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Effect of Drying with Heat Convection and Heat Radiation on Drying Kinetics and Quality
Aspect of Black Pepper
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Abstract

The objective of this research was to study the effect of drying conditions on drying kinetics and physical
qualities of pepper. The drying processes consisted of 1 stage hot air (HA) drying, 1 stage infrared (IR) drying, two
stages drying with microwave (MW) and HA sources and two stages drying with MW and IR sources. The initial moisture
content and final moisture content was fixed in ranges of 300-400% dry-basis and 12-16% dry-basis, respectively.
The results showed that the drying rate of pepper was in the falling'drying rate period. For all drying processes, the
drying temperature relatively affected to rate of drying and-drying time. In addition, the specific energy consumption
of all drying processes with a higher temperature was lower than drying with a lower temperature. At the same
drying temperature, the pepper dried with IR ‘source ‘has the highest drying rate and give the highest effective
diffusion coefficient value compared to the other drying processes. According to mathematical drying modeling using
non-linear regression analysis; the conclusion stated that the predicted values using the Page’s model was the best
fitting with experimental values for 1 stage IR drying, 1 stage HA drying-and 2 stages drying with MW and IR sources.
Additionally, the simutated value using Logarithmic model had a good relation with exact values for 2 stages drying
with MW and HA sources. To determine the physical quality of dried pepper samples in terms of colorness values
(lightness (L*), redness (a*) and yellowness (b*) CIE-lab scale)and percentage of shrinkage, the conclusion stated that
shrinkage value of pepper dried with a lower temperature (low drying rate) was relatively high compared to a higher
temperature drying (high drying rate). The lightness value (L*) of dried pepper with low temperature tend to decrease
compared to drying with high temperature. And the HA drying had high decreasing lightness value (L*) compared to
the other drying processes and drying temperature had insignificant effect to sensory evaluation (p<0.05). Dried black
pepper product under altdrying conditions was in overall acceptable level. For energy consumption evaluation, the
conclusion stated that radiative heat transfer by infrared and combined microwave-infrared drying had relatively low

energy consumption compared to the other drying conditions of 50-80°C.
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MeuNsERUFEUNATFINAINMS IAUASTA RSB UTREL,

N

Ao USunaumasauild, kWh anuanninseniilmes

wazAalay 3.6 AeAwnmesn1sulasnilgladnlimdu
\Nne3a

3.6 NINAFBUNNTUARIVBLUAANINTNG

N1INAFBUANNINAIUNITUARIVBININ IR DU
gnageulneMTInduRuAugNaIwamENLYY NoULaYNAY
auLIsenesidunauies fidauazden 0.1 mm
n1snaaeniiunisiaeiinsindunigudnaltvesudn
W3nlne 3 funus $119U 50 1WA

3.7 MIMAFBUAMNTWATLE

N1INAAOUAMAINN1IIA UV INAR A UTLuan
winlngiiaaslHiazesindemns Hunter Lab $u Color Flex
Taadnadveswdndunnsninglumenvesiiuds L* a* uag
b YT Indsnegns 5 91 (Al newfisxns, 2550) Inefian
L* (Lightness) wansA1Auadshasdadiedanduuin
WAZAU MUEIAU LavAl a¥ (Redness) tansarnauluduna
wiodWenilefianduviokazay auddu wazAl b*
(Yellowness) wanimaraidufivdomiedidudedianiu
YINKAZAU MINAINU

3.8 MINAEIUNINUITTAMNTUNE

N13UsEduAMNINYRINEASNI Lnan193LATIERNIa
Ussamduiameisnisiinguuaugeu (Hedonic scale)
1-9 Azuuu (1= liveusnilan wag 9 = veuwniign) lneld
Fnaaeudilisunisilnady 25-30 au dnwazianziiviinng
naaoulnsUszamduia liwn nuiindou 3 ndu Aausiu
wazarmveulasslunisuilan anduthdoyananis
nAaeeINIINAaRUTlFIANEIT LS vR AN INAFRY
wiaednuiudeulusing Aldlunseuus Tnevhnsiase
ANULUTUTIULAYAS Analysis of variance (ANOVA) Way
Wisuilsuanuuansiswesaiade 1aeds Duncan’s new
multiple range test (DMRT) fiszfuanuidesiu 95%
(p<0.05)

NANNSIFULATIATAING
aunadIdnsnIsauiansnlne

AN 2. LERgSRsIE@ILALTY LaYSMSINNSE UL
naveeIRARIianTIzsne InenanlneandanuTuisudy
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ogfluras¥oray 300-400 yagruwAs. uazALTUARTNEVEY
nseuuiteglutiefosas 12-19 YagIuuie. Kan1INAaBY
Tunmd 2 WU mseuniandnlneldnutiadnsinseuuie
LUUAS N1sanasuesmLTuLAaTuluT 28 RsINITOULTES
anas luthausnsnsidiunnuiulusemdnlngavanasetis
5037 1flesninnelumdaninlnefinnudugs vinldnis
femmaveuinnudnninlneeananludfimiinaniy
1§ie wazsinEa Wesvevnandiuly wazuenaininuin
nsousigumgigsasiisnsniseunsiageniinisouns
figauuniisn dewalviszeznailuniseuwisiosas Feamnsa
anAAudemdrnusmnzadld favnanseavisonls
Tuhdereld dmsunisanasesruiuiidneasduLuy
Wadlniuuidsawuvanasiuaiildluniseuwss 910
n3wl5UT 2 wandliifiudaauin mseuusieefedlduns
\Wiseghafanaznisaeuuds 2 Junsudelulasiniuged

Tiunedignaniseuwiadlndifesiu Tnen1souwia 2 Tusoy

o 1.00 * 58.7°C, experiment
'g 0.80 m 74.8°C, experiment
= 060 A 83.2°C, experiment
@ .
5 op40 Page model
&
‘5 0.20
2 000 4 . . .
0 50 100 150
Drying Time (min)
v a6 Y
(n) S9@lalae 1,000 W
1 + 52.4°C, experiment
[=] o
=\ 08 [ ] 63.80(2, experiment
£ A 73.2°C, experiment
@ 0.6 ® 81.1°C, experiment
S 04 Page model
a
o 0.2
2 0 . : .
0 50 100 150
Drying Time (min)

(@) lulAsiangruiusdlanag 1,000 W

Frelulasnnsinfuantoy, NMIoULTILUUNTITURBUAIY
aufoursdisnsnisauuasi
LAZIINNITUINANITNAABINIIATILRAILIDAUNNT
0ADBYNULUUIIADINALAAIEASUDIAUNITOULAILUY
Bufisdalunsnedl 1 uwaruansanpsiioneg Tuudazvaunis
wazuazdeulunsauuriaianisned 2 aiflunisidenaunis
ASAAIERSLUULS LR AaTlnzaud s uriuesnsInas
WasuuUaseudy ssfiansanaindndulssavanisinaule
(determination of coefficient, RY) ﬁﬁﬁﬁqaqmmsmmm
AAIALARRUIINTidRadY (root mean square error, RMSE)
fdige nudn lumseuuisivasgumgiiouunsszning
50-80°C 1 HAMSYALNOEREILUUT A0 ARFER YD
Page @0AAROITUNANITNARDIVEINITOUBTIRUUNELS
SumousySealFLA 1,000 W Anseultsuuunietuney
Fuauteu wan1seuusuuudesuneudlulasms Ay

L4&l#uned 1,000 vvIﬁﬁﬁqmﬁauamma‘mmﬁwwﬁ 2(n)-2(m)

o 1.00 + 81.4°C, experiment
© 0.80 == Page model
w 0.60
3 0.40
& 0.20
2 000 +— — —
0 50 100 150 200 250
Drying Time (min)
(v) ausou
1.00 ¢ 63.6°C, experiment
o
=080 B 83.2°C, experiment
o 0.60 Logarithmic model
3 040
k7
‘8 020
2 0.00 . — —
0 50 100 150 200 250
Drying Time (min)

) lulasrnsruivausau

NI 2 ANUAUNUSVITNIIFIUAIUTUNUNA1DULAIYBINITNARDINUNAIINLUUINABINNAMAAIEAST LIN1TBULAS

JURDULRYINBTIFILAT 1,000 W (1), NMSBULATURBUREIMBANSaY (1), N1saukisaasiunaumelulasnm

SufuTadldung 1,000 W (A) wagnseuwisiuvaestuneumiglilasunsiuivaniou (1) Tudimumglieuunis

50-80°C
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M17199 2 AnAsiveLuUTIABIsAdinAEn SYesaNn1sa ULl tgaumg e Ui 50-80°C

k=525.58 exp(-0.81/T)

Source Model Constant R RSME
n=1.44
p m l 99.14 0.031
k=220301.22 exp(5915.75/T)
Newton model k=6664.75 exp(4202.98/T) 95.82 0.068
a=1.44 ,c=-0.41
Logarithmic model 98.74 0.037
k= 3042.87 exp(4112.13/T)
a=-0.03
One stage drying with Wang and Singh model ool 85.04 0.127
Infrared (1,000 W) —
c=2.075
Logistic model 98.55 0.040
k=8203.33 exp(4125.59/T))
a=1.07
Henderson and Pabis model 96.71 0.060
k=5677.26 exp(4120.59/T)
a=0.01
Two-term exponential model 95.71 0.069
k=1554042.34 exp(3890.52/T)
n=1.38
p m L 98.78 0.038
k=147346.24 exp(5684.26/T)
Newton model k=3392.84 exp(3958.95/T) 96.05 0.067
a= 130, c=-0.15
Logarithmic model 98.17 0.046
k= 4074.07 exp(4134.69/T)
Two stages drying
a=-0.02
with Microwave Wang and Singh model ool 84.84 0.131
(400 W, 3 min) -
c=2.08
-Infrared (1,000'W) Logistic model 98.43 0.042
k=7258.43 exp(4066.43/T)
a=1.07
Henderson and Pabis model 97.03 0.058
k=3498.54exp(3940.24/T)
a=1.93
Two-term exponential model 98.75 0.038
k=7949.47exp(4092.76/T)
Page model oo 12 99.64 0.019
age mode . X
k=0.02 exp(0.07/T)
Newton model k=0.01exp(0.06/T) 97.76 0.047
a=1.19,c=-0.15
Logarithmic model 99.17 0.028
k= 3042.87 exp(4112.13/T)
a=-0.007
One stage drying Wang and Singh model ool 99.06 0.030
with Hot air —
c=0.51
Logistic model 99.53 0.021
k=1.06exp(0.01/T)
a=1.06
Henderson and Pabis model 98.82 0.034
k=0.01 exp(0.06/T)
a=0.01
Two-term exponential model 97.76 0.047
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A19199 2 AnAsiveLUUTIABIsAdinAEn SYesaNn1sa UL Isgaumg e Ui 50-80°C

k=8154596.89exp(5686.99/T)

Source Model Constant R RSME
n=1.07
Page model 98.80 0.033
k=6313142.97 exp(7152.88/T))
Newton model k=4678940.46 exp(6934.97/T) 98.65 0.035
a=1.41,c=-043
Logarithmic m l 99.58 0.019
k= 7517634.12 exp(7312.77/T)
Two stages drying
a=-0.01
with Microwave Wang and Singh model o1 95.06 0.067
(400 W, 3 min) —
_ c=1.95
-Hot air Logistic model 99.19 0.027
k=2572252.09 exp(6595.99/T)
a=1.01
Henderson and Pabis model 98.69 0.034
k=8549312.38 exp(7146.07/T)
a=0.02
Two-term exponential model 98.21 0.040

wgns): Inauls vaneds auntsiavan

U

drun1sauwiakuvansTunaumelulasInsInansou

NNNANITAIUIUNUIT HANISYNUIEATIRUUTIBBINI

Adlnransaan13niu (Logarithmic model) @onndesiu

A15799 3 ORTINITOULIIIRAY warANAUUABna M uT I lun so U e ian1E N1 TmMnae9R199)

gnidenaldlunsvinnguansnaqeslunssUaun 5o UkRIuY

nan1snaaswduog1ed FLARINANI TV UELAEHNANTS

NAaBIUNING 2(1)

Drying Drying time Initial (Final) Drying rate, Specific Energy Consumption,
temperature (°C) (min) moisture (%d:b.) DR (kg/min) SEC (MJ/kg of water evaporated)
One stage drying with Infrared (1,000 W)
58.7°C 90 392.44 (14.25) 0.19 0.11
74.8°C 60 350.79 (13.48) 0.21 N/A
83.2°C 40 372.073(13.29) 0.37 0.10
Two stages drying with Microwave (400 W, 3 min) - Infrared (1,000 W)
52.4°C 120 354.87 (13.67) 0.12 0.13
63.8°C 85 314.94 (10.95) 0.14 0.15
73.2°C 45 327.20 (16.27) 0.22 0.11
81.1°C 45 332.07 (11.68) 0.25 0.15
Two stages drying with Microwave (400 W, 3 min) - Hot Air
63.6°C 175 379.06 (20.17) 0.04 1.47
79.4°C 135 367.15 (17.85) 0.07 0.87
One stage drying with Hot air
81.4°C 210 392.44 (19.67) 0.03 1.52
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§AsIN15aULTRY wazAL AU BB aNE TN AlY
Tunsouuis

AT 3 LERISMSINISEULTS wazANALALIUEDS
wFanunzYInseulinin Inefianrnsmaaewingg
WU Lﬁaqmugﬁmiamﬁuﬁwﬁu SnsnseuuRafiuty
sveznailunsouuistionas dwalrienauauUEomdny
FUNLVBINTBUWAINEN INganas lngsns1nsaulmansnlne
wuunisduneusie¥dldun (gungd 83.2°0) fewnniige
wazAATwALUAe U unedosiian

e HA
41 A MWHA
----- Predict

Effective diffusion coefficient
(D x109 m%/s)
N,

60
Drying temperature (°C)

90

mMsleszsaduUszansnsunsdavaminlneg

90T 3 WU Arduuszansnisungdanadian
Lﬁwﬁmﬁ'aqmmmﬁuﬁu NNSOULKILUY 2 TUmOU N3
suwsaglulasnnmiusedldunsdiidudszansnsuns
Qqﬁqm 509R9NAD MIBUNTILUUNT TR ussSaalEund,
MseULFILUU 2 Tunsuseraululasnsuiuaniou was
nseuwkmilsiunaudisauiou sudsu Tnordudseans
msunsdanaaglugae (4.50-14.8)x10° m’/s, (4.7-8.52)x10”
m/s, (1.40-3.8)x10” m?/s uay (1.20-1.98)x10° m’/s
AUAIAU

_ 15

= & IR1,000W u

L 13 /!

i B MW-IR 1,000 W /

i '

8 o1l 1 ===-+ Predict /

Sit /

25 (O A

Eo P

%‘ < 19 P -

Q ot *

R o o

3 .

& 3

)
P Pt SV
40 50 60 70 80 90

Drying temperature (°C)

(n mseunierlsaniou wazlulasiansiunuaudou

(¥) NMsauwtenaeseElaunasi 1,000 W naglalastansaunu
Sed@lAungii 1,000 W

29 3 AU ANSNNSWNTTINaraINsoUWIAANS nlne fuAkan1TYinune MidaulunisauniluuTunauLRsIsneanSou

(Hot air, HA) Msausitskuvaastunaung lulasnnsinivausau (Microwave-Hot air, MW-HA) (n) bagn15aULi

LUUTURBULAEIAI8SIFLALAY (Infrared, IR) 1,000 W wagn15aukiabuuaastunaunlglulasnnsiusadlann

(MW-IR) 1,000 W (%)

wiuladn ATauLAesen suHSIEAINSoUaN
wnasndsundutsmaniide il sunsarlalasam
alendudszAvinsundvesn gendnsdiounisdaenis
winrudeunnaudevsraudulddn witidesannisunged
AauLudnlvihausaruanfauenvessegradnluly
doYanldGnlussduvansdiofiuns dwalindsuanadu
wimdnlsihaunsanseduliifludefagunsooniniiiouay
SUMERONNTAR SN INTHBUWRMUUNMINIAT LSO e
fanansfiluonmeaiissetaien denndesiunanismaass
YOIMATETRILIN (Sharma&Suresh, 2005; Alibas et al.,
2007; Varith et al., 2008; Kathiravan et al., 2008;
Tirawanichakul et al., 2008; Tirawanichakul et al., 2009;
Nathakaranakul et al., 2010; &n3550 ﬁimzﬁﬁuéqa LasAe,

2555) ag19l5nAwgdInseuLiealen1sisedlaunciay
lulasinarsiasinasyilvnsldndsnuanusewduly
ahaiiUsyanSamninismenudoufinu Jedefiasdesdils
seluiide aunmveaninlneildfeniseuniennisd
Tunazlilasonazdinuuaniadoldidiowssudioutu
NFOULIIAIEANTOU AI51897UVRY Apintanapong (2009)
findnfstladoveaniseuuisesdldunsidinasonunm
fuUsramauraveslu Holy Basil
AMAINNINIEATNUAZNITNAFIUNIIUTLAMNTURA VDS
winlneaouui
ANATVNINENTNYRINGN INe: &

PNA51e7l 4 nunAEve S Alnem eV INTa UL

o w

NANMZN1INAADIA) TAMUUANANDENLTUE AT
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A15799 4 AduazSovarn1naiUsINARAuTINININeTIan1IEA199)

Color of products (CIE Lab)
Drying Temperature (°C) Shrinkage (%)
Lightness (L*) Redness (a*) Yellowness (b*)

One stage drying with Infrared (1,000 W)
58.7°C 1559 1.62°° 3.02" 17.87°
74.8°C 20.16" 4.42° 9.18° 12,567
83.2°C 17.380° 2.14% 4.01% 14.44%

Two stages drying with Microwave (400 W, 3 min) + Infrared (1,000 W)
52.4°C 15.13° 1.43° 3.15" 21.28°
63.8°C 16.99° 2.36° 5,07 12.74°
73.2°C 17.78° 3.29° 6.85° 16.35
81.1°C 17.55" 313 6.19 11.45'
Two stages drying with Microwave (400°W, 3 min) + Hot air
63.6°C 1471 1.26° 2.33" 24.12°
79.4°C 1451 1.02° 1.84° 26.20°
One stage drying with Hot air

81.4°C 16.03° 1.73° 3577 18.41°

[

(MsgAuANTeiY 95%) naMAsan1ILNITOULKIT
UV UUTIA1 I¥IIRTINNTBULAAINIIANTIENTOUUN

el

fgumaiige weaziiuldainaianuaing (L4 duualiudl
Avnilesuntisegamaiin variillseuiriegamai
ouutiaga uualtiurnmnuainseanlnediirgs iguvad
auwidlndifsstu nudrAinndudiag @) dewSsuifiey
Fuanmeniseuniaisnisinyedvesndunindnlniiives
Fedloune Suualduidudunauinniinsdiniseuniasiagy
aufou variiniseunisaasdunoudaslulasianuay
aufou farmnududuasinnitnsdaniizevuiadug T
o dululiinsnssdunienseuuiadesiudelalasnn
anvliiismedonsiliAnnisudsunasmnududuns
gaansnlved fedinsizniseuuiiuutuneufisnas
destuneudiesidlduns waglulasianiauiudedliung
funlifumnududunsgeiionmaiige Fsurazanainiade
vaa5sdlaunsunnniinsldlulasivinsequlviinnisaiem
pstuies 3 wil fudulumsfinsmseuwidundeeld
Sududesiimsinuludiieieafionmdeasusiely uas

nsdlnstnAnanuludindes (b%) nanisvaaediumsnsd 4
wansliiuingamaiifnasieranuludviewnnndianoe
NITOULIT @OARADIAUNANITNABDIVOY Soponronnarit
et al. (1998) way Tirawanichakul et al. (2008).
AN IMNNNNIBATNVBINZNLNEY: N1TNAG

NMSNT 4 N15UAFITEINIALNERINE NSO
NSnARIB0INInlneainaInnistasualIuseauain
Fanansanudeu dwmaliinanuaioatunieluwe
WldAnnsfendy warivsuinsanas n1suadaLingu
wuuldashiase 1iesanndunsnlneiinnuudsideuves
anwdavgu egumaleuuiein snsmniseunsiaaziin
Juagnedng vilininlneidanisvadiganinniseuusie
samniige Wesanniseuwsisiigamaiigs Anasusnves
wsnlngazudaegresinsudunisasaninvedlaseadia
Msnadaulszamdunavasnsnlng

nansnAdaUNIUsTEmduda Taun Anuindeu,
a, n?u/mmw, AN LazAnuvaulaesidlunsuslaa
Yos3nlne wanIn1sdi 5
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715999 5

MM UNIIUSTAMANNAvDINAR A UTIWSn Ineian1zae)

Feulun1sauutia anuin¥ou | & | ndwaruqu | anuiiu | anuveulnesau
IR (1,000 W) 58.7°C 5.71% 4.52° 6.14b° 7.64° 7.36™
IR (1,000 W) 74.8°C 5.29° 5.71% 5.43° 7.50° 6.93"
IR (1,000 W) 83.2°C 5.71° 5.43° 5.50" 7.21° 7.29°
MW (400 W, 3 min) + IR (1,000 W) 52.4°C 5.07° 5.30° 5.29" 7.57° 7.57°
MW (400 W, 3 min) + IR (1,000 W) 63.8°C 5.43° 6.14 6.21% 7.14° 6.86"
MW (400 W, 3 min) + IR (1,000 W) 73.2°C 5.86° 6.21° 5.86° 7.29° 6.93%
MW (400 W, 3 min) + IR (1,000 W) 81.1°C 5.00° 5.71° 5.50" 736" 7.36°
MW (400 W, 3 min) + HA 63.6°C 5.36" 1.50° 5.93% 6.93° 6.93°
MW (400 W, 3 min) + HA 79.4°C 593" 2.93° 5.86" 7.64° 7.07%
HA 81.4°C 557" 4.5 5.86" 7.14° 7.29°

ey 1 = livoumnniign 2 = lweuun 3= lgaudunang 4 = ligeuidniley 5 = Lage

6 = YoULaNLoY 7 = ¥aulunany

8 = BaUNMN 9 = YBUNINTIEN

R, HA LAz MW %unefe N15ausieniasadlaung ausou wazlulasn, auaisu

nualumsed 5 asuliin wansaeindnlnedud
gousulunsuslaalunnantienisveaes waslivwiliuainy
voulusziuunans Feammgiluniseuuridlifinasionns
nadeuNIUszddniaog i dod Aydeadn (fiszau
anudesiu 95%) WuReafuanignseuwisitlidsane
nan1sVegeuAuUTEaMdula eagulaidn aseulwiakuu
Fuppuiienioansiuneudenisuisvd niswianudou
Lifinaden1uroulngsALaLANATNIINNAGDUNIY
Uszamduiavaudansnlnggdreuuimnnsed

d3UNan153Y

NNHaNIMAaetaULTEnlnefian gy asuua
nsvaaesineg Maed

1. Snmdmuanutuazanasesinng Wegumgl
FUaYENIINITOULNAIES In8N15anaIY0IANTUVEINTS
auwendnlng iadulugiednsiniseuussanas lne
Tugsusnueinisnaaes dwaluszeziianlunisounis
Tiovas figaumgiiouwiadeay

2. MSYWIEIAUNARIEASNITOURT T U
LuuPasmsadnamaninuin Wedmndeszisuuuy
aunsTivingaunUd wuudans Page @1ansaviuIenis

suntennlnedefdliupsiuuutureuieiuas 2 funou
AIULUUTIABS  Page YNUIENITOULAIAI8ANT D UL Y
g dquseuuiiuuy 2 dunevlaglilasoniuausou
#7501 unelaglluudNaes Logarthmic

3. MTEUNIMUY 2 Tumeu mssuwisielalasinw
Sfu3edliung fendulssansnisunsdmageiign Taodn
oglurae (4.50-14.8)x10° m”/s uaziilofinnsanainii
AuAemdinusme wul nMseuwiaminlneddesed
THunafissegaindimarudusomdmuungosiin
Fananlagazuladn n1seuwienIenIsuRTIdANTauIN
uadandsnuaduwivaniniidefadlduauaglulasiom
wlinduussandnisunddmavoshgenimnadouutiiag
nsmANNTouINaNTeu

4. N1TNAADUANAINNINIEAINVDINTA INE e
aguléin nmsuadavesninlnefioumgiieuuisdiinnis
waf1geninniseuurefigunaiigs 1iesannniseuusis
figamgiigs Anrsuenvesminlneazuieegiasiniia
Wunisasaninveslassadrs irldwdandnlvenadala
Horas dmsuadveamininentendiniseuuiy agulai
Aawaing (L) fuwaliusiiilesuurisisgamaiin vasd
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