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Table 1 Commonly used mathematical models to describe drying kinetics.

M;iel Model name Model equation Refrence
1 Newton (Lewis) MR = exp(-kt) [38]
2 Henderson and Pabis MR = aexp(—kt) 391
3 Page MR = exp(—ke") [40]
4 Modified page MR = exp((—ki)") 41
5 Logarithmic MR = acexp(-kt)+ c [42]
6 Two term exponential MR = aexp(—kt)+ (I — a)exp(-kat) [43]
7 Verma et al. MR = aexp(—kt)+ (I —a)exp(-gt) [44]
8 Wang and Singh MR = a+ bt+ci? [45]

9 Modified Henderson and Pabis M & = a exp(-kt)+ b exp(—gt) + cexp(—ht) [46]
10 Midilli et al. MR = aexp(-kt")+ bt [47]
) MR_% Dazmn 03,8 St dl 3 (o 53 oy O3y (i Sasb)

0

a3l e 35T asb s Ol Olen (DR) s St 55
Oljes odins Ol 48 3L o Oloy dly )3 ol i osle
ey b Sl el cpl il el S sk s
i dealoes (F)
M M

_ (+Ar '

At

) DR

P AL Oy > oy Ui i 4 AE s MMy
t Ol s> casb, Ol (g water/g dry matter)

AKA!

[EATLE aslous (V) dilan 51 oslized L Obes a5

M, -M,

M,-M,
slie gedas Ol w35 oo My s MM, O s S
alsl Casby s el gk, dOLy s W Cogb,
sl e (g water/g dry matter) it gosle (sl
ol 038 et anTp s GVob oley (35 s
Syl My sM, 5l eSSl Mo laie Nsb e s
oM (V) gdlsles Soysm a0 Olsie 1) (V) gddslas 5,00 5
[£4]s S

D) MR



AR Q'l))})é AA 092 ARK e)Lo...f:

o b pign 03,5 i sl b 3 &S 55l alud
SLLL 050 L o by ol il sk S5e 3500
S50 03ps] o w liie 4 5 dslae (S g

TEAT Rl s &5 Casb, ise
) M,-M, _ 8 &

MR = AT (2n]+l)exp( @n+Dr’ Z’[]
Casby Sae 35k e sl Sl Do YU glslas 3 a5
S (20 3a5 Tl 5l o SO L (il Ly e 20)
Tl adles s O Sk

Oles 1 pas g e ¥XN
SYsb il gl &S Cl (65,0 ST ol OLy L e
@3k ldie a5l s 4 (MR< ) 05 SSCis
Gy ol sl e Mlie 3 g M L
8 slee ol alax 5 B 5 Ly oS e

LoV gi o iy 5 Q)},,aau\ib alrs ol (g 3lwosl

t
ﬁ //
—)

CY) ln(MR)—ln(M )—1(—) (

0
Lol b Casby fpe 358 capl sSde LS“J‘-.']) Golls
S5k a3yl s

2
) cs="Dy
= 5

LSJ'L.JLJ 65}” C)‘}:-o S -0-Y
S ot Sl Sk s S35 (B sl 55
Al e OAESaE J s gesle s Gble 5l e sb
oslanal b odd it N yoams (g5Ldlad (6551 IS5k o

LoV sd o i ) dslae oy d“}:"j doles

E

v D, =D, -
off oexp( Tj
Jledsl 58 ol R slS) llas slos T 45 alal, 53 oS
D5 (55 5 Jse e Jadsh®) AVE XV s 5 s

sl el (G s 20) )] sl sl i o8

In slie plads iz jse sba b n sldld (35
b b bl s (alS) Glae sles s 2 (Dep)

eSSy =Y
M s e @bl edd Sax SV pams S5 S
&63)]JOM‘JINQ}¢aﬁj&LGJJM%‘§SJ{
LBl s [0815 8 e L3 Gl ssse OAEx S U5 &S
Lgkd‘}a L J.)w U'll BEl )},..ZJA oalaul L a b L.»‘Lab

L Sl L=V o s 6ol gl L= 51 68 W3l o ol

VY

Ods i oley ode At (g water/g dry matter)

sl (a235)
i o5 Gl S JHee e Bl S
S5 ety s e L 05, S S
Sl 3L Y ol sladds o, Sglsa 555 Sl
Nl o 5had S 5155 s 25 (Vi) )2 0

Sigma Plot(version 12.3, Systat Software, Inc.)
s s sl 5 AKa LT glaesls 35l gl
LJ:}QM;)M u’“j) ‘Qi‘f.UW Liasle! wL.a
et el Je a il sl et
i35 35 RSME) U Sla o pSols 5 sdome 5 (RY)
wl_m] » JJ.A B 2] o eala! wAjJ":[ U'll BLl PLGI
& 35) RSME [slos 5 (s & s y) R Jtie S1os
L Ol bedd S5 sla bl Al dal s e (o
Lor1s S arsloes 55 Vsles

N
z (MRexp,i

®) R* =1-+L
z (MRexp’i - MRm)

i=l1

Sl Ssle MR, Slais OF 5 &
N
©) ;MR

MR, ==
N

LS (vt -, ) |

i=1

- MRpred,i )

pred i

0| —

QY RMSE =

S Sl gm0 s Susby gokias Ol MRy p5lis
o Casb MRpred,l‘J\dea S o Ji;il.aﬂ A
sl Ny e Casby liis o Kle MRy 0l pw i
el AT slaesls IS

Casb) F3e 358 g eSS —E-Y

S dul b il e 53 &8 ol cpl 58 JS b«
Sk Jal ol ble w55 Js5 gesl 2 038
S php o ol g el el mle chle O
ol) ol DLy Sler aen o sk, LSl (gl
ol s opl s el 5l Wges (SASs 5 (s isyl
OB L OIg o by 5 Ja5 enss 5o el 5l b, Jl

) Dope & S S ey Sesblll
Z[O\])}.«iéa
oM
v e VID (VM)



wolgly Py K St s 05 S Sl S

O‘)&"‘A)J"‘i;bw

J}«Mﬁd&ﬂ)) ﬁ.j})gil"’ &j)))dsw] &u&}w
J_yﬂ’u 4.(...:‘ )}Jamd.lejy\&i-l.k& J‘AU} )l}r_.»'] gs'll'é"
ol Sl cwend o SL i (e AS el ol
AU @8 558 & Soml 015 b sss,Sole glsel a3
sls s oS sl oli puaSis Oley slaesls g bl
by 2(P<0.05) (oo pre Jlsss ol Oly o aseia
(aria gley Sy sl eolgdy s, 5 05 S
JB sV IS s el pl &S il als paases
‘&5 C.’.L:JJ':'@" WU.A )jja'.'m “ ed‘ﬂé})’\&.wl sdalice
Qe QU: aw D ‘ﬁjjjgil'd u'i'j) S Py Lgl.hdu},u
WS Agel Olge 4 5 LAE K2 50 Sl Qe 5 Vo
‘.;'\Dr.;ﬁ Al e)l...:] aS )}JﬁQL«A J.Iﬁj§ )]j'; PO 3,80
dslie gl Sly Qe Ol Sl s disad 05 S

.w]eﬂrﬂ)\JQ)Jﬁ

1
+80C, 450W

& 03 | +80C, 300W
S ) =80C, 180W
= +900W
£ 0s
[+~
o2
o
5 04
£
Rz
(=]
= 02

0 ‘

0 10 20 30 40

Time (mun)

Fig 1 Drying curves of Allium stipitatum under

proposed method at intial microwave power of

900 and combined hot air temperature 80°C at
different level of microwave power.
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Fig 2 Drying curves of Allium stipitatum under

proposed method at intial microwave power of
900/ and combined microwave powerof 450 Wat
different level of temperature.
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Fig 4 Experimental moisture ratio data and
predicted values by Logaritmic model under
prposed method at intial microwave power of 900/
and combined hot air temperature 80°C at different
level of microwave power.
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Fig 3 Drying ratees of Allium stipitatum under
proposed method at intial microwave power of
900 and combined hot air temperature 80°C at
different level of microwave power.
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Table 2 Model constants and standard deviations of thin layer drying models of Allium
stipitatumunder proposed method at atintial microwave power of 900 Wand different combined

conditions.
Number of Model Oparation
9 8 7 6 5 4 3 2 1 Condition

- 0.805 2
ey R—ogs R=0782  pgi00 R 0.988

0.12 RMSE-0.1  RMSE= RMSE= RMSE=  R-0780 R-0.880 R>=0.782  R’-=0.780
a=1.395 5 1206 0.11 0.02 RMSE=  RMSE=0.0 RMSE=0.I  RMSE= -
k=0302  a=0604 G800 ,g33 40857 0.11 8 1 0.115 Al
b=0631  b—0.043  KZ0302 0380 k0472  k=0321 k0549  k=0302 k=032
e 0579 000l U5 10848 0155 n=1.00 n=0.431 a=0.958
c= -U. :
h=0.302
R*=0.094 0902
RMSE= 2 =0. 2 2
R*=0.707 02 R-0902  R>-0.991 . . .
0.02 ) RMSE= e vl R=0901  R=0929  R=0.902  0.901
a=2.20 0.08 RMSE= RMSE= RMSE=
R 0.15 08 0.08 0.02 MSE MSE MSE RMSE= L8OW
b-0317 08B k0300 A L0 OB k0324 k-0485 k=0300 G, 80°C
£ 003 0] -oges  AT0500 ol n=1.00 n=0576  a=0965
& . o0 . )
h=0.191
R*=0.993 )
RMSE=  ro756  ROA89 R090  R-0.989 X
05, RMSE= Mt RMSE= RMSE= ~0.898 ~0.929 090  R-0.898
am 2424 0.14 e 05 0.09 0.02 vste  RMiEe  RMSES RMSE= 180w
I8 a0 A RTEO a=1.00 a=0.876 0.08 0.07 0.08 0.08 180w
L b=-0.086 V353 k=0306  k=0444  k=0323  k=0466  k=0306  k=0323
4 o002 7050 1=0963  c=0.132 n=1.00 n=0614  a=0963
h=0.156
R*=0.857
RMSE= 2 R’=0.840 2 2
0.10 R=0650  "Rmsg= ~ R=0854  R=0989  pog38 R-=0902 R-=0840 o
A RMSE= RMSE= RMSE= 3 0 40 R2_(g38
a=1.397 0.10 RMSE= RMSE= RMSE= 3
k= 0306 0.15 a=9.334 0.10 0.02 0.10 0.08 0.10 RMSE= 300w
b=0510 20006 44355 a=0345  a=0872 535 k=0530  k=0304 0.19 70°C
—0A10 b-0044 K203 k=0585  k=0449 “03s 9339 o0
Come o000l ZO%L 097 =036 "l n=047 a=0.96
c=-U.: = U.
h=0.310
R*=0.991 e oss
RMSE= 2 =0. 2 2
R*=0.743 6 R20961  R>=0994 o . .
0.02 P RMSE= and spe R=0955  R-=0961  R=0956 0,955
a=3.01 0.06 RMSE= RMSE= RMSE=
k=0.256 0.14 a=-156.99 0.05 0.02 0.06 0.05 0.05 RMSE= 300w
b=0391 a=0.650 (339 20392 a=0918 5358 k—0412  k=0317 0.05 80°C
“032 b—0os1 K032 k0563 k=0393 ~03 o 7 k=0328
5% o000l Zo5h =098 c=008 n=1. n=0766  a=097
Cc= -2. = U.
h=0.189
o R*=0.989
VSRS RMSE= o gggy  R=0938  po o3 Rigg9
0.02 : RMSE= i~ 27 R>=0937  R>=0.951 R’=0.938 _
_ RMSE-= RMSE= RMSE= - 0937
a=35.309 0.07 RMSE= RMSE= RMSE= 3
k=0.183 0.13 a=-3.73 0.072 0.02 0.07 0.06 0.07 RMSE= 300w
b=2865 A O07I6 377 210000 a=0897 5355 k=0433  k=0968 0.06 90°C
SO b-oos0 KIS 03110 k=0407 “03s 0433 0968 k=032
E 066 ©=0.002 o= 0311 1=0.9686 c=0.106 = = =
h=0.161
R=0.047
0.982 )
RMSE= . R=0922 .o 5w
0.06 R=00983  'pmsg= ~ R=0930  R=0992  p293]  R-=0938 R™-=0922 2
A RMSE= RMSE= RMSE= 2 3 22 R-0921
a=1.401 0.08 RMSE= RMSE= RMSE= 2
k=03131 0.15 a=-29.97 0.07 0.02 0.07 0.06 0.07 RMSE= 4500
b=0004 200614 f_g3p3 20369 a=0902 G355 0475 k=0312 0.07 70°C
b b-0048 KD k=0581  k=0410 - 0. =0. k=0.325
e 01392 00 -0960 050 Al n=1.00 n=0.603  a=0969
e : 0 . .
h= 03124
R*=0.996
0.992 )
RMSE= 2_ R=0.974 2 2_
0.01 R=0761  'RMSE= ~ R=0977  R=0996 g2 974 R2=0977 R>-0.974 2
A RMSE= RMSE= RMSE= 7 R2=0.974
a=2.934 0.04 RMSE= RMSE= RMSE=
k= 0250 0.14 a=-179.20 0.04 0.02 0.04 0.04 0.04 RMSE= 4sow
b= 0.494 =0653 G334  a=0422 a=0935 533 438 k=0321 0.04 80°C
- 0. b—0.064 = k=0535  k=0412 - k=0331
0069 0001 oo A0SR 0064 n=1.00 n=0855  a=0977
c=-2. : z=0.
h=0.179
R*=0.990
R’=0.992 2
RMSE= 2 R*=0.971 2_ 2_
0.02 Roel7 Rmsg=  RS0276 RE0994 R-0971  R=0976 R=0972  po
A RMSE= RMSE= RMSE= 7 R*=0.971
a=17.80 0.05 RMSE= RMSE= RMSE=
k=0.196 0.13 a=1745.78 0.04 0.02 0.05 0.04 0.04 RMSE= 4500
b=12.15 —0.725 0364 27040 a=0924 10329 k=039  k=0318 0.04 90°C
- 12 b—0.094 =0, k=0.558  k=0.385 -0 k= 0329
=040 TOhs =097 0558 n=1.00 n=0829  a=0974
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under proposed method at intial microwave power
of 900/ and different combined conditions.
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Table 3 Color parameters of Allium stipitatum slices at different operating conditions.

Lo a, by choroma Hue angel
ATCENETIHE 0.79 0.090 0.255 0.271 -1.228
Microwave drying L a b choroma aﬁ:glgl BI AE
600W 0.6 -0.054  0.438 0.441 -1.448  204.15° 0367
750W 0.498  -0.010  0.400 0.400 -1.546  253.96°  0.404°
900W 0.795  -0.072  0.471 0.476 -1.419  143.96™  0.523°
Cqmblned drying ?f Dried shallot slices
microwave - hot air
‘Imtlal Combined * * * Hue AV
microwave . L a b choroma BI
conditions angel
power
70°C  0.411 -0.055 0.185 0.193 -1.281 46.431 0.235"
180  80°C  0.457 -0.062  0.311 0.317 -1.374  92.13°% 0.3302"
90°C  0.242  -0.031  0.198 0.200 -1.415  112.93°%  0.233"
70°C  0.367 -0.027  0.257 0.258 -1.466  102.47%%  0.293%
600 300 80°C  0.49  0.00037 0.431 0.431 1.569  130.19%"  0.270%
90°C  0.371  -0.03 0272 0.273 -1.460  110.22°f 0.237"
70°C  0.477 0.038  0.395 0.396 1.474  150.81%%  0.422°
450w 80°C  0.532  0.031 0.43 0.431 1.498  143.05%¢ 0.419¢
90°C 0471  0.031 0411 0.412 1.495  164.15%¢  0.3679
70°C  0.678 -0.083  0.391 0.399 -1.361  70.55™ 0.292°%
180w  80°C  0.512  -0.061 0.32 0.325 -1.382  80.95® 0.380°
90°C  0.572 -0.058  0.384 0.388 -1.420  93.02'% 0.317%
70°C 0.6 -0.018  0.498 0.498 -1.534  142.44%7  0.344%
750w 300 80°C  0.513  -0.028  0.425 0.425 -1.505  139.86°  (.345°¢
90°C  0.391  -0.03  0.288 0.289 -1.467  111.48%0  0.294°F
70°C  0.485 0.051  0.431 0.434 1.4530 17270 0.447"
450w 80°C  0.314  0.029 0.28 0.281 1.4675 17279t 0.339%
90°C  0.633 -0.082  0.222 0.236 -1.216  31.41% 0.484%
70°C  0.651 -0.086  0.363 0.373 -1.338  65.91"F 0.350%"
180W  80°C  0.729 -0.104 0.474 0.485 -1.354  84.44 0.376°"
90°C  0.537 -0.064  0.364 0.369 -1.396  92.97% 0.368°"
70°C  0.338 -0.026  0.311 0.312 -1.487  169.55%"  0.266™
900W 300 80°C  0.572  -0.055  0.445 0.448 -1.447  121.13%0 0.358°®
90°C  0.623  -0.038  0.481 0.482 -1.491  122.54% 0.325'
70°C  0.61  0.003  0.465 0.465 1.5643  125.44%  0.447%
450w  80°C  0.361 -0.013  0.282 0.282 -1.524  127.29" 0.219"
90°C  0.312 -0.013  0.254 0.254 -1.519  136.53¢ 0.233"

Fig 6 Images of dried shallot slice at (a) 900W, (b)900W+(450W,70°C), (¢) 750W-+(450W, 70°C), and (d)
600W+(450W, 70°C)
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E-mail address:Allium stipitatum is one of the most important plants native to Iran,
which has a special position in food basket of people because of its many healing
properties. In this study, effect of a proposed combined microwave-hot air method
on kinetics and physical properties of Allium stipitatum was investigated. In the
proposed method, after applying microwaves (600, 750 and 900/), samples were
subjected to combined microwave-hot air drying process. Results showed that
Logarithmic model with values of R° =0.996 and RMSE=0.002 was the best one to
model drying kinetics of Allium stipitatum slices under the proposed method. In
addition, drying curves analysis showed that the more microwave power, the less
drying time and the more process rate. Moreover, in the combined section, effect
of microwave power will be dominant due to higher energy. The optimum
operating point to achieve the lowest moisture content and drying time ocuured at
primary power of 900/ and combined conditions of 450/ at 80°C. Increasing
microwave power increased effective moisture diffusivity from 0.167x10° to
0.283x10-8 m’/s and decreased average activation energy from 17.429 to 2.074
kJ/mol. The optimum operating conditions in terms of appearance quality
(colorimetry) were related to drying at microwave power of 900/ and combined
conditions of 450W and 80°C, which was introduced as proposed optimum point.
In general, the proposed combined method compared to microwave method alone,
was an efficient method in ordrt to keep the product quality characteristics and its
use in drying Allium stipitatum is recommended.




