Lwammuwmumiaumemsﬂ,amﬁaummmummuimmaaamawuwammamwmw
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muﬂLuaqmmmmammmmmﬂmmamnm%Lﬂﬂmswaﬂmﬂaummm Vl’]l%LﬂﬂEWEWUU’]ﬂIﬂQJJ

o

Snugnuieiuiidsanasetradfiulétn WeRsadvsvesgungliovurisiiinasovundusin
AUINAINRRLVRIFNTUNUTT Raungiiiingeduiliuunldulvindnduanivuinvesgnyulngdu
agalsimueiSeuiisuiudninavessindinaslunisevwisieldingaumaliouuialdvana

AovunvesgnIuleenIvliavewinanslunsa Ui

He-159

Fig. 6 SEM micrograph of taro slices dried at temperature of 150°C: (A) surface of the
sample undergoing hot air drying (B) surface of the sample undergoing superheated
steam drying (C) cross section of the sample undergoing hot air drying and (D) cross
section of the sample undergoing superheated steam drying
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Table 2 Characteristics of pore developed during drying at different conditions

. Average pore
. . Drying temperature Average pore
Drying medium ° . number per area
@) diameter (um) 2
(no./mm”)
130 19.18+ 16.08 166.30+27.93
Superheated steam 150 24.68 + 22.50 165.23+24.45
170 28.45 +45.86 89.00+20.58
130 18.27 + 18.49 124.78+75.01
Hot air 150 18.40+ 18.91 133.63+23.23
170 18.51+ 19.49 133.85+29.61

Flefinnsannisnszanesvesunaduriuguinanswosgnguluienusufii A ToULRS
flanmzsnag fuandu Fie. 7 wud nseuwiednglethfeusandslidiamsnszaeifin
nimseunkengoinaouluyndrsgumgll (nslamnzesdsiigumal 170°0  Fawadild
aonndastuAidoanuunsgulu Table 2 feufandnildin niseuuisdelathiousinbslits
wyuifvunasiauetiosnitnsouuisneemedeu Taewuin dwiuniseuusisigeiniasou
flguvgil 130°C 150 °C uag 170°C gwyudnlngfiiatuivuinduitugudnasoglugag
17.86 -18.92 um 17.58-19.21 pum waz 17.76-19.26 um suansiu luvasdiniseuuieseloth
Souwanbsfigamgdl 130°C 150 °C uae 170°C swsuandlvafiieduivunduriiugudnaisey
T3 18.63-19.73 um - 23.80-25.05 um Wae 26.78-30.99 pum auasu Insunuiiioniiiiunig
suwisiauadvwiagnsudeuinadnilenssuiteufuusilng nd (Banana foam mat) Gsld
ansnalaly (Foaming agent) fiviiliindredufimnumuiuiududu 0.3 o/com’ wdnileuudad
gl 60-80°C  lasunulnundirgauuisdainandouinvesguiueglugag 240-480 um
(Thuwapanichchayanan et al., 2008)
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Fig. 7 Pore diameter distribution of taro slices dried at different drying conditions

adinTsvesnAnfsiuana gyl Augnuiifeduuds vinaiduuusasduang
Yo mdsaansanansdnvarnsiiniuiauds (Case hardening) lamae Case hardening %se
Crust formation 1y \udsngnisalfiintusenieniseuusis Inewlovasfiautuusnmio
YoINAnAuTianasaun szt mdnsaaisuAnnisiudsuan mandnvasfisau (Rubbery
state) nanetfudnuasfinda Glassy  state) tu duuszandnisuninnuduaisly (nternal
moisture diffusivity) e1aldunnweiiazyhldanuiunslundnsasiunseenuniasldeiu vl
yewAnSTfesduiannudouainfinarsluanmdidautudosunn Suildiansdnvaed
Fuunuudedu (Achanta et al, 1997) Gsdulngmsiadufiudaiusinasinfunszuiums
oULTHIisInEa (Rapid  drying)  eehslsfimudmiunanisdneluedded oraldnafiunndig
ool ilesanfauwfitnseuusisiisenmafouaslisnsnseunsiaigsnit uanitniagaung
vouflanuiy (g Fig. 6-D) uandliifiuin ianaduiudeiidniaundt (gaingnuiifieduasiie
WeaNUSaRINNNT) Sedsiiintuetsszelunemenalnnsvasuvosdinuilusnaiiiouay
fruluvesuduiion Sannsnasuenanazinldiinduiadainduedueddy deotrnm
mMAdaveTikansdnvasfudwnmawinanumnvesioudetanann tokadumansly Table 3 33
MnessTInaaniulei WenuruiirunseuuRsdelethseusindinununveionds
(Crust) Tiwnndndenunuiiiiunisevuieieeiniasoussaditedfey (p<0.05) ogrslsfnny
dsusanandlumssuuisiinfeatuiy gunglevurisiiunnmeiulallddmalinrnumunvesia
wdaumnsnsiueg1atidoddey
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Table 3 Thickness of crust of the taro chip prepared at different drying conditions

Drying medium Drying temperature (°C) Crust thickness (um)
130 30.10 + 6.49™"
Superheated steam 150 45.46 + 15.30°
170 53.01 + 11.71°
130 24.72 + 3.53°
Hot air 150 26.45 + 5.70°
170 26.66 + 3.59°

**Values in the same column with different superscripts mean that the values are significantly different (p < 0.05)

nansnaFeUANN AL e dutave Lo nuHundInsouLRsTian1edsquanslily
Table 4 Fsnmsdainaninuiy enusuiikiunseuuisielevneusindsazinauuds
ATIILNSS upgANLNTUINNNINRenkkuTHIUNseULIR s mAsoulundvgungl el
desnnseuwisielothfeusadslinansusiiisnuus duuuudeiiin Ssnmumunvesusiy
wisiAntuasiiulfodsinmuienisufieutunsdmsouuisisennadou (g Fig. 6 C uaz
D) dnwaignsiduiiuds (Case hardening) TiinTuidwnansznulnensideraruudauasan
AULNTBINGAANI tneaNNIIMLanIALdRusTEnIusiusEaenslun1snavasien
urtufiouutiadglathiousands asnut daulugjiusinngeanasiatuiifioun (ulduansa)
tfufte Tasflenuudanniigaiiuinaia sunevessnaigeduluitiarlsldanuduvoans i
a9 fatuAnuLnTaTegeiouiy Snuagninin Gelatinization uagkiuLiauTinfives
wAnfausifiiuniseuniadielednfousindsddmalindafudifounvosgnsuiluguazll
CHRIGHE ?zfﬂé'ﬂwmzmmLLmﬂGiwuaqgwqué’qﬂa'nffl,aqﬁfhmaiﬁﬁwmwmmn&iwwawﬁmmm
(szmrisiihnandeuinadlulutunaaeu) FuhliAnfindulunsvluansnuduiusssninuse
fiuszeznslunisng

Table 4 Hardness, stiffness and crispiness of taro slices dried at various drying conditions

Drying
) . Stiffness o
Drying medium temperature Hardness (N) Crispiness
° (N/mm)
(O
130 10.76+ 3.25 19.08+ 6.65 3+ 150
Superheated
150 13.75 £ 4.46 23.56 + 5.27 3+ 161
steam
170 14.49 + 4.03 24.38+ 4.88 3+1.72
130 5.08 + 3.61 11.62 + 3.40 1.80 + 1.20
Hot air 150 7.90 + 3.75 13.75 + 4.36 251 +1.48
170 8.83 +3.30 13.52 £ 4.61 2.60 £ 1.78

TuaudTeatuilladenusnuiuindua1AunTaU FatuIIe1ananlain ienwEueIY
AN5aULIA8 1159 ULIN DI AIAINIUNTBUNINAINR D AN UTNIUNITOULAIA8DINAS DU 111D
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nysudugamaiovuisdmansenulunsdlvesniseuwisieeniasowintu Ingtikenuaull
wWIltunsaUNNNTWeganilgedu Fulefansanluninsiunudt viavesiinanluniseuuis

YoaienuiuiAguilsauvglouwiegeliu dmsudnarsluniseuuriaisaesvila dumiay

daransenudanun I uileduiannnIgamillunTauLAS

BHAN13Y WIS VAUNAAITA N1 TOUUAIAILTUNTTFUUUUF N

dmsusmAdeildaunisevus 4 wuu lunsvwesaunaraniniseunieiilduasly
weadan1sinssinisanasewuuliidady (Nonlinear  regression) wilewAnAsTivasaunis
U warlde R’ Root Mean Square Error (RMSE) wag Chi Square () tdusiiusiny
waiudvetaunsouLiefitunesutsaaunanans annanisinuldrnsiinassuiiadainy
wiusdawandlu Table 5-6 Faa1nas1edananiasiiiuil aun1sves Page Wi Runn Tuaaued
v’ war RMSE desninaunisau fuiuaunisves Page Sumnzaulumsldvinnesaunarans
mseuwiaflenuruiisanseunazlothdousnds et MR Aldannisvunelneaunis
Page wnuannUSaudisutiu MR fildannisnaassaglénsiduansly Figs. 8-9



Table 5 Rz, xz and RMSE of different mathematical models
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Model Dryl.n-g R’ x2 RMSE
condition

Lewis HA-130 0.96824 0.004015 0.060228
HA-150 0.94265 0.006637 0.099552
MR = exp(-kt) HA-170 0.9325 0.007661 0.114921
SHS-130 0.95041 0.008123 0.14621
SHS-150 0.95701 0.009212 0.165812
SHS-170 0.97023 0.006098 0.109772
Page HA-130 0.98021 0.002071 0.037751
HA-150 0.97322 0.003147 0.04721
MR = exp (-kt") HA-170 0.96993 0.003479 0.052186
SHS-130 0.96888 0.005146 0.092632
SHS-150 0.96178 0.008210 0.147786
SHS-170 0.97115 0.005912 0.106421
Henderson HA-130 0.96990 0.003809 0.057129
HA-150 0.94821 0.006011 0.090161
MR = aexp(-kt) HA-170 0.93937 0.006906 0.103591
SHS-130 0.99389 0.001024 0.018430
SHS-150 0.98236 0.023271 0.068939
SHS-170 0.98223 0.012709 0.065914
Logarithmic HA-130 0.99437 0.008380 0.010818
MR = aep™ 4 ¢ HA-150 0.99477 0.009511 0.009319
HA-170 0.99405 0.010171 0.010450
SHS-130 0.99395 0.003619 0.018229
SHS-150 0.98950 0.006399 0.041168
SHS-170 0.99228 0.005630 0.028800

* HA-130 is hot air drying at 130°C
HA-150 is hot air drying at 150°C
HA-170 is hot air drying at 170°C

SHS-130 is superheated steam drying at 130°C
SHS-150 is superheated steam drying at 150°C
SHS-170 is superheated steam drying 170°C




- 16 -

Table 6 Drying constants of different mathematical models

Equation Drying condition Drying constant

Lewis k
HA-130 0.036597
HA-150 0.039770
HA-170 0.041540
SHS-130 0.022425
SHS-150 0.035159
SHS-170 0.040816

Page k n
HA-130 0.957654 0.034751
HA-150 0.923264 0.035988
HA-170 0.914045 0.037056
SHS-130 1.162531 0.029083
SHS-150 1.155741 0.043435
SHS-170 1.108068 0.047295

Henderson a k
HA-130 0.957654 0.034751
HA-140 0.923264 0.035988
HA-150 0.914045 0.037056
SHS-130 1.162531 0.029083
SHS-140 1.155741 0.043435
SHS-150 1.108068 0.047295

Logarithmic a k C
HA-130 0.874697 | 0.060629 | 0.162421
HA-140 0.85144 | 0.074454 | 0.183599
HA-150 0.849607 | 0.079815 | 0.185166
SHS-130 1.127191 | 0.030903 | 0.039027
SHS-140 1.023129 | 0.063786 | 0.173487
SHS-150 0.982494 | 0.072464 | 0.173442
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Fig. 8 Validation of the Logarithmic model for hot air drying at 130-170°C
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Fig. 9 Validation of the Logarithmic model for superheated steam drying at 130-170°C
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dt
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Fig. 10 Effect of drying media on drying rate of taro slices at drying temperatures of
130-170°C
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Fig. 11 Constant drying rate of taro slices at various drying temperatures
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Nnnnsndeuiiveslianaanuinamiinududugsludinaiianududui Tuanavessh
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Table 7 Effective diffusion coefficients of dried taro slices processed by superheated

steam and hot air drying at different temperatures

N:;'::fn TCC) | Du (m/s) R’ ¥ RMSE

130 14.75x10"° | 09487 | 0.0027 0.0604

Hot air 140 15.29x10"° | 09458 | 0.0001 0.0622

150 16.81x10"° | 09560 | 0.0003 0.0625

130 5.44x10 " 0.8207 | 0.4641 0.3732

Superheated steam 140 7.41x10 " 0.8699 0.4741 0.3764
150 9.36x10 © | 0.8822 | 0.5208 0.3822
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NS EVENSUNSATUY S Y ENG (Defe) Guaalﬁaml,siuﬁqmmﬁauLLﬁa@iN6] o8
wandly Table 6 wavAUdURUSIENIN Dy Augaumgiluniseuusluguuuuves Arrhenius
AUNTAMAMEINUNTEAY (E,) Uag Arrhenius factor (D) YpsMsautadgonadeuLaylet
Soupandaldlagldnisiieseinisanneswuuldidady  (Non-linear Regression) #eluswnsu
dndagunmeadn Ineldrmasnunsedu (E,) uagan Arrhenius factor (D,) vadn1sauLdRen
urugnelethdeusanduazenadousuansly Table 8

Table 8 Activation energy, D,, RZ, xz and RMSE

Drying medium Do(mz/s) E.(kJ/mol) R’ XZ RMSE
Hot air 9.94x10" 14.291 0.6967 0.0029 0.054
Superheated steam 10.02x10° 16.819 0.6662 0.6389 0.799

Wet1A s iwes D, war A1 E, 910 Table 8 wnunaululuaunis Arhnius agla
AUNSIUNNSYUYAIFUUTLENT NSNS ANUTUUTEANTHA P9l
-8 ° o YRR ')
D,, = 9.94x10 exp ~L719  dmFumseuuisneeniaiou
T

-8 ° o v S v a
D, =10.02x10 exp(—2,023)aﬂmumiauLmqmsﬂauﬁ@ua’m*&m
T

dlefinsandrduusyAvsnsuninnutulsyavsuanui Tugrsgaumaiisuuviaieaiiu Tu
nsdinseuuisiseiniafouiionuruiidnduussansnsunsanutuussavinauinninileny
wiu Tnewlonyuruiidduussrdnisunsanutulssavinanglut 8.61x10 ™ - 14.63x10™°
m’/s (Uengkimbuan et al., 2006) lutnuzdtdmiunisouusisslethiousindaiigumgfi 130°C
WU Lﬁ’e]ﬂLLN'uﬁﬂ"lﬁliJﬂiza%‘ﬁgmiLLWﬁﬁ’HiJ%‘LA‘LJiSaVI%NaN’]ﬂﬂ’j’]ﬂwﬁbﬂLLEJ'u Taosfusl Sausiudien
é’mﬂsz%wéﬂawuéﬁuﬂ33?1‘1/1%5461@&1’1146&3\‘1 2.0x10 " - 2.2x10 " m’/s (Caixeta et al.,, 2002)
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gusnavaIAINUIYaINanI ke TauuialnaaaunaAIanINITaULIUasaNTE
YBINAAAMIVAINITOUUAY

lodnflenukuaumun 13 mm  wvhmseuusiawuuiuuniioumgd 50-70°C uag
ausian 0.5 m/s launamansniseuwiadauandly Fie. 12a-b Fsanamsanannuin nsld
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Fig. 12 Drying kinetics of taro slices (a) effect of drying temperature; (b) effect of taro slice

thickness
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Table 9 Physical properties of dried taro slices under various drying temperatures and

taro slice thickness

Drying conditions Color Textural properties
. . Crispness
Temp. | Thickness Stiffness | Hardness
o L a b (no. of
O (mm) (N/mm) (N)
peak)
50 1 70.92 + 2.60°|1.06 + 0.24°| 9.24 + 1.137 | 3.9641.25" | 1.42+0.56" | 1.40+0.68"
2 71.00 +2.02°1.04 + 0.257 9.20 + 1.41° | 5.2541.52° | 1.69+0.75" | 1.3040.57°
3 70.96+ 2.06°|1.05 + 0.23 9.29 + 1.24° | 8.08+1.63° | 2.71+0.62" | 1.40+0.50°
60 1 70.12 + 1.40°[0.96 + 0.19°] 9.76 + 0.89° | 3.64+1.16" | 1.63+0.53" | 1.30+0.47"
2 69.99 + 1.55°[0.95 + 0.25°| 9.68 = 1.09” | 6.17+1.65" | 2.63+0.83 | 1.30+0.57"
3 70.11 + 1.59°[0.94 + 0.21°] 9.72 + 091° | 8.10+1.83° | 2.8320.97" | 1.30+0.57"
70 1 68.06+ 2.27°|0.88 + 0167 10.26 + 1.21°| 3.53+1.15° | 2.02+0.68" | 1.60+0.82°
2 68.09 +1.80°[0.85 + 0.20°[ 10.28 + 0.98°| 4.11+1.41° | 2.27+0.98™| 1.2540.55
3 68.51+ 1.88°0.87 + 0.22°| 1033 + 0.81°| 7.7542.23° | 2.50+1.00°| 1.3540.67°

**Values in the same column with different superscripts mean that the values are significantly different (p < 0.05)

Tudruraansfinein1snaiatazN1sAuA luLLN o ULLE VOO NLHUD UL Tallea
Wosiduanisnaiudausuesidudndiussninamnuunanansweslsuinsiagnoulasnainis
suLifuUSINasTagrounseuus luvaefesidudnsAusdeududadiussniiananes
Yageuusfifistundsinunsutluuamiesiuusfigumgivonduna 15wt fumauies
Wonluu laganwan1sanwsaansly Fie. 13 a-b wui1 Amnuruivesienuiulifinanenisvn
Fundnadonspudlununsosiuusremadndusiognsdituddy Tnodlelenuiuiiamum
1nTu szdauansalunisiuiatesas wandiifiuiudmnumureaienuiuarliinase
USinasusngueswdndng uiinadonsdsunladlassairunieluvesmansusilusewinens
ouwtie v ldauannsolunisgeduinunvesinansusiiunnd sy uenainieraifa
Wesnniflonurufifiadunuinin desldiiarlunisevuiauny onavinliAnAude (Case
hardening) vasHAnAusldunnninienusiuiidarumndes viliudnfusigaduiusldenile
UL MAFDUNITAUG I ULUNSDIdWUY (Achanta and Okos, 1996) uaﬂmﬂﬁé’awudwqmwgﬁ
pnAsaun i liinanensuaminaznishudiluuunsesiuiuerewmdnfudegsltodAgy
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Fig. 13 Effect of drying temperature and taro slice thickness on physical properties of
dried taro slices (a) shrinkage; (b) rehydration ability
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Fig. 14 Drying kinetics of taro slices (a) effect of drying temperature (crinkle cut sample at
air velocity of 0.5 m/s) (b) effect of air velocity (flat cut sample) and (c) effect of
material surface characteristic (air velocity of 1 m/s)
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gaungiuasauiiaunigaudmaliionwiudaiaudannTuwdiiaininuwnseuasAay
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Table 10 Physical properties of taro slices dried at different drying conditions

temDpr)e!Irggure Air velocity Surfac_e ) Lightness Redness Yellowness Vqlumetric
o) (m/s) characteristics (L ) €)] (b) Shrinkage (%)

0.5 Flat 71.25+2.39 1.06+0.2Q 9.20+0.87_ 69.85+1.80,

50 1 Crinkle 70.53+2.44 { 1.03+0.26 9.2611.012 73.9112.02”b

0.5 Flat 70.53+1.94 1.07+0.34 9.26+0.96 69.60+1.86

1 Crinkle 70.08+1.84 . | 1.04+0.38 9.22+0.88 72.45+1.83_

0.5 Flat 69.26+2.20 | 0.94+0.24 9.59+1.07, | 69.60+1.33,

60 1 Crinkle 69.3611.77; 0.9410.19:; 9.7010.73? 78.3711.56;

0.5 Flat 68.86+1.60, | 0.96+0.29 | 9.83+1.07, 66.60+2.25

1 Crinkle 68.99+1.59 | 0.96+0.32" 9.83+0.97 | | 70.07+2.70_

0.5 Flat 68.44+2.46 | 0.83+0.13" 10.39+1.07 | 75.49+1.95,

70 1 Crinkle 68.0612.26“: 0.8410.14: 10.20+1.37 ; 79.3212.26:‘

0.5 Flat 67.68+1.55 0.88+0.42, | 10.22+1.46 78.54+2.34,

1 Crinkle 67.76+1.33" | 0.90+0.34 10.78+£1.02 79.69+1.79

Table 11 Mechanical properties of taro slices dried at different drying conditions

Drying Air veloci Surface Mechanical properties

temp()gé?ture (m/s) k4 characteristics | Hardness (L\l) (Sl:clﬁr?r%%a Crispinessh
0.5 Flat 492+1.80, | 5.45+2.70. 1.33+0.62__
50 1 Crinkle 5.96+1.60 _ 5.28+3.80_ 1.37£0.71
0.5 Flat 5.04+1.86_ | 4.90+3.35_ 1.33+0.81
1 Crinkle 6.95+1.83, | 5.99+2.66. 1.33+0.61,
0.5 Flat 6.20+1.33 , | 3.87£3.29_ 1.57+0.75_,
60 1 Crinkle 7.42+1.56, | 4.88+4.39_ 1.33+0.33
0.5 Flat 7.25+2.25 | 5.79+£3.83. 1.77+0.86,
1 Crinkle 7.87+2.70_,. | 437254 1.77+0.86,,
0.5 Flat 7.71+1.65 5.20+3.85. 1.30+0.65
70 1 Crinkle 9.01+1.52_, [ 5.02+3.57_ 1.13+0.33
0.5 Flat 8.84+2.04 5.71+4.45, 1.23+0.50_,

1 Crinkle 9.77+2.01 5.28+3.71 1.27+0.73

3. NFPUWLUUADITURDULAEN1TOULISTIgUN g RBR8N1Ta UL NIRMANAN

ldneniugideslndanudususulssanm 298+2 %d.b. uuduuiuwuin 30 mm x
30 MM x 3 mm La3UNUNBUMEMATANITBULAKUU 2 TURBU NAAB TURBUN 1 aumglo
v a v a a o < ) v
SougingaavoMaseuioumall 130 wag 150 C Anuiivesiinastumsesuwisussana 1.0
m/s  AUNTLNIPANUTUUTELNU 25 WAL 67 %d.b. MUAIPU ADINNUUUINDNLNUNKIUNNT
suwidlutumoun 1 Weuseemafioamgll 70°C ludupeuil 2 lagldmnusiveseinie 0.5
m/s Welilar1AuTugavnevauianwiulszann 4-8 % d.b. IngluusiazReuluniseuuniie

1RaDY 2 91
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Fig. 15 Influences of drying medium and temperature of the 1™ stage drying on moisture
changes of taro slices (a) Final moisture content of the 1" stage drying of 25%d.b.

b) Final moisture content of the 1° stage drying of 67%d.b.
NB:

" SHS (150°Q) is superheated steam drying at 150°C
HA (130°C) is hot air drying at 130°C
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Fig. 16 Influence of intermediate moisture content on moisture changes in the 2~ stage
drying

NB:

" SHs (130°C); 67%d.b. + HA (70°C) is superheated steam drying at 130°C to the moisture content of 67%d.b. followed
by hot air drying at 70°C

" HA (150°C); 25%d.b. + HA (70°C) ) is hot air drying at 130°C to the moisture content of 25%d.b. followed by hot air
drying at 70°C
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Table 12 Effective diffusion coefficients of dried taro slices prepared by different drying

conditions
Drying conditions** Effective diffusivity (D) (mz/s)
SHS(150°C),25%d.b. +HA(70°C) 6.589X 10"
SHS(130°C),25%d.b. +HA(70°C) 6.383X 10
SHS(150°C),67%d.b. +HA(70°C) 6.589X 10"
SHS(130°C),67%d.b. +HA(70°C) 5031X 10"
HA (150°C), 25%d.b. +HA(70°C) 9.200X 10~
HA (130°C), 25%d.b. +HA(70°C) 8.285X 10~
HA (150°C), 67%d.b. +HA(70°C) 8.051X 10"
HA (130°C), 67%d.b. +HA(70°C) 7.169X 10

® HA (130°C), 25%d.b. +HA (70°C) is hot air drying at 130°C to the moisture content of 25%d.b. followed by hot air
drying at 70°C
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Table 13 Color parameters of taro slices dried by superheated steam and hot air drying at
the 1% stage followed by hot air drying at 70°C (final moisture content of 4-8 %d.b.)

Color parameters
Drying conditions**
L- value a- value b-value
SHS (150°C), 25%d.b. 61.47 + 2.50° 323+ 044" 16.00 + 1.30°
SHS (130°C), 25%d.b. 49.91 + 5.08° 6.05 + 0.85° 13.54 + 0.98°
SHS (150°C), 67%d.b. 5249 + 336" 4.88 +0.97 16.02 + 0.85°
SHS (130°C), 67%d.b. 50.29 + 4.25° 6.14 + 1.05° 13.42 + 357°
A (150°C), 25%d.b. 71.05 + 0.95™ 1.09 + 0.10° 8.45 + 0.56
A (130°0), 25%d.b. 70.25 + 1.31% 1.18 + 0.15° 9.61 + 0.68 "
A (150°0), 67%d.b. 71.99 + 2.49° 113+ 0.22° 8.09 +1.04"
A (130°C), 67%d.b. 7060 +259% | 1.12+0.13° 9.30 + 0.36 ¢
Fresh taro slices 77.88 + 1.53 1.78 £ 0.31 9.52 +0.71

**Values in the same column with different superscripts mean that the values are significantly different (p<0.05)
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Fig. 17 Degree of shrinkage of taro slices dried by two stage drying process
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Fig. 18 Textural properties of of taro slices dried by two stage drying process at different
conditions to the final moisture content of 4-8 %d.b.
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Table 14

Table 14 Physical and thermal properties of fresh taro slices with the thickness of 1 and 3

mm
Material Drying temperature ("C)
Material properties
thickness (mm) 70 90 110

Thermal conductivity (WmK) 1,3 0.735 0.735 0.735
Specific heat (J/kgK) 1,3 4,210.5 4,210.5 4,210.5
Density (kg/m’) 1,3 1,482 1,482 1,482
Diffusion coefficient (m/s) 1 517x10°° | 676 x10" | 9.58 x10

3 260 x10°° | 3.99x10"" | 597 x10 "
Heat transfer coefficient 1 22.18 22.3 22.36
(W/m’K) 3 22.18 22.3 22.36
Mass transfer coefficient (m/s) 1 154 x10° | 1.83x10° | 1.90x10”

3 9.74x10° | 1.30x10° | 1.36 x10"
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Fig. 20 Temperature gradient at the surface of 1 mm-taro slice dried at 70°C for 2 min
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Max

Fig. 21 Temperature gradient at the surface of 1 mm-taro slices dried at 70°C for 350 min

Fig. 22 Temperature gradient at the cross section of 1 mm-taro slice dried at 70°C for 2

min
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Max

Fig. 23 Temperature gradient at the cross section of 1 mm-taro slice dried at 70°C
for 350 min

Max

Fig. 24 Temperature gradient at the surface of 3 mm-taro slice dried at 70°C for 2 min
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Fig. 25 Temperature gradient at the surface of 3 mm-taro slice dried at 70°C for 350 min

Fig. 26 Temperature gradient at the cross section of 3 mm-taro slice dried at 70°C
for 2 min
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Max

Fig. 27 Temperature gradient at the cross section of 3 mm-taro slice dried at 70°C
for 350 min
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Fig. 28 Moisture gradient at the surface of 1 mm-taro slice dried at 70°C for 2 min
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Fig. 29 Moisture gradient at the surface of 1 mm-taro slice dried at 70°C for 350 min
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Fig. 30 Moisture gradient at the cross section of 1 mm-taro slice dried at 70°C for 2 min
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Fig. 31 Moisture gradient at the cross section of 1 mm-taro slice dried at 70°C for 350 min
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Fig. 32 Moisture gradient at the surface of 3 mm-taro slice dried at 70°C for 2 min
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Fig. 33 Moisture gradient at the surface of 3 mm-taro slice dried at 70°C for 350 min
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Fig. 34 Moisture gradient at the cross section of 3 mm-taro slice dried at 70°C for 2 min
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Fig. 35 Moisture gradient at the cross section of 3 mm-taro slice dried at 70°C for 350 min
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Fig. 36 Comparison of drying kinetics and product temperature obtained from drying
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