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Kaffir Lime Leaves Drying Using Far Infrared-Vacuum Technique
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ABSTRACT

Objectives of this research were to study drying kinetic, specific energy consumption, color
quality, effective moisture diffusivity coefficient and mathematical modeling for predicting drying kinetic
of kaffir lime leaves by combined vacuum and far-infrared. Conditions of this research were conducted
by initial moisture content of kaffir lime leaves was 170%d.b., drying at absolute pressure of 5 kPa and
15 kPa and temperature of 45°C and 55°C, final moisture content of kaffir lime leaves was 5%d.b.
Results shown that drying time and specific energy consumption were decreased whereas drying rate
was increased by decreasing of absolute pressure and increasing of drying temperature. Anyway, color
difference was decreased by drying at low temperature. Therefore, drying condition at absolute
pressure of 5 kPa and temperature of 45°C was the optimum condition for drying of kaffir ime leaves.
Moreover, effective moisture diffusivity coefficient was 1.4221x10™% to 6.1840x10™* m®/s. Effective
moisture diffusivity coefficient was increased by decreasing of absolute pressure and increasing of drying
temperature. Demir et al.”’s empirical modelling was the best modelling for predicting of drying kinetic
of kaffir lime leaves at decision coefficient was the highest at 0.99973, the lowest root mean square

error was 0.00425 and the lowest chi-squared reduction was 0.03964x10°.

Keyword: Specific energy consumption, kaffir lime leaves, effective moisture diffusivity coefficient,

vacuum, far-infrared.
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No. Name Model equation
1 |Newton MR = exp(-kt)

2 |Page MR = exp(-kt")

3 |Henderson and Pabis |MR = a exp(-kt)

4 | Logarithmic MR = a exp(-kt)+c
5 |Weibull distribution | MR = a-b exp(-(kt)")
6 | Midilli MR = a exp(-kt")+bt
7 | Demir et al. MR = a exp(-kt")+b
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n=0
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VED)
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anatet 19530157 1l 09 uydei wan A st el
A ugs ndaaniuaud uasaosn anaq e
fsaneuuansnesgumMalisuuis wuin finna
Fuduyseifierty guvnfiouwa 55 °C farudu
anaadninfiguvndl 45°C dwaliszezianilily
N15RULT15INT1 waaenAd 03t uNTINENIINTT
PUWINLTUT 3 Fewudn Tignumgiiouusia 45 °C &
Sasnseunisinniinseuwsiai gamgd 55 °C 1
anududuysalifenty Wesmndeiugumniinig

suwiiliguiy WDumsiiamdsnuliiudndedlu

200

---@--- P 15 kPa, T 45 °C
= 3
S0 bk ---e--- P 5kPa, T d5°C
-8 I
s » --—#--- P 15 kPa, T 55 °C
= ER |
O 100 Y ".\ ---&--- P 5kPa, T55°C
& N AY
= ‘\\\0\ “a
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Drying rate (g,/g.s.mMin)
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O'OOO T T T T T T
0 60 120 180 240 300 360 420

Drying time (min)

@

JUN 3 dasnseuwrislutzngafiaududuysal 5

waz 15 kPa wazgauugil 45 uay 55°C
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\foftansunimnusuduysal 5 uag 15 kPa
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99U uazauTLIzanaNs NG
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15 kPa (ALfianin 54°C) gaumnfiouia 55°C 3

gMIIN1T0URAGINIIAAMURUFUY Tl 5 kPa (30
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a t%

Wemh 33°C) gumnqilauuiia 45 °C uananagui 2-3
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v
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kPa fftfo8n31n15o UL ST A Le Y 15 kPa Tag
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9 Y
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U A A
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o ) 11431
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AANAIN (L) Tuwldaiiudunug un)inis
UK T U Fegaunndinseuwian 45 °C Tian

mmadalndiAssiuannguduandign uagen
anududiden (-a) duuilfuaenadesdy dude
annzflgumgiiouuiaiaziiaududifnlndides
Aulunzngaanuinniinisldomumaiigs dmsuen (b)
anududivdedunnanzmmeaediinalaeiade

AlnaLAeay

15799 2 AvedlungnInneulasnaIa UL

P T
L a b
(kPa) | (°C)
Fresh 41.32+0.04% | -9.33+0.05¢ | 24.99+0.09°
45 | 43.74+0.05° | -7.86+0.05° | 23.23+0.06°
15
55 | 46.23+0.05% | -3.82+0.04% | 24.76+0.09°
45 | 42.39+0.03 | -7.56+0.03° | 24.47+0.01°
5
55 | 46.08+0.06% | -4.57+0.05° | 26.01+0.06"

a-e means in the same column with different

superscripts are significantly different (p<0.05)

Fresh

T 45 °C T 55°C
P 15 kPa

T a5 °C T 55 °C
P 5 kPa

JUN 5 TungnganeuuasnaanIsouwie

Y

otalsAmudaiTouiisumnuuansiaves
Handusindaniseuuwislulaazanziiguivly
uzngnan fans1eil 3 agulddiigungdl 45 °C T
AnsLAnsesdtesninfigumgll 55 °C iesain
Tungngafiodnduayulnsilonnuiou ey
dnSnavesgunidlinauinninvesanudulunis

UL Asuiaududuysal 5 kPa aaumngi 45 °C

MFENTIAINTTUANENS UNINGIRUATUASUNTI LT

Uil 16 aliudl 1 iou unsem - e A, 2564
Tinaves AE WesigadaSouiiguiuluugnga
AUNITOULNAY A93UTN 5 Tauans Tunensnanuazil

ANTTANNY NEINITOULI

15199 3 ANULANANIYBIELULEN AV D ULIAS

P T
(kPa)| (°C)

AL Aa Ab AE

45 |-2.42+0.09°|-1.46+0.109 1.77+0.04% |3.33+0.08°

15
55 |-4.88+0.05%|-5.50+0.09%| 0.23+0.18 |7.36+0.05

45 |-1.07+0.07¢|-1.77+0.08| 0.52+0.09°|2.13+0.07¢

55 |-4.76+0.10%|-4.76+0.03%|-1.02+0.14%6.81+0.08"

a-d means in the same column with different

superscripts are significantly different (p<0.05)

3.4 unhmeuszvevedluszngn

mﬂamazﬁmmsauﬁqmaﬂumﬂgmmnwami
VPEUAUE tarAAUUEpmEt LS WU
Anududuysal 5 kPa gauvindl 45 °C Linaiiifian
?Nﬁﬂumzﬂgmﬁaﬂnzﬁmmmaavmﬂ‘%mmﬁwﬂumm
szmeSsuifisuivlungngnanmuioulaiissylily
viadedl 2.5 :nuanismageunuin Tungngnanian
Vrafunenssmeadef 0.7971% Ingumin dqu
anmzvdinseuuiaiinuiuduysal 5 kPa gamgil
45°C wadvayil 0.7849% lngtimiin Tasidid1anas
Uszanas 1.53% (leufisudvlungngnan 3iiedin
anadlainniin eglunasifivonsuls

3.5 UWUUTIAONN NALINAIaNSIOUNTAA

LﬁaﬁﬂNamimaaaauLLﬁﬂwsﬂgmlﬂimﬁzﬁ
TneiFanassuuulidiadu Womearnsiivesaunis
LouRs Aavesaun1slumsed 1 fauau 7 auns
WUl aunsieniidadidulstanimadadulang
Tu¥29 0.98333-0.99999 A151n7 ADIVEIAIY
AaaLAdoumdsaeadaglutie 0.00058-0.03522
wazAIn1sanaslaiidsaetoglugae 0.00166x107-

1.33848x10° W@AIMINIS197 4 18EUNTISLRURS AR

9849 Demir et al. fARAgvasduUsEANSNTHRaUle
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U 16 atud 1 Wou unaAN — wwew w.e. 2564
AN5797 4 AeaTivesannsIeNRSAE
Model P OT Constant R? RMSE  |¢? (x107)
(kPa)| (°C)

Newton 15 | 45 | k =0.00627 0.98333| 0.03522| 1.33574

55 | k=0.01770 0.99675| 0.01863| 0.40485

5 145 | k=0.01140 0.99114| 0.02731] 0.82040

55 | k =0.02235 0.99620| 0.02131] 0.56782

Average 0.99186] 0.02562| 0.78220

Page 15 | 45 | k=0.00853 n =0.94095 0.98458| 0.03387| 1.33848

55 | k=0.01645 n=1.01715 0.99681| 0.01847| 0.47746

5 145 | k=0.01897 n =0.89223 0.99461| 0.02131| 0.55497

55 | k=0.01697 n =1.06863 0.99686| 0.01936| 0.62476

Average 0.99322| 0.02325] 0.74892

Henderson | 15 | 45 |a =0.96611 k =0.00604 0.98537| 0.03299| 1.26998

and Pabis 55 1a=0.99932 k=0.01769 0.99675| 0.01863| 0.48572

5 145 a=0.96713 k=0.01103 0.99268| 0.02484| 0.75384

55 1a=1.00318 k=0.02244 0.99622| 0.02126] 0.75350

Average 0.99276| 0.02443| 0.81576

Logarithmic| 15 | 45 |a =1.05123 k =0.00473 c =-0.10960 0.98913| 0.02844| 1.02928

55 |a=1.03098 k=0.01595 ¢ =-0.03971 0.99819| 0.01390| 0.33799

5 145 [a=0.97096 k=0.01085 ¢ =-0.00555 0.99271] 0.02477| 0.84352

55 |a=1.06419 k=0.01914 ¢ =-0.06898 0.99863| 0.01278| 0.40839

Average 0.99467| 0.01997| 0.65480

Weibull 15 | 45 | a=-1.28795 b =-2.28357 k =0.00099 n =0.64110 0.99915| 0.00795| 0.08855

distribution 55 a=-0.15441 b =-1.15464 k =0.01284 n =0.81782 0.99979| 0.00469| 0.05125

5 145 |a=-0.21149 b =-1.21040 k =0.00725 n =0.69736 0.99948] 0.00664| 0.06923

55 1a=-0.33910 b =-1.33908 k =0.01176 n =0.76120 0.99999| 0.00058| 0.00167

Average 0.99960| 0.00496| 0.05267

Midilli 15 1 45 [ a=1.00099 k=0.03623 n =0.56623 b =-0.00082 | 0.99971| 0.00462| 0.02989

55 1a=1.00019 k=0.02969 n =0.84538 b =-0.00049 | 0.99981| 0.00450| 0.04733

5 145 [1a=0.99863 k=0.03520 n =0.72747 b =-0.00034 | 0.99934| 0.00748| 0.08797

55 1a=0.99998 k=0.04018 n =0.79668 b =-0.00113 | 0.99999| 0.00095| 0.00450

Average 0.99971| 0.00439| 0.04242

Demir 15 |1 45 |a=10.82489 k =0.00347 n =0.55310 b =-9.82445 0.99965| 0.00510| 0.03643

et al. 55 |a=1.15475 k=0.02840 n =0.81772 b =-0.15452 | 0.99979| 0.00469| 0.05125

5 145 [a=1.21079 k=0.03222 n=0.69714 b =-0.21186 | 0.99948| 0.00664| 0.06923

55 1a=1.33962 k=0.03399 n=0.76095 b =-0.33964 | 0.99999| 0.00058| 0.00166

Average 0.99973| 0.00425| 0.03964
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aavian (R*=0.99973) A4 851NN @09UIAIY

U q

ﬂmmLﬂ?{auﬁwé’ﬂaaua?{aﬁwﬁqm (RMSE= 0.00425)
wazAlad onsanaslamdsaosnian (g =
0.03964x10°%) uansinduaunisieniifadivnzan
figalunisyiunseaunamansniseuuvisluuznge
aonndesiusUl 6 Fauanamsiusuiiiousnsidu
AT uTeslULENIATTIIINANIVIARDILALHANT

ANUININNANNTITVBY Demir et al.

1.0
predicted

0.8 B p 15 kpa, Td5 °C
o]
= ® p5kpa, Td5°C
T 06 4 i
w ® D 15kPa, T55°C
=
h 04 4 A p5kPa, T55°C
o]
=

0.2 4

00 1 1 h i 1 T 1

0 60 120 180 240 300 360 420

Drying time {min)

JUN 6 Wisuieudasauanuuvedluuensa
TENINHANIVARBILALHANTAIUINAINANNTT

LUNSAaUEY Demir et al.

1.0

- B P15 kPa, T 45 °C

508 Jepskea Tasec

2 @ P15 kPa, T 55 °C

206

v A P5kPa, T 55°C

é 0.4

204 ]

= - 0.9997x + 0.0001
02 y— . e R

R? = 0.9997

O'O T T T T

0.0 0.2 0.4 0.6 0.8 1.0
Moisture ratio (exp.)

JUN 7 anuduiusuesdnsdinauiuseninmg
NINARBILAYHANTTAUINIINAUNSLONNTAAYRN

Demir et al.

MFENTIAINTTUAERNS UNINLDUFEUASUNTILS

YN 16 aUUN 1 1Hou UNTIAY — W8 WA, 2564

YanaNniAuduiusye s nsdIuA T U
FENINRANIINABDUATHANIIATUIUIINAUAITVDY
Demir et al. uanssagui 7 dauduiudvestoya
wiznquiwdusundunss wazdanuaindu 45
D9AT LAAIITLUUIIADIUDS Demir et al. @13190
vensidsuuUaseutiureduuengaldoudig
Wiy

3.6 suUseamEnIsunsAINT Az WA 197U
Qe

WemunmanuanduessnsIdunLiy
TULAAZNISNABEIRINANNIST (7) 9ZdIUITONIAN
Fulsyavinsunsnutulsyavisnaainaunisi (8)
TR HafIn1s19i 5§ saznuInduUszans nsuns
A8 uUseAnsnaiaegluda 1.4221x10"%
6.1840x10™2 m¥/s TneAndutsyansnisunsninudy
UszAvSuaiianfiud unugamginiseunsiigedu
nieAududuy salluiesauuisanas [9] ERE
duusyAvBnisunsnnutussansuatigeluasyiili
Snmmseuwisgeluuaglfinaluniseuuiaionas
aamé’aaﬁ’umamimamﬁqgﬂﬁ (2)43) uenanilss
wuin Aasuduysalluieseuuiia 5 uag 15 kPa 4
Atladuiantings 23.90 uay 1,539.48 m?/s wavdian
Wa”amumw:'u 79,072.47 way 91,568.28 J/mol
AEIRY Famedi 6 Tnendanunszduiianiosas
mmmmﬁuaugsaﬂuﬁmauLLﬁQ‘ﬁ'amaa Wesandi
mmﬁuamgiaim"’ﬂfﬂ%ﬁqwﬁammﬁmﬁﬁmmﬁu
duysnige Sedsnasendsnuiililunisnszduli

WeAuwAdoufioandnTantosasmuluiie

AN5197 5 FUUTEANTNTWINTANUTUUSEANTEHE

P (kPa)| T (°C) Slope Do (M?/5)
45 | -0.00011042 | 1.4221x10™
o 55 | -0.00031709 | 4.0841x10™
; 45 | -0.00019307 | 2.4868x10™"°

55 -0.00048013 | 6.1840x10™
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M13°97 6 Yadelavdmasiasnaanunsedu

P(kPa) | T(C) | D,(m%s) E, U/mol)
a5

15 1,539.48 91,568.28
55
45

5 23.90 79,072.47
55

4. ayd

nseuwislutznsarewmalingayIn1AsIuiv
Feddunssalng agudn gunginiseunisuay
ANMEANUAUANYINIATNARDIAUNAAIANT NS
suuisvadlunzngn Tneideannusuduysaivie
diugungfevuiashlisnmmasuuiafintu uas
ArwALUA Uz resnsouLiatesad
nseuusigamgiisnazsilsinisiuasuulasdvesly
uzngavesiian wiguugiidedtu n1seunsied
AU 15 kPa dawaliAanuduiudomdany
Fumizgedudesnnldsrezinanuiund dafud
ANududuysal 5 kPa gamgdl 45 °C WuToulud
winzasluniseunidlungnga Taeftiuneussive
anaUszuin 1.53% Wl ewisuiulunzngaan
uan N uSINUT FuUseans nrsundandy
UseAnSuaiiA1egsening 1.4221x10%-6.1840x10
m’/s waraun13LeuN3Aared Demir et al. @11150
vhungnaniseuwislunzngaldfian Tnefidade
duuszansmainaula (R7=0.99973) geilan Anade
nfidesvesnuaaLadsufindsasdiade (RMSE=
0.00425) warAadsnisanaslafidaenade (2=
0.03964x10°%) fiigp

5. Anfnssudsene
vavauANAMEINEIMmEnsuazinalulal wag
AUNIV1IAINTTUAIENS WAL UIANTTY UMNINEAY

o

walulagsvusnangiueen Naduayunuidel
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