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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 simulated 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 all drying 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.

Keywords : Drying kinetics, hot air, Infrared, Microwave, pepper
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N

Ao USunaumasauild, kWh anuanninseniilmes

wardiay 3.6 AeANAmasn1skuasmuagldalmdu
\Nne3a

3.6 NINAFBUNITUARIYBIUAANSNINY

N1INAGBUANNINAIUNITUARIVBININ IR UL
gnageulaeMTInduuALgNaIwamENLYY NoULaYNAY
puLHIsEnesidenaliues fiflanuaziBen £0.1 mm
n1snaaeniiunisiaeiinsindunigudnaltvesudn
W5nlny 3 duna 7w 50 Wan

3.7 MMAFBUAMAIWAILE

N1SNAABUAMAINNINA1UAVINEN S ualLudn
winlneuiaayliieesindo1vng Hunter Lab Ju Color Flex
Tnednrdvesmdnsuansninglumenvesiiuds L* a* uay
b* Y3 indsnegng 5 o1 (Al nesfisuns, 2550) Inefian
L* (Lightness) wansAaiuainwasiiadiofianduuin
WATAU MNAIRU LazA a* (Redness) wansAtAududuLmg
wioddulefianduvinuazau aiuddu wazal b*
(Yellowness) wansranududivassidedintudiotidnu
VINLAZAU AIUAINY

3.8 NSNAdaUNSUsTENaUEE

N13UsEduAMNINYRINEASNI Lnan193LATIEINIa
Uszamduranmedsnisiiagiuumuyey (Hedonic scale)
1-9 Azuuu (1= liveusnilan wag 9 = veuwniign) lneld
fnaaeudilismunisilndy 25-30 Ay dnvazlanziiviinng
noaaulneUszamduia laun anuiindou & ndu ausiu
wazarmveulasslunisuilan anduthdoyanants
VnaBvsINIsaaeuiildunauduTuSTeman1sInaey
wiaednuiudeulasine Aldlunseuus Tnevhnsiase
ANULUTUTIULAYAS Analysis of variance (ANOVA) Way
Wisuifisuanuuansavesaiads 1agds Duncan’s new
multiple range test (DMRT) #iszfuanuidesiu 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 lnen1souwia 2 Tunau

o 1.00 * 58.7°C, experiment
'ﬁ 0.80 m  74.8°C, experiment
= 060 A 83.2°C, experiment
@ .
5 op40 Page model
&
‘5 020
2 000 4 . . .
0 50 100 150
Drying Time (min)
v af ¥V
(n) S9@lauag 1,000 W
1 + 52.4°C, experiment
o 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
LAZIINNITUINANITNAABIUIIATILRAILIDANNT
ADBYAULUUIIADINALAAIEASUDIAUNITOULAILUY
Bufisdalunsnedl 1 waruansanpsiioneg Tuudazaunis
wazuiasdeulunseuuriaianisned 2 iflunisidenaunis
ASAAIERSLUULSURS ATz aud s uriuesnsInas
WasuuUaseudy ssfiansanaindndulssavanisinaule
(determination of coefficient, RY) ﬁﬁmq&qmmsmmm
AAIALARRUIINTidRadY (root mean square error, RMSE)
fiindign nun lumseuuisivasgumgiiouunsszning
50-80°C 1 HAMSYNUNEAIBLULT A ARFER YD
Page @0AAAEITUNANITNARBIVEINITOUBTIRUUNELS
Sumoumefedliuasi 1,000 W anseulisuuuniletuney
fruaufou waznseuusuuvdesuneudglulasms Ay
$9dlEuned 1,000 vvIﬁﬁﬁqmﬁauamma‘mﬂsﬁwwﬁ 2(n)-2(m)

o 1.00 + 81.4°C, experiment
© 0.80 = Page model
w 0.60
3 040
k7
‘5 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 ANUAUNUSVITNIIFIUAIUTUAUNA1DULAIYBINITNARDINUNAIINLUUINABINNAMAAIEAST LIN1TB UL

JURDULRYINBTIFILAT 1,000 W (0), NMSBULAITURBUREIMaNSaY (1), N1saukisaasiunaunglulasnm

SufuTadldung 1,000 W (A) wagnseuwisiuvaestuneumglilasunsiudvaniou (1) Tudimaumglieuunis

50-80°C

99251 udlAd gnssel §eadlvdna war ensun §zadlvdng / 1sansinermansysnn. 18 (2556) 1 : 166-180 [T3



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 n- 128 99.64 0.019
age mode . .
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)
2=0.01
Two-term exponential model 97.76 0.047
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A15199 2 AnAsiveLUUTIRBIsAdinAEn SYesaNn1sa ULl tgaumg 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

druniseuniakuvanstunaumlslulasiansIvanseu

NNNANTITAIUIUNUIT HANISYNUIEAYLUUTIADINIG

AdlnFansaan13iu (Logarithmic model) @onndasiu

A15799 3 ORTINITOULIIRAY warANAUUAssndsuTglunseuwisninnefianenmaaeeeige)

gdenunlglunsvinmesanisnaaeslunszuIunIse Ul

nan1snAasuluod19f AILARINANITIUIBLATHANIS

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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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)

mMsleszsaduUszansnsunsdavaminlneg

9NN MT 3 WU Arduuszansnisungdanadian
Lﬁwﬁmﬁ'aqmmmﬁuﬁu N1SOULKIUUY 2 TUAOY N5
suwsiamelulasnnmiusedldunediidudssansnsuns
Qqﬁqm S09R0NAD MFBUNTILUUNT TR ussSaalEund,
nMseULFILUU 2 Tunsuseraululassuiuaniou was
nseuwkmilsunausisauiou mudiu 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
g ¢ IR1,000W u
2 13 /
é B MW-IR 1,000W /
o~ 1
1l 1 =----- Predict !
st /
£2 91 Ay
EE W
.“‘é x T Pt -
a Bartsns *
£% 5+ el
S *:=°
2]
G 3
)
S S S R R R SRR
40 50 60 70 80 90
Drying temperature (°C)

(M msesunierlsanou wazlulasiansiunuaudou

(¥) nsauwtenqesdldunedi 1,000 W naglalastansaunu
Sedldumedi 1,000 W

29 3 AU ANSNSUNTTINaraINsaUWIAANS nine fuANan1vinune MidauluniseuniluuTunauLfsIsneanSou

(Hot air, HA) Msausiiskuvaastunaumelulasnnsiuivausau (Microwave-Hot air, MW-HA) (n) bagn15aULI

LUUTURBULAEIAI8SIELALAY (Infrared, IR) 1,000 W wagn158ULAabuUaaItumnaunlglilasnnsiusadlann

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

zfiuladn MseulieRlgnIsuHSIdAIINSouaNn
wnasndsundundmanlnindesdlsunsarlalasam
aliendudszAvinisundvestn gendnsdiouutisdinenis
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
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o w

NANMZN1INAADIAN°) TAMUUANANDENTTUE AT

176 Achara Sae-Khow Supawan Tirawanichakul and Yutthana Tirawanichakul / Burapha Sci. J. 18 (2013) 1 : 166-180



A15799 4 AduazSovarn1uaivsINanA YN N INeian1Iza199)

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° 507" 12.74°
73.2°C 17.78° 3.29° 6.85° 16.35
81.1°C 17.55" 3.13° 6.19 11.45'
Two stages drying with Microwave (400 W, 3 min) + Hot air
63.6°C 14.71" 1.26° 2.33" 20.12°
79.4°C 14.51' 1.02° 1.84° 26.20°
One stage drying with Hot air

81.4°C 16.03° 1.73° 3577 18.41°

[

(MsgAuAuYely 95%) NaMAsNan1ILNITOULKT
UNNIBULIIA ALTNIINNTBULANINIIANTITNTOURN
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nsdinsinAanuludindes (0% nanisvaaediumsnsd 4
wandbiiuingamgiifinareanududindewinnitaniie
NITOULIT @OARADIAUNANITNABDIVOY Soponronnarit
et al. (1998) way Tirawanichakul et al. (2008).
AN IMNNNNIBATNVBINZNLNEY: N1TNAG

NMSNT 4 N15UAFITEINIAINERINE NSO
NSnARI90INInlneainaInnistasualIusauain
Fananeanudeu dwmalfinanuaioaiunieluwe
WldAnnsfendy warivsuinsanas n1suadaLingu
wuuldashiane 1iesanndunsnlneiinnuudsidouves
anwdavgu egumalieuuiein snsmniseunsiaaziin
Juagnedng vilininlneiAanisvadiganinniseuusie
samniige Wesanniseuwsisiigamaiigs Anasusnves
wSnlngazudangresinsudunisasaninvedlaseadia
Msnadaulszamdunavasnsnlng

nansnAdaUNIUsTEmduda Taun Anuindeu,
a, nﬁu/mmw, AN LazAnuvaulaesidlunsuslaa
Yosn3nlne wanIn1sedi 5
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M15N9 5 IneaeumsUsramdudiavessandnsingnlnefianizenan
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" 7.36° 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 = WyouUmunans 4 = ligeuidnies 5 = Lage

6 = YoULaNLoY 7 = ¥aulunang

8 = YUUIN 9= “U?J‘Ull’]ﬂ‘ﬁ%jﬁ
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